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We present a novel methodology to integrate qualitative knowledge from different case studies on Global Change related issues into
a single framework. The method is based on the concept of qualitative differential equations (QDEs) which represents a mathematically
well-defined approach to investigate classes of ordinary differential equations (ODEs) used in conventional modeling exercises. These
classes are defined by common qualitative features, e.g., monotonicity, signs, etc. Using the QSIM-algorithm it is possible to derive the
set of possible solutions of all ODEs in the class. By this one can formulate a common, qualitatively specified cause—effect scheme valid
for all case studies. The scheme is validated by testing it against the actually observed histories in the study regions with respect to their
reconstruction by the corresponding QDE. The method is outlined theoretically and exemplary applied to the problem of land-use changes
due to smallholder agriculture in developing countries. It is shown that the seven case-studies used can be described by a single cause—effect
scheme which thus constitutes a pattern of Global Change. As a generally valid prerequisite for sustainability of this kind of land-use the

presence of wage labor is shown to represent a decisive factor.
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1. Introduction: Integrating what and what for?

In recent years a vast number of studies, models and as-
sessments of Global Change and related issues had been car-
ried out which are attributed by the term “integrated”. Dom-
inating are various modeling attempts that among others dif-
fer in

o the level of analysis, i.e., aggregated, parameterized de-
scriptions (e.g., [1]) versus detailed, functional oriented
approaches (e.g., [2]),

o the relation to normative aspects of global environmen-
tal change, reflected, e.g., in the differentiation between
policy evaluation and policy optimization models [3],

e the degree to which policy makers or stakeholders are
participating in the model building and application proc-
ess (e.g., [4]) or

o the spatial resolution and explicitness, varying from zero-
dimensional global approaches [5] to highly resolved re-
gional approaches [6].

Furthermore, there are approaches which are framed by a fo-
cused process rather than a model (e.g., [7,8]). All these ap-
proaches start off with a specific problem on hand and with
the insight that the interaction of the elements and facets
contributing to the problem brings about essential features
which cannot be understood if just summing up properties
of the single elements. Thus the first goal of integration
is to find out, what particular dynamical features of Global
Change have to be considered as emerging effects due to the
complex interactions involved [9].

The emergence of these effects bear some important im-
plications for policy making: there hardly will be a single
steering wheel which just has to be turned into the right
direction in order to achieve a correction of the course to-
wards ever more endangering environmental changes. In
other words, it is the general task of integrated approaches to
Global Change to overcome mono-causal views like: Coca-
Cola destroys the world, so we have to get rid of Coca-Cola
to save the world.

Though being entitled as Global Change some care has
to be taken concerning the involvement of regional or local
processes and elements. Against this background, the no-
tion of systematic vs. cumulative changes is helpful [10,11].
Whereas the first comprises aspects of Global Change that
are mainly governed by global processes, e.g., global climate
change, the reduction of the ozone layer or “economic glob-
alization”, the second includes aspects which receive their
global relevance by their parallel occurrence in many dif-
ferent regions on the globe. The intercontinental or even
global couplings between these occurrences can be consid-
ered as of secondary importance compared to the relevance
of the local dynamics. Examples include the worldwide soil
degradation [12,13] or the shortage of freshwater [14].

From this ideal picture of systematic and cumulative
changes and against the background of the dichotomies of
the approaches listed above, some important questions and
problems for the different integrated approaches transpire.
If local processes are important, how do we take care of
these peculiarities when heading for the global picture and
global strategies? What can we learn from studies and ex-
periences earned in one region when searching for problems
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and solutions in another region? Do we need some kind of an
atomistic approach which treats each single subject in each
single region in a unique way? Is there a limited set of rules
and mechanisms governing the dynamics of Global Change?
What properties of the elements are important to under-
stand the effects emerging from complexity in the overall dy-
namics? Are there dynamical properties of Global Change,
e.g., irreversibility, which, if related to a consensually prob-
lematic interference between humankind and nature, would
quite evidently be considered as non-sustainable? Or is it
purely a question of political decision what has to be seen as
problematic?

2. Hypotheses

The present paper deals with a methodology created to
give answers to some of the questions raised in the last sec-
tion. The method is based on the concept of qualitative
differential equations (QDEs) which had been developed in
the field of so-called Artificial Intelligence [15,16]. For the
following hypotheses some evidence will be given in the
present paper:

1. The interplay between local, regional and global facets
of Global Change can be organized into a set of pat-
terns of civilization—nature interactions. By using the
idea of patterns, local peculiarities have to be aggregated
to form specific constellations of functional properties of
the processes of Global Change. Consider, for exam-
ple, two regions where due to social and natural circum-
stances an intensification of agricultural land-use is re-
lated to an increase of soil degradation. In contrast, in a
third region the circumstances and the way, how inten-
sification is achieved lead to a released pressure on the
natural resources. Then one might group the first two re-
gions into one and the last into another pattern. The pat-
tern approach is thus located in between the unachievable
atomistic approach and the oversimplifying mono-causal
approach.

2. In view of the uncertainties in the knowledge of the
processes considered to be relevant for global change and
the often inherently qualitative character of the relation-
ships, it is rather tempting to develop conceptual mod-
els using simple quantitative relationships to represent
this vague knowledge [17,18]. Yet, if these models get
more and more complicated it becomes increasingly dif-
ficult to distinguish whether derived features are due to
some model-based artifacts or whether they should have
some real correspondences. We will show that there is
a powerful qualitative modeling approach which avoids
the somewhat arbitrary representation of vague knowl-
edge by quantitative equations. In this way it is possi-
ble to analyze emerging qualitative features of the entire
system by qualitative methods based on the knowledge
actually available.

3. Local features can be “hidden” within the qualitative re-
lationship. Consider, for example, the impact of agri-
cultural intensification on soil degradation already men-
tioned above. Then it might well be the case that in
one region it is reasonable to speak about a logarith-
mic relationship, whereas another region might exhibit a
quadratic relation between the appropriate variables. The
qualitative relations used in the methodology presented
use a common property of both relations: soil degrada-
tion is a monotonously increasing function of agricultural
intensity. In specifying a set of these qualitative relation-
ships we get a model which generalizes the mechanisms
considered in different regions into a single model. We
will show how to use case studies from different regions
as the basic information tool to specify the relations as
well as to provide an empirical baseline for validation (in
the sense of non-falsification) of the model.

4. The uniqueness of the solution of a quantitative model
has to be sacrificed to the sole use of qualitative informa-
tion, i.€., an entire set of behaviors exists rather than a sin-
gle one. Within this set of possible behaviors it might be
possible to identify a, let us call it, “non-sustainable” sub-
set, i.e., those behaviors which by their common proper-
ties can be identified as damaging human development on
the long term. If there is, for example, a solution where
environmental pollution is increasing once and forever,
we might well evaluate this evolution as intolerable (see
also [19]).

So far, the method has been applied within the so-called
Syndrome-Approach [14,20-22]. Yet the method is not re-
stricted to this concept and recently has also be applied for a
case study integration exercise within the DFG-Special Pro-
gram “Man and Global Environmental Change” [23]. This
latter extension of the Syndrome-Approach represents also
the basic heart of the present paper.

3. Qualitative differential equations

In this section we want to describe the general features
of the mathematical tool underlying our methodology. We
want to do so along a simple example instead of giving de-
tailed mathematical information, which can be found in the
respective literature [16,24]. The example we are going to
use is taken from the field of theoretical ecology, in particu-
lar population dynamics [25] and extended by a simple man-
agement component.

In quantitative terms, logistic growth for a population P
is usually described by a differential equation of the form

dpP
G=—=0P(Pn—P) (1)

dr
with a rate coefficient «, a climax population Py, and a max-
imal growth rate G, = (o PI%) /4 corresponding to a pop-
ulation Py = Pp/2. The growth rate exhibits an inverted
U-shape function in dependency of the population P, shown
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Figure 1. Basic relation for the didactic model to explain the qualitative

modeling approach. If subject to a constant withdrawal E, the U-shaped

relation between the population P and the growth rate G gives rise to three

different types of behavior. Starting from the climax state P = Pm, the

population either stabilizes at a level beyond PO, if the withdrawal is less

than Gm (dashed line) or right at PO if E = Gm (dotted line). In case of
E > Gm, the population finally vanishes (dash-dotted line).

as the solid line in figure 1. If we would start with a small
population P; the growth law in equation (1) would finally
lead to the climax state Pn, with the typical S-shaped logis-
tic growth over time. This is a stable equilibrium, i.e., the
system stays there forever.

In a second step we introduce some external perturbations
to the system in form of a constant withdrawal E, i.e., the
new growth rate is G’ = G — E. In figure 1 the resulting
growth rate for three different values of E is shown:

e E < Gy, (dashed line): the stable equilibrium is shifted
towards values of P smaller than Py, i.e., P{n < Pn.
If we start with the old climax state the population
would slowly decrease till it reaches its new equilibrium
value P/.

e £ = Gy, (dotted line): the equilibrium is now right at
P! = Py = Pn/2, i.e., the withdrawal E is equal to the
maximal growth of the unperturbed system. This case is
often referred to as maximal sustainable yield and repre-
sents a saddle point, as for perturbations less than zero
the equilibrium is unstable. Again an initial state in the
unperturbed climax would lead to a decreasing popula-
tion ending at half of its original value.

e E > Gy, (dash-dotted line): now the withdrawal is too
large. No equilibrium exists, i.e. the species finally will
be extinct.

The dynamical behaviors of the system depend on the ac-
tual values for the parameters « and Py, as well as the mag-
nitude of E, but it seems that the structure of three differ-
ent behavior classes is a general property of logistic growth.
Therefore these properties should be obtained by a purely
qualitative description as well which actually would prove
that the existence of three types of solutions is a general fea-
ture. The concept of qualitative differential equations and its
implementation within the QSIM-package developed at the

University of Texas, Austin, allows representing the logistic
growth in a more general way.

In the first step the relevant variables are characterized by
so-called landmark-values, i.e., values where some kind of
qualitative change in the relations between this specific vari-
able and other system elements are assumed to take place.
Taking the variable population from the example above,
these values are 0, Pp and P, with 0 < Py < Ppy. Itis
important to stress that for the analysis by qualitative differ-
ential equations it is not necessary to know the actual values
of these landmark-values, but just their existence and rela-
tive order. For the growth rate Gy, the landmark-values are
0 and G, > 0.

Its magnitude and its direction of change constitute the
qualitative value of a variable. The magnitude is given ei-
ther by a landmark-value or by an open interval between two
adjacent landmark values. The direction of change is either
specified as positive (encoded by 1), steady (°) or negative
(J). In this way a decreasing population between Py and
P would be written as [(PO, Pm), |]. A specific qualita-
tive state is then given by the combination of the qualitative
values of all variables.

Within the second step of formulating the qualitative
model, the relations between the variables are specified in
terms of constraints. In case of the logistic growth one can
make use of the so-called U-constraint:

((U=-P G (Po Gn)) (0 0) (P 0)). 2

This constraint states: for populations below Py the growth
rate G is a monotonously increasing function of P, for val-
ues of P above P it is a monotonously decreasing function.
At P = Py the value of G is equal to Gp,. Furthermore,
for P = 0 and P = Py, the growth rate is zero. This cor-
responds to a general formulation of the U-shaped relation
sketched in figure 1. The syntax used in (2) is the one also
implemented in the QSIM-software package. By specifying
all the relations in this way, e.g., also for the relation be-
tween the withdrawal E, the natural growth rate G, and the
net-growth rate NGR, i.e. ( (ADD NGR E G)), one can
easily use the package to obtain all the solutions compatible
with these constraints, i.e., the usage and application of the
QDE-concept is rather straightforward and does not require
a lot of programming skill. It is important to note that the
algorithm does not use any numbers, but is implemented by
purely symbolic manipulation. For the full model code see
appendix A.

What do results look like and how are they interpreted?
As an output of the simulation the package provides two
types of graphs: a behavior tree and qualitative time plots
(figure 2):

e The behavior tree for the didactic example is shown in
figure 2(a). Each symbol represents a different qualitative
state. Starting from the single state on the left (filled cir-
cle), given by the system in its unperturbed climax popu-
lation, it should be read as follows: there is a initial time
interval (70, T1) where a unique behavior arises (open
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Figure 2. Behavior tree (a) and qualitative behaviors (b)—(d) for the variable “Population” of the simple didactic model for a general logistic growth of the
population dynamics. Note that in figure 2(c) a new landmark is introduced by QSIM itself, denoting the final value of the population at time 7' 1. Further
discussion see in text.

circle). Then at a time 71 three different events can
occur, corresponding to the split up into three different
behaviors. Two of these behaviors (numbered 2 and 3)
are eventually truncated by reaching an equilibrium state
(encoded by the truncating symbol ©), whereas the trun-
cating symbol O at solution 1 indicates that the behavior
leaves the regime for which the model is defined to be
valid.

In conclusion it is seen that there are three different
behaviors that are compatible with the qualitative con-
straints for the relations between the systems elements.
This is in complete agreement with the expectations and
the results from the quantitative exercise outlined above.
By introducing a landmark value Ey, for the withdrawal
and relating this value to G, in specifying the net-growth
to be zero whenever E = E;, and G = Gy, we are even
able to relate the three solutions with the magnitude of E
in relation to Eyy,. For E > En, E = Ey,and E < E
we obtain behaviors 1, 2, and 3, respectively. This fea-
ture is not represented in the solution graphs in figure 2
for sake of simplicity of illustration.

In order to give insight into the internal structure of each
possible behavior the program provides qualitative time
plots. Figure 2(b) shows the time plot for the variable P
for behavior 1. On the x-axis one finds the time scale,
specified by time points 70, 71 and T2. On the y-axis

the magnitude is “somewhere” in the interval (Py, Pp)
and still decreasing. This is again indicated by the sym-
bol |, now drawn between Py and Pp,. In this manner the
encoding of the solution continues: at time 71 the land-
mark Py is reached and population still decreases. Fi-
nally at time 72 the population vanishes and is, accord-
ing to the model, still decreasing. The behavior leaves
the regime for which the model is defined, as mathemat-
ically the next state would have a negative population.
In conclusion behavior 1 exactly corresponds to the case
E > Gy, in the quantitative case: the withdrawal is too
large, henceforth population does finally vanish.

It should be stressed that within this modeling concept
time is a qualitative variable only. The time points
T0,T1,... are given by single events, i.e., at least one
variable takes on a landmark-value. Thus time is not
given explicitly in terms of hours, days or seconds, but
in terms of events and intervals in between. In the exam-
ple just given the time points 70, T'1 and T2 are given
by the events P = Py, P = Ppand P = 0, respectively.
The two other behaviors are depicted in figures 2(c)
and (d). It can be seen that they reconstruct the ex-
pectations, as both reach equilibrium with a direction of
change in P equal to zero (symbol o). One of these so-
lutions achieves a final population larger than Py, in the
other solution the equilibrium population is equal to Py.

Table 1 summarizes the properties of the qualitative mod-

the landmark-values as discussed above are marked. Pop-
ulation at time 70 is then depicted by the symbol |, at the
landmark Pp,. That is, the magnitude is equal to Py, and
decreasing. Consequently in the time interval (70, T'1)

eling approach by QDEs in comparison with conventional
modeling by ordinary differential equations.

What do we learn from this kind of qualitative modeling
exercise? First of all, we learn that any specific U-shaped
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Table 1
Comparison of important features of conventional modeling with ordinary
differential equations (left) and qualitative modeling (right) using QDEs.

Conventional modeling Qualitative modeling by QDEs

Numbers on the real axis e Landmark values specifying distinct
values where relations to other vari-
ables change qualitatively, e.g., Bo

(see below).

e Values to be taken by the variable:
landmarks and intervals in between to-
gether with the direction of change (1,
J,0r°).

Real valued functions model-
ing the interrelation between
the different variables

Qualitative features only, e.g., A is
monotonically increasing with B, A is
“U-shaped” in B with Bo as turning point,
etc.

System of differential equa-
tions

Corresponding number of qualitative
“constraints” relating state variables and
their changes.

Single solution explicit in time Entire solution tree of all possible so-
lutions compatible with the constraints.
Time as a qualitative variable, specified
in terms of events of qualitative system

changes.

function with a top-sided vertex relating population P and
its growth rate G brings about one of the three possible be-
haviors. It thus might be concluded that the observation of
one behavior in Region 1 and of another behavior in Re-
gion 2 might well be due to the same qualitative properties
of the mechanisms behind the observations. This addresses
the issue of patterns of interactions and of regional similari-
ties in terms of functional properties.

Secondly, we learn from the structure that the event at
time 7'1 uniquely determines the final outcome. For exam-
ple, if at P = Py the population is still decreasing it is going
to vanish in any case — assuming that the structure does not
change and no external action is taken. This is a dynamical
property as discussed in section 1 and if it would be used
to describe a real system it might be called unsustainable by
rather general properties.

4. Integrating case studies on Global Change:
The outline

In the following we want to show how this modeling tech-
nique can be used within Global Change Research to address
some of the issues raised above. To take a concrete example
we will consider the question of land-use changes, partic-
ularly due to smallholders’ agriculture in developing coun-
tries. Land-use changes in general are considered to be a
major element of Global Environmental Change, as they are
related to, e.g., emissions of greenhouse gases, soil degra-
dation, loss of biodiversity or shortening of freshwater re-
sources [26,27]. In facing the issues raised above it was
concluded that

Modelling the dynamics of land-use and land-cover
change has been hindered by large variations of those dy-
namics in different physical settings. Global aggregate
assessments based on simple assumptions miss the target
for large sections of the world, while local and regional
assessments are too specific to be extrapolated to wider
scales [26, p. 12].

Against this background the basic idea of our approach,
i.e., to use patterns of civilization-nature interaction together
with the modeling approach sketched in the previous sec-
tion, comes into play. For regions with the same qualitative
properties of the relevant mechanisms a single qualitative
model can be used to describe the dynamics of land-use and
land-cover change.

From this the question emerges, how we find out whether
these mechanisms are (a) relevant and (b) equal in terms of
“quality” as defined by the modeling scheme. The basic idea
is to start from a variety of case studies as the major infor-
mation base and to perform the steps sketched in figure 3,
discussed in the following and exemplified in the next sec-
tion.

1. Without a few exceptions (e.g., [28]) case studies though
investigating similar issues use different definitions, vari-
ables and methods. This is why it is so difficult to com-
pare them and to draw integrating conclusions from a
comparison. This difficulty can be overcome by formu-
lating a common, higher-level vocabulary, capable to in-
tegrate the specific definitions in each study. Taking the
ecological example from above, one study might inves-
tigate the population dynamics of mice, whereas another
one is concerned with the dynamics of a small ecosys-
tem. By variable abstraction we can integrate both as-
pects into the higher-level variable “biomass”. The rea-
son why we can do so is that in both cases it appears to
be reasonable to assume the U-shaped relationship with
the respective growth rate.

2. In the second step the case studies and if necessary some
further information, e.g., quantitative data, interviews
with experts or local actors, are used to obtain the quali-
tative time behaviors for the abstracted variables in the
different case study regions. This step corresponds to
the data acquisition phase in conventional modeling ex-
ercises. The advantage, however, is, that the method out-
lined here can make use of qualitative information: “the
opening of forests by logging companies in the 1980s led
to a rapid increase of paddy fields” [29]. Clauses like
this one can directly be formalized in terms of qualitative
time plots as the ones in figures 2(b)—(d). In many cases
the result of this step will not be unique, as the informa-
tion given is not complete. Therefore, care has to be taken
in order to cover all the possible time behaviors compat-
ible with the information available. Of course, it is also
possible to translate existing quantitative time series into
qualitative plots.!

! There are some first, promising attempts to combine qualitative and quan-
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Figure 3. Case-study integration scheme.

. In the third step the actual modeling is performed, i.e.,
based on the case studies and further, sometimes the-
ory based information, a cause—effect scheme between
the generalized variables is formulated. This scheme is
claimed to be valid for all the case studies considered and
is formalized using the syntax of qualitative differential
equations. There are different ways to achieve this goal:
one might start off with a cause—effect scheme for each
single study and try to integrate it afterwards. The other
option is directly to formulate this network of interrela-
tion and to give some evidence for each relation from the
studies. As in conventional modeling exercises, it is ba-
sically up to the developer to decide on the method.

. Using the QSIM-algorithm all time behaviors compatible
with the cause—effect scheme formulated in step 3 are de-
rived. It might well be the case, in particular within the
first exercises with the technique, that the number of so-

titative modeling approaches and thus to use the level of information
which actually is available [30,31]. For sake of clarity we restrict our-
selves to the presentation of the purely qualitative case.

lutions is very large and thus the behavior tree appears to
be “intractable”. The reasons can be divided into “sub-
stantial” and “technical” ones. Whereas the latter can be
removed by some “tricks” within the algorithm [24], the
first are more serious as they directly relate to an insuf-
ficient specification of the model or to a high degree of
complexity which in case of ergodic systems is proven to
lead to arbitrary sequences of qualitative states [32].

Consider for example the Cobb-Douglas production
function often used in economic modeling. In quantita-
tive terms this function reads as E = nKYL'~" where
n is the total factor productivity, K is the capital stock,
L is the labor force and y is the substitution elasticity
between capital and labor. Using the qualitative calculus
of QSIM, we would have to use the multiplication con-
straint, i.e., ( (MULT K L E)). Now assume that we
have an increase in capital and a decrease in labor force.
Then the qualitative constraint used here would not al-
low determining the direction of change for the economic
output E, i.e., it might be increasing, decreasing or even
constant. This is due to the fact that there is no specifica-
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Table 2

Regions and major issues of the case studies in Lohnert and Geist [35], here serving as an information base for the exemplary application of the integration

method.

Region

Major issues

Upland Area in Nepal

Laotian Forests

Eastern Cape Province

Miombo Highlands, East Africa

Rural Botswana

Atlantic Rainforest, Brazil

Dominican Republic

Pastoralism; collection of wood and forest products for subsistence use as well as for market sale (illegal, but
tolerated); commuting for work and market in nearby towns; subsistence can hardly be found as single source of
income.

Forest clearing by international companies; development of large water management schemes (Mekong) promoted
by international development agencies; shift of production techniques in small villages towards lowland rice field
cultivation.

Homeland of illegal dwellers in informal settlements in Cape Town (late 1980s); outmigration due to marginalization
with an increasing need to cultivate unsuitable land, causing soil erosion and an increasing destruction of the resource
base.

Tobacco cultivation as the major source of income; pressure on environment is direct (soil erosion) and indirect by
need of wood for curing; smallholders have their own farms, but are also working on largeholder’s estates.

Governmental drought relief programs including the provision of off-farm labor, e.g., infrastructure construction and
support to weaken the urban-rural area link. Efforts to support lying fallow unsuitable lands during droughts.

Favorable climatic conditions with major limitations on soil fertility; two villages: Bela Vista with a rapid decline
of natural resource due to slash-and-burn agriculture and Dois Irmdos with workplaces on leisure farms of rich Sao
Paoloeans.

Charcoal burners: collecting wood, processing and selling on nearby markets; GTZ-supported program, e.g., to
collect dead wood only instead of green wood. “Personal” view of people still hints to attitudes of disadvantage
compared to farmers.

tion of the elasticity or information whether the increase
in K or the decrease in L dominates. Thus, in order to
avoid the corresponding branching of the behavior tree it
would be necessary to install further constraints concern-
ing the changes in L and K. These constraints might then

procedure, however, a sufficiently good qualitative model
should have emerged which represents a common network
of interrelations for the case studies considered. If globally
relevant this network can be considered as a major pattern
of civilization-nature interaction.

also include some information on the elasticity y.

5. Case study integration: An example

5. Inthe final step it has to be checked whether the model re-

constructs the observed qualitative behaviors. In compar-
ison to conventional modeling exercises this corresponds
to the validation of the model. A further criterion for the
quality of the model is the total number of behaviors. If
this number is very large, the function of the qualitative
model as a filter is not very good, i.e., there is a dan-
ger that the model produces behaviors which never will
have real analogues (see the discussion at step 4). In
any case, if the qualitative model could reconstruct the
behaviors observed, the applicability of the cause—effect
scheme can be considered as not falsified. This non-
falsification, however, is the most one can expect from
any kind of analysis, i.e., it cannot be excluded that the
actual mechanisms are different to those implemented in
the model. This, of course, also applies to conventional
approaches which actually is obvious in the multitude of
models used, e.g., for climate projections. Note, however,
that compared to conventional modeling attempts, the re-
construction in terms of qualitative behaviors is always
exact and does not rest on statistical grounds.

As a matter of fact these steps hardly will be performed

Let us now turn to a concrete example, how to apply
the methodology and what to learn from it. As mentioned
above we want to focus on smallholders’ agriculture in de-
veloping countries. There are many case studies on this
subject (e.g., [28,33-35]). Work is in progress to formu-
late a broadly integrating cause—effect scheme and the exam-
ple given here covers only a small part of all these studies,
i.e., those in the book by Lohnert and Geist [35] (see also
the contribution from Petschel-Held et al. therein). These
studies concentrate on the smallholders’ coping strategies in
changing environments and have been carried out within the
DFG Special Program on “Man and Global Environmental
Change — Human Dimensions” within the years 1994-1999.

The regions of the case studies included here are scattered
throughout the world. They include a total of 7 regions and
in most cases focus a few villages considered to be repre-
sentative for the entire area. Table 2 summarizes the regions
and the major issues on which the respective case study con-
centrates.”

2 The book contains two more case studies for the Andean Mountains in
Argentina and for the Maazailand in Tansania. The first study focuses
on anthropological and religious aspects of land-use and does not contain

in exactly this order. Instead, an iterative procedure will be
carried out, i.e., after a first complete cycle, the model will
be revised and if this does not suffice even the variable ab-
straction step (1) might be reconsidered. At the end of the

assessments of the natural environment. The second study focuses the
conflict between Maasai herders and resettled farmers. Both aspects are
not included in the present model and the studies are therefore neglected
henceforth.
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5.1. Generalized variables

All case studies deal with the question of how the small-
holders support their daily income and how this is related to
the environmental conditions around them. The major func-
tional difference between sources of income relates to their
potential impacts on this environment, i.e., whether they
have a direct impact or not. Examples for the first comprise
any kind of agriculture (farming, pastoralism) as well as ac-
tivities in collecting and processing natural products (wood,
bamboo, etc.). Income sources without a direct impact on
the environment in particular include any kind of off-farm la-
bor. It is obvious that within these general categories, differ-
ences exist between the different regions. Whereas in Nepal
agriculture refers in particular to livestock farming, the same
issue in the Miombo Highlands is related to tobacco planta-
tion. In the Dominican Republic, however, it relates to none
of these, but to the collection of wood and its processing to
charcoal. Similar examples are of course applicable for oft-
farm labor, ranging from housekeeper activities in the study
on the Atlantic Rainforest in Brazil to construction work in
Botswana. Nevertheless, these two general categories occur
in almost any study in one or the other distinction. There-
fore, we use LA and LW as variables for “agricultural” and
wage labor, respectively. Together with these two goes the
total labor available, LT.

The “changing environment” all case studies are dealing
with, can be generalized into a variable for the quality of
the resource (QR) and its change. Again there are differ-
ences between the case studies, e.g., it is detailed as soil ero-
sion (landslides) in Nepal and the Atlantic Rainforest or the
loss of soil fertility in the tobacco plantations in the Miombo
Highlands in East Africa and rural Botswana. In any case,
QR can serve as a generalized term for all these aspects.

Similar arguments apply for the income from wage labor
(IL) and the yield of the generalized agricultural activities
(Y). Both variables are henceforth used in the integration
exercise.

5.2. The history in the study regions

In this section the generalized variables are used to pic-
ture the historical development in the study regions in a com-
mon vocabulary. In particular the recent trends in labor al-
location have to be taken care of. Attention has to be paid
also to qualitative changes in the development of the vari-
ables, i.e., whether something has increased first and is now
decreasing or vice versa. If no such change occurs the re-
cent history is given by one single qualitative state. This
fact might look confusing on the first glance, but it has to be
kept in mind that a single qualitative state might well refer
to an open time interval in case of no qualitative changes in
between (see section 3).

If we take a closer look, lets say on the case study on
the Eastern Cape Province, we can find statements like the
following [36, p. 113]:

Table 3
Recent history in the case study regions, expressed in terms of the general-
ized variables LA (activity in agriculture and collection), LW (wage labor)
and QR (quality of the resource affected by LA). For Ban Taohai the infor-
mation is not sufficient to uniquely specify QR (see [23] for details).

Study region Variable LA Lw QR
Nepal, Botswana damaging, | 4 1
Dominican Republic, Miombo, damaging, 1 N N
Eastern Cape Province

Bela Vista (Brazil) only, o 0 J
Dois Irmaos (Brazil) preserving, | 4 4
Ban Kouay (Laos) damaging, 1 0 J
Ban Taohai (Laos) 0 0 oor?

In the rural areas of former Transkei and Ciskei the liveli-
hood was and still is based on subsistence agriculture.
However, the subsistence basis has been severely dam-
aged due to food crop cultivation on unsuitable land and
due to overgrazing. This resulted in ongoing erosion
processes, thus, further destructing the subsistence basis.

From this statement a number of conclusions can be drawn
for the dynamical behavior of the variables LA, LW, and
QR. First of all the ongoing erosion processes hint to a de-
creasing quality of the resource base and thus, using the no-
tation introduced in section 3, we have QR = . Second,
the strong reliance on subsistence agriculture hints to a non-
decreasing activity in agriculture. Together with further in-
formation from the case study concerning an actual increase
in the need to use natural resources for livelihood, we con-
clude that LA =1 and LW = |. We also can state that it is
the agricultural activity in the region which is damaging to
the natural resources.

Similar kind of arguments can be performed for the other
case studies to end up with a specification of the recent his-
tories in the study regions according to table 3. For LA a
further specification is provided concerning its actual level
with respect to its possible damage for the natural resource.

5.3. The cause—effect scheme of labor allocation

Figure 5 depicts the cause—effect scheme proposed to be
valid for all the case studies considered. Note that there are
some interrelations for the change of a state variable instead
of the variable itself. For example, the relation between LA
and QR as depicted in the graph actually states: as more ac-
tivity is put into agriculture, as stronger is the increase in
soil degradation (compare the quotation from the case study
on the Eastern Cape Province given above). Conversely,
however, for a very low level of agriculture, like it is de-
scribed for some regions in Botswana, there is a recovery
of the soils. Also the change of collection techniques por-
trayed for the charcoal producers in the Dominican Repub-
lic apparently does correspond to a soil preserving level of
agricultural techniques. It is thus appropriate to introduce a
landmark-value called “ms” (= maximal sustainable agricul-
ture) for which the rate of soil degradation vanishes. Below
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that value a recovery of the natural resources is assumed to
happen. Again it should be stressed that it is not necessary
to attach any kind of number to this value. The knowledge
of its existence is sufficient.

Other relations are actually based on general considera-
tions, e.g., the qualitative multiplication for determining the
yield from agricultural or collecting activities. It is obvious
that the output Y depends on both, the quality of the resource
(QR) and the investment of labor (LA). The specific form of
this relation will vary largely over the different agricultural
systems, including climate and soil conditions, techniques
applied, etc. The properties which are common, however,
are as follows. First, without any labor (LA = 0) or with
vanishing quality (QR = 0; e.g., agriculture on rocks), no
yield (Y = 0) will be achieved. Second, increasing QR or
LA while keeping the other value constant will increase Y.
Exactly these two (very weak) properties define the “quali-
tative product” in the QDE-formalism.

There is an important relation concerning the change of
labor allocation built into the model. This rule is somehow
hypothetical on the first view, as there is no clear indica-
tion for that to be found in the studies. It should be noted
that without this allocation rule the model produces the same
outcomes — but much more in addition to that. In particular
many of the additional behaviors appear to be very unlikely.
For example, if wage labor is hardly available and agricul-
ture produces sufficient output then the model would still
allow shifting the labor from agriculture to wage labor. The
rule used to avoid these outcomes is as follows. The small-
holder compares the recent outcome per labor unit of agri-

cultural and wage labor. Labor is reallocated in the direction
of the more labor efficient activity. This rule seems to be
reasonable and it will turn out that it is in complete agree-
ment with the observations. This hints to the fact that our
integration technique also allows including further hypothe-
ses not made explicit in the studies. The full model code is
documented in appendix B.

5.4. The model behaviors

The model outcomes depend on the behaviors of some
“exogeneously” determined variables, in particular the to-
tally available labor LT, the relative price of agricultural pro-
duce, rP, and the availability of wage labor in the region. For
sake of illustration we assume that the totally available labor
force and the relative price remain constant. These are rather
strong assumptions, as they exclude, e.g., the hypothesis that
the need for additional work force in subsistence agriculture
is one reason for population growth [37]. Yet, for the argu-
ment important here, i.e., that the histories of smallholder’s
agriculture as reported in the case studies are reconstructed,
these assumptions are allowed, as the set of solutions ob-
tained is a subset of the general set obtained without these
assumptions.

The complete tree of behavior is depicted in figure 6.
Concerning the general criteria of a limited number of be-
haviors we can conclude that the output of the model is
rather convincing as a complete independence between the
variables would produce some billions of behaviors, as can
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Figure 5. Behavior tree of the qualitative model for smallholder agriculture as specified in figure 4, representing the entire set of possible solutions. In

addition to the symbols already introduced in section 3, the transition symbol © is used to indicate that the behavior continues at another node in the tree,

given by the number on the right hand side of the identity indicated at the transition point. For example, the state S-1321 in the first behavior is identical to

the state S-1315 in the second. Thus the first behavior is not truncated, but continues as the dashed line indicates it. The initial condition (S-46) is chosen

such that — as is indicated by the labels bearing the names of the study regions and as discussed in more detail in section 5.5 — the recent history in all
regions is part of the tree.

be computed by combinatorial methods based on the vari-
able definitions.

One major function of this kind of model is its usage as
a “thought-guide”. In principle each behavior is also deriv-
able by pure argument, which actually relates it to the field of
“Artificial Intelligence”. Yet one can never be sure to cover
all possible behaviors, in particular those, which are surpris-
ing, unexpected and might bear heavy impacts in terms of
sustainability. Yet starting inversely, i.e., with the behaviors
obtained from the formal analysis one can develop the argu-
ment for each behavior.

In order to illustrate the usefulness of the model as a
“thought-guide” we take a closer look at three of the behav-
iors (figure 7). It can be seen that in behavior 2, depicted in
panel (a), the labor force is eventually completely allocated
to agriculture and wage labor is no longer pursued. Corre-
spondingly the quality of the resource is decreasing and in
the end there is a complete loss of the natural grounds of
agriculture (QR = 0). This solution can be viewed as non-
sustainable and from the behavior it can be seen that the final
outcome is already determined by the qualitative state in the
time interval (72, T'3) which irreversible ends with a van-
ishing quality of the natural resource.

In contrast, behavior 6 in panel (b) shows a cyclic be-
havior: in the beginning there is an increase in agriculture,

which at time 7’1 reaches the non-sustainable level. There-
fore the quality of the natural resource declines afterwards.
Due to this decline of the quality, however, agriculture be-
comes less and less productive, till at time 72 wage becomes
equally attractive. Correspondingly agriculture now is aban-
doned and wage labor is extended. This leads finally to a
recovery of the natural environment (after time 7'3), which
now increases the agricultural yield again. Due to this in-
crease, the benefits of agriculture outpace those of wage la-
bor at some later time (7'4). This again leads to an increase
of agriculture for sake of reducing wage labor. The cycle is
complete.

Finally, behavior 8 (c) exhibits a complete abandonment
of agriculture in favor of wage labor (after 74). Correspond-
ingly the natural environment is recovering. In contrast to
behavior 2 this solution can be viewed as rather favorable as
not only the environment is preserved, but the consumption,
not shown in the panel, exhibits a satisfying level.

What are the decisive factors whether one or the other be-
havior is realized? In order to discuss this question, we re-
call that the single time-points in the behaviors are specified
by events which are given by one or more variables reach-
ing a landmark-value in their quantity space. First of all it
can be seen that up to time interval (7’1, T2) the three solu-
tions display the same behavior. Time T2, however, is de-
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Figure 6. Qualitative time-plots for three out of nine behaviors. The behavior numbers on top refer to the behavior tree in figure 6. For a detailed discussion
see text.

termined by different events for behavior 2 on the one hand
and behaviors 6 and 8 on the other hand. In all cases labor
allocation does not change anymore, i.e., LA and LW do not
change as indicated by the circles in the respective plots, In
the first case, however, this at a vanishing level of wage la-
bor (LW = 0) whereas for behaviors 6 and 8 some work
force is still used in the wage labor sector. Thus one prereq-
uisite to avoid behavior 2, characterized as unsustainable, is
to provide enough well paid wage labor in order to pass up a
complete allocation into agriculture.

The decisive event to discriminate between behaviors 6
and 8 occurs at time 74. Again no change in labor allo-
cation happens at this time. Now, however, the question is
whether labor is completely invested into wage labor or not.
If so (behavior 8) there is a chance to achieve the solution
which ensures a sustaining trend in improving the quality of
resources QR. Otherwise the cycle of degradation and im-
poverishment starts over again which might again endanger
the natural environment. Conclusively, we can state, that the
sufficient provision of wage labor to support the smallhold-
ers livelihood is a decisive factor for an environmentally and
socially sound development.

The limiting factor in a purely positive evaluation of this
wage labor preference is, however, twofold: firstly, we have
neglected any negative social or environmental impacts of
wage labor and second, we have not evaluated the cultural
dimension of the preference of the smallholders with respect
to wage or agricultural labor.

5.5. Integration of case studies

In the previous section we have discussed some of the
general features of the qualitative model. The model has
been shown to produce “reasonable” results, but this is not
sufficient to prove its applicability to the different case stud-
ies. In order to establish applicability we have to check
whether the recent histories in the regions as specified in
terms of the main qualitative variables (table 3) can be found
in the set of possible solutions.

The result of this check is depicted by the labels in fig-
ure 6 carrying the names of the study regions. For five of the
regions (Dominican Republic, Miombo Highlands, Eastern
Cape Province, Nepal, and Botswana) a unique qualitative
state can be identified. According to the necessary differ-
entiation within the study region in the Atlantic Rainforest
in Brazil, two different states are recognized in the behavior
tree. The case study of Laos cannot be integrated into the
behavior tree in figure 6. This is due to the non-availability
of wage labor in the region, i.e., the allocation rule imple-
mented in the model is not applicable. It turns out, however,
that the recent situations in Laos can be reconstructed if we
modify the model by preventing any labor allocation into the
wage labor sector (for details see [23]).

It can be stated that the integration of the case studies into
the behavior is successful. We therefore can use the model
to shed some lights on the near term prospects in the single
study regions.
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Table 4
Short term prospects for the different study regions as suggested by the
qualitative model. The results for Laos are obtained by enforced avoidance
of wage labor and can therefore not be identified with states in the behavior
tree in figure 6. The perspectives arising from these “restricting” prospects
is in more detail discussed in the text.

Study region Next possible qualitative state

LA LW QR No. intree

Nepal, Botswana >ms, | 1 0 1445
ms, |, 4 0 1446
ms, |, 4 ° 1447
Dominican, Miombo, E. Cape Province T, °© 0 N 1314/5
>ms, °© <T,° | 1316
Bela Vista, Brazil >ms, |, 1 N 1444
T, ° 0 5 4852
Dois Irmios, Brazil <ms,® <T,° % 1857
0,° T,° ¢ 1858/9
Ban Kouay, Laos >ms,? 0 N -
o

Ban Taohai, Laos (for the two different ms, 1 0 -
options given in table 3) >ms, > 0 N -

e Nepal and Rural Botswana: Though for different reasons
and by different political measures, in both regions a re-
cent increase in wage labor can be observed. Whereas in
Nepal this is due to the willingness of the local people
to commute large distances, in Botswana a remarkable
drought relief program had been installed by the gov-
ernment. The near future is strongly dependent whether
the abandonment of agriculture in marginal areas hap-
pens fast enough in order to prevent a further massive
degradation of the natural environment. Political mea-
sures should therefore seek to strengthen the provision of
wage labor and to avoid any incentives for agriculture.

e Dominican Republic, Miombo Highlands and Eastern
Cape Province: In these regions agriculture is still the
major source of income and strongly related to a growing
soil degradation. The perspectives of alternative sources
for livelihood are not sufficient and there is thus a dan-
ger for irreversible damages to the environment. In order
to avoid this kind of a development it is highly neces-
sary to provide off-farm options for income. At this point
a short excursion concerning the usability of qualitative
modeling for policy evaluation is in place. In the study in
the Dominican Republic the German Society for Techno-
logical Cooperation (GTZ) has installed a project called
Proyecto Bosque Seco. The project intents to introduce
more sustainable methods of forest management for the
charcoal burners, e.g., by motivating the use of dead in-
stead of living wood. It also includes measures to reduce
the time burden of transporting the charcoal to the near-
est town which is some 10-15 km away. It is obvious that
our model cannot endogenize this measure directly, yet it

ment methods and keeping everything else constant, re-
sults in the effect, that the same amount of labor allocated
to wood collection and processing which has had a dam-
aging effect on the environment before, is now actually
environment preserving. Put into the terms of qualitative
modeling this implies, that after the installation of the
program the value of LA is below its maximal sustain-
able level ms, whereas it had been above this value be-
fore the installation. This, however, is another qualitative
state. In case of the project in the Dominican Republic,
for example, the state before the measure was taken is
numbered as 1313 in the behavior, whereas the state af-
terwards is 566. This implies, however, that if no further
actions are taken the situation might not improve signif-
icantly as according to the model the state of affairs in
the region eventually will resume its original state (note
that there is no bifurcation between states 566 and 1313).
This corresponds to the fact that due to attractiveness of
the program more and more charcoal burners like to join
which finally again induces an unbearable pressure on the
environment.

Atlantic Rainforest, Brazil: For Dois Irmaos there is a
option for a good future as long as wage labor keeps to
be attractive enough to avoid the shift back to agricultural
activities. For Bela Vista, however, there is a high danger
for a complete overuse of rainforest. If it is not possible
to provide wage labor for the smallholders in the village
the rainforest in the area might finally disappear. This
decisive element is described by the bifurcation at state
1315 in the tree where either behavior 2 (see panel (a) in
figure 7), which had been identified as non-sustainable, is
followed, or agriculture is started to be abandoned which
would open some perspective.

Laos: As mentioned before the situation in the study re-
gion is characterized by a complete absence of wage la-
bor and can thus not be covered by the general model.
The possible successors as indicated in table 4 have been
obtained by a model which has been appropriately modi-
fied. As for the study on the Atlantic Rainforest in Brazil
two different situations are present. For Ban Taohai the
recent situation exhibits some positive signs as the agri-
cultural activities do not put too much pressure on the
environment. Yet these positive signs are somewhat en-
dangered as a further intensification might significantly
increase the pressure (decreasing or at most steady qual-
ity of the resource QR). In contrast the agricultural ac-
tivities in Ban Kouay already put a significant pressure
on the natural resources and if no external support is pro-
vided a further loss and even a complete diminishing of
the natural basis for agriculture might dawn.

Together with an assessment on the sensitivity of the agri-

has been shown that these kinds of exogeneous policy
measures can be included into the qualitative modeling
exercise as a “jump” within the behavior tree [20]. To
illustrate that, consider the measures taken by the GTZ-
project. Introducing new, resource preserving manage-

cultural productivity against climate change [38] these re-
sults have been used to obtain a ranking of the study regions
in terms of near term criticality [23]. Within this ranking
the absence of wage labor and the high sensitivity against
climate have put Laos on the first place, whereas the situa-
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tion in the Atlantic Rainforest in Brazil seems to be ranked
last. This is due, among others, to the fact that agricultural
marginality in this region is mainly due to restrictions in soil
fertility and climate change is thus of minor importance for
the prospects of agricultural productivity.

6. Conclusive remarks

In this paper we have demonstrated how a qualitative
modeling approach can be used to integrate and compare re-
gional case studies on Global Change issues. This approach
stands in between an “atomistic” concept and a mono-causal
approach. Whereas in the first a detailed modeling of each
region would be needed, the latter would head for a sin-
gle, quantitative model for all regions characterized by sim-
ple statements like the well-known IPAT-Formula (Impact =
Population x Affluence x Technology). Both extremes are
avoided by our approach as it makes use of the well-defined
generalizing features of qualitative differential equations as
the basic modeling tool. The following conclusion can be
drawn on basis of the hypotheses formulated in section 2.

1. The qualitative modeling method had been shown to be
useful to formulate and validate a set of relationships ca-
pable to describe land-use changes by smallholder agri-
culture in different regions of the world. Due to the well-
defined generalization scheme of the underlying con-
cept of qualitative differential equations the methodology
largely avoids a subjective generalization based on indi-
vidual views, experience and knowledge.

It is rather obvious that the model presented here will
not be capable to describe land-use changes in the devel-
oped world, thus another set of qualitative relationships
is needed to do so. On the other hand, it should be ex-
pected that the model can well cover other histories of
smallholders agriculture in marginal areas in the devel-
oping world. We, therefore, can state that this specific set
of relations constitutes a pattern of civilization-nature in-
teraction as will the other qualitative models do for other
situations. The scheme does aggregate some but avoids
to treat all situations alike. This is actually what patterns
are supposed to do.

In principle, however, there is a second level of pattern
formation within a single cause—effect-scheme. As the
model produces not a single solution, but a set of possi-
ble behaviors compatible with the cause—effect-scheme,
it might well be the case that different parts of this behav-
ior tree are well separated from each other. In this case
the two parts of the tree represent two general classes of
behaviors, which might be considered as 2nd order pat-
terns. This situation, however, does not occur within the
model presented here, but can well be found in other ap-
plications.

It has to be stressed that it is necessary to couple the dif-
ferent qualitative models in order to get an overall picture
of Global Change. The idea is, however, that the cou-
plings are much weaker than the internal interactions of

a model and that therefore the single model largely deter-
mines the dynamical behavior. Yet a profound methodol-
ogy for model coupling is still missing. Here some more
research is needed.

. The qualitative modeling approach has been shown to

be useful to obtain basic features of a complex interplay
between natural and socio-economic aspects of Global
Change issues. The modeling scheme does not make use
of quantitative relationships based on statistical grounds,
e.g., using a necessary parameterization scheme. Instead
it applies purely symbolic manipulations to obtain these
features. It could be shown, for example, that the suffi-
cient provision of income opportunities in wage labor ac-
tivities plays a key role to avoid the overuse of marginal
lands. Due to the interplay between income activities and
environmental degradation we have shown that cyclic be-
haviors are possible where the temporary abandonment
of agriculture in favor of wage labor can contribute to re-
covery of the natural resources. Finally these resources
might be used again. This is a different version of the
well-known shifting cultivation procedure.

These features can of course also be obtained from con-
ventional, quantitative modeling. But in order to do so
much more information is needed to specify the quan-
titative relations — information which is often vague or
uncertain. The qualitative modeling approach claims to
cope better with this kind of knowledge. Yet care has to
be taken, as even the qualitative relationships can be un-
certain.

. We have demonstrated how qualitative information from

different case studies on similar issues of Global Change
can be used as an information base for the modeling ex-
ercise. This applies for the formulation of the model
(see [23] for more details) as well as for the validation —
or better: non-falsification — of the model. By represent-
ing the history as described in the case studies, it can be
checked whether the same qualitative model reconstructs
these historical observations. It should be stressed that
“reconstruction” here means the complete coincidence
between model behaviors — or temporal sections of it —
and the qualitatively specified regional histories.
Furthermore we have illustrated how the qualitative
model can be used as a “thought-guide” for arguing about
mechanisms and possible futures. This makes clear, that
the model itself does not act as a black box and that its
outcomes are still subject of debate. Thus this approach
must not be seen as merely focused on “blind” projection,
but on system analysis also. It should help to identify the
most important mechanisms, and in its role as “thought-
guide” its ability to surprise, i.e., to help thinking about
mechanisms and their interactions not thought before.

. The set of possible behaviors obtained by our model gives

also some insight into the question of dynamically spec-
ified paths of non-sustainability. One of the behaviors
(behavior 8, figure 6(c)) depicts the possibility of an ever-
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growing degradation of the natural resource. This behav-
ior occurs, if the wage labor is insufficient to represent
an alternative way of income and thus enable the small-
holder to give up agriculture. Agriculture is continuously
expanded to ensure the livelihood. This corresponds to
the classical impoverishment-degradation spiral [34] and
there is no way out of this as long as no alternatives are
provided.

It should be stressed that the model presented here consti-
tutes only a first step to a more general description of small-
holders’ agriculture in developing countries. There are many
case studies which cannot be integrated into it. Yet it was not
the purpose to present a completed model, but to illustrate
the features, strengths and also deficiencies of the qualita-

Appendix A. Logistic growth with constant withdrawal

tive modeling approach and to motivate its usage in other
fields of Global Change Research.
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lisp — model code defining the problem for QSIM

For comprehensive explanations see [16]
def.: [x]; = sign(x — a)

(define-QDE lgcw

(text "Simple Ecosystem with constant Yield")

(quantity-spaces

(P (0 Po Pm out) "Population")
(dP (minf 0 inf) "Change in Population")
(G (minf 0 Go inf) "Growth without Yield")
(E (0 inf) "vield"))
(constraints
((d/dt p dp))
U- P G (Po Go)) (0 0) (Pm 0) (out minf))

((
( (CONSTANT E))
((add dP E G)))

(defun anf ()

(make-new-state :from-gde lgcw

:assert-values ' ((P (Pm nil))
(E ((0 inf) std)))
ttext "1"))
(defun start_env ()
(with-envisioning
(let ((initial-state (anf )))

(envision-guide initial-state))))

Definition of variables and their
landmark-values

minf = —oo; inf = +00

Definition of interrelations

[d/drPlo = [dPlo

see text

[d/dtE]p =0

[dP]o + [Elo = [G]o, same for derivatives
[—]o + [+]o and [+]o + [—]o undetermined

Definition of initial state
P = Py, direction of change undetermined
E positive definit and constant

Producing the behaviour-tree for
the above initial state

Appendix B. Smallholder model for ressource degradation and labor allocation

lisp — model code defining the problem for QSIM

For comprehensive explanations see [16]
def.: [x], = sign(x — a)

(define-QDE smrdla
(text "Shmallholder with LA-LW-allocation")
(quantity-spaces

(LT (0 t inf)

"Total labor")

Definition of variables and their
landmark-values
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(Lw (0 t inf) "Labor in wage sector")
(LA (0 ms t inf) "Labor in agriculture")
(QOR (0 inf) "Quality of resource")
(Y (0 inf) "Yield")
(rP (0 inf) "relative Price A/W")
(dLA (minf 0 inf) "Change of LA")
(dQR (minf 0 inf) "Change of QR")
(CcT (0 inf) "Total consumption")
(CL (0 inf) "Labor income")
(f0 (minf 0 ¢ inf) "aux0")
(f1 (minf 0 inf) "auxl")
(£2 (minf 0 inf) "aux2"))
(constraints

((d/dt QR dQR))
((d/dt LA dLA))
((add LA LW LT)

;dynamics of QR

(0t t) (£ 0¢t))

((M- LA £0) (0 ¢) (ms 0) (inf minf))

((mult £0 QR dQR

))

; yield and consumption

((mult LA QR Y)
((mult LW rP CL
((add Y CL CT))

)
))

;allocation of labor

((add f1 rP QR)
mult LA LW f2

constant LT))
constant rP))

(
(
(
(
))

(defun anf ()

(
(mult £1 £2 dLA))
(
(

)
))

(make-new-state :from-gde smrdla

:assert-values '’

(LT (t std)

(

(LA ((0 ms) inc))
(LW ((0 t) dec))
(OR ((0 inf) inc))
(rP ((0 inf) std)))

text "2"))
(defun smrdla _env ()
(with-envisioning
(let ((initial-state

(anf ))

)

(envision-guide initial-state))))

see appendix A

Definition of interrelations
see appendix A
additionally to appendix A:
[LAJo + [LW]¢ = [LT]; and
[LA]e + [LW]o = [LT]

[d/drLAlo = —[d/dtf0]o;
[LAlo = —[f0lc; [LAlms = —[f0lo
[LA]inf = _[fo]minf

[f0lo * [QR]o = [dQR]p

see above

Definition of initial state

LT = ¢ and constant

0 < LA < ms and increasing
0 < LW < ¢ and decreasing
QR pos. def. and increasing
P pos. def. and constant

Producing the behaviour-tree for
the above initial state
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