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Abstract A qualitative model of smallholder agriculture
with a few core variables and two allocation rules for
labour and investment in agricultural resources was
developed to cover spatial heterogeneity in Northeast
Brazil. This region is characterised by large natural and
socio-economic variance, recurrent droughts and wide-
spread rural poverty. The resulting system dynamics
essentially consists of a cycle of four qualitative states,
each depicting a typical pattern of trends in smallholder
agriculture. Municipal statistical data were used to
identify the spatial distribution of these patterns for the
1990s and the internal transition likelihood between
subsequent states. Additionally the influence of external
perturbations like droughts and producer price shocks
on the smallholder system was investigated.

Keywords Rural poverty - Rural development -
Semi-arid - Qualitative modelling - Syndromes

Introduction

Processes leading to environmental changes observable
on the regional, i.e. sub-national level are often embraced
by global processes (e.g. climate change, economic
globalisation) or affected by local processes (e.g. farming
activities, traffic conditions). Studying regional environ-
mental changes has to take into account the systematic
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complexity of global changes as well as the functional
heterogeneity of the local processes (Turner et al. 1990;
Wilbanks and Kates 1999). The latter describes that
human—nature interactions on a local level vary over the
regional scale. These variations are the result of natural
as well as socio-economic variances within the region.
Regarding regional development policies, sub-regional
differences in both dimensions—natural and socio-eco-
nomic—have to be considered appropriately.

The syndrome approach deals with regional hetero-
geneity of global change thus addressing processes
which are structurally similar on a more aggregated
level (Schellnhuber et al. 1997; Petschel-Held et al.
1999). This approach classifies typical patterns of
human—nature interactions on the regional scale using
methods to indicate these patterns geographically ex-
plicit (Liideke et al. 2004) or model their dynamics
(Petschel-Held and Liideke 2001). The basic idea of
considering systems on a structural level below the level
of interest is applied here to the regional level in order
to identify basic patterns of local human—nature inter-
actions. A differentiated analysis of regional environ-
mental change is carried out in the Northeast of Brazil.

Northeast Brazil is a classic and well-documented
example of the nexus between environmental degrada-
tion and rural poverty. For example, Northeast Brazil is
considered as a hotspot for the risk of further desertifi-
cation (Eswaran et al. 1999) and water availability
continues to worsen due to poor hygiene and salinisation
(Voerkelius et al. 2003). In addition, the region is sus-
ceptible to decreasing annual precipitation in the course
of global climate change (Gerstengarbe and Werner
2003). Therefore, Northeast Brazil is not only well suited
for studying heterogeneous environmental changes
within a regional context, but is also in need of scientific
support in developing appropriate strategies to reduce
the pressure on environment and people.

Developing such strategies requires predicting of
further development with and without potential inter-
ventions. In this regard, formal modelling is fre-
quently used, but often criticised for its shortcomings in



representing the heterogeneity of the subject particu-
larly concerning coupled human—nature systems. High-
resolution data are often not available to parameterise
the model relations and hence spatial heterogeneity is
inappropriately represented. To deal with this problem,
a dynamic modelling method is applied to Northeast
Brazil which allows the development of the human—
nature system to be deduced from general qualitative
assumptions about the interrelation of variables—simi-
lar to an influence diagram (Stave 2002). The generality
of the model assumptions inherently covers the spatial
heterogeneity in the region. After algorithmic deduction
of all dynamic behaviours which result from the as-
sumed influence diagram, the present state and possible
futures of a particular spatial unit are identified using a
small number of indicators. This procedure is less data-
demanding than parameterising a full numerical model.

The paper describes the natural and socio-economic
setting in Northeast Brazil in the next section. It then

Fig. 1 Natural subdivision of
Northeast Brazil. (Source
Ronick 1986)
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presents the conceptual framework and describes the
model assumptions for smallholder agriculture. The
following section elaborates on the resulting time
developments, identifies the recent dynamic behaviour
of the municipios of three federal states in Northeast
Brazil—Pernambuco, Ceara, Piaui—and discusses
the effects of external shocks. The final section con-
cludes with a summary and perspectives for future
research.

Smallholder agriculture and major problems in Northeast
Brazil

Northeast Brazil is traditionally subdivided into four
natural units: the Zona da Mata, the Agreste, the
Sertdo and the Campos Cerrados (Fig. 1). To cover the
major smallholder-related development, this study fo-
cuses on a transect across these four natural units
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involving the three federal states Pernambuco, Ceara
and Piaui.

The Zona da Mata—a formerly forested coastal
area—is characterised by a high agropotential princi-
pally used for large-scale sugar cane production
(Heidemann 1981) and a subsequently high population
density (Andrade 1999). A transition zone regarding
natural as well as socio-economic conditions towards the
Sertdo forms the adjacent Agreste (Kohlhepp 1994).
Small- and large-scale cattle farming dominate the val-
leys, whereas small-scale food cultivation is concentrated
within the brejos (Heidemann 1981). In contrast, the
most problematic area in Northeast Brazil, the less
populated semi-arid hinterland—the Sertdo—faces
uncertain rainfall and non-periodic droughts (Gomes
2001; Silva 2002). Overall, agricultural land use in the
Sertdo is characterised by smallholder crop production
and extensive livestock farming. In the West the Sertdo
adjoins the fertile areas of the Campos Cerrados, which
are cultivated by small as well as large landholders. In
the beginning of the 1980s, soy bean production was
introduced by large landholders from South Brazil to
supply to the global market (Andrade 1999; CEPRO
2003).

Among the major land use actors, smallholders form
an important social group within the rural area of
Northeast Brazil. Approximately 90% of all agricultural
units are smaller than 100 ha, but they cover together
only about 30% of the total agricultural production area
(IBGE 1996). Smallholders in Northeast Brazil produce
about 70% of the food crops supplying the domestic
market, which include maize, beans, manioc and rice.
Moreover, they produce cash crops, such as cashew,
cotton, fruits and vegetables, involving irrigation mea-
sures along the Sdo Francisco river in the South of
Pernambuco and the Jaguaribe river in the Northeast of
Ceara (Voth 2002).

The smallholders in the study region employ on-farm
as well as off-farm livelihood strategies and therefore not
only depend on the natural resources, but also on the
socio-economic conditions. The limited access to pro-
ductive land, water, infrastructure and markets caused
by an inequitable distribution of resources tremendously
limits the smallholders’ agricultural production poten-
tial. Agricultural expansion into less favourable areas as
a widespread livelihood strategy to maintain living
standards, however, enforces pressure on natural re-
sources and leads to further degradation, ultimately
reducing agricultural yields (Gomes 2001). Furthermore,
the transformation from the tenant-oriented into a ra-
ther wage-labour-oriented system throughout the region
has detached many smallholders from their means of
production (Carvalho and Egler 2003, 25). Hence, local
off-farm centres can play an important role in sustaining
the smallholders’ livelihoods by providing an additional
source of income.

Within Brazil, the Northeast ranks highest among
the regions suffering from severe rural poverty and
out-migration. The unequal distribution of land, water

and infrastructure, the lack of off-farm opportunities,
the ongoing environmental degradation and recurrent
droughts are the major underlying causes of stagnation
and the decline of rural well-being (Mertins 1982;
Carvalho and Egler 2003, 62). Increasingly aggravated
rural conditions force many smallholders to migrate
permanently to the regional and national urban centres
in the Southeast and the Midwest of Brazil. Given this
background, strategic decisions are crucial to foster
rural development and improve rural livelihoods.
Throughout the 1950s-1990s, vast efforts were made to
reduce rural poverty and secure rural livelihoods. Within
the various programmes, e¢.g. PROTERRA, POLO-
NORTESTE, Projeto Sertanejo and PROHIDRO, land
distributions, irrigation schemes, improved infrastruc-
ture, market integration and technical assistance were
promoted as means of achieving poverty reduction.
However, the schemes were neither effective nor efficient
(Schwalbach 1993; Mertins 1997; Bezerra 2002, 41;
Carvalho and Egler 2003, 19f.). Against the background
of rural poverty and the serious environmental problems
in Northeast Brazil, this study attempts to strengthen
the poverty reduction debate.

Methodology
Conceptual framework

The phenomenon described previously demands a
modelling approach which couples environmental and
socio-economic processes as well as their spatial heter-
ogeneity. The model should be predictive in a well-
defined manner, as model-based reconstruction of
observations is not an aim in itself but a means for
assessing potential future actions.

An important tradition in modelling smallholder
households and their interactions with the resource
base follows the line of economic optimisation ap-
proaches (Collins 1987; Barbier 1990; Barret 1991;
Grepperud 1997). These approaches assume that the
actors, i.e. the farmers, behave in such a way that the
time integral over the discounted utility is maximised.
This utility depends either directly on yield in the case
of purely subsistence-oriented farming or on household
income. The coupling with the resource base (e.g. soil
quality) is realised by considering the influence of the
farmers’ actions on the resource and the feedback of
the quality of the resource on, e.g. the actual yield.
Whether the results of such a model are normative or
descriptive with respect to the optimisation assumption
is highly debated (Thaler 2000). Especially in develop-
ing countries where the conditions of economic activi-
ties change very rapidly it can hardly be assumed that
the actors will carry out long-lasting trial-and-error
procedures to determine an optimal strategy. This is
particularly the case if the success of a specific strategy
can only be evaluated empirically after several years,
considering, e.g. resource conservation. Even if it is



possible to fit such an optimisation model to the ob-
served behaviour by parameter calibration, its predic-
tive power would remain unclear. In contrast, the
bounded rationality paradigm assumes a decision
model which combines short-term optimisation and
traditional rules (Jones 1999). In view of the afore-
mentioned discussion, we therefore conclude that this
descriptive approach is more appropriate to assess the
human—environment dynamics in Northeast Brazil.

Current model approaches reflect the spatial hetero-
geneity of environmental and the socio-economic as-
pects very differently depending on the availability of
data. Regarding natural resources, some models are
based on spatially explicit data and relations close to
natural science laws. On this basis, Araujo et al. (2004)
model the water availability in Northeast Brazil. Com-
pared to this, modelling human actions is more com-
plicated. Even in the most advanced models of
smallholder agriculture based on optimisation (e.g.
Holden and Shiferaw 2004) heterogeneity is poorly
represented. This is because of both limited data and the
normative assumption of inter-temporal optimisation as
a basis for the description of the farmers’ actions. The
data limitation on socio-economic aspects becomes
worse if the concept of bounded rationality is applied.
As it relies much more on habits and traditional rules, it
induces more heterogeneity than the hypothetical
assumption of an utility-optimising farmer.

This study uses the bounded rationality approach by
considering the rules in such a generalised way that the
assumed spatial heterogeneity is covered. For this the
complex rules are reduced to their core which should
mirror the whole investigated region. However, tradi-
tional mathematical methods cannot deal with such
generalised rules, because no explicit numerical func-
tional dependencies can be developed. We thereby apply
a new mathematical theory using qualitative differential
equations (QDEs, see Kuipers 1994) to deduce possible
time developments (trajectories) from rule systems that
can be formulated in very general terms. The resulting
trajectories consist mainly of sequences of trend com-
binations of the variables instead of numerical values.
They typically contain branching points entering into
different sequences that may be used to predict future
developments. Compared to quantitative models the
results are solely deduced from generalised rules without
adding partly uncertain information. Such methodo-
logical steps were first made in economic theory by
discussing the properties of the equilibrium depending
on the sign of the first partial derivatives of the functions
used in the model (Varian 1984).

Although the resulting qualitative trajectories are
deduced from qualitative assumptions on the relations
between the variables, they can be validated by com-
paring with the sequence of observed trend patterns.
Additionally, the actual trend combination of variables
in a given spatial or functional unit derived from
appropriate data allows to define the initial qualitative
state within the calculated trajectories. Hence, the
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following calculated sequences represent possible futures
of the respective unit.

As different branches of development exist and the
current position of a specific spatial or functional unit
within the trajectories can be identified, the introduced
method of qualitative modelling is closely linked to the
syndrome approach (Schellnhuber et al. 2002). Branches
of development which are either non-sustainable from
the beginning or lead necessarily into a non-sustainable
situation depict syndromatic developments. If the
resulting trajectories include acceptable paths of devel-
opment, the observed development should be influenced
in a way that steers the system into an acceptable
development branch in order to mitigate the syndrome.

This methodology is applied to model the decision-
making process of smallholders in interaction with their
resource base on the household level. It reflects the
choice between different livelihood strategies. In the next
section, the model will be described in detail.

Qualitative modelling of smallholder agriculture

The roots of the qualitative characterisation of the
smallholder system in this study are the livelihood ap-
proach and the viewpoint of political ecology. The
multitude of livelihood options from amongst which the
actors can choose to mitigate adverse effects is stressed
within the livelihood approach (DFID 2000), whereas
political ecology encompasses structural pressures and
the constantly shifting dialectic between society and
natural resources within classes and societal groups
(Blaikie and Brookfield 1987). Thus, model assumptions
cover the allocation of labour force, the extraction of
yields, the constitution of the budget as well as the
dynamics of natural resources. As a first decision
amongst different livelihood options the smallholder has
to allocate on-farm (ly) and off-farm labour (Iw) as
shown in Eq. 1 (subsequently). While for on-farm
activities, the smallholder is the manager of his pro-
duction resources, including soil, water and pasture, this
is not the case for off-farm labour. The latter includes
wage labour in the agricultural or other sectors, on a
seasonal or annual basis. Labour time spent in the wage
sector cannot be used for on-farm activities and vice
versa:

It=1y+1Iw

y = f(ly, rq)

with

of of

— >0 —>0 f(0 =f(ly,0) =0
ay " o (0,rq) = f(ly,0)
b=-ey x1Iw+Dby

(1)
(2)

with

by =y xe,
by = lw X ey,
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where It: total labour available, y: yield, ly: agricultural
labour input, b: budget, Iw: off-farm labour input, b,:
on-farm budget share, rq: resource quality, b, off-farm
budget share, e, effective wage per hour, e, effective
producer price.

Besides the allocation of labour, the quality of the
resources is a crucial production factor. Resource
quality comprises both natural resources—such as soil
fertility, water availability and quality of grassland, to-
gether with the climatic situation—as well as technical
resources, including technical equipment and irrigation
technologies. The actual yield (y) is determined by the
agricultural labour input (ly) and the actual resource
quality (rq) according to Eq. 2. Multiplied with the
effective price for agricultural produce (e,)—involving
producer output prices as well as access to markets and
infrastructure conditions—the on-farm budget share
(by) is constituted (Eq. 3). The total budget (b) of the
household consists of both the income from the farming
activities and the wage income. In practice, the wage
income includes remittances by family members living in
distant urban centres.

The qualitative structure of the smallholder system
described so far has to be supplemented by hypotheses on
the decision making of the actors with respect to their
choice of how to allocate the total labour available and
how to reinvest parts of the obtained budget into the
development of the resources. In line with evidence from
Northeast Brazil (CONDEPE 2001, 47; Mertins 1997, 7),
it is assumed that the labour allocation is governed by
comparison of the labour productivity of on- and off-
farm labour. This decision model is located between
the strict inter-temporal optimisation approach and
the cultural conservatism, and thereby in the line of
bounded rationality—a position corroborated by recent
livelihood research (DFID 2000). To formalise the allo-
cation rule, the actual value of agricultural income per
agricultural labour input is compared with the wage per
hour (Eq. 4). If the difference is positive, it is inferred that
the wage labour share increases, otherwise it decreases.
The opposite holds for the development of on-farm la-
bour. The effective price as well as the effective wage are

assigned constant values owing to model constraints.
However, the effects of changes in producer output prices
are discussed in the section on external shocks.

dlw
F:ewfepxz. 4)

Aiming at sustainable resource use, the agricultural
extraction needs to be compensated for by either natural
regeneration or external measures. Without successful
compensation the resource base will degrade and reduce
yield in the long term. This challenges the farmer to
consider which part of the total budget will be reinvested
in the maintenance of the resource base by, e.g. applying
fertiliser or establishing erosion protection.

Therefore, the decision model for investment in re-
source improvement relates the budget (b) and the yield
(y)—as indicator for the intensity of extraction—with
the temporal change of the resource quality. The fol-
lowing general assumptions are made: the yield shows a
threshold y,,,, which reflects the maximum sustainable
yield extraction without additional external inputs. Be-
yond this threshold, natural regeneration cannot balance
the losses, i.e. without additional measures the resources
will degrade. Concerning the budget, a threshold b, is
supposed. Beyond b, existential livelihood needs are
fulfilled and investments in resource regeneration be-
come possible (Fundacao Getulio Vargas, personal
communication). Hence, decrease in resource quality
resulting from yield extraction exceeding the threshold
yms May be compensated. Figure 2 shows the assumed
trends of resource quality depending on all possible
combinations of yield and budget. Thus the investment
decision is highly aggregated and does not explicitly
cover other dimensions of decision making such as
subjective priorities or knowledge.

The above rules constitute a qualitative dynamic
model of the smallholder system for the variables ly, Iw,
Yy, Iq, €p, €y, and b. It can be solved by using the QSIM
algorithm (Kuipers 1994; Eisenack and Petschel-Held
2002) which computes the entire set of qualitative tra-
jectories compatible with the model assumptions.

Fig. 2 Model assumptions on
resource quality (rq) trends

- high extraction exceeds natural
regeneration
- no resource improvement due to low

rq decreasing rq constant or decreasing

- high extraction exceeds natural
regeneration

- high budget allows for compensation

depending on budget (b) and yield > yps
yield (y)
budget
yms
yield < yms

budget

- natural regeneration balances low
extraction
- no resource improvement due to low

rq constant rq constant or increasing

- natural regeneration balances low
extraction

- budget allows for additional improvement

budget < bey budget > bgy



Spatial indication of smallholder dynamics

Due to available data municipios were used as the
smallest spatial unit to indicate the dynamics. Given the
set of qualitative trajectories as presented in the fol-
lowing section, statistical data from Instituto Brasileiro
de Geografia e Estatistica (IGBE) and Instituto de Pes-
quisa Econdmica Aplicada (IPEA) are used to indicate
the qualitative state of the 591 municipios in the region
for the years 1995-1999. As the model is based on
household-level mechanisms, this choice implies the
assumption of qualitative homogeneity of the small-
holder households in a particular spatial unit. This is a
weaker assumption than one had to make in the case of
quantitative modelling but in principle it is also based on
the concept of the “typical household”. For the time
being, initial steps only have been made to investigate
the potential advantages of dynamic qualitative model-
ling with respect to the aggregation problem (Schelln-
huber et al. 2002).

The calculated cyclic behaviour of the smallholder
agriculture can be completely described by the trend
combination of the two variables: yield-oriented labour
(ly) and resource quality (rq) (Fig. 3). While both trends
show the same direction in state I and III, they are
antipodal in the other states, II and IV.

Statistical data for the years 1995-1999 are used to
analyse the smallholder dynamics at the municipal level.
This timescale takes the time horizon into account based
on which smallholders take their decisions regarding
labour allocation and investment and the natural pro-
cesses of soil degradation and recovery (Pimentel et al.
1995; Brookfield and Stocking 1999). This subsection
contains a basic description of data and analyses the
techniques used. Details concerning the indicators as
well as the assessment of their uncertainties are provided
in the appendix.

The trends for rq and ly are estimated for the years
1995-1999 based on the data listed in Table 1. The
indicator for the yield-oriented labour ly reflects the
total amount of working hours per year devoted to
agricultural activities in each municipio. The indicator is
the sum of the contributions of six classes of agricul-
tural activities to the total working hours. The six
classes—cereal crops, roots and tubers, specialised

Table 1 Statistical data used
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crops, pasture, cattle and goats—differ with respect to
their relative specific labour demand according to An-
dreae (1977). The trend for ly between 1995 and 1999 is
then computed via linear regression of annual data. The
resource quality rq which encompasses both natural and
technical components is reflected in the yield per hectare
of cropland and the livestock density. Thus, the indica-
tor for rq is constructed as the weighted average of the
yield per hectare of all crops and livestock densities.
Again, the trend for rq between 1995 and 1999 is
determined via linear regression of annual data.

Besides indicating the qualitative states, the results of
the qualitative modelling also allow quantifying the
transition likelihood between the qualitative states II
and III in the absence of external forces. The likelihood
to leave state II grows with the share of smallholders
whose income exceeds be,. The model results show that
the system only passes from state II to III if the budget is
above the existential level b (this is not visible in Fig. 3
due to the aggregation of states). The transition likeli-
hood was indicated by the share of households in each
municipio, in which the head of household earns more
than the existential budget. This corresponds to three
times the minimum wage, i.e. reaching currently SOOR$
per month (Fundagao Getulio Vargas 2003, personal
communication).

Results and discussion
Modelled qualitative smallholder dynamics

The model of smallholder agriculture in Northeast
Brazil results in a number of trend combinations of the
relevant variables (states) and the time evolution of the
states (trajectories). The four presented states (Fig. 3)
summarise closely related sub-states to highlight the
main behaviour of the dynamic development. These sub-
states are connected bi-directionally and therefore de-
pict, e.g. the oscillation of one variable while the other
trends are stable. Such a behaviour is symbolised by
double arrows in Fig. 3. In the following, these four
summarised states are merely called states.

In view of smallholders’ livelihoods, state I displays
the most critical conditions. As socio-economic stress is

Datum Units Time resolution Source
Harvest area for 62 crops Ha 1995-1999 (annual) PAM (IBGE)
Yield for 62 crops Tons 1995-1999 (annual) PAM (IBGE)
Number of cattle and goats Number 1995-1999 (annual) PPM (IBGE)
Grassland: natural pasture and improved grassland Ha 1985, 1995 CAP (IPEA)
Farm size distribution (15 size classes) Ha/class 1995 CAP (IBGE)
Income distribution (16 income classes) Capita/class 2000 CD (IBGE)
Share of rural population Y% 1996 CD (IBGE)
People working in the primary sector Number 1995 CAP (IBGE)

PAM Produgdo Agricola Municipal, PPM Produgao Pecuaria Municipal, CAP Censo Agropecuaria, CD Censo Demografico, sources:
IBGE Insituto Brasileiro de Geografia e Estatistica, IPEA Instituto de Pesquisa Econdmica Aplicada)
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reflected by an undetermined budget, that can drop
below the existential threshold, the smallholders’
investments into the resources are uncertain. Based on
the syndrome approach (Schellnhuber et al. 2002), state |
can therefore be interpreted as the syndromatic part of
the trajectory. In contrast, state III depicts an environ-
mentally and socio-economically desirable situation as
resources may improve and the smallholders budget is
secured at a level higher than the existential budget. Still
critical are the states Il and I'V. While in state II resources
may improve—if compensation takes place—in state IV
investments may only prevent the degradation without
improving the resources. It follows a model-oriented
analysis of the cycle including references to recent local
developments, whereby special aspects of the states are
particularly highlighted.

State 1. Regression of smallholder agriculture and re-
source degradation Even though the smallholder’s
on-farm activities are regressing (lyl), the production
intensity is not adapted to the current local agropoten-
tial (yield > yn,). If the budget is below the existential
minimum (budget < b.,), the resource quality is inevi-
tably deteriorating (rql). Thereby, the degradation of
resources reflects a deteriorating base of natural as well
as technical assets. It thus reflects the damage to soils,
water and vegetation, but also the divestiture of tech-
nical equipment or infrastructure. Only if the budget
exceeds the existential level, further damage to resources
can be prevented (drq/dt=0). In this case, smallholders
can invest part of their budget and are hence able to
compensate for the overuse.

Unequal land distribution with limited access to
productive lands and water in Northeast Brazil can be
translated as a low level of maximum sustainable yield
and consequently a high risk of overuse. Due to the
resulting resource degradation, the agricultural activities
become overall less profitable so that smallholders tend
to allocate their labour force rather to off-farm activities.
The search for rewarding employment is often reflected
in massive rural out-migration.

State II: Regression of smallholder agriculture and re-
source improvement The production level is well
adapted to the current local conditions (yield < y,).
This can be the result of a low level of agricultural
activity (low ly) or efficient and resource-improving
production techniques (high y,,). Hence, the resource
quality is at least stabilised (drq/dt=0). An improve-
ment of the resources can be achieved if the budget is
above the existential threshold, so that smallholders can
invest into the resources.

State III: Expansion of smallholder agriculture and re-
source improvement State 11l shows increasing on-farm
labour (IyT) and a budget above the existential threshold
(budget > b,,). Despite growing agricultural activities,
the yield extraction stays below the maximum sustain-
able level (yield < y.). It hence creates the necessary
precondition for the resources to improve. Efficient soil
and water management techniques help to keep the
production level below the maximum sustainable yield.

State IV: Expansion of smallholder agriculture and re-
source degradation The expanding agricultural yield

K i

'IV

Fig. 3 Modelled qualitative dynamics of smallholder agriculture
with the five relevant variables. The boxes represent cycle states (/-
IV) showing time evolutions—trends and magnitudes—of the
variables. Trends are symbolised by arrows. In the case of yield and
budget, their position refers to landmarks indicating their magni-
tude. Dots indicate that the variable is constant over time. In

s 4 ] $ - i
" —_— —_ Main dynamics of
i T I ¥|'ra l T t (M I T l I + rq 1 l I smallholder agriculture
222 \ - I Regression of smallholder
S22 State transition agriculture and resource
25 §>% characterised by degradation
gﬂ T o a trend reversal in ly Il Regression of smallholder
853 agriculture and resource
g2 'g 'A improvement
s 2 ele IIl Expansion of smallholder
T = LIC ) +—— agriculture and resource
2 \ J improvement
B IV Expansion of smallholder
s A agriculture and resource
> oleolele bt < degradation
,C " Equilibrium end states A-C
°
— ool
A . _—

addition, the trend combinations of ly and rq are shaded in grey.
The model results include final equilibrium states (4—C). However,
within the context of highly dynamic land use changes in Northeast
Brazil, equilibrium states are of little practical relevance and are
therefore not considered in the following discussion



exceeds the local production potentials (yield > yu).
Thus, resource degradation can only be prevented if the
smallholder invests part of his budget into resource con-
servation. A successful investment, however, presupposes
knowledge on adequate conservation technologies. This
may be hindered by eroding traditional knowledge as well
as lacking access to information and extension services.

Transitions from one state to another can be crucial
in terms of environmental and socio-economic well-
being. Below, possible transitions and necessary pre-
conditions are first discussed from the internal model
perspective and then from the external viewpoint of
intervention strategies. The transitions are basically
characterised by changes in the resource quality and
labour allocation (Fig. 3).

The passage from state I to state II is characterised by
the improvement of the resource quality as a result of
decreasing yield extraction below vy, In contrast,
the reverse applies to the transition from state III to
state IV. From a strategic perspective which seeks to
secure rural livelihoods, this would mean concentrating
efforts on maintaining or achieving yield extraction be-
low a sustainable level (yield < y,,) in order to combat
resource degradation. However, this requires careful
consideration of how to implement innovations, e.g. new
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production methods. If, for example, the land is not
1rr1gated appropriately, severe damage, such as soil
erosion, nutrient leachmg and salinisation, is likely to
occur. This may result in a declining quality of natural
resources (rql) and a potential overuse of the soils
(yield > yp,s). Therefore, the transition from state I1I to
state IV is ultimately forced.

Changes in labour allocation indicate the transitions
into the critical state I as well as into the desirable state
III. The transition from state IV to state I shows that
due to high yield extraction (yield > y,,s) and—without
appropriate investment—degrading resources (rql),
yield-oriented labour is less profitable. It will succes-
sively be replaced by increasing off-farm labour. The
reverse is true for the transition from state II to state I11.
Indeed, the latter passage only takes place if the budget
reaches a level above the existential threshold in state II.

In order to leave state II and support state IV, the
ultimate goal is to make yield-oriented labour more
attractive than off-farm activities and to create suitable
grounds to maintain socio-economic well-being (bud-
get > b.y). However, the flanking measure to raise well-
paid off-farm opportunities in order to sustain the
families’ livelihood may induce higher incomes which
create suitable conditions to invest into their own re-
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Fig. 4 Spatial distribution of the four qualitative states I-IV at the
municipal level for the three federal states Pernambuco, Ceara and
Piaui. Trends refer to the years 1995-1999. The colours reflect the
criticality of local conditions. The filled areas are characterised by a

very high area share of smallholders (70-100%), the hatched ones
by a high share of smallholders (50-70%). No indication was
possible in areas dominated by large landholders or in mainly
urban areas
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sources (state II). This results in an improving resource
quality which bears a great potential that on-farm la-
bour becomes more attractive and smallholders allocate
more labour to agricultural production. Hence, the
transition from state II to state III is accelerated.

Options to validate the model are narrow as few case
studies cover a time period which allows to observe se-
quences of trend combinations of the model variables.
However, combined with interviews performed in the
study region they provide insights which support the
model results. Farmers in three development projects
along the river Sdo Francisco described environmental
and socio-economic conditions which correspond to the
modelled dynamics. 23-50% of the farmers reported
specific trend combinations and transitions of model
variables occurring in the 1980s and 1990s (B. Untied,
personal communication).

Ten out of 35 farmers in the project Bebedouro/
Petrolina and five out of ten farmers in the project
Apolonio Sales/Itaparica mentioned an inappropriate
irrigation system which resulted in the salinisation of
soils. The ultimately declining yields forced farmers to
increase their off-farm activities which reflects the
behaviour of state I. After credits had been issued, the
irrigation system could be enhanced and, thus, the re-
source quality improved (transition from state I to II).
Subsequently, agricultural labour became more profi-
table and increased (transition from state II to III).

The transition from state III to IV was demonstrated
in the project Nilo Coelho/Petrolina. Three out of 11
farmers described trends of amplified agricultural labour
input and enhanced soil quality which were successively
inverted due to inappropriate production techniques and
lack of a drainage system. They emphasised the risk that
resources could further decline and would be overused if
no investment took place. This may imply that agricul-
tural labour would be less profitable and might be re-
duced in favour of off-farm earning activities (transition
from state IV to I). The statements of the farmers not
cited here neither contradicted nor corroborated the
modelled dynamics.

Another way to validate the modelled dynamics and
thereby the underlying model assumptions would be to
use quantitative time series of the variables. However,
the statistical data obtained from IGBE and IPEA ap-
peared to be too noisy to extract significant trend
changes of the variables. These data still allowed to
identify the trends of relevant variables for the years
1995-1999. Indeed this is less a validation than the
identification of the actual dynamical state of the system.

Spatial distribution of smallholder dynamics

The spatial distribution of the four qualitative states I—
IV (cf. Fig. 3) was investigated on the municipal level for
the three federal states Pernambuco, Ceara and Piaui.
The indication of trends is afflicted with uncertainty as
the data on agricultural activities cover all farm sizes,

but only the smallholder sector is of interest. Overall,
increasing on-farm activities in combination with an
undetermined trend in resource quality (states I and II,
respectively) are widespread (Fig. 4). Their predomi-
nance confirms the critical development of rural poverty
and out-migration in Northeast Brazil. The choice of
colours for the states depicts the criticality of local
conditions.

Clusters of municipios within the critical state I can
be found throughout the Sertdo and Agreste as well as in
northern Piaui and Ceara. Representatives of state 11 are
located in the northern parts of Piaui, dispersed areas of
Ceara and central parts of Pernambuco. Municipios
showing the desirable state III are concentrated in
Ceara, whereas clusters of state IV occur predominantly
in northwestern Pernambuco and in southern Ceara.

The uncertainty associated with the largeholder share
is represented by the hatching in Fig. 4. The lower the
smallholder area share, the more uncertain the indica-
tion. Regions with a very high smallholder area share
(70-100%) are mainly situated in the more elevated
areas (chapadas, brejos) in the Agreste and West Per-
nambuco, North and South Ceara and in Southeast
Piaui. Against this, regions with a high smallholder area
share (50-70%) dominate in central Ceara and South-
west Piaui. Modernised and capital-intensive agricul-
ture, such as sugar cane production, in the Zona da
Mata in Pernambuco, cashew production in the eastern
part of the coastal zone of Ceara and soy beans pro-
duction in Southwest Piaui are characterised by a small
share of smallholders and could therefore not be reliably
indicated. No correlation was found between the quali-
tative state of a municipio and its uncertainty. In the
remainder of this subsection the calculated spatial dis-
tribution of smallholder dynamics is validated against
case studies.

The major trends of state I are the decreasing yield-
oriented labour and resource quality. Due to high pop-
ulation density and overuse in the Agreste and some
parts of the Sertdo, like the northern part of Pernam-
buco, degrading resources are highly probable. This
corresponds to local information on high degrees of
degradation (Lemos 2001; Instituto Desert 2003).
Marginalisation as reflected in shortened fallow periods
as well as the cultivation of steep slopes and drought-
prone lands was highlighted as causing land degradation
and declining yields (Mutter 1991, 368; Mertins 1997).
Less profitable yield extraction and the subsequent
decrease of on-farm activities is reflected in the observed
patterns of rural out-migration throughout the Sertdo
and Agreste during the 1990s. Besides marginalisation,
concentration of landholdings and unfavourable work-
ing conditions for smallholders, Héussler (1996, 24)
further identifies lack of governmental services within
the health care and nutrition sectors as driving migration
forces in the Sertdo region.

Major clusters of rising off-farm labour and poten-
tially increasing resource quality (state II) are located in
the Sertdo region. When the budget remains above the



existential threshold and the smallholders are willing to
invest into their resources, less pressure is put on soil and
water. Hence, the resource can recover. Spatial examples
for locally rising off-farm opportunities as an option of
income generation are linked with emerging processing
industries, such as agro-industrial complexes, gypsum
mining in West Pernambuco (Mutter 1991, 367; And-
rade 1999, 80), textile production in the Sertdo of Piaui
(Rheker 1989) and ceramic manufacture in Northwest
Piaui (Olimpio 2000, 89).

Expanding smallholder agriculture and rural well-
being, as characteristic of state I1I, can be found in areas
with a high natural agropotential, such as throughout
Ceara. Apart from these naturally productive areas,
irrigation measures (BNB 2000) along the Jaguaribe
river in East Ceara and small dams (agudes) have sup-
ported production growth (Damiani 1999, 145; Elias
2002). Thus, yield-oriented labour is likely to increase as
it becomes more profitable.

A decreasing or constant resource quality as shown
in state IV is mainly calculated for the Sertdo region
and North Ceara. However, even though the small-
holders’ budget exceeds the existential threshold, it may
not be invested because of other priorities or a lack of
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knowledge. There are areas where the impacts of
mechanisation and application of agro-chemicals be-
come obvious. Within the large irrigation perimeters of
modern agriculture, crucial salinisation results from
inappropriate irrigation measures and missing drainage
systems (Instituto Desert 2003, 12). Under these condi-
tions, failed extension services may even accelerate re-
source degradation.

From the model perspective, transitions only proceed
under specific conditions related to the magnitudes and
trends of some variables. Due to limited data availa-
bility, only the transition from state II to state III can be
indicated with sufficient reliability and will therefore be
discussed in the following. Figure 5 shows the mean
share of households in which the head of household
earns more than the existential budget threshold, i.e.
currently 500R$ per month. It can be used to indicate
the transition likelihood for each municipio in state II.
This indication is afflicted with uncertainty as the sta-
tistical data cover the income distribution of the total
population but only the smallholder sector is of interest.

As Fig. 5 shows, the share of households in which the
head of household earns more than the existential budget
threshold does not exceed 40% in the municipios of state
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Fig. 5 Spatial distribution of the transition likelihood from state 11
to state III as indicated by the share of households in which the
wage of the head of household exceeds the existential budget
threshold. The indication of state II is based on trends of the years

1995-1999, budget data refer to the year 2000. The “‘share of
agricultural sector” is the proportion of labourers in the primary
sector (1996) within the total population. It serves as a measure for
the uncertainty of the indication
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I1. The majority of the municipios depict a share of below
20%. Therefore, the internal transition likelihood from
state II to state III throughout Northeast Brazil is rather
low. The preconditions for the transition are more
favourable in Pernambuco and Ceara as a higher share of
heads of households dispose of the existential budget
(20—40%). In this regard, regions which offer better off-
farm opportunities for generating income have a higher
transition likelihood. Relevant municipios are located
South of the river Jaguaribe in East Ceara, in the gypsum
mining areas of Northwest Pernambuco and close to the
textile production areas of central Piaui. In contrast, the
transition likelihood in the Sertdo of Piaui and the wes-
tern parts of Ceara is distinctly lower with less than 20%
of household above the existential budget threshold.

The hatching in Fig. 5 represents the uncertainty of
the indicated transition likelihood. The higher the
“share of agricultural sector”, the more certain the
indication. Regions with a high share of the agricultural
sector are mainly situated in West Pernambuco, South
Ceara and large parts of Piaui. A lower share of the
agricultural sector dominates in the northern parts of
Ceara and Piauli.

External shocks

The model presented only captures the internal
dynamics of smallholder agriculture in Northeast Brazil.
External shocks, e.g. climate extremes or market fluc-
tuations will be discussed as exogenous perturbations to
the model in three ways.

Changes in the absolute value or the trend of a qualitative
variable

For example, a massive drop in producer output prices
induces a switch in the relative attractiveness of agri-
cultural versus off-farm labour within the model. The
drop thus depicts a switch in the present labour trends
from increasing agricultural work to increasing off-farm
employment. However, changes which are reflected in
the qualitative values have to be distinguished from
those which do not imply a change in the qualitative
value, even though affecting the system. An example of
the latter would be a minor drop in prices without

Fig. 6 Possible state transitions
and leaps due to a massive
drought (dotted lines)

making off-farm labour more attractive than agricul-
tural labour.

Changes in the real-world values of landmark values

The landmark value b, of the budget variable is defined
as the particular income, above which farmers would
start to invest into their resources. Educational pro-
grammes to improve knowledge or decreasing invest-
ment prices for the means of new agricultural practices
would make new conservation methods more accessible
to the farmers. The model would reflect this by a de-
crease in the real-world value of b.,. Thus, a budget
below the landmark value might increase above it so
that farmers might start to invest without an actual in-
crease in their budget.

Changes of the model structure

If qualitative relations are affected, they have to be
adapted in order to retain the model’s validity. A
development programme which provides, e.g. produc-
tion techniques to improve the resources to those
farmers who dispose of a budget below the existential
threshold alters the respective model relations. In fact,
the farmers were not able to invest into and improve
their resources. However, this is not examined. Its con-
sideration is shifted to further research.

In operational terms, the first two types of changes
have the same effect. On the one hand, they induce leaps
of variables to new qualitative states. These leaps then
lead to changes in other, not directly affected variables
according to the model relations. On the other hand, the
change might not lead to a qualitative change of a var-
iable, but can well put it at a greater distance to a re-
levant landmark value.

Important implications of two major shocks to
smallholder systems in the region are further discussed:
droughts—here considered as exceptionally low pre-
cipitation—and a drop in producer output prices.

Droughts

A drought has a direct effect on those variables in the
model which encompass natural properties of the
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smallholder agricultural system, i.e. yield and resource
quality. As the variable resource quality basically de-
scribes the long-term productivity of soils or vegetation,
it is assumed that it is not directly affected by a short-
term lack of rain. Thus, the effects of a drought are
assessed by considering the yield only. Droughts effect
the agricultural system in two ways: firstly, it directly
reduces the yield and secondly, it may lower the maxi-
mum sustainable yield by increasing the susceptibility to
degradation. Hence, a drought may force the yield above
or below the maximum sustainable level, independent of
whether it was above or below this level before. Fur-
thermore, decreasing yields imply that agricultural la-
bour becomes less attractive than before and thus a
trend of decreasing agricultural labour will not be re-
versed by a drought. Vice versa, a trend of increasingly
might turn around, but if yields are limited, loss still
continues. Hence, the effects of a drought which changes
the variables and trends are described with regard to the
four possible model states in Fig. 6 (see dotted lines).

According to Fig. 6, a drought induces state transi-
tions or leaps to state I or II, independent of the original
state. Thereby, the new state which is reached after a
transition or leap depends on the relative reduction of
the yield and the landmark y,,. If the yield shifts from
above to below the maximum sustainable yield and
the wage labour expands, the system actually shifts to
state II.

Drop of producer output prices

Dropping producer output prices eventually result in
less attractive agricultural labour. Thus, massive drops
imply a reversal of increasing agricultural labour,
whereas a decreasing trend will continue. Figure 7 shows
possible transitions and leaps. If the system was hit by
the price drop while being in states IV and III, it would
move to the more critical states I and II, respectively.
While the transition from III to II is not possible from
the endogenous model dynamics, the evolution from IV
to I has its endogenous analogue. Thus this transition is
accelerated by the price drop.

The analysis of droughts and price drops shows that
both shocks favour the critical states I and II. Given the
prevalence of droughts and price fluctuations in

Fig. 7 Possible state transitions
and leaps due to a drop in
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Northeast Brazil, it is an important reason for the
dominance of these two states in Fig. 4.

Summary and conclusions

A short introductory review of the role of smallholders
in the Northeast Brazilian land-use system revealed their
marginalisation in ecological, economic and social
terms. It further motivated the closer inspection of this
sector as an important contributor to the region’s severe
development problems. This socio-economic segment is
characterised by a large heterogeneity as regards the
natural conditions for farming and the farmer’s deci-
sions. After a short characterisation of mainstream
model approaches for smallholder agriculture, an alter-
native method, based on QDEs, was introduced to
handle this heterogeneity by subsuming it under general
rules. These are close to a qualitative mental map of the
smallholder system in the sense of an influence diagram.
The allocation of labour between on-farm and off-farm
work, and the investment into resource conservation and
improvement were chosen as relevant smallholder deci-
sions. Furthermore, well-established general rules for the
resource dynamics were added. Via the QDE algorithm,
this mental map generated a specific cycle of four qual-
itative states depicting the development of the five rele-
vant variables including labour allocation, resource
quality, yield and budget. These states and the transi-
tions between them could be interpreted in real-world
terms and ranked with respect to their acceptability from
highly problematic (state I) to desirable (state I1I). Case
studies and interviews performed in the study region
provided insights that support the modelled behaviour
of the smallholder system. Furthermore, the spatial
distribution of the four qualitative states was identified
on the basis of indicators on municipio level in the time
period 1995-1999. This spatial distribution was com-
pared with available case studies and appeared to be
plausible. A theoretical, model-based assessment of
external shocks comprising drought and drop of pro-
ducer output prices was performed. It revealed that both
types of shock—which occur frequently in Northeast
Brazil—favour the critical states I and II, thereby con-
tributing to the recent widespread prevalence of these
states.

producer output prices (dotted
lines)

iy
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We have shown in this paper how to proceed from a
qualitative mental map of relevant mechanisms in
smallholder agriculture to a data-based map of the ac-
tual spatial distribution of specific development states.
Such a result bears the potential to assess spatially ex-
plicit policy interventions. Depending on the normative
judgement of the actual development state and that of
the successor as predicted by the model, the transition
has to be either fostered or impeded. Potential policy
interventions can then be translated into the model
language, particularly how they influence the model
variables and possible transitions. In order to perform
such an analysis, three major constraints have to be
overcome. First, after the comparison of the model re-
sults with empirical evidence as done here, a rigorous
validation is needed presupposing sufficient data avai-
lability. Second, with regard to livelihood options, fur-
ther model modifications including the role of credits,
paternalism and social networks has to be addressed in
order to open up the discussion of policy strategies.
Third, changes in prices for agricultural commodities
and wages have to be considered explicitly to better
capture the Northeast Brazilian conditions. Further
model refinement is planned to eliminate these short-
comings. However, it was illustrated how a policy
analysis works on the basis of qualitative dynamic
modelling and what its advantages are. Conclusions are
based on the structural knowledge of the processes in-
stead of their specific parameterisation which is hard to
obtain with the necessary resolution and coverage.

With respect to the syndrome approach the model
gives an example for the trajectory-based definition of
syndromes. Here, the paradigmatic case is the branching
of a trajectory into a sustainable and a non-sustainable,
“syndromatic”” path (Schellnhuber et al. 2002). The
modelled cyclic trajectory slightly differs from this
branching with alternating sustainable and non-sus-
tainable paths. It results in policy objectives which either
support the transition to leave or hinder to join the
syndromatic part of the trajectory. Figure 4 presents an
example for the dynamic, trajectory-oriented indication
of the spatial distribution of a syndrome. This case refers
to the Sahel Syndrome, for which the global distribution

Table 2 Relative specific labour demand of the six classes of agri-
cultural activities

Activity Relative-specific Examples among
labour demand (lyd) major crops
Cereal crops 1 Beans, corn, rice

Roots and tubers 7 Manioc, cashew
nuts, cotton

Specialised crops 20 Tomatoes, melons,

mangoes
Pastures 0.3

Cattle 2

Goats 0.25

In the first three classes the labour demand relates to the harvest
area

with less functional and spatial resolution is described by
Petschel-Held et al. (1999) and Liideke et al. (2004).
Thereby, the dynamic indication bridges the syndrome
and the dynamic vulnerability concept. Being close to a
critical branching point where the system may enter the
syndromatic path translates into a high vulnerability of
the system to exposures against which the system is
sensitive.

Appendix
Spatial indication of modelled states

The trend combination of the two variables ly and rq
completely determine the qualitative state of the system.
Thus, they were used to indicate the spatial distribution
of the modelled states. The value of the variables ly and
rq for each year in the 5-year period 1995-1999 has been
estimated using annual statistical data on the municipal
level.

In mathematical terms, the indicator for the value of
ly in the year y for a municipio i, ly, ;, is written as

4 6
lyy; = Y lyd; x 49,5+ " lyd; x Ny,
=1 =5

where j denotes the six classes of agricultural activities,
lyd; the relative specific labour demands and 4“, ; and
N, ;; are the harvested area and livestock quantity of
class j in municipio i and year y, respectively. Table 2
contains the relative specific labour demands, /yd;, of the
different classes.

The relative specific labour demands and the crop
classification are based on Andreae (1977) and adjusted
to the context of Northeast Brazil by expert communi-
cation (Torres 2003, Universidade Federal de Pernam-
buco, Recife, personal communication).

The indicator for the value of rq in the year y for a
municipio i, rq,;, is constructed as follows:

63

— fij

J=1
19y = 63

)
Z Ay,ij
Jj=1

where the 4, ;;, j=1,..., 62 are the harvest areas of the 62
crops for municipio i in year y, A4,; j=63 is the
respective pasture area for cattle and goats, m,, ;, j=1,...,
62 are the yields (tons) of the 62 crops for municipio i in
year y and m, ; j=63 is the respective cattle and goat
stock in livestock units for municipio i in year y (1 cow/
ox =1 livestock unit, 1 goat=0.1 livestock units). The f};,
j=1,..., 63 are empirically estimated for each municipio 1
using
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where the lines above the symbols denote temporal
means for the years 1995-1999. These conversion factors
normalise the crop yields and livestock numbers by
crop-specific yields per hectare and typical livestock
densities, respectively, and thus allow a relative com-
parison between the different crops and livestock with
respect to intensity trends (yields and livestock) in each
municipio i. For each municipio i a linear regression
model was fitted to the ly- and rq- values in the period
1995-1999, respectively. The value for the drought year
1998 was omitted in order to avoid an influence of this
value on the trend. Thus, the respective linear models are
effectively fitted on the basis of four data points. The
signs of the slopes are then used to determine the qua-
litative state of the system which solely rests on the tuple
of ly- and rq-trend.

To check for the goodness of the linear fits, the R>
values have been recorded and translated into signifi-
cance levels. Using an F test to test against the null
hypothesis (R*=0) the significance level of P=0.05
corresponds to R*=0.9025. It turned out that 69% of
the ly-fits and 54% of the rq-fits have an R* which sig-
nificantly differs from zero (significance level P=0.05).
For a qualitative state to be statistically significant, both
ly- and rq-fit have to be statistically significant which
applies to 39% of the municipios. This rather small
share of statistically significant qualitative states should
be kept in mind interpreting the map of the spatial dis-
tribution of qualitative states.
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