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Stellingen

Holling’s theorieén over de complexiteit van het ecosysteem kunnen de vereiste ontwikkeling

van een aparte theorie voor het evenzo complexe landgebruiksysteemn in de weg staan.
Dit proefschrift
Holling, C.8., 1973. Resilience and stability of ecological systems. Anniial Review of Ecology and Systems 4:
1-24.

Een empirische beschrijving van het gehele landgebruiksysteem is te prefereren boven een

procesbeschrijving van een bekend deelsysteem.
Dit proefschrift

Het pleidooi van landgebruiksmodelleurs voor het analyseren op meerdere resoluties is niet
relevant voor Midden-Amerika door het nagenoeg ontbreken van het effect van ruimtelijke

resolutie op de relaties tussen landgebruik en de sturende factoren.
Dit proefschrift
Turner I B L., Skole, D.L., Sanderson, 8., Fischer, G., Fresco, L.O., Leemans, R., 1995. Land-use and land-
cover change. Science/Research Plan. IGBP report no. 35 and HDP report no. 7, Stockholm and Geneva,

Ruimtelijk expliciet modelleren van landgebruik op mondiale schaal met behulp van
wereldregio’s, zoals binnen het IMAGE model, is onrealistisch, omdat een staat de grootste
organisatorische eenheid is die als één geheel beschouwd kan worden,

Dit proefschrif
Zuidema, G., van den Born, G.J, Alcamo, J., Kreileman, G.J.J., 1994. Simulating changes in global land
cover as affected by economic and climatic factors. Water, Air, and Soil Pollution 76: 163-198.

Het is onaanvaardbaar dat de suggestie van beleidsrelevantie, zoals die is opgenomen in veel
projectvoorstellen op het gebied van de landgebruikmodellering en op grond waarvan deze
mede worden goedgekeurd, onvoldoende wordt getoest door modellen toe te passen onder
praktijkomstandigheden.

John Daly’s bewering dat de door het IPCC gepresenteerde ‘hockeystick’ — de mondiale
opwarming van de laatste 30 jaar — fout gebruik van gegevens is, is een schoolvoorbeeld van

liegen met statistick, waarmee hij feitelijk zijn gelijk aantoont.
hitp:/iwww.vision.net.au/~daly/

Het citaat “Where you come from is gone, and where you thought you were going to was
never there” gebruiken om modellen gebaseerd op het verleden en projecterend naar de

toekomst af te kraken, is leven verwarren met wetenschap bedrijven.
Citaat uit; Jesus built my hotrod (Redline/Whiteline version), Ministry.

De conclusie dat “tropical rainforest does not exist and never has existed ... in geological

time” is om schaaltechnische redenen onjuist.
Stott, P., 2000. Tropical rain forest: A political ecology of hegemonic mythmaking. Studies in the
Environment 13. Institute of Economic Affairs, London,
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9. Politici begrijpen heel goed hoe wetenschappers statistiek kunnen misbruiken, getuige de
uitspraak “Sommige mensen gebruiken statistick zoals een dronkeman een lantaarnpaal: niet

ter verlichting maar ter ondersteuning”.
Henk Vonhoff als Commissaris der Koningin van Groningen in een interview met Harold Schuil, 1995.

10. Sceptici van het gebruik van regressiemethodes ontkrachten hun eigen argument door het
eindeloos aandragen van het voorbeeld van de bestaande correlatie tussen ovievaars en
geboortecijfers van mensen.

11. Mensen met een vigie zijn te zeker van hun zaak en daarom blind voor verrassingen.

12. De verloedering van de Nederlandse taal blijkt nit de schijnbare onvertaaibaarheid van de
Engelse titel van dit proefschrift.

13. Door de opkomst van de ‘global village’ kan het spreekwoord “beter een goede buur dan een
verre vriend” beter omgedraaid worden,
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Preface

This thesis describes and discusses the application of a land use change model that
quantitatively accounts for various aspects of ‘scale’. The unique aspect of the model
is its aim to apply a multi-scale methodology as opposed to a theoretical elaboration
on the existence of the ‘scale-effect’. The overall objective of this project is to analyse
the scale sensitivity of land use modelling. Furthermore, it is the intention to show
how different parts of the mode} function, how model results can be interpreted and to
discuss validation results. The thesis can be read independently, but has by no means
been the work of one person. Including this one, three PhD theses are available that
are largely based on the same land use model, and it is only when read together, that
all aspects and subileties of the model will become apparent, So, for any further
clarification, reference is made to the PhD theses of Peter Verburg (Verburg, 2000}
and Free de Koning (De Koning, 1999). This thesis applies the land use change model
to Central America, in which main land use change processes are in many ways
complementary to particularly the study areas of Peter Verburg (China and Java), The
main reaction of land use in Central America to the fast growing demand for
agricultural products is an area expansion, which results in a continuing deforestation.
Among others, high population growth rates, a relatively high accessibility of forested
areas, and the vicinity of the US market ensure continuation of present trends. Past,
present, and future developments of land use and its drivers will be discussed in the
various chapters. Because of my background in ecology, I often refer to the theories
that concern the ecosystem, which have a longer history and are more developed than
land use system theories. In particular, many of the principles of multi-scale analysis
resemble those derived in the field of landscape ecology, and ecosystem theories as
formulated by Holling fit to describe the modelled behaviour of the land use system.
This thesis is intended to add to the general understanding of modelling the land use
system, and will keep alive the discussion about how to model land use best. Chapter
2 till 7 form the core of the thesis and will be published as articles or book chapters.
The advantage of presenting results in the form of number of concise and clear
messages outweighs possible discontinuities between the chapters. Chapter 1 and
Chapter 8 clarify and summarise key issues and merge findings of separate chapters.

Kasper Kok
Wageningen, December 2000
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CHAPTER 1
General introduction

This chapter aims at introducing the key issues in land use modelling that are
addressed in this thesis. In order of appearance the following issues will be discussed:
Definitions of land cover and land use; agricultural census as data source; history and
land use in the case study area; Central America, behaviour of complex systems and
the role of ecosystem theory; and land use change models. Finally, an outline of the
thesis is given.

1.1 Land use and land cover

Land use and land cover relate to two basically different concepts. Land cover is the
vegetation (natural or planted) or man-made constructions (buildings etc.) which
occur on the earth surface. Water, ice, bare rock, sand and similar surfaces also
count as land cover (FAQ, 1994). Even though not completely unambiguous, the
definition constrains land cover to immediately visible features. Forest, grassland, and
built-up land are good examples of land cover classes. Land use can be defined as
involving both the manner in which the biophysical attributes of the land are
manipulated and the intent underlying that manipulation (Turner ef al., 1995),
Forestry, conservation practices, livestock herding, and fertiliser application are
examples of land use classes. Although theoretically distinct, in literature both terms
are often used interchangeably. Confusion arises because of the close dependency of
land cover and land use. Once land cover is known (e.g. natural vegetation), many
aspects of land use (e.g. conservation) can often be inferred, depending on availability
of auxiliary information. The translation of land cover in terms of associated land use
is common when using remotely sensed data, such as satellite images or aerial
photographs. Similarly, a certain land use (e.g. maize sowing) will often lead to a
related land cover (e.g. maize) that consequently can be easily identified based on
land use information, This thesis deals with a basically different data source, which
further diminishes the differences between land use and land cover, namely,
agricultural census data.

Census data 1s collected by interviewing a large number of farmers. Information is
gathered on various categories of land use that are subsequently presented as land
cover classes like maize, pasture, or fallow land. The output classes of an agricultural
census can be best described as ‘land cover with aspects of land use’. In the remainder
of this thesis this definition will be used and referred to as land use rather than {and
cover. The class *natural vegetation” will, for instance, include multiple land covers
{forest, natural pasture, secondary vegetation, etc.) and multiple land uses
{conservation, selective logging, no use); the class ‘maize’ basically includes a single
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cover {maize), but many land use related management practices, like ploughing,
weeding, fertiliser application, harvesting. Following Turner et al. (1995) we
discriminate between land use modification and land use conversion, where the
former relates to land use change and the latter to land cover change. In this thesis,
land use change mostly refers to land use conversion.

1.2 Agricultural census data

In many countries in the world, especially in Latin America, agricultural censuses are
conducted once every decade. They are based on a very large number of interviews
with farmers and contain a wealth of information on a large variety of agricultural
land uses and practices. Data are usually aggregated to administrative units and are
made available in the form of books with tables. The most recent census that was
conducted in Honduras (SECPLAN, 1994) lists e.g. area sown and harvested,
production, and fertiliser use for more than 200 crops, including 8 varieties of maize
and beans for over 300 municipalitics. Despite the huge amount of information, little
use has been made of this potential data source, Often heard criticisms include the
poor spatial resolution, unknown data quality, and outdated nature of the information.
Indeed, administrative units are not the best way to aggregate agricultural data,
because boundaries of the political system upon which they are based do not
necessarily coincide with boundaries of the natural system. The lack of a data quality
indication is worrying, but should not be a reason to refrain from using the data.

This thesis aims to substantiate the advantages of agricultural census data, especially
when applied to larger areas, by using this type of information as main source of
information. The data set used in Chapter 4 and 5, for example, is most likely the best
map of actual land use for Central America available to date. Its spatial resolution is
more than sufficient and its thematic detail is far better than any remote sensing
technique might offer.

1.3 Central America

All model applications in this thesis deal with (parts of} Central America. The region
offers excellent modelling possibilities, because of the small size of its countries,
combined with a diverse and dynarnic land use and strong environmental gradients.
Central America included Guatemala, Fl Salvador, Honduras, Nicaragua, Costa Rica,
and Panama following the political definition (Brockett, 1988; Diaz-Bonilla, 1990;
Bulmer-Thomas, 1998). Much of what will be concluded on land use (change) in
these six countries relies on historical developments and historical importance of land
use drivers. Present land use patterns can perhaps be explained by the present
distribution of land use drivers, but to fully understand patterns, an understanding of
past developments is essential. Only then can a model about possible future
relationships be defined and implemented with any degree of confidence.
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1.3.1 History

Historical developments in Central America have been discontinuous and erratic but
with clear thresholds between various periods (Pelupessy and Weeks, 1993; Weaver,
1994). Most important changes in recent history that influenced Central America were
related to either the occurrences of civil wars or to (macro-)economic developments
(Brockett, 1988; Diaz-Bonilla, 1990; Ardon and Eade, 1999). Especially the latter
marks the transition between periods. Civil wars influenced the history of most
countries, particularly that of El Salvador, Nicaragua, and Guatemala (Weinberg,
1991). But although the wars passed by on Costa Rica and Honduras, the whole of
Central America suffered large periods of political instability during the last decades
(Diaz-Bonilla, 1990). The influence of wars on the political system directly and
ultimately on land use indirectly is evident, though hard to evaluate. The present
relative stability seems to minimise the risk for a renewed outbreak of guerrilla
activity. Since about the 1920s, the countries of Central America have followed an
export-led strategy of economic development based on agricultural products. After
years of generally favourable economic circumstances, the 1970s were characterised
by political instability and external shocks {e.g. the first 0il ¢risis, the Green
Revolution), which lead to the marginalisation of the peasantry and rising inflation
{Pelupessy and Weeks, 1993). Land redistribution programs, especially in Honduras
and Costa Rica, were formulated to deal with increasing poverty (Thorpe, 1997b;
Becker, 1998). The result was a large-scale migration of rural population to
undisturbed rainforest. At the same time at regional level, the second oil crisis hit
hard. Between 1979 and 1982 per capita GDP (Gross Domestic Product) growth rates
were highly negative, poverty increased, and export was reduced. Over the past two
decades Central America entered the slow process of recovery, embodied by a
dramatic process of market liberalisation (Rueda-Junquera, 1998; Geske Dijkstra,
2000; David er al., 2000},

Table 1.1, Key socio-economic indicators for countries in Central America. Values are
averages for the period 1990-1995 as reported by World Bank (World Bank, 1998).

Country GDP Population Population lNliteracy Access to
{USS) density growth {%) safe water

{ind./km?} %yl (%)

Costa Rica 2610 67 2.3 5 100
El Salvador 1610 270 2.2 29 62
Guatemala 1340 98 29 44 64
Honduras 800 53 3.0 27 70
Nicaragua 380 36 31 34 57
Panama 2750 35 17 9 82

These processes, although largely comparable between the countries, resulted in
substantially different present economic situations as listed in Table 1.1 (see also
World Bank, 1998; World Bank, 2000). Honduras and Nicaragua rank among the
poorest in the Western Hemisphere with a very low GDP per capita and more than
50% of the population still living in poverty. Both countries, however, have a
relatively low population density and Nicaragua has abundant natural resources,
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allowing room for improvement. The GDP per capita in El Salvador is much higher,
but the extremely high population density, lack of natural resources, and long-time
civil wars provide little positive future prospects. The same holds for the largest
economy in the region, Guatemala, where a relatively high GDP per capita is
counteracted by a highly unequal income distribution. Although on its way to become
a more equitable society, Panama’s poverty incidence continues to be relatively high
in comparison to its per capita income. For several years, Costa Rica has been one of
the more stable and robust democracies of Latin America, based on a strong export-
led development. Healthy GDP growth is coupled with social well being, and besides,
the country has been a pioneer in environmental protection. This combination has
triggered a blooming tourist industry.

1.3.2 Factors of land use and land use change

At different scales, different factors have played a key role in the development of
Central American land use and land use patterns. Perhaps most intensively studied is
the deforestation process, which can serve as an example of the complexity of land
use changes. There is an ongoing debate on which factors ultimately triggered
deforestation (see Bawa and Dayanandan, 1997). Angelsen (1999) proposes a
distinction into two types: planned and unplanned. Planned deforestation is driven by
national and international markets and demand for both timber and beef that augment
the need for pasture or wood. International demand for beef has indeed influenced the
deforestation process in Central America (Lutz and Daly, 1991; Howard-Borjas,
1993; Thorpe, 1997a; Humphries, 1998). The proximity of the large US market
triggered large-scale deforestation. Howard-Borjas (1995) argues that an increased
beef demand from the US initiated deforestation and formation of large farms that in
turn forced small farmers into other virgin forest stands. This touches upon the
unplanned deforestation as proposed by Angelsen (see also Harrison, 1981; Rudel and
Roper, 1997). Sheer population pressure and poverty will drive people out of
populated areas and into the forest. This type of deforestation might be more
important than many authors believe, as it was strongly promoted by several countries
during the 1960s and 1970s, through land redistribution programs {Jones, 1989), and
road construction to increase in accessibility of forest areas. Finally, tradition and
status to own land and cattle will also have contributed to the forest destruction. The
abave factors basically have a bearing on the amount of land use change and have
little to do with the exact location. When the pattern of deforestation is the topic of
study, a whole range of other groups of factors become influential. Climatic
conditions {altitude, rainfall), biophysical circumstances (soil characteristics, slope
steepness), and accessibility (distance to road), to name a few, determine exact
locations of deforestation. Although there are many other land use changes, at the
range of scales considered here, the forest to pasture conversion was the most
important one in the recent history of Central America. With the ongoing process of
environmental awareness and the shift from traditional agriculture to a greater varicty
of new crops, it is questionable whether deforestation will continue at the same
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magnitude as in the past. When the example of deforestation is generalised, it can be

concluded that modelling of spatially explicit land use change needs to incorporate the

following:

* a projection of macroeconomic developments inside and outside the region

e population migration patterns in the region

¢ a broad range of climatic, biophysical, demographic, social, and political factors
thal might constrain or enhance local changes,

A selection of some of the factors that are mentioned in literature as influencing and
controlling land use change in Latin America is given in Table 1.2

Table 1.2. Driving forces of spatially explicit land use change

Land use change driver Type Source

Population density Demographic Rudel and Roper (1997}, Angelsen {1999}, Pfaff {1999),
Vetdkamp and Fresco (1997)

Distance 1o city Southgale el al. (1991)

Distance 1o road Sader and Joyce {1988), Parayil and Tong (1998)

Topography Biophysical Hall et al. (1995), Rudel and Roper (1897)

Elevation Veldkamp and Fresco (1997}, Pontius ef af. (2001)

Slope Sader and Joyce (1988}, Kammerbauer and Ardon {1999}

Soil type Ludeke ef al. {1990}, De Koning ef al. {1998)

Climate variability Clirnatic Chomitz and Gray (1995), De Koning ef a/. (1998)

Life zona Sader and Joyce (1988), Ludeke ef al. (1990)

Land redistribution programs ~ Political Brockett, {1988), Jones (1989)

Park protection Chomitz and Gray (1995), De Koning et /. {1998)

Subsidy sysiem Quiros et al. (1987), Hansen-Kuhn {1993}

Land terre Economic Backer of al. {1598), Humphries {1998}

Farm size Thorpe (1997)

Income Stonich {1993}, Rudel and Roper (1997)

Distance to market Chomitz and Gray (1995), Godoy of al. (1997)

Tradition SBocial Joly {1989}, Edelman (1992}

Status Schelhas {1996}

Education level Godoy ot al, (1997), De Koning &t al. (1998)

Diseases Miscellaneous  Jones (1989)

Civit war Diaz-Bonilla {1990)

This far from exhaustive list of actual factors driving land use change underlines the
complexity of the land use system. A consequence is the need for an integrated
analysis where as many of the above factors as possible are included.

1.4 Behaviour of complex systems

The land use system is highly complex (Hart, 1983; Fresco and Kroonenberg, 1992;
Skole et al., 1994). Through a web of bottom-up and top-down feedback mechanisms,
relationships between land use and their driving forces can disappear, can be
strengthened, or can become non-linear. The notion of complexity has consequences
for the way the system should be described (Kolasa, 1989; Pickett et a/., 1989}). In
recent years, awareness is growing within the community of land use/cover change
(LUCC) researchers (Turner ef al, 1995; Nunes and Augé, 1999), that a correct
interpretation of observed processes is only possible when acknowledging the
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complexity of the land use system. The land use change community lags behind in the
recognition of the need for research that deals specifically with complex systems.
Much of the remainder of this section draws from theories that were developed in
ecology, a field of science that has ample experience in describing the complexity of a
given ecosystem. Although equally complex, it is different in some aspects. Firstly,
the ecosystem can be considered ‘goal-free’ (Conway, 1987), whereas especially
human-influenced land use systems can ultimately be regarded as profit maximising,
Secondly, an ecosystem is considered to be closed, while a land use systern receives
multiple inputs, both products and information, from outside the system boundaries.
Other differences are related to the low species diversity and dominance by often a
single species in a land use system. Despite these differences, complex system
theories as developed for the ccosystem might apply to the land use system (see
Loucks, 1977; Conway, 1987, Fresco, 1995). Figure 1.1 illustrates the ideas
developed by Holling (Holling, 1992; Holling et af, 1995) about resilience and
stability of ecosystems. It is a representation of the ‘cups’ and ‘balls’ example.
Holling argues that resilient systems can resist external shocks and return to the
former equilibrium (A). When the disturbance is too strong, the system will
restructure into a different equilibrium {C), after a transition period (B). More
research is needed to determine to what extent this theory applies to land use systems,
but throughout this thesis the notion and consequences of complexity serve as a key
concept.

B
A/ Figure 1.1. Schematic representation of
various states {cups) of @ complex
systent (ball). The system can be highly
/ \ resilient (A), in transition (B), or not
¢ resilient (C). Cups represent various

equilibria; arrows represent the degree
of disturbance. Based on Holling et al.
(1995).

Ecologists have particularly stressed two aspects of a complex system (Allen and
Starr, 1982; Kolasa and Pickett, 1992; Jorgensen, 1994): functional complexity and
structural complexity. The system is functionally complex in the sense that it is
influenced by a great number of different factors, from a great varicty of disciplines.
Structural complexity relates to the fact that the observed patterns and processes differ
with the scale of observation.
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1.4.1 Level and scale (structural complexity)

The key concept of structural complexity is the existence of hierarchically nested
levels within the system. Allen and Starr (1982) first conceptualised the Hierarchy
Theory for ecology, which was later elaborated by O’Neill (O’ Neill er al., 1986;
O’Neill, 1988). An example of a nested hierarchy is the sequence cell - tissue - leaf -
branch - tree - stand. To avoid confusion, it is essential to differentiate between scale
and Jevel, following O’Neill and King (1998) in fandscape ecologists’ most recent
plea for recognition of scale dependency (Peterson and Parker, 1998). Level is defined
as level of organisation and scale as leve! of observation. Whether the existence of
organisational levels emerges from the analysis depends on the adopted scales, which
are mostly selected arbitrarily. For some disciplines, level and scale coincide.
Particularly in the social sciences (economy, sociology, politics), levels are often
defined by those who determine the scale. Provinces and planning regions are
examples of units at which planning measurements are implemented (level) as well as
data collection lakes place (scale). This might also explain the lack of scale
recognition by these disciplines. For other disciplines, particularly the natural
sciences, a link between level and scale does not necessarily exist. Data are mostly
available for either administrative units in the case of agricultural censuses, or for
arbitrary areas with an arbitrary pixel size in the case of satellite imagery. Levels will
most likely be connected to e.g. watershed boundaries, (micro-)climatic regions,
topography, or any combination of those. Be that as it may, while the levels of
organisation within land use systems are still poorly understood, data collection takes
place at scales that are defined by other disciplines or techniques. Throughout this
thesis, the concepts of scale and level are used in a somewhat arbitrary way. When not
explicitly stated, the assumption is that a scale represents a level.

A different issue, which is related to the level of observation is the so-called
‘aggregation error’. This systematic ‘error’ always occurs when non-linear
relationships are translated to more aggregated scales and can be explained with
simple mathematics (see Rastetter ef al., 1992; Easterling, 1997). In Figure 1.2, the
aggregation effect is illustrated. Consider a hypothetical negative relation between
population density and forest cover. At the most detailed scale, forest cover is
assumed to decrease logarithmically with increasing rural population density (Figure
1.2a). The best logarithmic relationship is indicated. Subsequently, data points are
aggregated, averaging the data of two points as indicated by the numbers in Figure
1.2a. This aggregation procedure is repeated, resulting in Figure 1.2c. The best
relationship between population and forest cover is now linear. The three lines are
plotted together in Figure 1.2d. Rastetter and his co-workers have mathematically
proven how non-linear relationships will always become more linear when data are
aggregated. An example that is known to occur is the non-linear relation between
yield and fertiliser input at the field scale, which tends to become linear at coarser
scales, In literature, this property is often referred to as aggregation error (e.g. Bartel
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Figure 1.2. A hypothetical example of the effect of aggregating the non-linear relationship
between rural population density and forest cover.

et al., 1988; Tumer and O’Neill, 1994; Tansen and Stoorvogel, 1998), but in fact it is
an aggregation effect that needs to be accounted for and consequently not an error.

Summarising, there are two fundamental problems related to structural complexity
when describing the land use system. First, processes that are established at a certain
scale cannot be linearly translated and used at higher scales because of the
aggregation effect. Second, processes that are established at a certain Jevel cannot be
translated to other levels because of differences in the hierarchical structure. So far,
the only readily available solution to these problems is the adoption of an empirical
methodology to determine the relationships in the land use system at the scale that
data are available.

1.4.2 Integrated approackh (functional complexity)

Functional complexity indicates that a complete analysis of any complex system
needs to be multidisciplinary (Loucks, 1977; Clayton and Radcliffe, 1995). An
integrated approach is indispensable when the system’s behaviour is to be fully
understood. Until now, spatially explicit land use studies have focussed primarily on
biophysical land use drivers enthused by data availability in various earth sciences,
Recently, incorporation of data from other disciplines has been promoted (Turner ef
al, 1995; Musters et al., 1998; Wilbanks and Kates, 1999), but up until now mosily
demographic and some socioeconomic variables have been considered. Incorporation
of social, political, and more economic factors is being discussed, but is usually
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hampered due to lack of spatially explicit data. Unfortunately, the statement that there
is a “theoretical and methodological failure to combine social and natural science...”
{Blaikie and Brookfield, 1987) still appears to be valid. During the data preparation of
this study, a special effort was made to collect spatially explicit data on economic and
social factors, which mostly proved a difficult task.

1.4.3 Land use system versus ecosystem.

Hypothesised properties of the land use system were largely based on ecosystem
theory. It has already been stated that the ecosystern and the land use system are of a
comparable complexity, thus justifying the assumptions on the functioning of the land
use system. It has also been noted, however, that there are differences between both
systems that might call for new theories, or additions to the notion of complexity
discussed above. The most influential difference is probably the relative openness of
the land use system (Musters ef af, 1998). Especially the free influx of information
might influence the land use system in ways that cannot be described by existing
ecosystem theory. For example, a new high-yielding variety of rice, that might be
developed in IRRI, Philippines will be adopted rapidly in Central America, thus
making rice cultivation potentially more profitable. Large-scale population migration
is an example of ‘matter flow’ between land use systems. These kinds of fluxes do not
have a parallel in ecosystems and will probably become more important due to the
continuing globalisation. Stability and resilience of a land use systern might be
influenced at levels of organisation that go beyond those of the traditional ecosystemn.
This thesis aims to offer insights into the importance of structural and functional
complexity in land use modelling.

1.5 Models as tools to understand the system

A model can serve as a good tool to mimic part of the complexity of the land use
system. It offers the possibility to test the sensitivity of land use (patterns) to changes
in selected variables and the stability of the entire system by executing a range of
scenarios. While a model will always fall short in incorporating all aspects of the ‘real
world’, it provides valuable information on the system’s behaviour under a range of
different future pathways of land use change.

1.5.1 Scope of land use models

There are many ways to classify land use models. A particularly effective
differentiation is based on the main scope. A useful scheme, proposed by Becker and
Dewulf (1989), has recently been used to classify various methodologies to model
land use (Van Ittersum et al., 1998; Van Latesteijn, 1999}, Four types are
distinguished, based on degree of uncertainty and causality (Table 1.3).
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Table 1.3. Types of land use models, based on degree of uncertainty and causality.

Low uncertainty High uncertainty
High causality | Predictive Explorative
Low causality | Projective Speculative

The land use model that was selected in this thesis, the CLUE modelling framework,
(see Section 1.5.3) is a projective model. Causality is low, because relationships are
determined empirically, but because an atiempt is made to model the entire system,
uncertainty is relatively low. In the context of the development of a modelling tool-
box (see Chapter 8), projective modelling can be preceded by a speculative model,
and can be followed by a predictive model that uses the results of the projective model
to focus its efforts.

1.5.2 4 spatially explicit land use model

It is not the purpose of this chapter to provide an extensive list of all the models that
deal with land use (change). Exhaustive overviews exist to which there is little to add
(Sklar and Costanza, 1991; Lambin, 1994; Lambin et al., in press). Although an
overview would clarify the position of the applied model, a short description of a
large number of models does not do justice to the complexity and specific applications
of most models. The model that has been chosen in this thesis as the core tool to
analyse the land use system has a unique combination of features that makes it more
suitable than other existing land use models. Models and modelling techniques that
are comparable to the model discussed here include GEOMOD (Hall ef af., 1995,
Pontius er al., 2001), Land Use Scanner (Hilferink and Rietveld, 1999), and cellular
automata (for a review, see Baltzer ef al., 1998).

The following features were considered indispensable to any meaningful spatially
explicit modelling effort of land use change, many of which have already been
touched upon in previous sections:

e Address functional complexity, i.e. dynamically incorporate the following types of
driving forces:
- biophysical
- climatic
- (macro-)economic
- social
- demographic

e Address structural complexity, i.e. dynamically incorporate space and time by:
- applying a multi-resolution, multi-extent methodology
- producing spatially explicit results
- adopting temporally explicit future projections
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In short, the interest was in a dynamic, multi-scale, real-time, and spatially detailed
land use model.

1.3.3 The CLUE modelling framework

The CLUE (Conversion of Land Use and its Effects; Veldkamp and Fresco, 1996b;
Schoorl et al., 1997) is a projective model that was designed to deal with the issues
mentioned above, and can be described as a spatially explicit, multi-scale land-use
change model. Within the framework, an attempt is made to describe land use patterns
at different spatial scales with a set of potential land-use change drivers. Using this
description, the dynamics of the system are examined by analysing the spatial effects
of different possible future pathways of land use change. In order to quantify scale
dependencies, the statistical description of land use patterns by a set of drivers is
determined at a basic grid and at a series of coarser resolutions. At national level,
scenarios are developed 10 explore plausible future land-use changes, mostly based on
macro-economic and demographic developments. Those vearly changes are
subsequently allocated in a spatially explicit manner in the grid-based allocation
module (Verburg ef af., 1999a), that consists of a two-step top-down iteration
procedure with bottom-up feedbacks. The allocation module uses the statistical
descriptions of two scales, the basic grid and a higher resolution that is considered
optimal in terms of statistical properties. The general structure of CLUE is given in
Figure 1.3. The methodology is explained in more detail in the various chapters. In
Chapter 6, model sensitivity for some key parameters of the allocation module is
analysed.

Tamporally axplicit DEMAND MODULE

Export, import
Demand-based Lt ; prices
scenario studias
Population
A

Spatially explicit ALLOCATION MODULE

Y  J
| Demographi
Optimal "’““’m‘“
resolution

4 Bio-geophysical
factors
Basic
H N
resolution| (@

Figure 1.3. General structure of
CLUE.
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The model was initially developed (Veldkamp and Fresco, 1996b) and tested
(Veldkamp and Fresco, 1997) for the country of Costa Rica. The first version was
designed to run on a VAX machine (Schoorl 7 al., 1997), it was later adapted to run
in a PC environment. Since then, the model has been applied to a range of countries
and regions. De Koning applied the model to Ecuador (De Koning, 1999; De Koning
et al., 1999). Verburg focused on Asia with applications to Java (Verburg ef al.,
1999b), China (Verburg et @/., 1999c), and Sibuyan, a small island of the Philippines
(Verburg et al., 2000). In this thesis, applications of the CLUE methodology to four
Central American cases at various scales are presented: The Atlantic zone of Costa
Rica (Kok and Veldkamp, 2000); Costa Rica (Veldkamp and Fresco, 1996b; Kok,
unpublished results); Honduras (Kok, unpublished resulis; Kok and Bouma,
submitted); and Central America (Kok et al., 2001).

1.6 Structure of the thesis

The core of this thesis consists of six chapters that together describe all major parts of
the working methodology of the CLUE modelling framework, including the statistical
analysis, scenario development, model runs, and model validation. Chapter 2 deals
with the most detailed CLUE-application, the Atlantic Zone of Costa Rica, and
provides an overview of the whole methodology, including model validation. In
Chapter 3, the hierarchical level is the country (Honduras) and a detailed description
of the multi-scale statistical analysis is given, focusing on the effects of spatial
resolution. In Chapter 4 and 5, we move up one level and analyse the land use system
at the subcontinental level of Central America. Chapter 4 discusses the statistical
analyses and focuses on the effects of spatial extent. In Chapter 5, a number of
scenarios are described and the spatially explicit land use changes are analysed, with
special attention to the effects of hurricane Mitch. Chapter 6 provides a detailed
description of sensitivity of the key parameters in the allocation module, and discusses
the results of model calibration and multi-scale validation of the CLUE application to
Central America. Finally, in Chapter 7 a synopsis is given of scale effects on different
levels of the hierarchy and at different phases of the working methodology. Chapler 8
returns to some of the issues raised Chapter 1 and discusses two key questions.
Firstly, what did this thesis add to the scientific discussion on multi-scale land use
modelling? And secondly, who are potential users of the model?



CHAPTER 2*
Overview modelling sequence using data from
the northern Atlantic Zone of Costa Rica

Abstract

Analyses of changes in land use and land cover have recently received ample
attention in literature. So far, dynamic and integrated modelling approaches that are
essential for modelling of complex systems are relatively few. An empirical multi-
scale land use change modelling framework called CLUE (Conversion of Land Use
and its Effects) was developed to fill part of this gap. CLUE combines a statistical
land use description with scenarios of changes in regional commodity demand to
model the possible pathways of future land use changes in a spatially explicit manner.
In the Atlantic Zone of Costa Rica CLUE was applied for the first time at sub-national
scale. Multiple regression analyses resulted in equations with coefficients of
determination between 0.58 and 0.91 for the dominant land uses (forest, pasture and
hananas). The statistical analysis demonstrated the importance of including both
biophysical and sociceconomic variables as driving forces of changes in land use.
Predicted changes in spatial patterns between 1984 and 2005 under different
scenarios could be related to processes, as they are known to take place in the
Atlantic Zone. Forest was predicted to be largely replaced by pasture and to become
fimited to areas unfavourable for agricultural land use. Model validation yielded
highly significant results with correlation coefficients ranging from 0.87 to 0.93 for
the dominant land uses. The study demonstrates that dynamic, multi-scale empirical
modelling is a suitable tool to model land use changes at sub-national level.

2.1 Intreduction

2.1.1 Issues in land use change research

Land use and land cover change have been regarded as important issues over the past
20 years (Turner et al., 1995). Besides local and direct effects like loss of biodiversity
through deforestation or soil degradation through unsustainable land use, increasing
importance is given to the global impact of more indirect effects like greenhouse gas
emissions and carbon fixation. Boosted by modern computer technology, a rapidly
increasing number of land use models have been developed, addressing a huge
spectrum of different topics at different scales and with different airns (comprehensive
overviews are given by Sklar and Costanza (1991) and Lambin (1994)}. However, the

* Based on: Kok, K., Veldkamp, A., 2000. Using the CLUE framework to model changes in
land use on multiple scales. In: Bouman, B.AM., Jansen, H.G.P., Schipper, R.A., Hengsdijk,
H., Nieuwenhuyse, A. (Eds.), Tools for land use analysis on different scales. With case
studies for Costa Rica. Kluwer Academic Publishers, Dordrecht, pp. 35-63.
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majority of these models address a small range of topics or scales (Veldkamp and
Fresco, 1997; Dumanski et al., 1998). When examining a complex system like land
use and its change, the typical response is to conduct research about limited but
tractable topics (Rosswall ef al., 1988). The problem then becomes how to transfer
results of detailed studies to higher levels, as relationships established at one
hierarchical level cannot necessarily be used at higher or lower levels (Easterling,
1997). Moreover, bottom-up models are often incomplete because of the lack of
knowledge on interactions and feedbacks (Jarvis, 1993). Especially sociceconomic
systems are operating at multiple spatial-temporal scales and consequently can be
exhaustively described neither at a single scale nor by a single discipline. Finding
ways to translate information among scales is one of the fundamental challenges faced
by researchers in 1and use analysis (Levin, 1993). In several disciplines awareness ¢n
the effects of scale is growing. For example, in ecology {(O’Neill, 1988; Holling,
1992), soil science (Bouma, 1997), and the field of greenhouse gas emissions (Sellers
et al., 1997) the understanding on how to deal with problems concerning scale effects
is increasing. Although many underlying processes act at the lowest possible, visible
or workable scales (Reynolds et al., 1993), at higher aggregation levels proxies for
those processes become apparent (Fresco and Kroonenberg, 1992; Veldkamp and
Fresco, 1996b). Given the changes in emergent properties of the system when scaling
up, there arises a need for empirical modelling besides process based modelling to
correctly address the relationships between land use change and (proxies for) its
drivers.

2.1.2 CLUE Modelling framework

The CLUE modelling framework was designed to deal with several of the issues
mentioned above. A general description of the CLUE modelling framework as well as
previous research concerning the spatial determinants of land use at different spatial
scales are given in Chapter 1, Within this chapter, special interest is given to the
demand module and development of scenarios. Data at sub-national level cannot be
extracted from existing large databases like FAOSTAT (FAO, 1999) that only offer
data at country level. For similar reasons, existing scenarios cannot directly be used.
Furthermore, the present study is the first attempt to use CLUE at a more detailed
scale.

2.1.3 Objectives

The overall objective of this study was to analyse the present land use pattermns and to

project possible future pathways of the spatiatly explicit patterns of land use change

dynamics in the northern Atlantic Zone of Costa Rica, using an empirical multi-scale

approach. Using the CLUE modelling framework, three secondary objectives were

defined:

1. Analyse the land use pattern and its driving forces in the northern Atlantic Zone at
two points in time, using multiple regression techniques.
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2. Analyse demand at the regional level for the major agricultural commodities
produced in the northern Atlantic Zone and define a limited number of possible
future pathways of land use change until the year 2005.

3. Analyse in a spatially explicit way the effects of those pathways on land use
dynarnics.

Figure 2.1. Location of study area

2.1.4 Study area

The northern Atlantic Zone (NAZ) is situated in the eastern part of Costa Rica (Figure
2.1). The region is administratively subdivided into twenty districts (Figure 2.2).
Although the landscape is predominantly flat, it encompasses a small part of the
sloping areas of the central mountain range. Its climate is perhumid with an average
rainfall ranging from 3000 to 7000 mm/y without a pronounced dry period (Gomez,
1986). The soils in the region are predominantly classified as andosols and inceptisols
{(Wiclemaker and Vogel, 1993). Major influence of humans on land cover started 100
years ago with the construction of a railroad from the Central Valley to the harbour of
Limon, but accelerated during the last two decades (Pelupessy and Weeks, 1993). By
the mid 1980s more than fifty percent of the original tropical rainforest had
disappeared (TSC/WRI, 1991) and though the absolute deforestation rate of Costa
Rica is decreasing, this does not apply to the NAZ. In recent years especially the
expansion of the export crops banana and palm heart is noteworthy, though the main
agricultural land use is pasture for cattle both for meat and milk production. As in
other Central American countries, development of agricultural land use in the recent
past depended directly on the market expansion in developed countries (Goluboay and
Vega, 1988).
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Figure 2.2. Administrative boundaries
of the northern Atlantic Zone in 1984.

2.2 Methods and material
In accordance with the objectives, this section is divided into four parts: The statistical
analysis, demand/supply analysis, scenario development, and model validation.

2.2.1 Statistical analysis

The data used for the statistical analysis originated from two sources: the atlas of the
NAZ as compiled by Stoorvogel and Eppink (1995), and the Costa Rican population
and agricultural censuses conducted in 1984 (DGEC 19873, b). The latter were only
used as additional sources when maps from the atlas did not contain sufficient
information. The statistical analysis was done in two steps. First, a set of variables
was selected using a stepwise regression procedure. Subsequently, the selected
variables were used to construct multiple regression equations. The adjusted
coefficient of determination (R”) was used as a measure for the amount of variation
explained. The standardised betas (regression coefficients) were used to indicate the
relative importance of individual variables in a given equation.

Data format

A grid-based approach was used with a pixel size of 2 x 2 kilometres as the basic unit
for analysis. Instead of using uniform grid cells with one dominant land use and one
type of soil, sub-grid information was present for most of the driving forces and each
land use. In every cell, e.g., the percentage of fertile soils present and the cover of
each land use were known. This meant that although spatial uncertainty increased, we
did not lose any information when either gridding the data or scaling up.

Dependent variable: land use
Two land use maps were available in the atlas of the NAZ: a 1984 map of the entire
area (scale 1: 80,000), and a 1992 map covering 60% of the total area (scale 1:
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60,000), both based on aerial photograph interpretation. As 1984 is the year of the
most recent agricultural and population censuses, it was decided to use that year as the
base year for statistical analysis. The spatial distributicn of the following nine land
uses was analysed: beans, maize, rice, cassava, annuals (total of the previous four),
bananas, forest, pasture, and palm heart. The spatial distribution of maize, rice, beans,
and cassava was derived from a combination of census data and the ‘annuals’ class
from the 1984 land use map; the spatial distribution of the other land uses was taken
directty from the 1984 land use map. The spatial distribution of palm heart could not
be statistically analysed due to its absence in 1984. Palm heart was nevertheless
included in the model runs, because of its rapid increasing importance, both in terms
of area and economic value.

Independent variables

A total of 40 potential driving forces were identified and grouped into four categories

to facilitate interpretation. Numbers between brackets indicate for every sub-group

{e.g. every soil characteristic) the number of variables that were included in the

analysis. A complete list of variables is given in Appendix 1:

1. Eighteen soil variables: base saturation (1), pH (2), cation-exchange capacity (2),
acidity class (2), soil development stage (2), soil depth (2), soil fertility (2), soil
drainage (2), and soil texture (3). Every variable was subdivided into 2 to 4 classes
and the percentage of each class was used as input. In this way, every grid cell is
assigned a value for the percentage of e.g. both low and high fertile soils present.
Soil data are described in detail by Wielemaker and Vogel (1993) and Stoorvogel
and Eppink (1995).

2. Ten other biogeophysical variables: mean altitude (1), average yearly rainfall (1),
slope steepness (2), stoniness (2), flooding risk (2), and distance to nearest river
2).

3. Six demographic variables: rural population density (1), urban population density
(D), agricultural labour force (1), distance to nearest road (2), and distance to
nearest urban centre (1). Densities were based on a combination of census data at
district level, a town distribution map and national yearly population growth rates
derived from the FAOSTAT database (FAQ, 1999), Inter-American Development
Bank (US Census Bureau, 1998) and USDA (USDA, 1998). Yearly growth rates
were used to calculate annual population increase, which was spatially distributed
using census data and location of towns.

4. Six policy-related variables: presence and age of IDA {Institute for Agricultural
Development) settlements (4) and the presence of national parks or nature reserves
(2). IDA is a government institute that bought considerable tracts of land mainly
between 1960 and 1990 with the objective to stimulate smallholder development,
About 50% of all IDA settlements in Costa Rica are located in the NAZ (CCE,
1990).
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Spatial and temporal dynamics

Three artificial resolutions were created in order to examine the effect of scale. The
basic resolution was set at a pixel size of 2.0 x 2.0 km, aggregations were made to 3.7
% 3.7 ki and 7.5 x 7.5 km, the latter being the basic grid cefl size used for the
analysis of the entire country by Veldkamp and Fresco (1996b).

The statistical relationships are important factors in the allocation module. Although
mostly in an adapted form, relations derived from the 1984 situation are used until
2005. It is thus important to analyse whether spatial relationships between
components of land use change over time. If they do, those changes have to be
accounted for during the allocation procedure. To check for changes in land use
description between 1984 and 1992, an additional subset, covering the same area as
the 1992 map, was created from the 1984 data. Only part of the area was
characterised, but a direct comparison between 1984 and 1992 was enabled.

Interpretation pitfalls

One of the pitfalls of the interpretation of a multiple regression analysis is related to
multicollinearity between variables. Although a stepwise regression procedure was
followed to minimise multicollinearity effects, great care should be taken with
interpretation. The ordinary least square estimation procedure requires independent
explanatory variables for unbiased coefficient estimation, but this cannot be expected
in our regressions due to the complexity of land use and its drivers. Various obvious
and less obvious interdependencies exist between explanatory variables. At higher
resolutions correlations between almost all potential drivers increase, thus increasing
multicollinearity effects. Every analysis that was made and every statistical model that
was eventually used in the allocation procedure, was carefully scrutinised for
multicollinearity. The effects of multicollinearity were minimised by excluding highly
correlated variables from the initial set of possible drivers. The decision to exclude
certain variables was based on analysis of (two by two) correlation matrices. Despite
these efforts, individual statistical models remain hard to interpret directly.
Multicollinearity effects as well as the lack of explanatory power of multiple
regression analysis weaken the validity of statements about any single regression
equation. It was therefore decided to group the results of several statistical models in
order to strengthen interpretation. Specific cases will be used to illustrate changes
between years and at different resolutions. An important question to be answered is
whether the different categories of variables contributed equally to the regression
models at different resolutions and in different years. To test the hypothesis that an
integrated approach was necessary (i.¢., different types of variables were important
drivers), the share of different categories of variables in the total set of input variables
was compared with the share in the different models. As an additional test
comparisons were made between input percentages and most important variables in
the correlation matrices.
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2.2.2. Demand development

The basic assumption in estimating the yearly supply from the NAZ was that supply
equals demand, after accounting for exports and imports. Total demand for a specific
commodity is assumed to consists of eight elements: food, feed, seed, stock changes,
waste, processed, exports, and imports (FAQ, 1999), We concentrated on modelling
food demand, including its influence on exports and imports. Changes in the
remaining categories were analysed using data at national level, and certain
assumptions regarding future changes were made. In this way processes like
increasing feed demand for maize and decreasing waste losses for bananas were
recognised and accounted for. Feed, seed, waste, processed and stock changes
accounted for at most 30% of total demand (supply). To estimate future demand for a
food commodity one needs to know present population size, demand per capita,
income and price elasticities, and the expected relative population, income and price
changes. Using the foregoing data, the following relationships were applied to
estimate future demand:

Food _demand,, = Population, X Demand_per_capitacy 8y
Population, = Population,.; X popgrowy 2)
Demand_per_capitacy = (1 + (Relative income_change, X Income_elasticity.~  (3)
Relative_price_change., X Price_clasticity)) x
Demand_per capitacy.|

Where the suffix ¢ stands for the type of commodity, and y for year.

Food demand = total demand of NAZ-population (tonnes)
Population = total population of NAZ (capita)

Demand per capita = average demand for an individual (tonnes capita™)
Popgrow = population growth rate + 1

Relative income change = percentage income change (%)

Income elasticity = effect of income change on demand (%)

Relative price change = percentage price change (%)

Price elasticity = effect of price change on demand (%)

A division was made between export commodities (bananas and palm heart) and
commodities that are consumed primarily within Costa Rica (annuals, beef’, milk").
Changes in income, price, and population in the EU and the US influence the demand
for export crops, while changes within Costa Rica are more important for the demand
for commedities of the second group.

Population

Population data for the year 1984 were obtained from the population census of that
year (DGEC, 1987b). Low, medium, and high population growth scenarios exist
{Heilig, 1996; UN, 1997, US Census Bureau, 1998; USDA, 1998) in which
population growth for Central America between 2000 and 2025 ranges between 1.5%

! Pasture was subdivided in the commodities ‘beef” and ‘cow milk’ for demand purposes.
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per year and 2.1% per year. Annval population growth rates of 1.8% for Costa Rica
and 0.4% for the EU and US were assumed, based on yearly data (US Census Bureau,
1998) and in accordance with the medium variant of the UN (UN, 1997).

Income

Geurts et al. (1997) provided estimates for income elasticities of demand by income
quartile for major agricultural commodities in Costa Rica. For bananas, being
consumed in the US and EUJ, the income elasticity estimate was based on Hallam
(1995). Estimates regarding future income changes were based on future domestic or
foreign (bananas) GDP projections (USDA, 1998). The effect of changes in income
on demand was derived by assuming that GDP growih can be directly translated into
income growth and by adopting an average income elasticity. Two growth scenarios
were discerned, a medium GDP growth of 3% per vear and a high GDP growth of 5%
per year. Income growth per capita per year is derived by correcting for population
growth. Per capita income growth was subsequently multiplied by the income
elasticity to obtain the effect of income on demand per capita.

Price

Since no unambiguous price change relationships could be established, it was decided
to exclude prices from the analysis. It is thus assumed that future price changes will
be conform the changes in the recent past. This assumption was confirmed by a report
from USDA (USDA, 1998), in which it was stated that projected prices for the major
commodities will continue to decline in real terms through 20035. Recent research
{Roebeling ef al., 1999) will contribute to a better understanding of price fluctuations.

Imports and exports

In this study population growth as well as income changes are assumed to influence
demand. Import and export quantities determine whether supply will come from the
NAZ or from elsewhere, or in the case of export-oriented crops whether demand from
the NAZ will be altered by external factors. Recent changes in the banana import
policy of the EU, for instance, significantly influenced supply from the NAZ (Hallam,
1995). A second well understood phenomenon is the virtual disappearance of annuals
from the NAZ as a result of the various structural adjustment programs implemented
in Costa Rica since 1987 (see Hansen-Kuhn, 1993). Estimates of the importance of
imports and exports are based on the response of commodity supply to similar events
in the recent past, or on statements provided by USDA (USDA, 1998). Estimates
regarding percentage changes in imports and exports, population growth, and income
are given in Table 2.1,

2.2.3 Scenario formulation

Two types of scenarios were formulated: scenarios that influence total area to be
allocated based on demand development (demand controlled scenarios), and a
scenario that restricts allocation possibilities (allocation controlled scenarios).
Scenarios were calculated for the period 1997 until 2005. Palm heart was not included







