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Stellingen

Er bestaat niet één optimale schaal waarop we agro-ecosystemen kunnen
bestuderen. Daarom moet het gedrag van deze systemen geanalyseerd worden als

een functie van de schaal van analyse.
Dit proefschrift
S.A. Levin, 1992. The problem of pattern and scale in ecology. Ecolagy 73: 1943-1967.

Het bestuderen van het huidige landgebroikpatroon in relatie tot de natuurlijke en
sociaal-economische omgeving is onmisbaar om inzicht te verkrijgen in de

factoren en processen die landgebruikveranderingen veroorzaken.
Dit proefschrift

Het identificeren van potentiéle toekomstige ‘hot-spots’ van landgebruik-
veranderingen door middel van ruimtelijk expliciete modellen maakt het mogelijk

interventie in het landgebruiksysteem te richten op de juiste geografische locaties.
Lt proefschrift

Kennis van het sociaal-economisch gedrag van individuele actoren van
landgebruikveranderingen 15 niet afdoende voor het voorspellen van

landgebruikveranderingen op regionale schaal.
B.L. Turner lI, D.L. Skole, 5. Sanderson, G. Fischer, L. Fresco, R. Leemans, 1995. Land-Use and Land-
Cover Change, Science/Research Plan. IGBP Report 35, HDP Report 7.

De ruimtelijke variabiliteit in inkomen en gewaskeuze illustreren dat van de
enorme economische groei die China de afgelopen decennia kende weinigen veel

en velen weinig hebben geprofiteerd.
Dir proefscirift

Ondanks het vele praten over interdisciplinariteit is er nog steeds een groot gebrek
aan wetenschapplijke methoden voor interdisciplinair onderzoek.

Optimistische schattingen van de capaciteit van de aarde om voedsel te produceren
die gebaseerd zijn op berekeningen van de potentiéle gewasproductie doen onrecht

aan de ernst van het wereldvoedselprobleem.
FW.T. Penning de Vreies, H. var Kevlen, R Rabbinge, 1995, Nawral resowrces and limits of food
production in 2040. in: 1. Bowma et al. {eds.), Eco-regional approaches for sustuineble land nse and food
production, Khower Acadentic Publishers, 65-87.

Onderzoek naar landgebruikveranderingen is teveel gericht op (tropische)
ontbossing terwijl conversies als gevolg van urbanisatie en intensivering van het
landgebruik minstens even verstrekkende gevolgen kunnen hebben voor duurzame
ontwikkeling en het functioneren van ecosystemen en biogeochemische
kringlopen.

E.F Lambin, X Bauwlies, N. Bocksteel, G. Fischer, T. Krug, R. Leernans, EF. Moran, R.R. Rindfuss, Y. Sato,

D. Skole, B.A. Tamer If, C. Vogel, 1999, Land-Use and Land-Cover Change (LUCC) Implemeniaiion
Strategy. IGBP Report 48, {HDP Report 10,



9. Betrouwbare afspraken over reducties van de emissie van broeikasgassen en
handel in emissierechten zijn onmogelijk zolang de wetenschap niet in staat is

emissies op regionale schaal op betrouwbare wijze te kwantificeren.
Kvorg-protocol of the United Nations Framework Convention on Climate Change, Kyoto, December 1997.

10. Variabiliteit en diversiteit moeten meer gewaardeerd worden als bron van
informatie en inspiratie voor wetenschap en samenleving.

11.Je kunt onmogelijk het denken als zodanig verwerpen maar de toepassing

toejuichen.
Herman Hesse, Narziss und Goldmund, 1930,

12. Het falen van het communisme als staatsvorm wordt ten onrechte gezien als het
succes van het kapitalistische staatsbestel.

13. Teveel bureancratic is een gevolg van de angst voor machteloosheid.

14. Het leven is te belangrijk om het serieus te nemen.
Rita Mue Brown, Bingo, T988.
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Clest n'est pas le géographe qui va faire le compte
des villes, des fleuves, des montagnes, des mers, des
océans et des déserts. Le géographe est trop
important pour flaner. Il ne quitte pas son bureau.
(Antoine de Saint-Exupéry, Le Petit Prince)
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Introduction

1.1 The importance of land-use change research

Land cover is defined as the layer of soils and biomass, including natural vegetation, crops
and human structures, that cover the land surface. Land use refers to the purposes for which
humans exploit the land cover (Fresco, 1994). Land-cover change refers to the complete
replacement of one cover type by another, while land-use changes also include the
modification of land-cover types, e.g., intensification of agricultural use, without changing its
overall classification (Turner II et al,, 1993). Changes in land use/cover arec the major
determinants of changes in our natural environment through numerous interactions between
tand use/cover and the atmosphere, aquatic systems and surrounding land. Changes in our
natural environment directly influence our living conditions through the possibilities that we
have to obtain a safe food production in a healthy environment, but also in aesthetic ways
through our perception of landscapes and diversity. On the longer term, these changes are not
always beneficial for the quality of human existence. Burning of biomass and oxidation of
soil organic matter after deforestation or pasture reclamation can increase emissions of
greenhouse gases, leading to fast, and therefore unfavorable, changes in global climatic
conditions (Riebsame et al, 1994). Intensive cultivation on steep slopes leads to soil
degradation, decreasing the possibilities to use this land for food production while
uncontrolied pollution of the environment can threaten human health as well as the
functioning of ecosystems as a whole.

To avoid unfavorable consequences of land-use changes, systematic approaches of
intervention with land use are developed. Land-use planning concerns the whole process in
which humans plan to alter land use based upon goals and objectives in combination with
information on the functioning of the land-use system (FAQ, 1989).
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Intervention in the dynamics of land-use systems is impossible without a proper
understanding of the driving factors in these systems and their behavior, This introduction
gives an overview of different approaches of land-use change research that can inform land-
use planning. Special emphasis is given fo the role each type of research can play within a
research sequence that leads to appropriate land-use negotiations and planning. Based on this
overview it is indicated how the methodologies and case-studies presented in this thesis can
contribute to this research sequence.

1.2 Research sequences in land-use change studies

The field of land-use change studies is strongly divided by scientific discipline, tradition and
scale of analysis. Researchers in the social sciences have a long tradition of studying
individual behavior in human-environment interactions at the micro-scale, mostly by narrative
approaches. At higher levels of aggregation, geagraphers and ecologists have studied land-use
change either by direct observation, using remote sensing and GIS, or have applied the
systems/siructures perspective to better understand the organization of society and landscapes
(Lambin et al., 1999),

Apart from these differences caused by scientific tradition and scale of analysis there are
inevitable also large variations in research approach because of differences in research
objectives and stakeholders addressed. Some studies aim at understanding (parts of} the land-
use system dynamics by itself, while others aim at intervention in land-use dynamics by
means of land-use planning or the design of alternative land-use systems.

A complete analysis of systems, as complex as land-use systems, is impossible with a single
research methodology (Bouma, 1997, 1998). Therefore, different research approaches,
originating from different disciplinary backgrounds and different scales of analysis should not
be considered in isolation but should, rather, be linked and inter-related following a logical
sequence {Levin, 1992; Fresco, 1995; Rindfuss and Stern, 1998). This sequence of
interconnected methodologies for studying land-use change research problems can be called a
‘research sequence’ in which the different research methodologies (tools’) are ordered
according to their spatial scale of analysis and phase of research.

This section gives an example of a research sequence which aims to achieve changes in the
land-use system by steering specific characteristics of the syster to avoid or decrease
negative impacts of land-use changes (Figure 1.1).

Problem identification phase

Before any in-depth analysis of the land-use dynamics can start, a need exists for a detailed
identification and exploration of the problems that may be associated with future land-use
changes. Most often, problems are identified by means of rough extrapolations of current
trends or monitoring of changes in the environment. A good example of this type of studies
are studies by the World Watch Institute (e.g., Brown, 1995a; Brown and Kane, 1994), which
contain warnings for global food shortages as a result of growing food demands and
deteriorating environmental conditions. In 1995, Lester Brown, president of the World Watch
Institute, published a book calied "Who Will Feed China?'. In this rather provoking book he
predicts, based on trends and comparisons with other Asian countrics, large shortfalls in grain
preduction in China in the near future. This would be induced by conversion of arable land
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Figure 1.1 Research sequence for land-use change research

into urban, industrial and horticultural use, in combination with increasing demands for grain,
driven by population growth and changes in consumption pattern. In another book, published
in the same period, Smil wams for the large extent of environmental pollution and
degradation in China (Smil, 1993). These books have made the world aware of the potential
problems China might face in the near future with respect to its food security and the impact
that these shortfalls in grain production might have for international trade of grain. Therefore
much research was initiated dealing with China's ability to produce it's own grain and how
this is influenced by land-use changes (e.g., Heilig, 1997; Lin, 1998; Alexandratos, 1997; Fan
and Agcaoili-Sombilla, 1997). Although most of this research proved that China's food
problem is not as large as Brown expected, his publication was important for putting these
issues on the agenda of politicians and scientists, This is exactly the objective of studies in
this research phase.

System description phase

As soon as a potential land-use change problem is identified and research funds have become
available, a need for better insight in the land-use system arises. During this 'system
description phase' more detailed statements can be made about the land-use situation by
adding a spatial dimension to the research. A typical example of such studies is the
identification of regions and locations with high rates of land cover change, so-called "hot-
spots’, based on remote sensing images (e.g., Achard et al., 1998; Imbernon, 1999). Apart
from these ‘hot-spots’ of land-use change it is also important to obtain more insight into
factors that cause land-use changes. At the local level this is mostly done by narrative studies
revealing causes and incentives of actors of land-use change (e.g., Rudei and Horowitz, 1993;
Jones, 1999). Other approaches include the agent-based and system approach. The former
seeks to define the general nature and rules of individual agents’ behaviour in their daily
decision making. Central to this perspective is the significance given to human agents in
determining land-use decisions and the search for generalisations about this behaviour. The
systems approach in contrast, finds its basis in the organisation of society and the character of
nature that establish opportunities and constraints on decision making (Ostrom, 1990). At
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coarser scales this approach is more feasible because it is more difficult to distinguish
individual actors and relations between actors and the diverse environment. At these scales
land-use patterns are related to macro-variables representing proximate drivers of land-use
change. Based on these understandings, models ¢an be used to explore scenarios of near-
future land-use change (e.g., Hall et al., 1995; Veldkamp et al., 1996). Such spatially explicit
models can provide information on what might happen if certain policies or other land-use
determinants change. Models are needed because land use is the result of complex processes
requiring reflection of non-linearity and spatial and temporal lags in the analysis. Therefore,
these models are useful and reproducible tools, supplementing our existing mental modelling
capabilitics to make more informed decisions (Costanza and Ruth, 1998). Based on
information and insights obtained in this phase of the research sequence, scientists, policy
makers and other stakcholders can decide if foreseen land-use dynamics are desirable. Agri-
environmental indicators (Moxey et al, 1998) are a suitable means to summarise and
communicate results and facilitate decision making on the desirability of the foreseen
developments. Based upon the understandings obtained in this research phase it is possible to
efficiently design alternative land-use plans, focussed on the appropriate issues and
geographical locations.

Designing phase

Many methodologies for the design of interventions in present land-use, systems are available
ranging from the design of appropriate policies and subsidies to landscape design by
architecis. At the farm level, protoiyping (e.g., Vereijken, 1997) is a way to develop farming
systems to meet a set of environmental and socio-economic objectives. Based on these
objectives, established on the basis of the shoricomings of current farming systems in a
region, a theoretical prototype is designed by linking indicators for these objectives to farming
methods and designing these methods until they are ready for testing and implementation. At
coarser scales studies arc made of optimal land-use configurations under a number of
constraints. One scries of models aimed at designing alternatives for present land use are
models using linear programming in order to optimise the land-use configuration and
management under a number of agro-technical, food securily, socio-economic and
environmental objectives (e.g., Bouman and Nieuwenhuyzen, 1999; Zander and Kichele,
1999; Barbier, 1998; Van Ittersum et al., 1998). Results of a run by a lincar programming
model are characterised by optimised objective values and the associated optimal set of
decision variables (agricultural land-use activities: where, what type of agriculture to which
extent). Such results can be presented in a table or a bar diagram showing the objective
values, and in a map showing the optimum land-use allocation.

Negotiation and planning phase

Based upon the system description phase, which identified the driving factors and sensitivities
of the land-use system, and the designed land-use alternatives and prototypes, a plan can be
made to implement the research results. During this phase the proper incentives and
conditions are created, in close collaboration with the stakeholders involved, that will make
the designed land-use plans become reality.
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1.3 Objectives of the CLUE modelling framework

The studies presented in this thesis focus on the development and application of
methodologies in the 'system description phase’ of the research sequence described above,
These methodologies are developed to fit within the research sequence, making the
methodologies complementary to other methodologics operating at different scales and/or in
different phases of research.

Existing methodologies in the "system description phase' either focus on detailed scales (actor-
oriented studies) or are based on the inventory of land-use change by remote sensing.
Spatially explicit land-use change models are sparse. Spatially explicit assessments are
needed because environmental change does not affect all places similarly, differential impacts
and abilities to respond creates winners and losers in this change (Lambin et al., 1999). The
identification of the dynamics giving rise to vulnerability of people and places in the face of
global change is therefore essential. All methodologies presented in this thesis are therefore
designed for spatially explicit analysis at the regional scale. Research that is regional is
important because several of the effects accompanying global change will be most significant
at the regional level. In addition, the regional level is usually the level at which policy
interventions are both possible and effective.

The CLUE {Conversion of Land Use and its Effects) modelling framework has been designed
to explore near-future changes in the spatial pattern of land use in Costa-Rica (Veldkamp and
Fresca, 1996). The study for Costa-Rica describes where ‘hot-spots® of land-use dynamics are
probable for a series of different scenarios including variations in urbanisation rate, protection
of national parks and biophysical feedback (Veldkamp and Fresco, 1997a),

This thesis describes the development of this framework for the analysis of various aspects of
land-use change including changes in land cover, livestock distribution and changes in
agricultural management at the regional scaie. The tools that make up the CLUE modelling
framework are developed with the objective to:

+ Provide insight into the spatial variability of land use and its determinants

+ Indicate which (proximate) factors determine the spatial distribution of land use

+  Account for the scale-dependency of these relations

+ Indicate potential near-future ‘hot-spots’ of land-use change for realistic scenarios

The CLUE modelling framework provides tools to obtain insights into the complexity of the
land-use situation as well as tools to explore and quantify near-future pathways of land-use
development. This information is meant to serve the effective design of land-use plans in the
designing phase. As the CLUE modelling framework primarily is used at relatively coarse
scales, additional information at more detailed scales is needed to fully understand the
processes involved. Socio-economic, actor-oriented, sfudies provide a useful tool to
investigate these fine scale dynamics. This type of studies could be targeted at ‘hot-spots’
identified at coarser scales.

1.4 Outline of the thesis

This thesis is essentially a collection of interconnected papers that have been or will be
published in international peer-reviewed journals. As a consequence the chapters contain
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some inevitable overlaps, especially with respect to the description of study area and data-set.
It is worthwhile to notice that the studies for China described in Chapter 2 and 7 use a slightly
more recent and improved data set as compared to the studies in Chapter 4 and 5. This causes
slight differences in simulation results.

Chapter 2 presents the basic principles for studying the pattern of land use in relation to its
explanatory variables. Special attention is given to the scale dependency of these relations.
Land-use patterns in China are used as a case study.

Chapter 3 consists of a technical description of the tools used for exploring near future
changes in the pattern of land use. This chapter outlines the basic characteristics of the
approach and underlying theoretical considerations. The procedures used for modelling near-
future land-use patterns are described and illustrated with a data set of land use in Ecuador.
This chapter also contains a discussion about the behaviour of the model.

Chapter 4, 5 and 6 consist of three applications of the model in densely populated regions
where agricultural land is under pressure as a consequence of urban and industrial
development. Whereas a larger part of land-use change research has focussed on regions that
are characterised by expansion of the agricultural area at the cost of natural vegetation,
predominantly rainforest, it is currently recognised that rural-urban dynamics in densely
populated areas should be central to land-use change research. Rural-urban dynamics caused
by an increasing spread of large, sprawling urban areas competing for peri-urban lands, in
combination with changing production-consumption relationships in the hintertands of these
cities, give rise to land-use changes that threaten hurnan and environmental sustainability.
Chapter 4 describes the land-use situation in China and illustrates how the CLUE
methodology, as described in Chapter 3, can be used fo explore near future changes in land
cover. Chapter 5 elaborates the methodology with a simulation of the dynamic livestock
sector in China. Land-use dynamics under population pressures that are even higher than in
China are described and modelled in Chapter 6 for the island of Java in Indonesia. This case-
study also allows a proper validation of the model.

Chapter 7 deals with the exploration of changes in the land-use systems of China by
combining the results of the land cover dynamics described in Chapter 4 with an analysis of
shifts in cropping patterns, grain production intensity and production efficiency. This leads to
a more complete assessment of the spatial variability of the different land-use change
components that influence food production. Chaprer 8 concludes this thesis with some
remarks on the implications of the results for land-use in China and indicates directions for
future research. '



Multi-scale characterisation of land-use patterns in China

Peter Verburg and Youqi Chen

Ecosystems (in press)

Abstract

This paper explores the pattern of land use in China to understand the relations between land
use and its explanatory variables. Such an understanding is of importance for the
development of comprehensive models of land-use dynamics. Correlation and regression
analysis are used to identify the most important explanatory variables from a large set of
Jactors that are generally considered to be of importance for the distribution of land use, We
Jfound that the spatial distribution of all land-use types in China is best described by an
integrated set of biophysical and socio-economic factors. Specific attention is given to the
influence of the scale of analysis on the resulis of the study. Both the resolution of the data
and the extent of the study area influence the revealed relations. Relations obtained at a
certain scale of analysis may therefore not be directly applied at other scales or in other
areas. The possible uses of the systematic and quantitative characterisation of the land-use
patterns in China for the use in spatially explicit land-use models is discussed.
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2.1 Introduction

The land cover of the earth is heterogeneous at all levels of observation (Allen and Hoekstra,
1991). The distribution of natural land cover types is related to the heterogencity of
environmental conditions such as temperature and moisture (Woodward, 1987). The actual
distribution is, however, only occasionally a result of physical limitations. More usually the
ecologically allowable is a subset inside what is physically possible (Allen and Hoekstra,
1992). This is mainly due to competition between individual plants or between ecosystems as
a whole (Meisel and Turner, 1998).

Hutnan use of land has altered the structure and functioning of ecosystems (Vitousek et al.,
1997). Human activities override natural changes of ecosystems caused by climate variations
of the past few thousand years. Agriculture, forestry, and other land-management practices
have modified entire landscapes and altered plant and animal communities of many
ecosystems throughout the world (Ojima et al., 1994), The most spatially and economically
importanf human uses of land globally include cultivation in various forms, livestock grazing,
settlernent and consiruction, reserves and protected lands, and timber extraction (Tumer IT ¢t
al., 1994). The pattern of land use can give us insight in the factors that have caused the land
cover to change. A better understanding of the determining factors of land-use change is of
crucial importance to the study of global environmental change (Ojima et al., 1991; Turner II
et al., 1994).

This paper studies the land-use pattern of China to reveal the determining factors of land use
at the regional level. The study of land use in China is relevant because China has a long
history of human induced modification of land under ever increasing population pressure in a
very diverse natural environment. In recent years the high population pressure, in combination
with economic developments, has caused the conversion of arable land area into non-
agricultural uses. Coupled with the loss of arable land through degradation this is
undermining China's food production capacity (Alexandratos, 1997; Smil, 1993; Huang and
Rozelle, 1995),

The different processes determining the land-use pattern each have their own optimal scale at
which the process can be studied (Fresco, 1995). For the system as a whole there is not an
optimal scale (Levin, 1993). Therefore, explicit attention is given in this study to the scale of
analysis. A multi-scale approach, comprising the study of the system at different levels of
integration, is followed to analyse the system and variety of processes in a more complete
way (Holling, 1992).

The objectives of this paper are to provide a spatially explicit characterisation of land use in
China by the identification of the major explanatory factors and to determine the spatial scale
dependency of the relations found. Furthermore, the paper aims to compare the results of this
study with other studies of land-use patterns, especially the classical land allocation theory of
Von Thiinen (1966). Finally an evaluation is made of the possibilities 1o use the results of this
study for the modelling of land-use change.

2.2 Issues of spatial scale

Land-use patterns are the result of the many processes within the landscape that act over a
large number of scales and are linked together in hierarchies. Phenomena occurring at any
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level are affected by mechanisms occurring at levels below and above (Gibson et al., 1998;
Dumanski et al., 1998). Ecologists have stated that the issues of scaling are a fundamental
problem in ecology, if not in all of science (Levin, 1992).

Scale refers to the spatial or temporal dimension used to measure and study a phenomenon.
All scales have extent and resolution: extent refers to the size of a dimension, e.g., the size of
the study area or the duration of time under consideration, while resolution refers to the
precision used in measurement, ie., grain size (Tumer et al, 1989). The grain of an
observation is the finest distinction made between isolated datum values. It determines the
smallest entities that can be seen in the study. Any two entities so small as to fit inside one
period in time or space within the measuring system cannot be distinguished and are,
therefore, not detected as separate entities in the analysis. In contrast fo the grain, the extent
determines the largest entitics that can be detected in the data. The scale of the study is an
interaction of grain and extent. If the extent is large, the sampling protocel will be expensive
unless the grain is relatively coarse (Allen and Hoekstra, 1991).

Each analysis of spatial pattern incorporates scale explicitly or implicitly into the process of
identifying research objects: the very act of identifying a particular pattern means that scale,
extent, and resolution have been employed. These choices over scale, extent, and resolution
critically affect the type of pattern that will be observed: patterns that appear at one level of
resolution may be lost at lower or higher levels; patterns that occur over one extent of a
dimension may disappear if the extent is increased or decreased (Allen and Hoekstra, 1991;
O'Neill et al., 1991b; Bergkamp, §995). Consequently, changes in scale often imply a change
in correlation structure (Allen and Hockstra, 1991; Reed et al., 1993; Curran et al.,, 1997).
Occurrences that are positively correlated in a large-scale universe can become negatively
correlated in a smalier universe. Figure 2.1 illustrates the effect of grain size for the analysis
of a classical Von Thiinen land-use pattern. According to this theory land is devoted to the use
with the highest potential rent. Because of transportation costs, the landscape is organised
around the urban market in rings of land use of decreasing intensity with increasing distance
from the market. When this type of land-use pattern is studied at a detailed resolution
(resolution 1 in Figure 2.1) urban land use and horticulture are negatively correlated.
However, when analysed at a coarser resolution (resolution 2 in Figure 2.1) urban land use
and horticulture fall within the same unit of observation and are therefore positively
correlated. Thus, observations and thecries derived at one scale may not apply at another.
This figure also illustrates that the scales of organisation of natural and human systems are
different from the scales of observation, which are ofien determined by the measurement
technique (Allen and Hoekstra, 1990; O'Neill et al., 1991a; Tumer 11 et al., 1995).

resolution 1
resolution 2

Figure 2.1 Land-use pattern according to the Von Thiinen theory and schematic
representation of grain size at two different resolutions
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Previous studies in which the scale dependencies within landscapes have been studied include
the work of Bian and Walsh (1993) who explored the scale dependence between terrain and
vegetation within the alpine environment of Glacier National Park, Montana. They sought to
examine the effective range of spatial scales within which plant biomass and terrain variables
were spatialty dependent, explore the degree of spatial dependence of these relationships, and
assess the optimum spatial scales for representing biomass and terrain relationships. A similar
study was made by Walsh et al. (1999) in Northeastern Thailand. In this study they found that
the relationships between biophysical and social wvariables change with the scale of
observation. Levin (1992) gives an overview of ecological studies identifying changes in
vegetation pattern across scales. Reed et al. {1993); O'Neill et al. (1991b) and Cullinan et al.
(1997) illustrate scale effects by changes in the correlation structure of vegetation at different
grain sizes and extent.

Although most often applied to natural vegetation at scales ranging from a couple of
centimetres to a few kilometres, the concepts of scale dependence are also very relevant to the
study of agro-ecosystems (Fresco and Kroonenberg, 1992), Studies by Veldkamp and Fresco
(1997b) and De Koning et al. (1998) have shown that the analysis of land-use pattemns is
subject to scale dependency also at grain sizes ranging from a few kilometres to the national
level. Therefore, the scale-dependency of land-use patterns in China is studied in a systematic
way by varying the resolution and extent of analysis.

2.3 Data and Methods

Data

Land cover and land use are constrained by environmental factors such as soil characteristics,
climate and topography (Turner II et al., 1993), while human factors determine where and to
what extent land cover is modified at a certain location. Based on a review of literature
dealing with the explanatory factors of land-use patterns (Turner II et al., 1993; Turner II et
al., 1995; Kaimowitz and Angelsen, 1998), we selected a large set of factors that are possible
predictors of the land-use pattern in China. For these factors spatially explicit information was
collected. Because finding detailed information for all factors was not always possible,
variables were included that can be regarded as proxics for the explanatory factors. Illiteracy
can, for example, be considered an indicator of 'access to information and means', while
'distance to urban centres’ determines the access to markets, both for sclling and access to
means of production. A list of all variables contained in the database is presented in the
appendix of this chapter. Most data were derived from agricultural and demographic statistics
or surveys, linked to administrative boundaries in a Geographical Information System.
Biophysical data were derived from digitised maps, digital clevation models and spatial
interpolations of long-term climatic records of a large number of climatic stations. The data
based on statistics are valid for 1991.

All data were converted to a regular grid to match the representation of the different data
sources and ease the analysis. The basic grid size, to which all data were converted, is 32x32
krn (~1000 km®), which equals the average county size (the basic administrative units for all
countrywide statistical data) in the eastern part of China. The average county size in the
western part of China is much larger, duc to the presence of large uninhabited arcas (i.e.,
deserts and mountains), All statistics were recalculated excluding the deserts as designated in
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base grid 32x32 kmn §4x64 km grid 96x86 km grid

128x128 km grid 180160 kmgrid 192x192 km grid

Figure 2.3 Schematic representation of aggregation levels used in analysis

a vegetation map (CAS, 1979/1996). All other land-use types in the statistics are assumed to
be located in the area outside the deserts while population density in the deserts is assumed to
be zero.

The dependent variables in our analysis, the distributions of the different land-use types, are
represented by designating the relative cover of the land-use types in each grid cell. This data
representation differs from the traditional way of representing data, where for cach (fine-
mazed) grid the dominant land-use type is identified. The data representation is a direct result
of the data contained in the census and other statistical surveys that mention for each
administrative unit the arca occupied by the different land-use types. Figure 2.2 presents the
spatial distribution of the analysed land-use types.

There has been considerable discussion on the reliability of Chinese land-use stafistics,
especially with respect to the amount of cuitivated land (Crook, 1993a; Heilig, 1997). The
cultivated area in the agricultural survey we have used, equals 133 million hectares, which
corresponds with the area generally assumed reliable (Fischer et al., 1998).

Aggregation levels and regional siratification

To test the hypothesis that relationships between determining factors and the land-use
distribution will change with the scale of analysis we have used artificial, grid-based data-sets
that differ in grain size (i.c., grid cell size). These artificial aggregation levels were created
through aggregation of the dependent and independent variables by averaging the data of 2 by
2 cells (64x64 km), 3 by 3 cells (96x96 km), 4 by 4 cells (128x128 km), 5 by 5 cells (160x160
km) and 6 by 6 cells {192x192 km). The six aggregation levels that were created are
schematically presented in Figure 2.3. Aggregation of data by a grid-based plurality
procedure, where the most frequently occurring sub-grid cover type is used to code each grid
cell at each degraded resolution, introduces bias, as some class proportions will diminish and
others will increase with scale depending on the spatial and probability distributions of the
cover types (Moody and Woodcock, 1994; Milne and Johnson, 1993; Elston and Buckland,
1993). However, all information is retained during our aggregation procedure because of the
sub-pixel information data structure as applied in this study.
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Cultivated land Grassland

0-5%
- 20%
20 - 50%
I 50 - 100%

Horticulture Built-up land

Figure 2.2 Spatial distribution of the studied land-use types in China, gray shadings indicate
the relative proportion of each land-use type within the grid-cell
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plateau
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Figure 2.4 Regional sub-division of China cr

The influence of the spatial extent of analysis on the results is tested by performing the
analysis for the country as a whole as well as for eight individual regions separately. The
subdivision in regions decreases the extent of the analysis as compared to the analysis for the
country as a whole while the grain sizc is preserved. The eight regions have been defined
based on geographical/natural conditions, demographic and economic features, and province-
level administrative subdivisions (Figure 2.4). This stratification differs slightly from the
often used regionalisation of the United States Department of Agriculture (Crook, 1993b)
which includes the densely populated Sichuan province in the same region as the sparsely
populated, remote Tibetan plateau. In our subdivision two separate regions have been created.

Statistical methods

Statistical techniques are well suited to achieve the investigative aims of this study. Simple
correlation analysis was used to quantify the relation beiween individual candidate
explanatory factors (independent variables) and the land-use distribution (dependent
variables). If no common pattern exists for a candidate explanatory factor, the correlation will
likely reflect this in insignificant results. It is cssential to emphasise that an explanatory
variable found to be significantly related to the land-use distribution, does not necessarily
imply that it is a direct cause of the land-use pattern; correlation does not necessarily imply
causality.

Multiple regressions are used to derive comprehensive models that describe the pattern of
land use as a function of a combination of explanatory factors. Multicollinearity is very
common in studies of complex systems, as many candidate explanatory factors are closely
related (e.g., geomorphology and soil). A step-wise regression procedure was used to select
only the factors that yield a significant (P<0.01) contribution to the regression model. For
each regression equation the adjusted coefficient of determination (adj-R®) is a measure for
variation in the relative cover of the specific land-use type that can be explained by the model
variables. The standardised betas indicate the number of standard deviation changes in the
dependent variable associated with a standard deviation change in the independent variable if
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all other vaniables are held constant. They are therefore indicative for the relative importance
of a variable for land-use change in a given regression equation.

For reasons of simplicity we have only evaluated linear regression. This approach might
decrease the explaining power of the regression models, as some explanatory Factors will be
related to land use in a non-linear way. However, relationships that are non-linear at fine
scales tend to be flatter (i.e., more linear) at coarser scales (for details see the discussion by
Rastetter et al., 1992). An exploration of the data set indicated that at all scales considered in
this study the retations are well represented by linear models.

Geographical patterns nearly always exhibit positive spatial autocorrelation. Stronger spatial
autocorrelation indicates a stronger tendency for like values to cluster. So, there is generally a
lack of independence present among observations in spatial data sets (Anselin, 1988). In
general, autocorrelation results in inefficient parameter estimates and inaccurate measures of
statistical significance (Walsh et al, 1997). Correcting the statistical procedures for
autocorrelation is not feasible as no satisfactory methods are yet available to deal with spatial
autocorrelation in spatial methods (Bockstael, 1996, Fox et al., 1994). The influence of
autocorrelation on the results presented in this paper was assessed by estimating the
regression models for a large number of replicates of the data-set each consisting of 200
observations randomly selected from the entite set of observations. The average values for the
parameter estimates of these replicates did not differ from the parameter estimates for the
regression models based on all observations at the same time. This indicates that in this study
autocorretation does not seriously affect the regression results.

Space limitations allow us to present only representative results. All regressions and
correlations presented are statistically significant (P < 0.001) unless otherwise indicated. R®
values given are adjusted R®. However, due to the large sample size, reported and adjusted R
were nearly identical.

2.4 Results and interpretations

Land-use patterns

The results of a comrelation analysis of the distribution of the main land-use types of China is
presented in Table 2.1. The analysis was made for the country as a whole at the finest data
resolution (32x32 km). For the different land-use types the 10 variables that have the highest
correlation with the distribution of land use are shown.

The distribution of cultivated land is strongly correlated with the distribution of population,
especially with the distribution of agricultural population. This relation shows the rural
character of China, where population and agriculture are strongly clustered. Other important
factors explaining the distribution of cultivated land are the suitability of the soil for irrigated
rice cultivation, elevation, temperature and some hydrological conditions. This means that
cultivated land is also strongly related to the suitability of the soil for agriculture. The
distribution of horticulture is determined by a similar set of variables. However, here we find
that temperature, especially the minimum temperature and the number of months with
temperatures above 10 degrees Celsius are important determinants. Horticultural crops often
need specific environmental conditions. Especially frost limits the distribution of most
horticulwral crops. The distributions of grassland, forest and unused land are very much
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determined by envirenmental conditions. From the correlations it is clear that these land-use
types are mainly found at places unsuitable for agriculture far away from concentrations of
population. As the largest areas of grassland in China are found in the highly elevated Platean
region and in Inner Mongolia, grasslands are correlated with low temperatures and high
elevations. The high and positive correlation with the percentage of the population that is
illiterate can be explained by the remoteness of this area. Most forest is found in the South of
China and in the South Western mountain fringes. This area is also characterised by the
highest amount of precipitation in China and relatively high temperatures. The positive
correlation with mountainous geomorphology and negative correlation with plain land shows
the location of forest on sloping iand, unsuitable for agriculture. The category of unused land
is dominated by the large desert areas, leading to high correlations with low precipitation and
many sunshine hours. Finally, the distribution of built-up land is correlated with the same
factors as the distribution of cultivated land. Obviously, the strongest correlation is found with
the total population density followed by biophysical variables indicating the suitability of the
land. These cotrelations show that expansion of built-up land leads to a loss of mainly high-
quality, primary farmland.

Many variables indicated in Table 2.1 are highly correlated, hence, some variables yield non-
significant contributions in regression models. Multiple regression models, as derived for the
different land-use types indicate that the most comprehensive description of the distribution of
land use is obtained when at least one vanable is included conceming the population
distribution, one variable indicating the soil quality, one geomorphological variable and one
climatic variable. Explanations range between 0.3 for horticulture and 0.8 for cultivated land.
As an example, the derived multiple regression equation for cultivated land is shown in Table
2.2. A large part of the distribution of cultivated land is explained by this equation.
Interpretation of multiple regression equations is difficult because, although multicollinearity
is reduced by stepwise regression, the remaining correlation between parameters influences
the relative importance of the parameters in the equation. In the equation, correlation between
the total precipitation and the range in precipitation causes both variables to be included in the
model with opposite signs.

Table 2.2 Variables and standardised beta coefficients (stb) for a multiple regression model’
explaining the distribution of cultivated land (adj-r* = 0.81)

Variable sth
PRC TOT 0.42
PRC_RNG 0.41
PAGLF91 0.37
PTOT91 0.23
MEANELEV 0.1%
GEOMOR2 016
PAGPER91 0.12
S1IRRPAD 009
MODDRAIN -0.09
SIMAIZER 0.08
FERT3 0.06
GEOMOR4 0.06

“significant at P<0.0001
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Effects of spatial scale

The influence of spatial scale on the relations found above is studied by comparing the effects
of both the grain size and the spatial extent of the study.

The effect of grain size was studied by comparing the results of a correlation and regression
analysis at six different artificial aggregation levels. Figure 2.5 displays the correlation
coefficient of a selection of variables for cultivated land at the six aggregation levels. For all
variables the correlation coefficient increases with grain size. This increase in correlation
coefficient may have been caused by areal aggregation, which reduces the variability.
However, the correlation coefficients were not inflated consistently with successive
aggregation and for the different variables. Whereas the correlation coefficients of maximum
temperature {TMP_MAX) and mean elevation (MEANELEV) stay approximately constant
over the range of grain sizes, the coefficients for soil suitability (SIIRRPAD) and urban
population density (PURB91) increase strongly with grain size. The change in correlation
structure is very much related to the spatial variability of the variable and the distance over
which the parameter affects land use. The strong increase in correlation between urban
population and cultivated land can be explained by the influence a city has on land use in the
surrounding area. With the increase in grain size, an increasing part of the cultivated land
around a city falls within the same grid-cell as the urban population, vielding high
correlations.

Changes in correlation structure also result in different multiple regression models at different
aggregation levels, Table 2.3 presents the multiple regression models as derived for the
distribution of horticultural land at different aggregation levels. The overall explanation of
horticultural land remains low at all aggregation levels. This is probably due to the different
environmental requirements of all crops lumped under horticultural crops (e.g., tea, mulberry
plantations and orchards). Although the main variables that explain the pattern of horticultural
lands are similar over the range of scales, there are differences in the relative importance of
the different variables and different additional variables are added that mediate the relations.
Similar to the results for cultivated land the urban population becomes a more important
variable at higher aggregation levels.

0.9

0.8

—a—PTOT91
—a—— S1IRRPAD |
---@---MEANELEY'
—%— TMP_MAX |

—c—PURBST |
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B
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Figure 2.5 Absolute correlation between the relative cover with cultivated land and a

number of explanatory factors (for description see Appendix) at different aggregation levels;
all correlations significant at P<0.0001
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Table 2.4 Most important explanatory factors for the distribution of cultivated land based on
Pearson corvelation coefficients” (n=9204}

Whole country Northeast North Northwest East
{n=9204) (n=764) (n=674) (0=3361) (n=336)
PAGY1 TMP_MAX GEOMORI1 PAGY1 PRC_TOT
PAGLF91 GEOMOR1 PAGY1 PAGLF91 GEOMOR1
PTOT91 DEEP SLOPE PRURLF91 RANGEELE
PRURLF91 PHYSL PAGLF91 PTOTY1 GOODDRAI
SIIRRPAD PAG91 GEOMORS GEOMOR2 BADDRAIN
Central South Southwest Plateau
(n=554) (n=347) (n=1098) {(n=1870)
GEOMOR1 GEOMOR1 PAGLF91 PRURLF91
PAGYI1 SLOPE PAG9L PAGLF91
PTOT91 TMP_MAX PRURLF91 PAGY1
GEOMORS3 T™P_AVG PTOT91 PTOTY1
GOODDRAI MEANELEV MEANELEV PURB9Y1

“all significant at P<{.0001

The influence of the extent of analysis was tested by cormelation and regression analysis

before and after stratification of the base grid data (32x32 kan) according to regions (Figure

2.4). The five explanatory factors having the highest correlation with the distribution of

cultivated land are presented in Table 2.4. For the country as a whaole the pattern of cultivated

land corresponds best with the pattern of agricultural population. When the extent of analysis
is decreased by analysing the pattern of cultivated land for the individual regions, it is found
that not in all of the regions population is the most important explanatory variable. Especially
in the regions northeast, east and south the pattern of cultivated land is most related to the

geomorphology of the area. Larger differences between the analysis for the couniry as a

whole and the individual regions were found for the less important factors. The most

important results for a number of regions are given below. Numbers between brackets
indicate the correlation coefficients.

¢ In the Northeast the land-use distribution is very much dependent on geomorphology and
temperature, Cultivated land and orchards are all situated in the plain arcas (Northeastern
plain and Sanjiang plain), which have comparatively favourable temperatures and deep
(DEEP: 0.67), fertile soils (FERT3: 0.34), suitable for agriculture (Qiguo and Qingkui,
1988). The mountainous areas surrounding the plain have a harsh climate only suitable for
forest and grassland. Forest and grassland are mainly distributed according to
precipitation. Areas with higher precipitation are afforested (PRC_TOT: 0.41) while the
dryer areas arc mainly covered by grassland (PRC_TOT: -0.47).

» In the Northwest climatic parameters limit the distribution of land-use types. In this dry
region cultivated land is only found in the wet and relatively warm areas while forest and
grassland are found in the relatively wet, but cooler areas. All other parts of the region are
too dry for plant growth (PRC_TOT: -0.71) and are therefore classified as unused land,
i.e., desert. Typical for the region is the positive correlation between cullivated land and
the area with loess deposits (GEOMOR2: 0.61). The correlation with the loess deposits
also explains the lack of clearly negative correlations with slope and other variables
representing mountainous land forms, as they are found in other regions. The intensive
cultivation of the large loess-covered region explains these observations. The Loess
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Figure 2.6 (4) Actual distribution of cultivated land (dark colours indicate high cover
percentages); (B) Distribution of cultivated lond as modelled with the country-wide
regression equations; (C} Distribution of cultivated land as modelled with the region-
specific regression equations

Plateau, a very extensive area (330,000 km® - larger than Spain), has been used for
agriculture since ancient times (Fang and Xie, 1994; Bojie, 1989). In those times
conditions were very favourable for agriculture: the land had a suitable humidity and
forest-steppe or grassy vegetation, it possessed fertile and loose soil developed from loess,
it was a flat land, which was easily reclaimed as farmland and was convenient for travel.
However, the climatic conditions, which cause very variable rainfall which falls in high-
intensity rainstorms, together with the soil characteristics make the area very susceptible to
soil erosion. Nowadays, the loess plateau is one of the most seriously eroded landscapes in
the world and is steeply dissected by deep gullies and valleys {(Hardiman et al., 1990). So,
the once prosperous agricultural region has turned into one of the most backward regions,
which has lost most of its favorable characteristics for agriculture. With respect to the
correlation results for cultivated land this means that in carlier times the distribution was
more correlated with flat and fertile land, similar to the other regions. Nowadays the
distribution can only be explained by the occurrence of high population densities and loess
deposits.

In the Southwestern region, which contains the foot-slopes of the Himalaya mountains,
differences in altitude are large. This explains the importance of the elevation for the
distribution of population and land-use types. While agriculture is found at low elevations
(MEANELEV: -0.72) grassland is found on high elevations (MEANELEYV: 0.75). Forest is
not strongly corrclated to the mean altitude in this region (MEANELEV: 0.07) but mainly
found on steep slopes (SLOPE: 0.50). Typical for this region is the negative correlation
between cultivated land and high soil fertility (FERT3: -0.48) and the positive relation
between soil fertility and grasslands (FERT3: 0.64). These relations do not follow the
national pattern but can be explained by the occurrence of fertile soils in the higher
mountain ranges and plateaux, which are too high and too cold for agricultural use. So, in
spite of the lower soil fertility, agricultural activities must be concentrated on the lower
situated soils.

In the Plateau region agricultural land use is concentrated around the sparsely distributed
centres of population (PTOT91: 0.79, PAG91: 0.97, Ryavec and Veregin, 1998). Due to its
extremely high elevation, the relation between forest and temperature is opposite to the
relation found in other regions: here forest is positively correlated with temperature
(TMP_MIN: 0.75). Grasslands and unused land (bare rock etc.} occupy the remaining area.
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The results show similarities but also clear differences between individual regions and the
results for the entire country. When the country is analysed as a whole, the general relation
between land use and its determining factors is found. Afier stratification, region-specific
conditions pop-up in the results. Although the explaining power (R?) of the regression in the
individual regions is generally similar or slightly lower than the R? of the regressions for the
whole country, the overall explanation of the land-use distribution is much higher after
stratification. In Figure 2.6 this is visualised for cultivated land by presenting the actual
distribution of cultivated land {A), the distribution as modelled by the regression equation
valid for the country as a whole (B, Table 2.2} and the distribution when the regressions are
made for the eight individual regions (C). The overall explanation of the distribution of
cultivated land equals 0.81 for the countrywide regression. When for all regions the region-
specific regressions are used an overall correlation of (.92 is obtained, showing the important
contribution of region specific factors. Especially in the North-Eastern region a much better
representation of the distribution of cultivated land is found due to the inclusion of climatic
and geomorphologic variables into the regression equation for this region.

2.5 Discussion

Discussion of the methodology

The methodology used in this study is able to characterise the pattern of land use in relation to
the spatial distribution of its explanatory variables. The methods used in this study are based
on ordinary least squares regression analysis. In most studies of landscape pattern more
advanced techniques for pattern analysis are used (Turner et al., 1991; Gustafson, 1998).
However, these methods are developed for spatial patterns in which individual observations
represent the dominant vegetation or land use at that location. In our siudy each observation
{grid-cell) represents the relative cover of the different land-use types. This data
representation is more appropriate for large-scale studies and matches the data structure of
land-use statistics.

Many relations found are straightforward and in correspondence with our understanding of
land use. However, the systematic analysis allows us to define the relative importance of the
different explanatory factors and quantifies the regional differences. Although it is well
understood that correlations are no substitute for mechanistic understanding of relationships,
corrclations can play an invaluable role in suggesting mechanisms for further investigation
{Levin, 1993).

In general the explanatory power of the correlations and regression models is high, indicating
that we are able to capture the key factors explaining the land-use distribution. Although the
current analysis does not include important social-cultural factors such as tenure, ethmicity
and tradition, this analysis provides a good framework to incorporate additional social-
cultural data when they become available.

The validity of the results is also dependent on the temporal stability of the relations found.
Temporal stability was analysed by repeating the analysis with data for 1986. The spatial
structure found is very similar to the spatial structure of 1991. This can be attributed to the
small changes in land use during this short period. Unforfunately land-use data for years
further apart are not available for China. Evidence from studies in Costa Rica (Veldkamp and
Fresco, 1997b) and Japan (Hoshino, 1996) has indicated that the land-use structure, i.e., the
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relation between the land-use distribution and its explanatory factors, can be stable over
longer time periods (respectively 11 and 20 years), in spite of large changes in land use.

Scale issues

The results of our analysis show that the relations between land use and its predictors are

influenced by the grain and extent of analysis. The methodology presented in this paper

enables the identification of scale dependencies. However, it is not possible to indicate the
factors causing these scaling properties. Possible explanations for the influence of the grain of
analysis are:

e The reduction of spatial variability: coarse grain sizes obscure variability while fine grain
sizes obscure the general trends. Shifts in grain size may produce more than averages or
constants: they may make homogeneity out of heterogeneity and vice versa (Kolasa and
Rella, 1991).

+ Emergent properties: changes in grain size are frequently associated with new or emergent
properties. In complex, constitutive hierarchies, characteristics of larger units are not
simple combinations of attributes of smaller units.

¢ The influence some factors can have over a considerable distance. At coarse grains these
factors fall within the same unit of analysis and cause therefore a change in correlation
structure (Figure 2.1).

» Stronger overlap among variables. Aggregation reduces intraciass variance and the size of
the sampie population, smoothing the distributions and reducing the number of outlier
values identified within each class. This can create strong overlap among variables, greatly
reducing the potential value of such variables for distinguishing classes.

The influence of the extent of analysis can be explained by the decreasing importance of local
situations with an increasing extent of analysis. Our analysis for the different regions has
shown that relations found at the national extent are not always valid at the regional extent
and vice versa. A smaller extent also allows the introduction of specific variables that are
important for the area under analysis. So, a smaller extent offers better insight into the
specific situation of the region while a larger extent allows the identification of the general
patterns.

This all illustrates that decisions about the grain size and extent of the study area can greatly
influence the strength and nature of the relationships observed. Investigators must be aware of
the scale-related limitations of any study. The inclusion of multiple scales of observation
through involvement of several grain sizes and varying extent can be critical for the
understanding of land-use patterns and processes.

Comparison of results with other studies of large scale land-use patterns

The classical analysis of the allocation of land to competing agricultural activities is that of
Von Thiinen (1966). Von Thiinen's model of the isolated state describes the land-use pattern
that is found when land-use intensity is directly related to the potential rent {farm-gate value
of output minus the cost of inputs) attached to a plot of land. Von Thinen describes the
resulting land-use pattern for a large, uniferm, fertile plain surrounded by uncultivated
wilderness, by which this state is absolutely cut off from the rest of the world. In the centre of
this plain a very large town is found. Under the assumption of a uniform region, economic






