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Chapter 8

CONCLUSIONS

Abstract: This final chapter summarises the most important findings of the preceding chapters 
and provide answers to the research questions. The discussion and conclusions are centered 
around the comparative ability of empirical and theory-based approaches to explain and 
simulate agricultural land-use patterns. The main strengths and limitations of each of type 
of approach are highlighted, as well as their contribution for understanding the spatio-tem-
poral patterns of agricultural land systems. Finally, recommendations for further research 
are provided.

Keywords: Agricultural land systems; Spatial Analysis; Land-use modelling; Empirical 
approaches; Theory-based approaches
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1. Research context

In the coming decades, agricultural systems are expected to face a complex food-energy-en-
vironment trilemma (Tilman et al., 2011). Firstly, the expected growth in global population 
will lead to an extraordinary increase in the global demand for food. Therefore, there will be a 
need to increase food production; however, this will have to be achieved while simultaneously 
coping with a growing set of climate change-related risks (for instance, increased frequency 
of droughts and floods) and attempting to reduce the overall environmental impacts of 
intensive agricultural activities (for example, water contamination by fertilizers and pesticides). 
In addition, the need to expand food production will take place in a context of increasing 
land competition for other uses (for instance, urbanization, biofuel production and nature 
conservation). While most of the drivers of these challenges operate at regional and global 
scales, the extent to which agricultural land systems will be able to balance trade-offs and 
manage risks will largely depend on the local land-use decisions made by farmers and on 
the eventual land-use change processes resulting from their decisions.

Therefore, there is a need to better understand the determinants of agricultural land-use 
patterns in order to provide integrated analyses of local production systems that are contex-
tualised within their regional and global contexts. This is not only required to assess possible 
developments of agricultural land systems and their impacts in the environment, economy 
and society, but also to support decision-making processes on the design of robust strategies 
that are able to cope with the impending challenges.

Since experiments in real land systems are hardly possible, spatial analysis and land-use 
modelling can be used as learning tools to test hypothesis and formalise knowledge on 
understanding land systems, in order to provide information on their possible future states 
(Verburg et al., 2006). A large diversity of approaches for land-use spatial analysis and mod-
elling has evolved over the past decades, with considerable differences in terms of theoretical 
background and range of applications (Koomen and Stillwell, 2007). A broad distinction can 
be made between empirical and theory-based approaches (Overmars et al., 2007a). Empirical 
(or inductive) approaches aim at constructing hypotheses about the relationship between 
proximate factors and land-use patterns, through fitting of empirical data using statistical 
methods. Theory-based (or deductive) approaches apply a structured theory to real case studies, 
using logic deduction to guide the characterisation of land-use change processes and explain 
the casual relationships between decisions on land use and their outcomes.

Both empirical and theory-based approaches have their merits and limitations in explaining 
and forecasting (agricultural) land-use patterns. However, the preference for using either 
one type of approach or the other usually seems to be more related to the disciplinary back-
ground of the researchers involved, than on its appropriateness to the case studies at hand. 
For instance, geographers tend to focus on spatial patterns and typically rely on empirical 
approaches to describe and explain them, whereas economists usually rely on deduction from 
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theoretical principles that emphasise processes. Hence, there is still a poor understanding on 
the comparative ability of empirical and theory-based approaches to explain, simulate and 
explore the spatial patterns of agricultural land systems.

2. Aim and research questions

This dissertation aims to examine how different spatial analysis and land-use modelling 
approaches can contribute to help understanding the spatio-temporal patterns of agricultural 
land systems. In particular, the ability of empirical and theory-based approaches to explain 
past and current agricultural land-use patterns is investigated, as well as their aptitude for 
simulating and exploring future developments in agricultural land systems. To this end, the 
following research questions and sub-questions are addressed:

Q1. To what extent are empirical and theory-based approaches of spatial analysis and 
land-use modelling able to explain observed spatial patterns in agricultural land systems?

• Q1.1. To what extent are empirical approaches able to explain observed agricultural 
land-use patterns?

• Q1.2. To what extent are theory-based approaches able to explain observed agri-
cultural land-use patterns?

• Q1.3. How do empirical and theory-based approaches compare in explaining 
observed agricultural land-use patterns?

Q2. To what extent are empirical and theory-based approaches of spatial analysis and 
land-use modelling able to simulate and explore future spatial patterns in agricultural 
land systems?

• Q2.1. To what extent are empirical approaches able to simulate future agricultural 
land-use patterns?

• Q2.2. To what extent are theory-based approaches able to simulate future agricul-
tural land-use patterns?

• Q2.3. How can empirical and theory-based approaches be combined in order to 
simulate future agricultural land-use patterns?
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The research questions are covered in Chapters 2 through 7. The case studies presented in 
these chapters address a range of current topics and pressing challenges and opportunities 
in agricultural land systems. Empirical and/or theory-based approaches are applied in these 
case studies to provide evidence on their comparative strengths and limitations.

The first three chapters focus on explaining current agricultural land-use patterns. In Chapter 
2, the land-use change processes observed in Portugal between 1990 and 2006 are examined, 
applying an empirical approach based on logistic regression to analyse the effects of different 
factors in shaping (agricultural) land-use patterns during that period. In Chapter 3, a land-use 
modelling framework based on economic theory is introduced, aiming to explain the causal 
link between economic decisions and resulting spatial patterns of agricultural land systems. 
The proposed modelling framework assumes that farmers aim to maximize their utility when 
making land-use decisions. This framework is then operationalised and validated in a case 
study in the Netherlands. In Chapter 4, an integrated framework for land-use modelling is 
introduced, incorporating both empirical and theory-based approaches on a unified assessment 
for local land suitability. This modelling framework is then employed in a case study in the 
Netherlands in order to compare the ability of the model to reproduce observed land-use 
patterns when applying different modelling approaches.

The subsequent three chapters describe studies in which potential future land-use patterns 
are simulated. In Chapter 5, the theory-based land-use modelling approach is applied to 
explore the potential of growing reed as a bioenergy feedstock in the Netherlands, when 
combining it water and nature management objectives. Chapter 6 presents a theory-based 
approach for spatial analysis to assess the future local economic impacts of more frequent 
extreme weather events in arable farming systems in the Netherlands, and the economic fea-
sibility of adopting adaptation measures at the local level. In Chapter 7, a land-use modelling 
framework combining both empirical and theory-based approaches is presented and applied 
to determine the future economic potential of biofuel production in Argentina that avoids 
indirect land-use changes (iLUC) resulting from land competition with other functions.

The selected case studies help addressing a number of contemporary issues in agriculture. 
Chapter 2 tries to unravel the drivers behind several contradicting processes that occur simul-
taneously in Portugal: agricultural expansion, intensification, extensification and abandonment. 
Chapter 3, 4, 5 and 6 present case studies in the Netherlands, where a high pressure on land 
and an advanced agricultural sector with a high value per hectare. Finally, Chapter 7 presents 
a case study in Argentina, one of the main global exporters of agricultural commodities and 
a key player in the upcoming biofuel market.

This final chapter summarises and evaluates the findings from the preceding chapters 
(Section 3), to provide answers to the research questions and highlight the potential and 
limitations of the methods in use (Section 4), and to give recommendations for further 
research (Section 5).
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3. Summary of the results

Chapter 2 addresses the research on the extent to which empirical approaches are able to 
explain observed agricultural land-use patterns (Q1.1). It does so by studying the processes of 
(agricultural) land-use change in Portugal between 1990 and 2006 and analysing the effects 
of different proximate factors in shaping land-use patterns during that period. Land-use 
change processes were defined as aggregated flows representing groups of transitions sharing 
common features, namely: urbanization, conversion from nature to agriculture (i.e. agricultural 
expansion), intensification of agriculture, extensification of agriculture and abandonment of 
agricultural land. The dynamics of land-use change were analysed in a spatially-explicit way 
by identifying the transition patterns over the studied period. Finally, multinomial regression 
analysis was applied in a spatially-explicit way to estimate how different proximate factors 
(e.g. slope, elevation, travelling time to cities) influenced the observed processes. To this end, 
the considered land-use change processes were taken as categories of the dependent variable, 
while the selected proximate factors were taken as explanatory variables.

This study has shown that the dominant patterns of land-use change in Portugal changed 
between 1990 and 2006. It was observed that, while urbanization and the abandonment 
of agricultural land were the most prevalent processes between 1990 and 2000, concur-
rent processes of land abandonment and agriculture intensification prevailed in 2000-2006. 
Nevertheless, annual rates of change appear to be increasing overall for all land-use change 
processes, following a sharp increase in economic growth. All agricultural activities seem to 
be located relatively close to urban centers, while abandonment of agricultural land tends to 
occur in remote, often steep, areas. Urbanization tends to take place mostly in coastal areas 
and is highly unlikely in mountain ranges. In contrast to 1990–2000, agricultural expansion 
and intensification now seem to be occurring mainly in the interior of Portugal. The deploy-
ment of water and transport infrastructure appears to be an important factor driving these 
processes, with agriculture intensification preferentially occurring in the surroundings of 
newly developed artificial water reservoirs and road networks.

To some extent, the gradual enforcement of spatial planning policies on nature conserva-
tion also appears to have had an effect on agriculture-related land-use change processes, as 
agricultural conversion and intensification appeared to be less likely to occur in Natura2000 
areas. The mean temperature factor appeared to be positively correlated with the processes 
of agricultural expansion, intensification and abandonment, and negatively correlated with 
agricultural extensification. This relationships seems to underpin the observation that these 
processes tend to occur mostly in the south of the country, since the mean temperature 
is higher there. Conversely, agriculture extensification appears to take place mostly in the 
northern regions. The effect of driving forces in shaping land-use change tends to remain 
stable over time, but the deployment of new infrastructure appeared to be important factors in 
dynamically changing the spatial patterns of land-use change. This chapter has demonstrated 
the ability of empirical approaches based on statistical analysis on quantifying the explanatory 
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power, direction and intensity of different proximate factors on explaining the spatial patterns 
of land-use change processes that influence agricultural land systems.

Chapter 3 analyses to what extent theory-based approaches can explain observed agri-
cultural land-use patterns (Q1.2), by presenting a land-use modelling framework based on 
economic theory aiming to explain the causal link between economic decisions and resulting 
spatial patterns of agricultural land use. The framework assumes that farmers pursue utility 
maximisation in agricultural production systems, while appraising alternative production 
options and making land-use decisions. Local utility is assumed to depend on a complex 
combination of different types of factors (e.g. local biophysical suitability, crop market prices, 
costs of production factors, distance to markets) that together set the opportunities and 
constraints for different production options. The framework’s ability to reproduce observed 
agricultural patterns was investigated for a case study in the Netherlands, by applying a land-
use modelling tool rooted in economic theory and specifying it according to an assessment 
of the various factors that drive land use. The net present value (NPV) method was applied 
in order to estimate the expected current local utility derived from agricultural activities.

Alternative ceteri paribus definitions of NPV, accounting for different sets of cash flows, 
were implemented in order to explore the role of different budget components in explaining 
agricultural land-use decisions and resulting patterns. These alternative definitions of    were 
implemented to estimate local NPV (EUR/ha) for the main types of agricultural production 
systems: arable farming, dairy farming, vegetable growing, fruit growing, flower growing and 
tree nursery systems. Accordingly, the competition for land between different production 
systems was simulated for each NPV definition. Finally, the simulation results were validated 
by comparing simulated land-use patterns with observed ones.

When cash flows accounting for path-dependency and land-use inertia were considered 
(e.g. land acquisition and investment costs), the framework performed well in reproducing 
current patterns in the Netherlands, with a degree of correspondence of 82% in the pixel-by-
pixel validation, up to 87% in the multiple resolution validation. Production costs and gross 
revenues seem to only partly explain the observed patterns, as shown by the lower degrees of 
correspondence (58% up to 65%) for the model specification solely accounting for these cash 
flows. In our case study, transportation costs did not seem to play a significant role in the 
allocation of agricultural land use, although that might be attributed to the relatively small 
size of the study area and the existence of a high-quality transport network.

The model did not perform equally well for different production systems: those specified at 
the crop level appeared to be particularly well allocated, while those defined at the aggregated 
production system level performed poorer. The ability to link economic decision-making 
processes with the resulting agricultural land-use patterns, while incorporating complex 
interactions with different type of factors, implies that a coherent modelling approach for 
the simulation of future patterns of agriculture land use was established. This chapter has 
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demonstrated the ability of a land-use modelling approach based on economic theory to 
explain and reproduce the observed land-use patterns in agricultural land systems and related 
competition for land among contending production systems.

Chapter 4 inferred on the merits of empirical and theory-based approaches and compared 
their ability to explain current agricultural land-use patterns (Q1.1, Q1.2 and Q1.3). It pre-
sents an integrated framework incorporating both empirical and theory-based methods for 
a unified assessment of local land suitability following a utility-based logic. The proposed 
framework assumes that land-use changes follow from the buying or renting of land and 
a subsequent conversion process according to the decisions that different groups of actors 
(e.g. real estate developers, farmers, nature managers) make in managing land for different 
types of use (e.g. urban, agricultural and natural). The willingness to buy or rent a location 
is expressed in spatially-explicit way through bid price maps that are specific for each of 
the groups of actors, taking into consideration the relative strength of the social, economic 
and biophysical factors that drive the various sectors in the land system. These bid-maps 
are defined following a monetary approach, with the aim of estimating the utility obtained 
from a specific land use on a particular location, depending on market preferences, land 
use-related policy measures and local characteristics that together set the opportunities and 
constraints for different land use types. The resulting bid maps can thus be considered as a 
measure of local land-use suitability, which can then be applied to reproduce and simulate the 
land competition processes among various actors attempting to fulfil their demands for land.

The framework is illustrated with a hedonic pricing analysis of urban land values and a 
NPV assessment for agricultural production systems in combination with statistics-based 
assessments of land suitability for other sectors. The validation results showed that limited 
difference exists between multinomial and binomial logistic regression specifications of 
suitability, with an overall degree of correspondence between 58% and 59%, respectively. The 
spatial patterns of land-based agricultural activities such as arable farming and grassland 
for livestock production seem to be only partially explained by these empirical approaches. 
Business states, recreation and greenhouses appeared to be particularly difficult to model with 
this type of approach, perhaps due to their dispersed distribution, infrequent occurrence and/
or heterogeneous features. The model performance in reproducing observed patterns seems 
to decrease over time, as the validation results indicate higher degrees of correspondence for 
the year on which the description of suitable locations is based (i.e. 1996) than for a future 
year (i.e. 2008).

Land-use simulations following the binomial regression-based suitability values that were res-
caled to land prices (thus reflecting relative competitiveness among land uses) perform better for 
all individual land-use types, achieving an overall degree of correspondence of 62%. Performance 
improves even further when a land value-based description of urban bid prices is added to this 
approach. The better fitting description of suitability for urban areas also improves substantially 
the ability of the model to simulate correct locations for business estates and greenhouses.
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The model performed best when utility-based approaches were applied for both urban and 
agricultural land bid prices, up to 89% overall degree of correspondence. The simulation 
alternatives that consider the NPV’s for agricultural land-use types achieve a specific degree 
of correspondence of 94% for grassland and 85% for arable farming, thus showing the rel-
evance of this approach for understanding the spatial patterns in agricultural land systems. 
The combined use of urban land values and NPVs for agricultural land use in defining land 
suitability performs best in our validation exercise, with an overall degree of correspondence 
up to 89%. The proposed methodology can potentially be used to incorporate information 
from different research frameworks that describe the utility of land for different types of land 
use. This chapter has demonstrated how do empirical and theory-based approaches compare 
in explaining and reproducing observed land-use patterns and reproducing the competition 
for land among contending land sectors.

Chapter 5 analyses to what extent theory-based approaches are able to simulate future 
agricultural land-use patterns (Q2.2). It presents a land-use modelling approach based on 
economic theory to explore the potential for the production of reed, a biomass feedstock that 
can be grown for the production of bioenergy under conditions that are unfavourable to most 
other crops and combined with water and nature management objectives. The approach was 
applied to simulate the local competition between reed and grassland used for dairy farming 
under four different future scenarios in the Netherlands around 2030: 1) a reference ‘global 
cooperation’ scenario, inspired by the storylines for the IPCC’s B1 scenario; 2) high oil prices 
and strong climate change; 3) implementation of policies promoting bioenergy and biofuel; 
4) implementation of policies for soil protection and climate change adaptation.

Based on a location-specific assessment of potential costs and benefits of these crops under 
scenario-based conditions, this analysis showed that the cultivation of reed for bioenergy, 
while not a viable option under current economic and political conditions, may become 
competitive within the next twenty years if any of the following developments occur: energy 
prices increase substantially; water tables rise in the low-lying western parts of the country 
due to climate change; a policy is implemented that increases bioenergy prices; or a policy is 
implemented that stimulates water buffering and the preservation of peat soils. Under these 
scenarios, three potential hotspots for reed cultivation could be clearly identified, namely the 
provinces of Noord-Holland, Zuid-Holland and Friesland. These conditions would imply a 
conversion of almost 30% of the area currently used as pastures. Such a massive transformation 
of historical grazing landscape into large expanses of reed fields would probably be considered 
highly undesirable, and is thus not likely to actually occur. This chapter has demonstrated the 
ability of a land-use modelling approach based on economic theory to simulate agricultural 
land-use patterns under alternative future scenario-based conditions and helped sketch their 
potential landscape impacts.

Chapter 6 further analyses the extent to which theory-based approaches are useful for 
simulating future agricultural land-use patterns (Q2.2). It presents a spatial analysis method 
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to assess potential economic impacts of more frequent extreme weather events on agricultural 
production systems, as well as the feasibility to adopt local adaptation measures minimising 
these impacts. The proposed method combines local productivity factors, economic factors, 
crop-specific sensitivity to climatic extremes, and future climate change scenarios, to generate 
discounted time series of spatially-explicit cash flows that take into account expected future 
impacts on crop yield and product quality. This information is used to estimate changes in 
the expected NPV of agricultural systems. The economic feasibility of a portfolio of adap-
tation measures is then assessed by considering their initial investments, annual costs, and 
effectiveness in reducing crop damage.

The method was applied to investigate potential economic impacts of extreme weather 
events in arable farming systems in the Netherlands around 2050. It was found that the 
expected increase in extreme weather events frequency can severely affect future productivity 
potential. Particularly, heat waves were found to be capable of substantially undermining the 
future economic viability of Dutch arable farming systems by 2050, in case adaption measures 
are not in place to cope with the increased frequency of these events. The results indicate 
considerable differences between regions in terms of vulnerability to climatic extremes: while 
some regions are expected to be severely impacted by all climatic extremes, other regions 
consistently demonstrate high resilience to increases in extreme event frequency.

The findings are robust under a wide range of scenarios and suggest that the interactions 
between economic factors and management practices (particularly, crop specialisation) are 
decisive drivers of the economic viability of agricultural systems under more frequent climatic 
extremes. However, the exact magnitude of the impacts remains highly uncertain, as endog-
enous interactions in market conditions resulting from climate change and socio-economic 
developments were not considered. Nevertheless, crop adaptation measures should be regarded 
as no-regret strategies, since they alleviate both economic impacts and uncertainty around 
impact magnitude. This chapter has demonstrated the ability of a spatial analysis approach 
based on economic theory to explore future patterns in agricultural land-systems.

Chapter 7 contributes to several research goals of this dissertation: it assesses the ability 
of empirical approaches to explain observed land-use patterns (Q1.1), explores the ability 
of empirical and theory-based approaches to simulate future agricultural land-use patterns 
(Q2.1 and Q2.2, respectively) and presents a land-use modelling framework that combines 
their merits in a unified approach (Q2.3). In particular, it proposes a land-use modelling 
framework to determine future economic potential of biofuel production from soy and 
switchgrass in Argentina avoiding indirect land-use changes (iLUC) resulting from land 
competition with other functions.

The empirical approach explores future developments in food and feed production to deter-
mine land availability and technical potential of biofuel production. Food- and feed-related 
land demand is assumed to be the main driver for occurrence of land-use change, which in 
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turn is assumed to depend on the development of underlying socio-economic factors (e.g. 
population growth, diet composition, and level of exports and imports). Proximate factors 
such as biophysical characteristics, infrastructure, and proximity to markets are considered to 
be the main allocation drivers of land-use change. The model is calibrated through statistics 
analysis of observed land-use patterns to estimate the coefficients indicating the relationship 
between land use and proximate factors. The allocation of food-related land claims is then 
dynamically simulated, taking current land use as a starting point. The simulation results 
indicate future agricultural land use for food production, and spatial distribution of surplus 
land that is hypothetically not required to fulfil food demand and, therefore, could be used 
for cultivation of biofuel crops without endangering food security. Accordingly, the technical 
potential for biofuel production avoiding iLUC is determined. The theory based approach 
is subsequently applied to assess the economic performance of biofuel crops on the surplus 
land in comparison with other production systems, and determines the economic potential 
of biofuel production.

In this case study, neighbourhood relationships were found to be the allocation driver 
with the strongest explanatory power for all productions systems. This result underpins 
the importance of positive spatial autocorrelation in explaining land-use patterns, due not 
only to the existence of biophysical gradients and clustering of landscape features but also 
economies of scale and spill-over effects in agricultural production, which tends to cause an 
aggregation of similar production systems. The model showed a good overall performance 
in reproducing current agricultural land-use patterns in Argentina, with roughly 91% of the 
case study area being correctly allocated.

The model was then applied to dynamically simulate the allocation of food-related land 
claims in Argentina up to 2030. Two scenarios were considered regarding future developments 
in terms of technology adoption and productivity in agriculture and livestock production, 
and their impact on land availability. Uncertainty in future developments was estimated 
through Monte Carlo analysis, by determining the probability, relative error and variance of 
land becoming available for biofuel production, while taking into account errors in the main 
productivity- and demand-related variables.

The model projections following a business-as-usual scenario were able to replicate the 
continuation of the main agricultural land-use trends currently observed in different parts 
of Argentina. The simulation results under this scenario also showed that no surplus land 
is expected to become available by 2030, a prognosis that seems to be in line with current 
observations of heightened competition for land within the agricultural sector in Argentina. 
The simulation results under an alternative scenario, assuming a shift to more efficient farm 
management practices and technologies, showed that a large of area of agricultural land 
could become available for biofuel production in 2030 without causing iLUC in case major 
technological developments occur in the agricultural sector. According to the economic 
assessment, an economic potential of 368 PJ of soy biodiesel and 1.1 EJ switchgrass bioethanol 
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could be attained, while avoiding iLUC. The region of southwest Buenos Aires and La Pampa 
provinces appeared to be particularly promising for switchgrass. The Monte Carlo analysis 
showed that these findings are fairly robust even when taking into account the uncertainty 
on the main land-use drivers. While uncertainty on local suitability factors does not seem 
to affect the spatial patterns of land availability, the uncertainty on total food demand and 
factors related to technology development seems to play a crucial role on the extent to which 
land may become available in the future.

The ability of jointly assessing future developments in land availability, technical and 
economic potential of biofuel production avoiding iLUC and spatial distribution of viable 
locations for growing biofuel crops means that the proposed framework is a step forward in 
assessing the potential for biofuel production that is both economically viable and sustaina-
bly produced. This chapter has demonstrated: 1) the ability of empirical land-use modelling 
approaches to explain and reproduce observed agricultural land-use patterns, and 2) to 
extrapolate these trends for the simulation of future patterns; 3) the ability of a spatial analysis 
approach based on economic theory to explore future agricultural land-use patterns; 4) the 
ability to combine both empirical and theory-based approaches within a single framework 
in order to simulate and explore future spatial patterns, and related production opportunities, 
in agricultural land systems.

Based on the methodological developments and findings presented in Chapters 2 – 7, 
answers to the main research questions are given in Sections 8.4, followed by recommenda-
tions for further research in Section 8.5.

4. Answering the research questions

4.1. Explaining observed spatial patterns in agricultural land systems

The answer to the first research question is summarised in Table 8.1, that lists the pros and 
cons of empirical and theory-based approaches in explaining observed spatial patterns in 
agricultural land systems. The detailed background discussion for these findings is provided 
below, by means of answers to sub-questions Q1.1, Q1.2 and Q1.3.

4.1.1. To what extent are empirical approaches able to explain observed agricultural 
land-use patterns?

In Chapters 2, 4 and 7, statistical methods based on logistic regression analysis were applied 
to case studies in Portugal, the Netherlands and Argentina, in order to assess the effects 
of proximate factors in shaping the observed spatial patterns in (agricultural) land systems. 
These case studies are not fully comparable, since significant differences exist among them 
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in terms of, for instance, morphological, biophysical and socioeconomic characteristics of 
the study areas, land-use classification, and availability of data representing proximate factors.

Nevertheless, some conclusions can be drawn regarding the ability of empirical approaches 
to explain observed spatial patterns in agricultural land systems. Firstly, it was demonstrated 
that these approaches can be applied to investigate how proximate factors influence not 
only the observed spatial distribution of agricultural land-uses (as in the Netherlands’ and 
Argentina’s case studies), but also the occurrence of land-use change processes in agricultural 
land systems (as in Portugal’s case study).

Furthermore a number of common features could be identified among these case studies. 
Agricultural systems based on open-field crop production (e.g. arable farming) tend to be 
located in areas with a combination of biophysical endowments (soil, climate, topography) 
that jointly determine the suitability of land for growing crops and for conducting the related 
field operations. That is not necessarily the case for agricultural production systems based 
on livestock production. For instance, in the Netherlands dairy production systems based 
on grassland tend to be located in areas that are characterised by soil subsidence and lower 
biophysical suitability for grass. In Argentina, biophysical suitability for grass also appeared 
to play less of a role in explaining the location of livestock production systems and mixed 
crop-livestock systems. It can therefore be concluded that production systems based on graz-
ing livestock tend to occur in areas which are marginal or less suitable for cropping, but that 
allow for sufficient feed productivity (under the assumption that the biophysical suitability 
for grass is, to some extent, spatially correlated with the suitability for arable crops).

Furthermore, the availability of transport networks and distance to markets also appeared 
to be important proximate factors in agricultural land systems. In Argentina, the location 
of agricultural production systems was found to be negatively correlated with long travel 
distances to the nearest market (e.g. cities and ports handling agricultural commodities), for 
all different types of systems (i.e. the longer the travel distance, the lower the local suitability 
for agriculture). A similar observation could be made in the Dutch case study, where arable 
farming and greenhouse systems showed to be preferably located close to transport infra-
structure (motorway exits, ports and airports); the opposite trend was, however, observed 
for livestock systems based on grassland, suggesting that cropping systems (as well as other 
types of non-agricultural land uses) may tend to outcompete grazing livestock production 
in locations with better accessibility. These findings seem to suggest that in a large study 
area such as Argentina, heterogeneity in biophysical conditions across agro-environmental 
zones may be a relatively more preponderant factor in determining the spatial distribution 
of production systems, since transport distances will be equally large for all agricultural land 
uses and, consequently, will not contribute to differentiate their spatial patterns. In contrast, 
small distance differences might be more relevant in establishing competitive advantages 
among production systems (and between agricultural and non-agricultural land uses) in a 
smaller and relatively more homogenous study area like the Netherlands.
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Table 8.1: Ability of empirical and theory-based approaches to explain and reproduce observed spatial 
patterns in agricultural land systems
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In Portugal, accessibility also appeared to be an important driver for agricultural expansion 
and intensification, while remoteness was identified as one of the drivers for agricultural 
abandonment. The processes of agriculture intensification and conversion to agriculture were 
found to share many common drivers with urbanisation. However, while the latter appeared to 
be positively correlated with coastal areas, the former showed the opposite trend. This seems 
to indicate that, should there be locations in coastal areas that are suitable for agriculture, 
they may face high pressure for urban and tourism development. This finding is line with 
previous empirical studies in Mediterranean regions (see e.g. Burak et al., 2004; Peña et al., 
2007; Parcerisas et al., 2012).

The case study in Portugal also showed that, even though the spatial configuration of 
proximate factors might change (e.g. through the deployment of new road networks or water 
infrastructure), the way these factors influence land-use change processes seems to remain 
relatively stable over time. The case study in the Netherlands demonstrated, however, that 
the model performance in reproducing observed patterns might decrease over time, as the 
validation results indicate that is easier to correctly simulate land-use patterns for the year 
on which the description of suitable locations is based (i.e. 1996) than for a future year (i.e. 
2008). These results suggest that more detailed data, for instance, on the description of local 
suitability for growing crops and conducting specific field operations, may be required for 
accurately reproducing local land-use patterns, while this may be less of an issue to explain 
general land-use change processes.

Land systems frequently exhibit spatial interaction and neighbourhood effects, i.e. land-use 
developments do not occur independently at each individual location, but instead they affect 
and are affected by the conditions of neighbouring locations (Tobler, 1977). Neighbourhood 
effects appear to result from a combination of spatial attributes, such as the existence of bio-
physical gradients and clustered distribution of landscapes (Verburg et al., 2006), the interplay 
between economies of scale and transportation costs (Krugman, 1991), and congestion effects 
(Irwin and Geoghegan, 2001). For agricultural systems in particular, empirical studies have 
found that environmental spatial externalities resulting from the movements of materials 
(e.g. pests, pollens, and contaminants), and social spatial externalities (e.g. information flows, 
technology adoption and shared infrastructure among farmers in neighbouring farms) may 
also affect the returns on farmers’ income, either in a positive or a negative way depending 
on the context, and thus influence their decisions (Polsky, 2004; Lewis et al., 2008). To some 
extent, the identification of neighbourhood effects can also be associated with the (arbitrary) 
delineation of spatial data units ( Jacobs-Crisioni et al., 2014), an issue firstly identified by 
Gehlke and Biehl (1934) and named as the Modifiable Areal Unit Problem in the seminal 
work of Openshaw (1984). For instance, the size of gridcells in regular latticed data usually 
follows from technical specifications (e.g. sensor resolution) rather than zone design principles; 
this often implies that land plots are larger than the gridcells used in detailed models, and 
consequently, an apparent clustering of land features and characteristics can be recognised 
among neighbouring gridcells.
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Modelling approaches such as cellular automata aim to capture this neighbourhood depend-
ence, by explicitly defining a set of transition rules that determine the state transitions of each 
gridcell as a function of the states of neighbouring gridcells (see e.g. Batty, 1997; White and 
Engelen, 2000; Hagoort et al., 2008). In the Argentinean case study presented in Chapter 
7, an analogous modelling mechanism was introduced, through the inclusion of land-use 
neighbourhood factors (defined as the number of occurrences of a particular land-use in a 
neighbourhood ring of gridcells surrounding a central grid-cell) as explanatory variables, in 
order to capture neighbourhood interactions in agricultural land systems. Land-use neigh-
bourhood factors were found to be the proximate factor with the strongest explanatory 
power for all productions systems in Argentina. The inclusion of this type of factors also 
showed to significantly contribute to both the explained variance in the statistical analysis 
and the performance of the resulting model in reproducing observed land-use patterns (as 
evidenced by the substantially higher R2 and degree of correspondence, respectively) when 
compared to the Dutch case study, which did not include neighbourhood factors. Though 
the case studies are not fully comparable, these results appear to underpin the importance of 
positive spatial autocorrelation in explaining and reproducing the observed spatial patterns 
of agricultural land systems.

It should be noted that the limited variety of methods applied in the aforementioned 
case studies is not, by any means, meant to be fully representative of the whole spectrum of 
empirical approaches that can potentially be employed on the analysis of land-use patterns. 
For instance, data mining and machine learning techniques have recently shown promising 
results in reproducing the spatial patterns of land-based activities (see e.g. Tayyebi and 
Pijanowski, 2014; Ribeiro Barranco, 2017). The case studies presented here are, nonetheless, 
fairly illustrative of the major advantages and drawbacks of applying empirical approaches 
on explaining agricultural land-use patterns, as outlined below.

The empirical approaches demonstrated in these case studies proved to be valuable for 
exploratory and explanatory analysis of the observed spatial patterns in agricultural land 
systems. Firstly, they enabled us to gain insights in the interplay between assumed driving 
forces and their linkages with land-use change patterns, by quantifying the explanatory 
power, direction and intensity of spatial factors on explaining the observed patterns of land 
use. Furthermore, the fitting of empirical data allowed to reveal patterns, to suggest related 
processes and to construct hypotheses on the causality between the assumed drivers and the 
observed patterns of land use. Finally, when the established relationships were implemented 
in the calibration of land-use modelling tools, we were able to reproduce the observed agri-
cultural land-use patterns fairly well, particularly when land-use neighbourhood factors were 
taken as an explanatory variable.

However, a few limitations were also identified regarding the ability of empirical approaches 
to explain the observed patterns of agricultural land use. Firstly, the relationships empirically 
found between drivers and land-use patterns appeared to be relatively dependent on the 
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extent of the study area. For instance, though accessibility to markets was found to play an 
important role in all case studies, it was revealed that this factor could operate somewhat 
differently in explaining the spatial distribution of production systems depending on the size 
and uniformity of the study area.

Although the effect of spatial resolution has not been investigated, a comparable obser-
vation could conceivably be made on the influence of gridcell size and shape in the results 
of empirical analyses (see e.g. Jacobs-Crisioni et al., 2014 for an overview of the impacts of 
spatial aggregation on analyses of urban development). This is extremely significant as the 
importance of different factors for influencing land-use change processes is likely to be scale 
dependent, while linkages across spatial scales may also exist (Verburg et al., 2004a). Other 
elements related to the design of the case study are also likely to influence the outcome of 
the analyses, for example: land-use classification, availability of data sources that can be used 
as explanatory variables and variable construction.

In addition, not all empirical relationships can be directly translated into a narrative of 
causality between drivers and patterns, even if statistically significant. For example, in the 
case study in Portugal, mean temperature was found to be statistically significant on explain-
ing the observed spatial patterns of land-use change processes. Its regression coefficients 
revealed, however, that the direction of the relationship between this variable and the inves-
tigated land-use processes is similar for processes conveying divergent trends in agricultural 
land systems, namely agricultural expansion/intensification and abandonment. Hence, even 
though temperature patterns surely play a decisive role in determining the local suitability 
for agricultural production systems, in this particular case mean temperature is not likely to 
have played a substantial role in shaping these land-use change processes; instead, its spatial 
gradient appeared to be correlated with the geographic distribution of the locations where 
these processes have occurred, thus contributing to explain their spatial variability from a 
statistical point of view, but not the underlying causality driving them.

A similar example is that of land-use neighbourhood factors, which appeared to be a good 
proxy for the features presumably causing spatial interaction and neighbourhood effects in 
agricultural systems. They have demonstrated to contribute to both the increase in the fitness 
of the explanatory model and the improved degree of correspondence of the simulated patterns. 
Yet, the resulting explanatory models do not allow to distinguish whether economies of scale, 
information/technology spill-overs or a combination of both are the proximate cause for the 
observed neighbourhood effects in agricultural land systems.

Finally, an additional issue that is not addressed in this type of approach is that of endogeneity 
due to loop causality among explanatory variables and observed land-use patterns, for instance: 
are soybean crushing plants sited in a particular area due to the existence of farms producing 
soybeans in the vicinity, or do farmers switch to growing soybeans due to the opportunities 
offered by the nearby placement of crushing plants, or do these processes co-evolve jointly?
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The remarks outlined above reveal an epistemological aspect that is paramount in evaluating 
the ability of empirical approaches to explain agricultural land-use patterns. Despite the 
appropriateness of empirical approaches for developing and testing theories by means of 
exploratory analysis and predictive modelling of land-use patterns, any attempt to apply them 
for explanatory analysis will be largely fraught by the ad-hoc characteristics of the case study 
design and the difficulty to distinguish causality from correlation. Researchers should thus 
refrain from drawing bold, deterministic conclusions on the causal relationships suggested 
by their empirical models, even if largely supported by theory and/or their knowledge of 
the study area. In particular, the conflation between predictive power and causal explanation 
should be wholly avoided, a practice that is, though, still all too common in the field of 
statistical data analysis and modelling (Shmueli, 2010).

4.1.2. To what extent are theory-based approaches able to explain observed agricultural 
land-use patterns?

A theory-based land-use modelling approach aimed at explaining the causal links between 
economic decisions and resulting spatial patterns of (agricultural) land use was presented in 
Chapters 3 and 4. The modelling framework introduced in Chapter 3 assumes that farmers 
pursue utility maximisation in agricultural production systems, while appraising alternative 
production options and making land-use decisions. The proposed approach was able to 
reproduce the observed agricultural land-use patterns at the local and regional level in the 
Netherlands reasonably well, particularly when agricultural production systems, related 
activities and resulting cash flows were specified in detail at the crop level.

Furthermore, the ability to quantify discounted cash flows in a spatially-explicit way 
allowed to explore the contribution of different budget components to the local economic 
performance of agricultural land uses and to explain how they influence the emergence of 
the observed spatial patterns in agricultural land systems. For instance, production costs and 
gross revenues seem to only partly explain the observed patterns. Transportation costs did 
not seem to play a significant role in differentiating the spatial distribution of agricultural 
land uses, perhaps due to being relatively small when compared to other budget components.

At first, this result would seem to contradict the finding from the previous section, accord-
ing to which accessibility was empirically found to be an important driver of (agricultural) 
land-use patterns in the Netherlands. A combination of factors may, however, explain this 
apparent contradiction. Firstly, it should be noted that the whole country area was taken 
into consideration in the empirical case study, while the theory-based case study took into 
account only the locations in which agricultural land use is actually observed. This implies 
that locations where transportation costs are potentially prohibitive for agriculture may have 
been automatically excluded from the analysis.
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In addition, potential endogeneity between types of agriculture and clustering of human 
settlements may also explain why accessibility appeared to differentiate the local suitability 
for arable farming and grassland in the Netherlands, according to the statistical analysis. 
For instance, human settlements may have historically tended to preferentially concentrate 
in locations surrounding arable farming rather than in the vicinity of grassland. That would 
explain the positive and negative correlations of accessibility with arable farming and grass-
land, respectively. Should that be the case, then we could conclude that accessibility does 
not explain the spatial distribution of agricultural land-use types, but is instead correlated 
with their patterns (see also the discussion in the previous section on the conflation between 
statistical correlation and causal explanation).

Lastly, differences in completeness of information between case studies may have also 
contributed for the opposite outcomes. For example, given the relatively incomplete informa-
tion set used in the empirical case study, accessibility seems to contribute to explain land-use 
patterns; but given the fairly more complete set of information used in the theory-based 
approach (which also included, besides spatial factors, crop market prices, cost of production 
factors, regional specialisation), distance relationships end up playing a lesser role in explaining 
the spatial distribution of agricultural production systems.

Factors explaining path-dependency and inertia of land use (e.g. investment costs, spe-
cialisation and land acquisition costs) appeared to have greatly contributed to explain and 
correctly reproduce the observed patterns, particularly in the case of land uses characterised 
by perennial crops such as fruit growing systems. In fact, our case study demonstrated that 
the proposed framework is able to correctly reproduce observed persistence of land use as 
an outcome of economic decision-making. This is an improvement compared to previous 
modelling approaches that tended to overestimate the occurrence of land-use change in study 
areas with very limited observations of land-use change (Pontius et al., 2008).

In Chapter 4, the agricultural sector-specific framework was then generalized to a unified 
utility-based framework for multi-sectoral land-use modelling. The proposed framework 
was also applied to a case study in the Netherlands, with bid maps being constructed with a 
hedonic pricing analysis of urban land values for urban areas, a NPV assessment for agricul-
tural production systems for land-based agricultural land uses (grassland and arable farming), 
and a binomial regression analysis rescaled with sector-specific land prices (reflecting relative 
competitiveness among sectors) for the remaining land-use sectors (business state, greenhouses, 
recreation and nature). The combination of different utility-based methods to determine the 
local suitability for diverse land-uses appeared to be capable of largely reproducing observed 
patterns of land use, particularly those of agricultural production systems such as arable 
farming and grassland for dairy farming.

We can thus conclude that the proposed theory-based approaches are able to largely explain 
the economic rationale driving the observed spatial patterns in agricultural land systems, and 
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reproduce the related competition for land, not only among competing agricultural produc-
tion systems but also with other land-use sectors. Furthermore, the inclusion of investment 
costs on land-use conversion, that were explicitly quantified in monetary terms, allowed to 
represent land-use inertia in a transparent and motivated manner, that is fully consistent 
with the remaining components of the framework. Policy-related budgetary factors, such as 
the subsidies on crop production provided by EU’s Common Agricultural Policy, could also 
be incorporated in a seamless way. The ability to link economic decision-making processes 
with the resulting patterns of agricultural land use, while incorporating complex interactions 
with a multitude of different type of factors, implies that a coherent modelling approach for 
the simulation of agricultural land-use patterns has been established.

However, a number of drawbacks are associated with this type of approach. Firstly, a large 
amount of data is required in order to properly specify the model in terms of economic, tech-
nological and spatial factors that influence land-use decisions. Such data might not always be 
available, or at least not at a sufficient level of detail that allows to estimate revenues and costs 
associated with the activities for growing specific crops. It could be noticed, however, that the 
model performed differently depending on the level of detail of the available data: land-uses 
specified at the crop level appeared to be particularly well allocated, while those defined at the 
aggregated production system level performed poorer. The case studies demonstrated that the 
framework still had the ability to generate sensible patterns and explain the main processes 
at hand, even when detailed data was not fully available and simplifications had to be made. 
These findings may indicate that theory-based approaches should only be preferred in case 
a minimum level of detailed data describing the most predominant production systems is 
available to inform the model.

Furthermore, the underlying economic rationale might not always be the main aspect 
steering land-use decisions. The assumed one-dimensional utility function, according to 
which farmers’ decisions are based solely on the principles of profit maximisation, appeared 
to be a reasonable approximation of farmers’ objective preferences in a study area such as 
the Netherlands, characterised by a competitive land market, well-defined land rights, and 
an agricultural sector essentially composed by advanced commercial production systems. It 
is unclear, however, to what extent the basic assumptions of an economics-based framework 
(e.g. fully informed actors pursuing self-gratification, perfect competition, presence of equilib-
rium between supply and demand) would still apply in developing regions where subsistence 
agriculture is largely prevalent, land rights are poorly defined and/or power and information 
asymmetries might exist among different types of land-users. Other socio-cultural driving 
forces, such as implicit cultural preferences, traditions, entrepreneurship profiles and strategic 
business orientations, are also hardly captured in this type of quantitative approach. Hence, 
the proposed approach might not be able to fully explain and reproduce the causal mecha-
nisms driving more complex processes in agricultural land systems, such as farm structural 
changes, concentration of production, or land grabbing.
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4.1.3. How do empirical and theory-based approaches compare in explaining observed 
agricultural land-use patterns?

A comparison of the ability of empirical and theory-based approaches to explain observed 
land-use patterns was performed in Chapter 4, that introduced an integrated theory-based 
framework for multi-sectoral land-use modelling. The merits of the proposed approach were 
evaluated by assessing its performance to reproduce observed land-use patterns, relative to 
simulation results based on empirical approaches using both binomial and multinomial 
logistic regression analysis.

A number of conclusions can be taken from this case study. Firstly, suitability definitions 
based on statistical analysis only appear to be able to partly explain and reproduce the spatial 
distribution of (agricultural) land uses, when neighbourhood factors are not incorporated. 
Since empirical approaches rely exclusively on observed patterns, they are only able to quantify 
how different spatial factors appear to jointly influence local suitability for specific land-based 
activities. They fail, however, to capture the relative local competitive advantages of different 
types of land use, as evaluated by different actors. In other words: empirical analyses are able 
to tell us how suitable a specific location is for a particular land use, but not how good of an 
investment a land use would be in that same location in comparison to other alternatives. 
For example, while the opportunities and constraints for agricultural activities are indeed a 
function of the spatial configuration of the biophysical and/or built environment, farmers will 
primarily account for expected profitability rather than crop yields per se to choose among 
alternative production options. Differences in production costs, yields and market prices 
among crops will thus imply that the relative economic attractiveness between production 
systems will not be entirely proportional to their local suitability. That explains why intensive 
horticulture and permanent crop production systems (which are characterised by high value 
commodities) will tend to outcompete arable farming and livestock production, should equally 
optimal conditions be present for these types of land use (and given that there is demand 
for all related commodities).

A comparable observation could be made when evaluating the relative attractiveness among 
different land sectors; for example, given that there is demand for housing and that no zoning/
spatial planning regulations are imposed, urban development will most likely outcompete 
agricultural activities in locations with spatial attributes that are sufficiently good to build 
new residential areas, even if the local suitability for growing crops is optimal. This conclusion 
seems to be underpinned by the improvement in the model performance after rescaling the 
binomial regression suitability values with sector-specific land prices: i.e., distinguishing the 
bid prices from different types of actors allowed, to some extent, to better differentiate the 
relative competitiveness among land uses.

Using utility-based approaches such as hedonic pricing analysis for urban areas and NPV 
for agricultural activities appears to represent the differences in competitive advantages among 
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land-use activities even better. This type of approach not only leads to an improvement of 
the allocation of urban and agricultural land uses but also of other types of land-use that 
may compete for locations with similar characteristics–for instance, business estates and 

“green space” such as nature and recreation, respectively. Although utility-based methods 
were implemented only for urban and agricultural land uses, the proposed framework could, 
in principle, also incorporate methods for measuring the utility of other sectors, for example, 
willingness-to-pay estimates derived from stated preference experiments to valuate nature 
areas (see e.g. Ruijgrok, 1999).

Hence, theory-based approaches have the advantage that they provide enough flexibility 
for unified assessments of land suitability that can be directly linked to human behaviour. This 
type of approach can be defined in a relatively objective way, providing a common reference 
scale for the definition of suitability that allows for straightforward interpretation and direct 
comparison between different types of land use and regions. We can therefore conclude 
that theory-based approaches are better suited to capture relevant factors influencing deci-
sion-making processes in (agricultural) land systems and, accordingly, explain and reproduce 
land competition dynamics among contending land uses within and across land-use sectors, 
particularly in study areas characterised by the existence of a competitive land market and 
well-defined land regulations.

4.2. Simulating and exploring future spatial patterns in agricultural land systems

The answer to the second research question is summarised in Table 8.2, which lists the pros 
and cons of empirical and theory-based approaches in simulating future spatial patterns in 
agricultural land systems. The detailed background discussion for these findings is provided 
below, by means of answers to sub-questions Q2.1, Q2.2 and Q2.3.

4.2.1. To what extent are empirical approaches able to simulate future agricultural 
land-use patterns?

Chapter 7 employed an empirical approach for land-use modelling to explore and simulate 
future developments in the use of land for food and feed production in Argentina. The pro-
posed approach was capable of exploring potential future patterns of agricultural land-use 
change, while taking into account a large number of spatial factors influencing land-use 
decisions, a comprehensive set of recognised socio-economic trends, business-as-usual pref-
erences and the effects of current policies. The ability to extrapolate current trends allows for 
the establishment of a so-called reference (or baseline) scenario, which may then be used to 
compare, for instance, the impacts of alternative future developments according to different 
sets of assumptions, or estimate the anticipatable effects of specific policies.
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Table 8.2: Ability of empirical and theory-based approaches to simulate and explore future spatial 
patterns in agricultural land systems
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The proposed model further demonstrated to be able of producing sensible patterns of agri-
cultural land use when considering alternative sets of assumptions on future developments 
gradually deviating from the presumed reference scenario. Although the presented case study 
has only considered the effects of introducing more efficient technologies in agricultural 
production, a multitude of other alternative future development pathways could have, in 
principle, been explored in the scenario specification by applying the observed statistical 
relations to (limited) changes in the state of the observed drivers. Possible examples include: 
1) the gradual effects of climate change in the spatial distribution of agricultural land uses, 
through the incorporation of official climate change projections in the specification of local 
(biophysical) suitability maps; 2) the effects of deploying new transport networks and/or 
industrial facilities for transporting and processing agricultural commodities, through the 
incorporation of future infrastructure in the specification of local suitability maps; 3) the effects 
of changes maps; 3) the effects of changes in the demand for food commodities resulting from 
gradual changes in consumer preferences, such as a global shift for a vegetarian diet; 3) the 
effects of changes in the supply and/or demand of agricultural commodities due to changes 
in trade structure and balance resulting from the introduction of new policy frameworks, 
such as further global trade liberalisation.

However, since model calibration relies on past observations of land use, empirical 
approaches have important limitations in handling certain disruptive discontinuities in the 
land system. For example, the emergence of new types of land-use (e.g. the introduction 
of advanced bioenergy crops) cannot be simulated with this type of approach due to the 
lack of past observations to inform the model calibration. Empirical models are also unable 
to fully assess the effects of changing policy frameworks that may directly affect the local 
economic performance of agricultural uses without involving an explicit alteration in the 
spatial factors driving them (e.g. the introduction/removal of crop subsidies or taxes). Finally, 
though empirical models are able to explore the effects of an assumed degree of technological 
development as prescribed by the scenario definition in terms of the extension of land used 
for the production of agricultural commodities, they lack a clear theoretical foundation to 
simulate the local-specific economic decisions leading to the adoption of a particular tech-
nology or managerial practice.

Furthermore, since this type of modelling approach is based on the extrapolation of past 
short-term land-use trends, the results obtained from the simulation of long-term scenarios 
should be interpreted with caution. High volatility in political and market conditions has 
been observed in the past and could be plausibly expected in the coming years, especially 
in study areas such as Argentina, where the agricultural sector is highly regulated (e.g. high 
export taxes on agricultural commodities, export quotas/bans to keep domestic prices low) and 
policy frameworks can be rather unstable. This short-term fluctuations can, however, have large 
consequences on long-term decision-making in agricultural land-systems. For instance, the 
lack of a clear policy foresight in Argentina, combined with the occurrence of a long drought, 
has forced a large number of dairy farms to either stop their activities, switch to alternative 
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activities such as crop farming and husbandry, or start renting land to planting pools, just 
within a relatively short period between 2007 and 2009 (Revelli et al., 2011). Such sudden 
sectoral changes arising from micro-economic decisions at the farm level might, however, be 
difficult to capture solely by the adjustment of empirically-estimated local suitabilities or the 
definition of future scenarios on socio-economic preferences and technological developments. 
Therefore, the simulation results obtained with empirical models should only be interpreted 
as a projection of possible future outcomes following the main trends currently observed in 
agricultural land systems, while acknowledging that its long-term predictive power might 
actually be limited.

4.2.2. To what extent are theory-based approaches able to simulate future agricultural 
land-use patterns?

Chapters 5, 6 and 7 presented case studies applying theory-based approaches for spatial 
analysis and land-use modelling, in order to explore and simulate future developments in 
agricultural land-use patterns. In all the case studies, the NPV method was applied in a 
spatially-explicit manner to assess and compare the economic performance of agricultural 
land uses, for different purposes. The underlying assumption in the proposed approaches is 
that farmers seek to maximise the utility derived from their land-based activities.

Chapter 5 assessed the future economic potential in the Netherlands for growing reed. 
The NPV method was implemented to specify local suitability maps for the simulation of 
future land competition among conventional agricultural land uses (i.e. grassland for dairy 
farming, arable farming) and reed, under different scenario conditions. Chapter 6 assessed 
the potential economic impacts of more frequent extreme weather events on arable farming 
systems in the Netherlands around 2050. Future changes in NPV resulting from lower crop 
yields and/or deteriorated product quality were estimated by taking into account crop-specific 
sensitivity to climatic extremes, and according to different climate change scenarios defined 
in terms of future extreme event frequency. Subsequently, the economic feasibility of adopt-
ing local adaptation measures minimising these impacts was also evaluated, by considering 
the specific initial investments, annual costs, and effectiveness in reducing crop damage of 
a portfolio of adaptation measures. This analysis allowed to identify in which locations and 
regions arable farming is expected to remain economically viable, and the extent to which 
the adoption of adaptation measures will be required, or even sufficient, to remain profitable. 
Finally, Chapter 7 assessed the economic potential for biofuel production avoiding iLUC 
in Argentina. For that purpose, the NPV of cultivating biofuel crops (specifically, soy and 
switchgrass) on hypothetically available surplus land was compared with the NPV of other 
agricultural production systems (i.e. arable farming, livestock production and mixed sys-
tems) in the same locations. For every available land parcel, if the NPV of biofuel crops was 
determined to be positive and higher than all other alternative production options, it was 
considered as potentially viable for biofuel crop production.
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The proposed theory-based approaches demonstrated to be capable of exploring future 
agricultural land-use patterns that can be understood as a result of economic decisions 
responding to changes in local characteristics and/or distant conditions. The application of 
a capital budgeting method such as NPV allows for the definition of a coherent, integrated 
assessment framework that can be used as both cost-benefit analysis and land-use modelling 
tool for different purposes, for instance:

• informing future investment decisions in the agricultural sector, by appraising in a 
spatially-explicit way the expected long-term benefits and costs under changing socio-eco-
nomic trends and/or climatic conditions;

• performing social cost–benefit analysis to explore the outcomes of potential 
changes in policy regimes and/or managerial practices, by monetising and internalising 
long-term externalities;

• simulating the competition for land among contending production systems, by 
taking into account their specific local competitive advantages.

This ability to explicitly incorporate monetary information offers additional possibilities 
to insert discontinuities and policy alternatives in the definition of scenario-based changes, 
such as the emergence of new types of land use, the introduction of subsidies, the adoption 
of new technologies or the internalisation of externalities. In addition, it also allows for a 
straightforward assessment of the extent to which the obtained patterns are sensitive to 
variations in the main economic and productivity factors. Hence, these features enable the-
ory-based approaches to evaluate a wider range of scenarios and provide relevant insights 
on local- and region-specific threats and opportunities in agricultural land systems, while 
taking into account future developments and the interplay among a multitude of biophysical, 
economic, technological and political factors.

Despite these promising prospects, the proposed theory-based approaches have important 
limitations. Firstly, they require a considerable amount of data and information in order to be 
fully operationalised (as already discussed in section 8.4.1). Secondly, they introduce a large 
amount of detail in the characterisation of economic decisions in agricultural land systems; 
however, it might prove difficult to fully capture the complex spatio-temporal dynamics among 
factors within a tractable model. For example, in the presented case studies, the NPV method 
was implemented in a rather static fashion, without addressing endogenous processes such 
as economies of scale, spatial externalities, trade and price formation processes in the global 
economy, and, in particular, interactions between fluctuations in supply (e.g. due to occurrence 
of extreme events) and resulting crop price volatility. The characterisation of the economic 
performance of agricultural land systems and the underlying dynamics among factors may, 
therefore, be incomplete in its current form. Hence, the obtained results should not be inter-
preted as exact estimations of the economic performance of agricultural production systems, 
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but rather as plausible projections of the magnitude order of the comparative advantages of 
different production options under changing conditions.

Finally, previous empirical studies have shown that farmers do not always convert land 
to the most profitable production option (e.g., Isik and Yang, 2004; Plantinga et al., 2002; 
Schatzki, 2003) partly because they are averse of risk, have to deal with many uncertain 
factors, and might have to incur in investments with high sunk costs. Therefore, it should 
be kept in mind that, despite providing a coherent measure of local economic performance 
and attractiveness of investment alternatives in agricultural systems, the NPV method does 
not capture all aspects related to farm viability and underlying decision-making processes.

4.2.3. How can empirical and theory-based approaches be combined in order to simulate 
future agricultural land-use patterns?

Chapter 7 introduced and applied a land-use modelling framework combining empirical and 
theory-based modelling approaches to determine economic potential of biofuel production 
avoiding iLUC in Argentina. The proposed framework proved to be capable of exploring 
future developments on technical and economic potential avoiding iLUC, while identifying 
the regions where these potentials are more likely to be achieved. The empirical approach 
succeeded in mimicking currently observed agricultural land-use trends, providing two 
comparable scenarios of future developments in terms of technology adoption and produc-
tivity in agriculture and livestock production. This allowed to explore the dynamic features 
affecting the ability of the land system in providing the expected demand for agricultural 
commodities and assess the availability of surplus land. The theoretical approach allowed to 
take into account not only land availability but also economic viability as a key factor for the 
determination of biofuel potential, through reproducing the economic decisions of farmers 
and simulating their willingness to grow biofuel crops on the available surplus land. The 
combination of two different types of modelling approach within a single framework thus 
allowed to study complementary aspects of land use systems and provide more direct linkages 
between processes and patterns on the use and management of land resources.

Furthermore, the joint application of uncertainty analysis in the empirical approach and 
sensitivity analysis in the theory-based approach allowed to simultaneously identify the most 
important conditions steering the viability of large-scale deployment of biofuels and explore 
the ranges of variation of biofuel potential complying with both sustainability and economic 
criteria. This type of assessment is therefore more informative than previous approaches 
in anticipating region-specific opportunities for fully achieving the identified production 
potentials in a sustainable way and strategies to avoid eventual socio-environmental risks.

It should be noted, though, that the two approaches address somewhat different aspects 
of agricultural land systems. So it may be difficult to assure that empirics-based scenario 
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definition and theory-based model specifications are fully consistent. For instance, the tech-
nological improvements assumed in one of the proposed scenarios could be expected to also 
have implications in the future economic performance of agricultural systems (e.g. higher 
revenues due to improved yields, higher operational costs). However, these potential changes 
have not been accounted for when performing the subsequent NPV analysis. Given the large 
number of factors incorporated in the two approaches and the complex interdependencies 
among them, it may indeed prove challenging to ensure that this type of combination of 
empirical and theory-based approaches is operated in a fully coherent manner.

Although Chapter 4 did not address the simulation of future agricultural land-use patterns, 
it did establish an alternative method for combining empirical and theory-based approaches 
in an unified way. In particular, the method for specifying suitability through rescaling of 
the logistic regression-based suitability values with land prices can be deemed as a hybrid 
approach. Though this approach did not perform as well as conventional utility-based methods 
in reproducing agricultural land-use patterns, it did represent an improvement compared to 
standard empirical approaches, since it managed to better capture the relative competitiveness 
among sectors. Other methods for rescaling logistic regression-based suitability values are 
available, e.g. by assuming that net revenues are a function of logistic regression-based prob-
ability values (reflecting local suitability) and an assumed maximum gross revenue, which can 
be then used in combination with land-use costs for the computation of NPVs of land use. 
This type of approach has already been successfully implemented in a multisectoral land-use 
model (see e.g. Jacobs-Crisioni et al., 2017) and can be particularly useful in cases where the 
available data on economic and/or technological factors is not sufficient to fully specify the 
utility of the different land-use types in the considered case study area.

5. Recommendations for further research

The overarching goal of this dissertation was to identify the main strengths and limitations of 
different types of spatial analysis and land-use modelling approaches on exploring, explain-
ing and simulating the spatial patterns of agricultural land use. Several case studies were 
presented in which empirical and theory-based approaches were proposed and applied to 
investigate the determinants of agricultural land-use patterns and provide integrated analyses 
of agricultural land systems. A limited number of well-established methods was selected to 
illustrate the fundamental principles behind each type of approach, thus allowing to make 
general inferences regarding their ability and appropriateness to investigate specific aspects 
in agricultural land systems. The proposed approaches proved valuable for testing hypothesis, 
assessing possible developments of agricultural land systems and evaluating the resulting 
impacts on environment, economy and society. Furthermore, they also proved suitable for 
application in the development of spatial tools supporting decision-making processes on 
the design of robust strategies to cope with imminent challenges in the agricultural sector.
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Despite these promising achievements, various methodological issues and limitations that 
deserve further attention were identified throughout the chapters. A tentative list of these 
issues and recommended pathways for addressing them in future research is discussed below.

5.1. Implementing more advanced data and methods in empirical analysis

In this dissertation, several empirical approaches based on logistic regression analysis were 
presented. This method appeared to be relatively well suited to explore and investigate how 
agricultural land-use patterns are influenced by general landscape attributes and distance 
relationships. In the last decade, however, an increasing wealth of non-conventional data 
sources came into existence, such as crowd-sourced data where citizens, either consciously 
or unconsciously, act as sensors (Goodchild 2007). This type of data source is able to gen-
erate data on individual behaviour and the (social) environment that can then be used as a 
proxy for spatial patterns of human activities (e.g. tourism data from social networks) and 
environmental features (e.g. weather data from amateur weather stations). A few initiatives 
have been carried out in several developing countries to collect bottom-up data at the farm-
level using mobile phones and digital devices to explain, for instance, seed variety selection 
(Van Etten et al., 2016) and the existence of yield gaps (see e.g.; Beza, 2017; Beza et al., 2017). 
The availability of agricultural crowd-sourced data is also expected to increase substantially 
in Europe in the coming years, as an outcome of the recent emphasis of EU policies and 
initiatives promoting the digitisation of agriculture and food value chains (e.g. through the 
increased use of drones and sensors for data collection), and enabling the share, access and use 
of the generated agricultural data (see e.g. EC, 2017; EIP-AGRI, 2017a; EIP-AGRI, 2017b)

These highly detailed data sets offer interesting opportunities for studying spatial processes, 
but they also involve considerable challenges, especially when it comes to visualising and ana-
lysing complex fine-scaled developments over extensive areas. The need for processing massive 
amounts of data, capture an increasing number of non-linear relationships and identify scale 
interdependencies among factors thus calls for a rethinking of the methods currently used 
in spatial data analysis. In that regard, data mining and machine learning techniques such as 
Gradient Boosting and Artificial Neural Networks have recently shown promising results in 
reproducing the spatial patterns of land-based activities, measuring the importance of each 
factor in explaining the observed patterns, and finding interactions among factors through 
analysis of their combined partial dependencies (see e.g. Tayyebi and Pijanowski, 2014; Ribeiro 
Barranco, 2017). However, it should be noted that, despite the potential usefulness of these 
methods for predictive modelling, its application in explanatory analysis may be limited due 
to the inherent difficulty in interpreting their overly complex, and somewhat mechanistic, 
models. A mixed strategy, combining different statistical analysis methods for exploratory and 
explanatory analysis with machine learning techniques for predictive modelling, should thus 
be preferred for both understanding the drivers explaining the observed spatial patterns in 
agricultural land systems and building powerful models for the simulation of future patterns.
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5.2. Quantify the role of spatial interaction and neighbourhood effects

In Chapter 7, spatial interactions and neighbourhood effects were taken into account in the 
empirical estimation of local suitability through the use of land-use neighbourhood factors 
as explanatory variables in the logistic regression analyses. Although the incorporation of 
neighbourhood factors had an important contribution to the ability of the model in simulating 
realistic patterns, such approach is somewhat mechanistic and does not provide any insights 
on the causality behind the observed patterns. The concept of neighbourhood effects could, 
however, be incorporated more formally in the definition of local suitability, for instance, by 
applying spatial econometric methods commonly used to control for spatial autocorrelation 
(see e.g. Anselin, 1988; Jacobs-Crisioni et al., 2014). A possible procedure is the inclusion 
of spatially-lagged factors as explanatory variables in the statistical analysis. Such model 
specification would be comparable to the spatial Durbin error model, thus accounting for 
spatial spillovers and unobserved spatial dependences and clustering in the estimation of 
local suitability.

In the chapters proposing theory-based approaches, no considerations were made regarding 
economies of scale or spatial externalities emanating among proximate farms. Yet, increasing 
returns to scale have an important effect on the production function of agricultural systems and 
contribute to the observed clustering of agricultural land use (Surendra, 2002). Furthermore, 
spatial externalities can also affect farmers’ returns, either positively or negatively, and thus 
play a role in land-use decisions (Lewis et al., 2008). The explicit quantification of economies 
of scale and spatial externalities, and the incorporation of such processes into a grid-based 
land-use model is, however, a challenging research topic that has thus far received limited 
attention. Such methods could provide insights in the actual causes of spatial clustering and 
thus be more informative than econometric techniques. They could potentially contribute, for 
instance, to assessing the economies of scale affecting the economic feasibility of adopting new 
crops or technological solutions in agricultural systems, evaluating the extent to which farmers 
may adopt them considering social externalities stemming from neighbouring farmers (e.g. 
information spillovers), and the resulting aggregated changes in agricultural land-use patterns 
and regional production chains. Further research is therefore needed to better understand 
the role economies of scale and spatial externalities in agricultural land-use decisions and 
find methods to incorporate those processes within an utility-based modelling framework.

5.3. Incorporate role of uncertainty, risk perception and timing in economic decision-mak-
ing of agricultural land systems

Several theory-based approaches were presented in this dissertation using the NPV method 
as both a measure of economic performance and a criterion to inform decisions on agricultural 
land use. The NPV is a rather deterministic method, which stipulates that an investment is 
regarded as economically viable if NPV is strictly non-negative. Moreover, when comparing 
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alternative investment options, the one achieving the highest NPV should be preferred. 
Empirical studies have shown, however, that farmers do not always convert land to the 
most profitable production option, as they may prefer, for instance, to continue cultivating 
crops that are less profitable but also less vulnerable to market volatility (e.g. due to the 
establishment of long-term contracts), than switching to and investing in a potentially more 
profitable crop that is associated with higher uncertainties in crop returns, particularly if it 
involves sunk costs and land-use reversibility is costly (e.g., Isik and Yang, 2004; Plantinga 
et al., 2002; Schatzki, 2003).

The NPV method also does not address the issue of timing in economic decision-making. 
For example, farmers are likely to adjust their strategies in time as they perceive increasing 
climate and market risks and opportunities. Given the inherent uncertainties associated with 
factors affecting the economic performance of agricultural land uses, farmers may prefer to 
postpone their actions until better information is gained. In this context, real option valuation 
methods have shown to be a promising alternative worth to explore, as demonstrated by 
previous studies using real option valuation to support land-use conversion decision-making 
under uncertainty (see e.g. Song et al., 2011; Regan et al., 2015).

Applying real option valuation to agricultural land-use management could potentially 
identify the optimal timing, tipping points and dead-end of particular investment decisions, 
as well as no-regret strategies. This method thus allows to devise strategic pathways (e.g. in 
timing and sequence) that shape the future and reduce vulnerability to uncertain develop-
ments in agricultural land systems. Comparable approaches have already been successfully 
implemented, for instance, to formulate adaptive strategies for integrated water management 
under climatic change (see e.g. Haasnoot et al., 2012; Van der Pol et al., 2014). Yet, to the 
best of the author’s knowledge, real option valuation methods have, so far, not been applied 
in a spatially-explicit way to decision-making in agricultural systems; this could entail an 
interesting area for further research.

5.4. Address the role of socio-cultural factors in shaping agricultural land-use patterns

In the case studies proposing theory-based approaches, the scale of analysis (typically, 
national level) and characteristics of the land-use modelling tool in use (grid-based) did 
not allow for flexibility in incorporating socio-cultural factors, such as implicit cultural 
preferences, entrepreneurship profiles and power structures. Instead, the proposed the-
ory-based approaches assumed one-dimensional utility functions, according to which 
farmers’ decisions were based on the principles of profit maximisation. This can be deemed 
as a reasonable approximation of farmers’ preferences in study areas where the agricultural 
sector is essentially composed by advanced commercial production systems in a free-market 
setting where land rights are well defined.
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Further research is, however, necessary to assess to what extent this modelling approach 
would still be able to mimic observed decision-making processes and land-use patterns in 
developing regions where subsistence agriculture is prevalent, land rights are often poorly 
defined and/or power and information asymmetries might exist among different types of 
land-users. This limitation also implies that the proposed modelling approach is mostly able 
to reproduce land-use competition and land conversion processes, but less suited to capture 
modifications of land use and related structural changes. The latter, for example, relates to 
intensification of production, changes in crop rotation, or other changes in farming condi-
tions such as changes in land ownership, off-farm employment options, hired labour and 
contracted agricultural services.

In this respect, it would be interesting to explore the application of the proposed utili-
ty-based framework at different scales and integrate them with agent-based modelling tools 
accounting for the role of socio-cultural factors. This combination could potentially allow 
for the simultaneous simulation of land-use patterns and socio-economic processes such as 
farm structure change, technology diffusion and concentration of production and land (see 
e.g. Berger, 2001; Bert et al., 2011; Bakker et al., 2014), while explicitly taking into account 
the local utility of farmers according to different objective preferences, entrepreneurship 
profiles and strategic orientations. The combination of different modelling approaches could 
potentially allow studying the outcomes of particular driving forces operating at different 
scales in agricultural land systems (see following section for a discussion on a hypothetical 
multimodel framework combining different approaches).

5.5. Capture feedbacks between demand, supply and prices of agricultural commodities

The majority of the land-use modelling frameworks presented in the previous chapters rely 
on an external definition of the amount of land needed for the different types of use. This 
approach allows for an efficient segmentation in modelling the full chain of events that 
leads from global processes to local development. Regional demand sets are typically derived 
from sector-specific models that describe national or global level dynamics in demography, 
economy, industry, agriculture. The integrated, multi-scale modelling frameworks that arise 
from linking the many models addressing dynamics at different scales are efficient and 
flexible, but often allow for limited interaction and feedback across scales and sectors. As a 
result, endogenous interactions in market conditions and price formation processes were not 
explicitly incorporated in the proposed theory-based approaches.

Attempting to build a model with endogenous demand-related variables would, however, 
prove extremely difficult due to the tremendous potential number of complex interactions. 
Instead, a more constrained setting for developing operational and transparent models should 
be preferred. For instance, utility-based approaches can potentially be implemented in a 
coherent multimodel approach consistently coupling land-use and agent-based modelling 
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tools with economic and agro-climate models. In this setting, future developments in agri-
cultural commodity production, trade, market prices and cost of production factors could 
be determined at the country/regional level with global (agro-) economic models, taking 
into account macroeconomic drivers and the effect of policies such as subsidies, tariffs, trade 
barriers and production quotas (see e.g. Woltjer and Kuiper, 2014; Britz and Witzke, 2014). 
Projected changes in crop yields/productivity resulting from climate change and/or tech-
nological developments could be determined through agro-climate modelling (e.g. Fischer 
et al., 2012; Van Walsum and Supit, 2012). These modelling outputs could be used in a land 
use modelling tool as an input to specify the expected local utility of agricultural production 
systems, and accordingly simulate the local competition for land among production alterna-
tives, in order to identify the main land-use change processes and pressures at the country/
regional level. The local utility module could be then combined with micro-data on farmers’ 
socio-cultural characteristics to inform an agent-based model representing different farmers’ 
behaviours, decision making strategies, interactions among actors and between actors and 
their environment (e.g. Bakker et al., 2014; Murray-Rust et al., 2014). Such a combination 
of model components could identify processes of farm structural change and their potential 
socioeconomic and environmental impacts at the local/regional level.

The envisaged multimodel framework does not fully follow the invitation of Rounsevell et 
al. (2014) for bridging the gap between global macroeconomic and individual-based models 
towards a decision-based global model of land use. Though the prospect of having an all-in-
one model simulating the global outcomes of decision-making processes made at the local 
level by different actors is certainly enticing, such approach would potentially lead to an 
overly complex modelling environment requiring additional simplifications and conceptual 
abstractions to remain operational (e.g. aggregation of agents into generalised typologies of 
behaviour such as profit-oriented, traditional, multifunctionalist, etc), which in turn would 
further complicate the interpretation of the simulation results.

Instead, the development of operational models that are coherently linked is deemed 
preferable. This setup ensures that different interconnected processes can be captured in more 
detail at their relevant scales. Such an approach would contribute to explain the causality 
between factors, economic decisions and resulting changes in patterns in a fully coherent 
and transparent way. This type of multimodel framework could thus be more informative for 
decision-makers, since it would allow to identify potential synergies and conflicting/opposing 
trends arising from distinct drivers operating at different scales, and therefore improve the 
understanding on how to build in resilience to a range of potential developments.

6. Final considerations

This dissertation aims to contribute to scientific knowledge in general, and to the land 
system science community in particular by means of summarising the main conceptual 
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and methodological issues of available approaches for studying contemporary challenges 
in agricultural land systems. In particular, it provides a comparative overview on the merits 
and limitations of employing empirical and theory-based approaches to understand the 
spatio-temporal patterns of agricultural land use (Section 4).

The case studies presented here demonstrated that the appropriateness of the approach 
in use depends, to a large extent, on the research questions at hand, characteristics of the 
case study area and availability of data. The findings of this thesis are thus meant to help 
and guide researchers and decision-makers in selecting the most suitable approaches to be 
applied in forthcoming studies assessing possible developments in agricultural land systems.

In addition, potential research pathways for improving these approaches were outlined in 
Section 5. Many of the topics and integrated approaches presented in this thesis are inherently 
interdisciplinary, with different epistemic values stemming from the various disciplinary 
perspectives (Robinson et al., 2016). Therefore, they call not only for the collaboration of 
researchers from different disciplines, but also for the involvement of relevant stakeholders 
and decision-makers that can contribute with important insights and perceptions.

This dissertation thus firmly advocates that the further development of methods for explor-
ing, explaining, and simulating the spatial patterns of agricultural land systems should take 
place within such collaborative, multidisciplinary teams, bringing together the knowledge 
and views from scientists, policy-makers, and stakeholders alike. Only in a joint effort can 
new methods and tools be developed that will enhance decision-making processes in the 
design of robust strategies that are essential for coping with the impending challenges in 
agricultural land systems.
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