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Chapter 1

Introduction

2 | 1.1 Background

1.1

Background

1.1.1

Land change

As the Earth’s surface is modified from its natural form to suit the needs and
desires of humans, land change occurs. This change may be described in terms
of land cover change, land use change, or a combination of the two. Land cover,
simply stated, is what is seen when looking at any point on the terrestrial
surface of the Earth. This can include general descriptions or categories,
such as forest, water, and built-up; and also more precise descriptions such
as tropical dry forest, estuary, and irrigated cropland. Land covers can be
in a state of constant change, which might be a result of natural processes,
human influences, or both, and this change can occur gradually or quickly.
In the context of this dissertation, land use change refers to the way humans
change the use of land with a specific intention, e.g. to produce agricultural
commodities. Often, this comes with changes in land cover, but not necessarily
as land use change may also involve the intensification of management on
the same land cover. Land change has largely been anthropogenically driven
for thousands of years, however, the scale and intensity of land change has
increased in modern times leading some to refer to the current geologic epoch
as the Anthropocene (Schimel et al., 2013; Seidl et al., 2013; Steffen et al.,
2011; Waters et al., 2016; Zalasiewicz et al., 2010). Evidence of human activity
can be seen in every ecosystem on Earth and it is estimated that between
33% (Vitousek, 1997) and 80% (Ramankutty et al., 2009; Rey Benayas and
Bullock, 2012) of the global ice-free land surface is currently under human
management, the variation in estimates is due to the different degrees of
influence. Many anthropogenic landscape patterns and processes are the result
of resource extraction and harvesting activities to satisfy demand for food, fiber,
and fuel (Foley et al., 2005). Land cover and land use are characterizations of
larger complex units that can be described as land systems. Verburg et al. (2013)
describe land systems as all socioeconomic, technological, and organizational
aspects of human utilization of land, and the associated societal and ecological
consequences. Changes in land covers, land uses, or land systems over time
constitute land change.

1.1 Background | 3

1.1.2

Evolving alimentation strategies

Human nutritional necessities have been satisfied by evolving production
methods and systems over time. Early humans were hunter gatherers and
some tended to be nomadic or semi-nomadic, consuming only the resources
that they could utilize immediately or carry with them (Kaplan et al., 2000).
Around 12,000 years ago, as the Neolithic Revolution began, societies started to
domesticate animals and plants, allowing for reliable and relatively large-scale
production of nutritional sources (Barker, 2009). This also led to an historically
unprecedented population increase over a short time period, largely due to
greater quantities of calories that could be reliably extracted from a given
area (Bocquet-Appel, 2011). As populations grew so did their demand for
food, which was often met by expanding agriculture into previously unused
areas. Improved understanding of plant genetics, largely attributed to Gregor
Mendel in the mid-1800s, led to yield increases as hybrid crop varieties were
developed (Kingsbury, 2009). Later, crop yields received another boost during
the Green Revolution, often attributed to Norman Borlaug’s work in the mid1900s (Butler, 2004). Increased production during this period was largely due
to an increase in inputs, such as fertilizers, pesticides, and irrigation, as well
as seed varieties that were better able to utilize the increased inputs (Evenson
and Gollin, 2003). More recently, the utilization of genetically modified crop
varieties further increased yields, starting with the first commercial use in soy
in 1995 (Pretty, 2001). These advancements resulted in both intensification and
expansion of agricultural systems to meet increased demand from a growing
world population. As many predict that global population will continue
to increase we can expect the demand for food to continue to increase as
well (Bruinsma, 2003; Fischer et al., 2000; Wirsenius et al., 2010). Better
understanding how and where food will be produced to meet growing future
demand is a topic of great interest to policy makers and scientists alike. With
an estimated one-third of Earth’s ice free surface being utilized as cropland or
pastureland (Rudel et al., 2009), agricultural production will play a significant
role in shaping the Earth’s surface.
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1.2
1.2.1

Context
Intensification and expansion

Production of agricultural commodities can be increased by two processes:
intensification and expansion. Agricultural intensification is the process of
increasing inputs to a system (Temme and Verburg, 2011) or increasing the
amount of time an area is under cultivation (i.e. decreasing the length of
fallow periods) (Erb et al., 2013) to increase output per unit of area or time,
respectively. Ellis et al. (2012) describe a cyclical nature of agricultural intensification marked by three stages. First, as Boserup (1965) describes, adoption
of new technologies increases production with increasing marginal return per
input. Next, after the most beneficial and effective technologies become common, Geertz (1963) idea of agricultural involution is realized through adoption
of remaining costly intensification measures that increase production with decreasing marginal return per input. Keys and McConnell (2005) refer to these
first two stages as innovative intensification and non-innovative intensification,
respectively. Innovative intensification involves the adoption of new technologies and inputs driven by the need to meet demand from growing populations.
Referring to this as induced intensification, Boserup (1965) suggests that while
technology that can greatly increase production might exist, it will not be
adopted until population pressures leading to increased demand require it.
While non-innovative intensification also involves adoption of new technologies
and inputs, there is a marked decrease in marginal utility of these technologies and inputs. The final stage, as Malthus (Ellis et al., 2012) describes, is
where population growth outpaces food production. In this stage, Malthus
surmised that famine could result, while suggesting the reality would be that
population growth would be constrained by available resources until further
innovation could be achieved. This stage can be the impetus for the restart of
this intensification cycle as it is realized that failing to increase agricultural
output will result in famine and human loss, however, innovative technologies
and knowledge need to be developed and adopted for demand to be satisfied.
An additional factor that plays a major role in the speed of the cycle
described above is expansion of agricultural systems. Smith et al. (2010) suggest that where land is abundant, intensification will not occur, but rather
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expansion of agricultural lands will be the process through which output is
augmented. Expansion of agricultural systems into previously non-cultivated
or formerly abandoned areas is often done to increase total agricultural production (Tachibana et al., 2001). This process is called land area expansion,
and is frequently cited as one of the leading causes of land cover change and
deforestation on a global scale (Lambin et al., 2000; Perfecto and Vandermeer,
2010; Smith et al., 2010). Expansion has historically occurred in areas where
land resources are abundant and inexpensive and where economic conditions
have not allowed for the initial investments necessary to adopt new technologies
and acquire new knowledge. For example, Smith et al. (2010) cite that trends
in sub-Saharan Africa show that increased agricultural production has in large
part been realized due to an expansion of agricultural systems, likely a result
of the low cost and abundance of land, whereas in Southeast Asia there has
long been a shortage of available land, so much of the increased production
has come from intensification.

1.2.2

Impacts of land use change and strategies to minimize
trade-offs

Several factors influence the intensification and expansion of agricultural systems, including the availability of land, policies that guide agricultural development, and demand for production. Increased demand for production causes
pressure to expand production into previously non-productive areas, which tend
to be natural areas such as forests and grasslands. This conversion from natural
to human dominated land systems involves trade-offs with biodiversity, carbon
storage, and other ecosystem services. Two potential solutions to minimize
these trade-offs can be characterized as land sharing and land sparing. These
concepts are rooted in conservation theory and debate the best method of
conserving biodiversity and natural ecosystem functions (Macfadyen et al.,
2012). Land sharing holds true that agriculture and nature can be interlinked
in agro-ecological harmony, sharing space, leading to a heterogeneous landscape
that provides habitat for many species, thereby boosting biodiversity. To a
certain extent, this argument is fortified by research that indicates that small
scale farms run by people with an intimate knowledge of the landscapes they
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cultivate are more productive and efficient than their industrialized large-scale
counterparts. Land sparing, on the other hand, is the idea that agriculture
and nature should be separate. It suggests that protection of ecosystems
and biodiversity is best achieved by centralizing and intensifying agricultural
production and abandoning marginal farmland thus allowing it to return to its
natural state through ecological succession (Perfecto and Vandermeer, 2010).
In Europe, for example, abandonment of marginal farmlands has occurred as
a result of increased market integration, rural to urban migration, and increased
agricultural output through intensification. This has resulted in afforestation,
or ‘rewilding’ as Navarro and Pereira (2012) refer to it, of many formerly
agricultural landscapes. This, however, has been seen by many as a negative
impact on cultural heritage and there have been initiatives to encourage the
preservation of historical farmlands and land management practices. In terms of
biodiversity, there are species that thrive in agricultural landscapes and species
that thrive in natural or forested landscapes and so for optimal biodiversity
and ecosystem function to be achieved it is argued that a balance between land
sharing and land sparing is necessary (Fischer et al., 2008; Rey Benayas and
Bullock, 2012; van der Zanden et al., 2017).

1.3

Land Change Modeling - Current models

Land use change (LUC) modeling is a tool that can be used to provide insight
into the effects that different scenarios of population growth, food demand,
land management, policy initiatives, climate change, etc., might have on the
Earth, particularly in the future. Many LUC models are broadly rooted either
in economic or geographic traditions (Verburg et al., 2004).
The most prominent differentiation in LUC models stems from the academic
tradition from which they were developed. Many existing models come from
either an economic or a geographic tradition. LUC models from the geographic
tradition typically answer the question of where? The Dyna-CLUE model (Verburg and Overmars, 2009), for example, represents spatial processes, on a per
pixel basis. Geographic models generally focus on suitability of geographic
areas for specific land uses based on biophysical, socioeconomic, and spatial
interaction (e.g. neighborhoods) conditions. To this end, these models are
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concerned mostly with the supply of land for specific uses and allocating often
exogenously determined demand to specific areas based on their suitability.
Economic models, on the other hand, tend to answer the question of how much?
These models, like GLOBIOM (Havlik, 2012), are traditionally non-spatial
and rather seek to assess the patterns in markets or human decisions and
how these shape land use. This modeling tradition deals with demand for
goods and services and the land area necessary to satisfy that demand by
allocating land use based on maximization of return or profit (Verburg et al.,
2004). Increasingly, integrated assessment models (IAMs) are being utilized to
capitalize on the strong points of both geographic and economic models. IAMs
combine economic and geographic modeling techniques into spatially explicit
models that can account for market influences, trade, and supply and demand
endogenously. This is the case with the IMAGE (Bouwman et al., 2010) model
that utilize the coupling of discrete modules and iterative internal feedback to
achieve a more completely modeled system (Heistermann et al., 2006). Further
description of these broad model categorizations follows.
Geographic LUC models have evolved into a union of two formerly distinct
methodological categories: empirical statistical and rule/processes-based models. Empirical statistical models relate the suitability of an area to support
a specific land cover or land use to the biophysical, socioeconomic, and other
characteristics of that area. This is most often done through regression techniques that identify the most highly correlated factors in determining an area’s
suitability for a specific land use or land cover (Irwin and Geoghegan, 2001).
Rule/process based models allocate land uses based on a set of rules, such as
neighborhood effects, and processes, such as trajectories of land conversion
over time. Cellular automata models, where cells are assigned a land use
based on the status of their surrounding cells and also based on conversion
rules regarding the past statuses of that cell, are an example of this type of
model (Yu et al., 2011).
Just as geographic models can be subdivided by their design, so can economic models. Two common subdivisions are computable general equilibrium
(CGE) models, like GTAP (Hertel et al., 2013) and partial equilibrium (PE)
models, like CAPRI (Britz, 2013), and GLOBIOM (Havlik, 2012). CGE models
are capable of modeling all market factors in a dynamic system and accounting
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for trade beyond the specific region being modeled (Kretschmer and Peterson,
2009). One advantage to CGE models is that when a specific world region is
the focus of a study, these models can still account for trade and other market
influences that occur outside of the region of interest. Also, they are useful for
exploring the effects of a single factor on the entire system. Partial equilibrium
models, like CAPRI, which are frequently applied to forestry and agricultural
processes, on the other hand, model only a subset of the market and its drivers
while holding non-modeled components to be static or defined exogenously,
with the assumption that their modeled phenomenon are not highly influential
on non-modeled components (Heistermann et al., 2006).

1.4
1.4.1

CLUMondo model description
The land systems approach

Most geographical land change models are driven by an explicit demand for
human use of land resources, which are subsequently allocated by the model.
As a result, these models simulate land use change as represented by their
associated land cover conversions. As a result, trade-offs between intensification
and expansion cannot be assessed using these models, as the total area per
land use type is defined a priori. The recent CLUMondo model utilizes land
systems as units of simulation, allowing the representation of both land cover
and land use simultaneously. This model is the central tool of the research
presented in the subsequent chapters. While CLUMondo exists as a generic
model that can be applied to any case study region, e.g. Malek and Verburg
(2017) and Ornetsmüller et al. (2016), this dissertation uses the global model
that was first presented in van Asselen and Verburg (2013).
CLUMondo is a spatially-explicit forward-looking land-change model, that
simulates changes in land systems at a global scale (van Asselen and Verburg,
2013). Land systems are a novel classification system where a single land class
can supply multiple goods or services (van Asselen and Verburg, 2012). For
example, a single class can be comprised of forest, grassland, and built-up
land covers, and supply crop production, livestock, and terrestrial carbon
sequestration (Eitelberg et al., 2016). Because the land cover composition and
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the production of goods and services are both characterized explicitly, land
systems contain information on land use intensity (i.e. tons of crop production
or head of livestock, relative to the area occupied by cropland or pastureland).
More intensively managed cropland land systems have higher crop production
per area of cropland, for example.

1.4.2

Allocation procedure

Land change in CLUMondo is driven by various demands for ecosystem services
and goods (van Asselen and Verburg, 2013). CLUMondo functions by allocating
at each time step (t) and grid cell (i) the land system (LS) with the highest
transition potential (P trant,i,LS ). The transition potential is a combination of
local suitability (P loct,i,LS ), conversion resistance (P resLS ), the competitive
advantage of a land system (P compt,LS ), the optional neighborhood effect
(P neight,i,LS ), and the optional location specific addition (P locspect,i,LS ) as
in Equation 1.1.

P trant,i,LS = P loct,i,LS + P resLS + P compt,LS
+P neight,i,LS + P locspect,i,LS

(1.1)

Local suitability is determined through a logistic regression analysis that
assesses the relationship between the occurrence of land systems and a set
of biophysical and socioeconomic variables that characterize each location.
This logistic regression is subsequently used to express the suitability of all
other locations and for each land system individually using these parameters
(β0 , β1 , . . . , βn ) in combination with the characteristics (f1 , . . . , fn ) in a specific
location, as in Equation 1.2.

P loc =

1
1+

e−(β0 +β1 f1 +β2 f2 +...+βn fn )

(1.2)

Conversion resistance is a measure of the ease of transition of each land
system to another. Land systems that require high capital investment to
establish have high conversion resistance, representing the difficulty to transition
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to or from that land system. For example, urban areas have a high resistance to
conversion due to the investment in establishing urban areas, while grasslands
have a low resistance to conversion, representing the relative ease of transition
to another land system. This value is determined based on expert opinion and
ranges from 0 to 1.
The competitive advantage of a land system is representative of a land
system’s ability to satisfy unmet demand for goods and services, while not
leading to over-supply. Competitive advantage is determined through an
endogenous iterative procedure that starts with a value of 0 and increases the
transition potential of land systems that provide services that are not fully
met, and vice versa. In the event that demand cannot be met by the current
allocation of land systems, the iterative procedure stimulates transitions to
more productive land systems thorough both intensification and area expansion.
This same procedure also promotes disintensification and land abandonment
when over-supply occurs. Utilizing this logic allows for the simulation of
competition for land and resources directly within the model. This iterative
procedure is shown in Figure 1.1, outlining the CLUMondo model structure
and internal feedbacks.
Land system transitions are also governed by an allowed conversions matrix
which describes transitions between land systems that are allowed, disallowed,
allowed where biophysical and socioeconomic conditions permit the transition,
and transitions that are allowed after a specified amount of time. A sample
allowed conversion matrix is shown in Table A.1. This matrix, for example,
dictates that conversions from urban to forest are not allowed, while transitions
from open forest to dense forest are allowed only after a number of time steps,
which are determined on a per-region basis. Similarly, conversions to cropland
are only allowed in areas determined to be suitable for crop production based
on their biophysical properties.

1.4.3

Neighborhood influence

Land uses and land use changes are often affected by the land uses in their
direct vicinity, an effect known as the neighborhood effect (van Vliet and
Verburg, 2018; Verburg et al., 2004). This is an implementation of Waldo
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Figure 1.1 CLUMondo model structure (adapted from van Vliet and Verburg (2018)).

Tobler’s First Law of Geography which states that "everything is related to
everything else, but near things are more related than distant things" (Tobler,
1970). The neighborhood relationship (P neight,i,LS ) can be defined uniquely
for each model region, and is added to the transition potential to promote, for
example, a transition to an urban land system where a large proportion of the
neighborhood is already urban.
P neigh = w ∗ (a + f )

(1.3)

In Equation 1.3 w is a weight representing the strength of the neighborhood
influence, ranging from 0 to 1, a is a constant ranging from -1 to 1, and f is
the fraction of the neighborhood occupied by one or more land systems that
are determined to influence the conversion of the grid cell in question.
Neighborhood influence can also be used to promote changes in intensity
and area. In locations where much of the area is already occupied by extensive
cropland, intensification is promoted to satisfy an increasing demand for crop
production. Similarly, in locations where there is little area occupied by
cropland, such as in mixed cropland and grassland systems, the neighborhood
influence can promote expansion of cropland to meet demand, rather than
intensification. Figure 1.2 shows examples of the neighborhood influence for
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cropland where there is limited land availability (Figure 1.2a) and high land
availability (Figure 1.2b).
a) Limited land availability
X

.2 .8

X

X

1

1

1

1

Pneigh = w * (a + (S - fcropland))
= w * (-0.5 + (7/9 - 5/9))
= w * -0.28

b) High land availability
.3

1

.7

X

X

0

0

0

0

Pneigh = w * (a + (S - fcropland))
= w * (-0.5 + (8/9 - 2/9))
= w * 0.17

Figure 1.2 Two examples of neighborhood influence calculations for cropland in
a 3×3 grid cell neighborhood. X denotes a cell that is not suitable for cropland,
while a number ranging from 0 to 1 indicates the proportion of a cell that is already
occupied by cropland. In example a, the transition potential for intensive cropland
systems is increased and for extensive cropland systems it is decreased due to limited
land availability, while in example b, the transition potential for extensive cropland
systems is increased and for intensive cropland systems it is decreased due to high
land availability. This figure is adapted from van Asselen and Verburg (2013).

1.4.4

Location specific addition

Location specific addition is an additional input that can increase or decrease
the transition potential for specific land systems in defined locations. This is
defined by a series of maps that determine geographically where to increase or
decrease the probability of a land system occurring in a location, as well as
the addition factor, which is the amount of increase or decrease in transition
potential to be applied in these areas. In the scenarios explored in this
dissertation, location specific addition was used to decrease the transition
potential to cropland systems in areas defined as arid or hyper-arid as defined
by an aridity index (Zomer et al., 2007, 2008).
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1.4.5

CLUMondo application at a global scale

All chapters in this dissertation describe land change scenarios that are driven
by demands for tons of crop production, head of livestock, and built-up
area. These demands are derived from projections of commodity demands in
the United Nations Food and Agriculture Organization (FAO) report titled
World Agriculture Towards 2030/2050, the 2012 revision (Alexandratos and
Bruinsma, 2012). These projections were implemented in the IMAGE integrated
assessment model (Stehfest et al., 2014), which provided demand quantities for
tons of crop production, head of ruminant livestock, and head of monogastric
livestock for each of CLUMondo’s 24 model regions. These 24 model regions
correspond to those used in the IMAGE model, and are shown in Figure 1.3.

Figure 1.3 The 24 model regions used in CLUMondo, adapted from van Asselen and
Verburg (2013).

The division of demands into 24 model regions allows for region-specific land
change trajectories. These land change trajectories, and their resultant spatial
allocations of land systems, are guided by region-specific regression models that
determine suitability for each land system at all locations as described by rela-
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tionships with biophysical and socioeconomic variables. These region-specific
relationships allow for local processes to be reflected in model parameters.
All spatial data used in the model is in raster format in the Eckert IV
equal area projection with a resolution of 9.25km×9.25km. This projection
and resolution allowed for simple area calculations and a direct relationship
between the number of cells of land systems and area and productivity. All
simulations begin in the year 2000 and run to 2040, with a time step of one
year.

1.5

Knowledge gap

While geographical land change models have existed for two decades, land
cover conversions were the focus, while land change in response to multiple
demands with relationships to multiple land cover types were not considered.
Furthermore, older modeling approaches were unable to endogenously simulate
intensification processes or their consequences as a result of competing demands
for resources and space. It is not well known how to model land use intensity due
to the many methods of intensifying production, such as irrigation, fertilizers
and pesticides, labor increases, and shortened fallow periods, to name a few,
and also the many potential driving factors of intensification, such as land
scarcity and profitability. Additionally, few models have explored the role of
non-consumptive demands in land change, such as ecosystem services. The
objective of this dissertation is to explore agricultural intensity in relation
to other land system characteristics and competing demands, including nonconsumptive demands like biodiversity protection and carbon storage.

1.6

Scope and goals of this dissertation

This dissertation seeks to add to the body of knowledge of the interface and
interactions between humans and the environment. Through characterizing
land systems by human influence, or lack thereof, and investigating possible
future scenarios under different development pathways, this dissertation sheds
light on the causes and effects of changes in intensity and area of land systems.
The overall goal of this thesis, thus, is to provide enhanced characterizations
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and understanding of the role humans play in shaping the surface of the Earth,
utilizing its resources, and competing for space.
These goals were achieved by addressing three interrelated research questions:
1. How much land is available for cropping on a global scale, and what are
causes of variation between the estimates?
2. How do different combinations of demands for land resources drive land
change and management intensity?
3. What tradeoffs and synergies exist between meeting different demands?

1.7

Dissertation outline

This dissertation consists of six main chapters. After this introduction, four
chapters each address one or more of the questions listed in the previous
section (see Figure 1.4), followed by a synthesis. Chapter 2 performs a review
of existing estimates of cropland availability and distills the assumptions of
each model that are used to deduce the amount of land that is available for
cropping. In this chapter, three estimates of globally available cropland are
then constructed based on these assumptions and used in a land change model
to test the effect of the different assumptions. Chapter 3 presents scenarios that
are driven by the traditional human consumptive uses, but also analyzes two
separate scenarios: one that introduces a demand for biodiversity protection,
and another with an explicit demand for terrestrial carbon. This chapter
addresses the scarcity of land when additional demands compete for space
and resources. Chapter 4 takes a step back and thinks critically about how
land is characterized through comparing alternative land system classification
schemes, and the effects these characterizations have on scenario modeling. One
classification includes monogastrics as a defining factor in land systems, while
the other does not. Thus, this chapter is branded as a landless vs. land-based
livestock discussion. Chapter 5 builds on the scenarios described in the previous
chapters, while adding an additional scenario with no land protections, to
evaluate how the different scenarios perform in terms of protection of threatened
and endangered species habitat. Figure 1.4 indicates how the different chapters
are related to the three research questions introduced above.
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Figure 1.4 Horizontal blue bars show which chapters address each question, while
vertical red bars show which questions are addressed in each chapter.

Chapter 2

A review of global potentially
available cropland estimates
and their consequences for
model-based assessments

This chapter has been published as: Eitelberg, D. A., van Vliet, and Verburg, P. H. 2015. A
review of global potentially available cropland estimates and their consequences for modelbased assessments. Global Change Biology, 21, 1236–1248.

18 |

Abstract
The world’s population is growing and demand for food, feed, fiber, and fuel is
increasing, placing greater demand on land and its resources for crop production.
We review previously published estimates of global scale cropland availability,
discuss the underlying assumptions that lead to differences between estimates,
and illustrate the consequences of applying different estimates in model-based
assessments of land-use change. The review estimates a range from 1552 to
5131 Mha, which includes 1550 Mha that is already cropland. Hence, the
lowest estimates indicate that there is almost no room for cropland expansion,
while the highest estimates indicate that cropland could potentially expand
to over three times its current area. Differences can largely be attributed
to institutional assumptions, i.e. which land covers/uses (e.g. forests or
grasslands) are societally or governmentally allowed to convert to cropland,
while there was little variation in biophysical assumptions. Estimates based on
comparable assumptions showed a variation of up to 84%, which originated
mainly from different underlying data sources. On the basis of this synthesis of
the assumptions underlying these estimates, we constructed a high, a medium,
and a low estimate of cropland availability that are representative of the range
of estimates in the reviewed studies. We apply these estimates in a land-change
model to illustrate the consequences on cropland expansion and intensification
as well as deforestation. While uncertainty in cropland availability is hardly
addressed in global land-use change assessments, the results indicate a large
range of estimates with important consequences for model-based assessments.
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2.1

Introduction

Human activity in the terrestrial biosphere is the single greatest factor modifying the structure of landscapes across the globe (Ellis and Ramankutty,
2008). Historically, the amount of land needed for collection and production of
food, feed, fiber, and fuels to satisfy demand has experienced fluctuations as
populations have grown or shrunk and methods of production have changed. As
the human population has grown to over seven billion, affluence has increased,
and demand for land-based resources has grown. The amount of land currently
utilized to satisfy demand for these products has increased to occupy much
of the most productive lands as well as many marginal areas. Some suggest
that the area of land with productive potential is becoming scarce and this
scarcity will shape future crop production (Lambin et al., 2013; Lambin, 2012).
Further population increase, coupled with an increase in affluence in a number
of developing and emerging economies, will lead to a continued increase in
demand for crop products. World population in 2050 is projected to be between
8.3 billion and 10.9 billion (United Nations, 2013). At the same time, the per
capita food consumption is expected to increase from a global average of 2789
kcal per day in 1999–2001 to 3130 kcal per day in 2050 (Alexandratos, 2006).
As a consequence, food production might need to increase by 100% or more
relative to 2005 levels by 2050 to meet increased demand.
Global crop production is a function of the land area under cultivation and
the intensity with which this land is cultivated. Consequently, changes in global
crop production can originate from changes in the total area under cultivation
and changes in the intensity with which this land is cultivated. Increases and
decreases in the total area under cultivation are denoted as expansion and
contraction respectively, where contraction can be due to land abandonment
as well as conversion of cropland to other land uses, e.g. urbanization. Intensification and disintensification (sometimes called extensification; (Feranec et al.,
2010)) are the processes by which production per unit area can be altered
through an increase or decrease in inputs, such as fertilizers, labor, technology,
or outputs (Erb et al., 2013; Geist, 2006). Whether production increases will be
achieved through expansion of cropland or intensification of existing cropland
depends to a large degree on the amount of land that is available and suitable
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for cultivation. Global estimates of potentially available cropland exist for
different uses, such as food production and biofuel cultivation. These estimates
differ substantially. Lambin et al. (2013) indicates that some of these estimates
might overestimate the total available cropland considerably, or at least the
amount of land that is available without further damaging the environment.
However, potentially available cropland estimates have not been reviewed systematically. Consequently, the range of estimates and the assumptions causing
the differences and uncertainties have not yet been identified.
Potentially available cropland estimates play a major role in many modelbased assessments of future land-use change. Some models use potentially
available cropland as a hard constraint to limit the maximum extent to which
cropland can expand, such as the CLUMondo model (van Asselen and Verburg,
2013). Other models use these estimates as a soft constraint, which influence
land prices, which, in turn, can induce intensification instead of expansion, such
as in the GLOBIOM model (Havlik, 2012). In both cases, different estimates
can strongly influence model outcomes in terms of the area used, the locations
of use and the intensity of use, which all have impacts on other ecosystems
and ecosystem functioning. For example, Popp et al. (2012) demonstrate
with the MAgPIE model that allowing cropland to expand into all Global
Agro-Ecological Zones (GAEZ)-determined suitable land, including forests,
results in a 160 million hectare expansion of cropland by 2095, while not
allowing cropland expansion into forests results in only a 35 million hectare
increase in cropland by the same time. However, while many land change
models apply cropland availability estimates as an input, most use only one
single estimate. Consequences of assumptions and uncertainties in cropland
availability in model-based assessments are not well understood.
In this study, we aim to provide a review of global cropland availability
estimates, the causes of differences between estimates and uncertainties associated with the estimate, and illustrate the impact of different estimates on
model-based land-change assessments. We collected and compared estimates
for global cropland availability and reviewed how they were used in global
land-change assessments. Subsequently, we compared the institutional and
biophysical assumptions used to calculate these estimates to better understand
the origin of the differences. We then synthesize these criteria and use them to

2.2 Materials and methods | 21
produce a high, a medium, and a low potentially available cropland estimate,
which are subsequently used to analyze the land-use consequences of different
estimates in a spatially explicit land system change model.

2.2
2.2.1

Materials and methods
A review of potentially available cropland estimates and
their application in land-change models

We explored existing literature for estimates of potentially available cropland
and the assumptions underlying these estimates. Estimates were found by
systematically searching in Google Scholar using ‘land availability’, ‘agricultural
expansion’, ‘potential agricultural land’, ‘land balance’, and ‘land reserve’ as
search terms. Estimates were included in this review if they report land
availability for cropland or biofuels on a global scale, together with an explicit
listing of the criteria used for identifying potentially available cropland. From
the selected studies, we recorded the estimated area, and the assumptions
underlying these estimates. These assumptions include land uses or covers that
are allowed to convert into cropland, institutional constraints, and biophysical
constraints. We recorded all assumptions as well as the datasets that were
used to derive the potentially available cropland estimates.
To allow for a legitimate comparison, estimates were processed to derive
the total potentially available cropland area, including those currently used as
cropland. Hence, in the cases where only land available for cropland expansion
was reported 1550 million hectares were added, as this was the average estimate
of current globally cultivated area (Bruinsma, 2009; Lambin et al., 2013).
A survey was sent to land-change modelers with questions designed to understand the role of potentially available cropland in their models. Eleven models
at global or continental scale were represented in the survey: CAPRI (Britz,
2013), CLUMondo (van Asselen and Verburg, 2013), GCAM (Patel and Clarke,
2012), GLOBIOM (Havlik et al., 2011), GTAP-AEZ (Hertel et al., 2013),
IMAGE (Bouwman et al., 2010), IMPACT (Rosegrant and The IMPACT
Development team, 2012), LandSHIFT (Schaldach et al., 2011), MagPie (LotzeCampen et al., 2008), MIRAGE (Decreux and Valin, 2007), and NEXUS (Souty
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et al., 2012). The surveys were preliminarily filled in based on information
found on model websites and in literature explaining model function. They
were then sent via email to the people listed as responsible for each model
asking that the prefilled information be verified, corrected, or added to. The
questions asked in the survey include:
• Is the quantity of land available for cropland expansion an input to the
model, and if so how is it derived?
• Is the potentially available cropland estimate a binary or a gradient
representing land suitability?
• How does the potentially available cropland estimate affect your model’s
results?

2.2.2

Land-use model sensitivity to cropland availability

The influence of variations in cropland availability estimates was illustrated by
simulating future land system changes using different assumptions for cropland
availability. Grouping the estimates from the reviewed studies based on their
biophysical and land-use/cover constraints resulted in three groups of estimates representative of high, medium, and low cropland availability estimates.
On the basis of the underlying assumptions, we reproduced three maps of
potentially available cropland, corresponding to the three identified groups,
and implemented these in the CLUMondo land system change model (van
Asselen and Verburg, 2013). We selected three world regions to assess the
influence of different estimates: Southeast Asia, Central America, and Eastern
Europe. These regions were selected because of the different quantities of
increase in demand for crop production expected under the conditions of the
OECD scenario (OECD, 2012), respectively exhibiting a 29%, 45%, and a 19%
increase in production between the years 2000 and 2030. To allow comparison
of impacts on land system choices and land allocation patterns, it was assumed
that overall regional demand for crop production was not affected by differences
in cropland availability, either through price mechanisms or by displacement of
production. Although this assumption may not be realistic, it allows a more
straightforward comparison of the model sensitivity toward different cropland
availability estimates.
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The data used to produce the three cropland availability estimates for the
model experiment are outlined in Table 2.1. Land-cover data were derived
from the Global Land Cover 2000 dataset (GLC2000). This land-cover dataset
was chosen because it represents the land cover at year 2000, the same year
as the start year of the CLUMondo land-change model in which the three
estimates are applied. We reclassified the original 22 GLC2000 land-cover
classes to match the 17 International Geosphere-Biosphere Programme (IGBP)
land-cover classes according to the groupings described in Herold et al. (2008)
because these classes best matched the land-cover classes described in the
literature of cropland availability estimates. These IGBP land-cover classes
were then used, in addition to biophysical and institutional constraints, to
define areas to be excluded from the high, medium, and low estimates that
were produced. We used the World Database on Protected Areas and areas
designated as protected prior to or including the year 2000 were identified.
From these protected areas, those designated with the International Union for
Conservation of Nature (IUCN) codes V and VI were not regarded as a limit to
cropland expansion as cropland can exist in these areas. Subsequently, a 15%
reduction in area was applied to the three estimates to account for portions of
cell areas that are not used for cropland. Studies have shown that cropland
estimates based on raster cells often overestimate the true amount of cropland
because they do not account for infrastructure, settlements, and other areas
that are unsuitable for crops at the subpixel level (Fritz et al., 2013; Young,
1999). Verburg et al. (2009), through an analysis of cropland across Europe,
found that between 3% and 20% of the main (large-scale) cropland areas
were occupied by infrastructure, buildings, or other nonproductive landscape
features.
We used the CLUMondo model to demonstrate the sensitivity of a landchange model to the range of global cropland availability estimates. CLUMondo
is a forward looking global model that simulates land system changes as a
function of exogenously derived demand for crop production, livestock, and area
for urban uses (van Asselen and Verburg, 2013). A quality of the CLUMondo
model is that intensification/disintensification and expansion/contraction (Table 2.2) of cropland area is accounted for endogenously. Based on induced
intensification theory (Turner and Ali, 1996), the model simulates intensifica-
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Table 2.1 Data sources used to reproduce the high, medium, and low potentially
available cropland estimates.
Data

Data source

Citation

Land cover
Protected areas
Aridity index

Global Land Cover 2000
World Database on Protected Areas
CGIAR-CSI Global-Aridity and
Global-PET Database
WorldClim 30 s resolution ESRI
GRID of Altitude
FAO Digital Soil Map of the World
FAO Global Agro-Ecological Zones
database

Fritz et al. (2003)
IUCN and UNEP-WCMC (2013)
Zomer et al. (2007, 2008)

Elevation
Soil conditions
Growing season length
and temperatures

Hijmans et al. (2005)
FAO (2003)
IIASA/FAO (2012)

tion of agricultural management upon a combination of increasing demands and
decreasing land available for expansion of cropland area. As each productive
land system considered in the model has an associated yield and cropland
area, it is possible to analyze changes in cropland intensity and area over time
as a function of various model parameters that are set according to scenario
conditions. The application of the CLUMondo model in this study uses the
model configuration presented in van Asselen and Verburg (2013), based on the
OECD scenario (OECD, 2012). To test alternative specifications of cropland
availability, the application of the CLUMondo model was adjusted to reflect the
assumptions on cropland availability consistent with the generated cropland
availability maps. Land system conversions are constrained in the model by a
conversion matrix which defines realistic and allowed conversions between land
systems. This conversion matrix was adjusted to reflect the land uses that are
allowed to convert into cropland in the different estimates. For example, in the
high estimate, forest areas are available to convert into cropland, while this
conversion is not allowed in the medium and low estimates. Consequently, the
land system ‘dense forest’ is allowed to transition to cropland according to the
conversion matrix using the high estimate, while in the simulations using the
medium and low estimates this transition is not allowed.
The three modeled world regions face an increasing demand for cropland
production over the simulation period, which can be met by a combination
of cropland expansion and cropland intensification. As the model simulated
land system changes in an integrated manner contraction or disintensification
of current cropland systems may take place due to increases in grassland in
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Table 2.2 Definitions of the terms used to discuss intensity and area changes in
cropland as defined in Geist (2006)
Term

Definition

Intensification
Disintensification
Expansion
Contraction

Increasing cropland inputs, labor, or capital, to improve crop yield
Decreasing cropland inputs, labor, or capital
Increased cropland area due to conversion from of other land system types
Decreased cropland area due to conversion of cropland to another land system
type

response to livestock demand or urbanization. Model results were assessed in
terms of the share of production increase that was met by expansion of cropland
area as compared to the share that could be attributed to the intensification
of cropland areas, which was calculated as follows:
Cropintens =

∆Yi ∗ Aendi

(2.1)

∆Ai ∗ Ystarti

(2.2)

X
i

Croparea =

X
i

where Cropintens is the total production change due to changes in the intensity
of crop production, Croparea is the total production change due to changes
in the cropland area, Y is the average yield (tons per km2 ) in a cell, A is the
total cropland area (km2 ) in a cell, and i indicates the cells on the map. The
shares of cropland area and cropland intensity of the respective land systems
were derived from the global land systems map developed by van Asselen and
Verburg (2012). We further assessed the consequences of cropland changes in
terms of forest cover changes.

2.3
2.3.1

Results
Estimates of potentially available cropland

The systematic search for potentially available cropland estimates yielded nine
studies, which together contained 15 estimates; 12 estimate land available
for biofuel production, and three calculate land area for all crops. Figure 2.1
provides an overview of these estimates, ranging from a low of 1552 mha to
a high of 5131 mha. This includes land currently used for crop production
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and land that is potentially available for crop production if converted from its
current state. The wide range of estimates of potentially available cropland
covered by the different studies is mainly caused by differences in the landuse and land-cover classes they assumed to be available and whether or not
protected areas are explicitly considered. On the basis of the land-use and
land-cover classes that were included, we identified three groups of estimates.
High estimates calculate cropland availability based on the land’s ability to
produce, mainly relying on biophysical constraints to production (Havlik, 2012).
Medium estimates allow cropland expansion into natural areas, but do not
allow deforestation Hoogwijk et al. (2003). Low estimates allow expansion only
in areas where natural vegetation is locally interspersed with cropland.
Estimate is single number

Estimate is a range

Other

Globally available cropland (mha)

5,000

4,000

3,000

2,000

1,000

0

Range of estimates
(for studies that gave
a high and low estimate)

Available cropland

Current cropland

Current cropland area

Figure 2.1 Overview of reviewed estimates of potentially available cropland compared
to the current amount of cropland.

Estimates based on comparable assumptions about land-use and landcover changes that are allowed still show a large variability in their estimates
for potentially available cropland. High estimates exhibit a within-category

2.3 Results | 27
difference of 40% relative to the lowest estimate in this category, medium
estimates show a within-category difference of 84%, and low estimates show
a 17% within-category difference. These differences can be attributed to the
use of different underlying data sources and also in part to assumptions about
biophysical constraints for cropland expansion. Nijsen et al. (2012) and Cai
et al. (2011) use only land-use/ cover to exclude areas from their available land
estimates, while Havlik et al. (2011) and Bruinsma (2003) include additional
biophysical constraints, such as slope and precipitation. Lambin and Meyfroidt
(2011) explicitly consider protected areas, which are not included in any other
estimate. Table 2.3 provides an overview of all constraints used in the reviewed
estimates.

2.3.2

Cropland availability estimates in large-scale land-change
models

Quantifying land that is available for cropland expansion is an essential step
for assessing scenarios of future land change (Hertel, 2011; Verburg et al.,
2006). Potentially available cropland in land-use models is either based on
existing estimates or computed based on similar assumptions. For example, the
GCAM model (Patel and Clarke, 2012) excludes tundra, desert, and built-up
areas, and the Nexus model (Souty et al., 2012) excludes forested areas. Other
models assume that cropland can expand only within areas covered by certain
land-cover categories, such as arable land and grassland, as is the case in the
CAPRI model (Britz, 2013). A third method for quantifying available cropland
in models is through defining envelopes of biophysically suitable areas based on
an analysis of the current conditions under which cropland is found, as in the
original implementation of the CLUMondo model (van Asselen and Verburg,
2013).
The amount of available cropland and its location influences land-change
models in two ways. First, it influences the distribution of production increase
over intensification and expansion of cropland to match increasing demand
levels. Second, it determines where intensification and expansion take place.
CAPRI (Britz, 2013), GLOBIOM (Havlik et al., 2011), and MIRAGE (Decreux
and Valin, 2007) determine the amount of land that will actually convert to

28 | 2.3 Results

Table 2.3 Literature sources that provide estimates of potentially available cropland,
their biophysical, land-use/cover constraints, estimate of available cropland, and the
grouping in this study as high, medium, or low estimates of potentially available
cropland.

Source of
estimate
Havlik
(2011)

Factors used to exclude areas

et

al.

Bruinsma (2003)

Fischer et al.
(2000)
Cai et al. (2011)
Scenario 3
Cai et al. (2011)
Scenario 4
Fritz et al. (2013)
Scenario 3
Fritz et al. (2013)
Scenario 4
Cai et al. (2011)
Scenario 2
Hoogwijk et al.
(2003)
Fritz et al. (2013)
Scenario 2
Tilman et al.
(2006)
Lambin
and
Meyfroidt (2011)
Cai et al. (2011)
Scenario 1
Nijsen
et
al.
(2012)
Fritz et al. (2013)
Scenario 1

Elevation >3500 m; Population density >1000 people/km2 ; Average
growing season temperature <10 ◦ C;
Aridity index <0.65
All land covers except for forest, grassland, agriculture/cropland,
and other natural vegetation
Slope >30%; Soils <50 cm deep;
Soils with <18% clay; Soils with
>65% sand; High salt content soils;
Gypsiols; Salic and sodic phase soils;
and Dunes, shifting sands, salt flats,
glaciers, snow caps; Length of growing period (with average temperature <5 ◦ C) <120 days
* Same as Bruinsma (2003)
All land covers except mixed cropland and grassland, cropland, shrubland, savanna, and grassland
All land covers except mixed cropland and grassland, cropland, shrubland, savanna, grassland, and pastureland
All land covers except mixed cropland and grassland, cropland, shrubland, savanna, and grassland
All land covers except mixed cropland and grassland, cropland, shrubland, savanna, grassland, and pastureland
All land covers except mixed cropland and grassland, and cropland
All land covers except cropland and
grassland
All land covers except mixed cropland and grassland, and cropland
All land covers except cropland and
grassland
Population density >25 people per
km2
Forested, protected, and built-up
All land covers except for marginal
mixed cropland and natural vegetation
All land covers except for cropland
and pastures
All land covers except for marginal
mixed cropland and natural vegetation

Estimate
of land for

Estimated
global
potentially
Category
available
cropland
(mha)

Biofuels

5,131

High

Agriculture

4,188

High

Agriculture

3,651

High

Biofuels

2,911

Medium

Biofuels

2,607

Medium

Biofuels

1,909
2,535

to

Medium

Biofuels

1,723
2,314

to

Medium

Biofuels

2,202
to

Medium

Biofuels

1,930
2,080
1,584
2,005
2,000

to

Medium

Agriculture

1,589
1,945

to

Biofuels

1,820

Low

Biofuels

1,747

Low

Biofuels

1,552
1,613

Biofuels

Medium

Medium

to

Medium

Low
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agriculture through the use of a land supply curve. A land supply curve relates
the area used for crop production to the cost of land or land conversion. The
demand for products (i.e. the price of products) determines the land area used
to maximize profitability. When more potential cropland is available, the cost
of land (conversion) is lower; therefore cropland expansion is more favored. In
contrast, when less potential cropland is available, the same conversion has
a higher associated cost and cropland intensification may be favored (Prins
et al., 2011). In contrast to most economic models that account for cropland
availability at a world-region level, CLUMondo considers cropland availability
on a local scale using a neighborhood function (covering ca. 770 km2 ). Cropland
is thereby more likely to expand in areas with high cropland availability in the
neighborhood, whereas locations with low cropland availability are more likely
to intensify their production system (van Asselen and Verburg, 2013).

2.3.3

High, medium, and low estimates of potentially available
cropland

High, medium, and low estimates of global potentially available cropland were
produced according to the land cover and biophysical condition exclusions
applied in the various studies as shown in Table 2.4. After applying these
constraints and assuming that on average 15% of a raster cell is occupied by
nonproductive uses the totals of our high, medium, and low estimates are 5333
mha, 2926 mha, and 1867 mha respectively.
The values for our high, medium, and low estimates are within the range
of high, medium, and low estimates found in our literature review. Figure 2.2
shows the global distribution of available cropland for the three estimates.
Areas are characterized as either completely available or completely unavailable,
without considering partial availability or gradients at the scale of a cell. The
impact of assuming that forests are available for cropland expansion in the high
estimate is visible particularly in the Amazon and the African Congo regions.
Similarly, the effect of allowing open shrublands, savannas, and grasslands to
be utilized for agriculture in the medium and high estimates is most visible
in northern and eastern Australia. Protected areas were only included in the
medium and low estimates, while the high estimate primarily shows what
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Table 2.4 Land-cover, institutional, and biophysical constraints for the high, medium,
and low potentially available cropland estimates reproduced for this study. For the
land-cover and institutional constraints, an ’X’ denotes exclusion from that estimate,
’•’ denotes not excluded.
Exclusion factor
Constraint
IGBP land-cover classes (full class names in parentheses when
not already specified)
Croplands and cropland/natural vegetation mosaics
Open shrublands, savannas, and grasslands
Closed shrublands and woody savannas
Forests (Evergreen needleleaf forest, evergreen broadleaf
forest, deciduous needleleaf forest, deciduous broadleaf forest, mixed forests)
Barren or sparsely vegetated
Snow and ice
Urban and built-up
Permanent Wetlands
Water bodies
Institutional
Protected areas
Biophysical
Aridity index
Elevation
Slope
Soil clay content
Soil sand content
Soil salt content
Gypsisol soils, salic and sodic phase soils, dunes, shifting
sands, salt flats, glaciers
Length of growing period (with average temperature <5
◦ C)
Average growing season temperature

High
estimate

Medium
estimate

Low
estimate

•
•
•
•

•
•
X
X

•
X
X
X

•
X
X
X
X

X
X
X
X
X

X
X
X
X
X

•

X

X

<0.2
>3500m
>30%
<18%
>65%
High
Excluded

<0.2
>3500m
>30%
<18%
>65%
High
Excluded

<0.2
>3500m
>30%
<18%
>65%
High
Excluded

<120
days
<10 ◦ C

<120
days
<10 ◦ C

<120
days
<10 ◦ C
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areas are suitable for cropland regardless of protected status. As there is
little difference in the biophysical constraints applied across the estimates
reported in the literature, the same biophysical constraints were applied to
all estimates. This means that the differences in the estimates come from
the assumptions on availability/protection of different land-cover types only.
The spatial data for these cropland availability estimates are made available
at https://www.environmentalgeography.nl/site/data-models/data/globallypotentially-available-cropland-data/.
High Estimate

Medium Estimate

Low Estimate

Potentially available cropland

Figure 2.2 Global potentially available cropland according to the high, medium, and
low reproductions based on the literature review.

2.3.4

Scenarios for intensification or expansion

In the model simulations, increased demand for production can be fulfilled by
intensifying existing cropland systems, or by converting other land systems
into cropland systems. Figure 2.3 shows the relative contribution to production
increases that intensification, disintensification, expansion, and contraction
have for each region during the simulation period. Southeast Asia had a
29% increase in demand for crop production (212 million tons in 2000 to
299 million tons in 2030), Central America had a 45% increase (12 million
tons in 2000 to 22 million tons in 2030), and Eastern Europe had a 19%
increase (115 million tons in 2000 to 143 million tons in 2030). In all regions,
it is clear that lower cropland availability leads to a higher percentage of the
increased production being attributed to intensified land-use systems, and a
lower percentage attributed to cropland expansion. Southeast Asia and Eastern
Europe respond to lower potentially available cropland by increasing their
production with greater intensification. In Central America, however, there is
less production gain from intensification with low cropland availability than
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with medium cropland availability, but this is more than compensated for by
a smaller production loss from disintensification. Disintensification is often
the result of a conversion into less intensively managed land systems in more
marginal areas. When accounting for both intensification and disintensification
the result for Central America still shows that lower cropland availability
leads to higher land-use intensity. In the high availability estimate, 28% of
increased production is due to net intensification (gross intensification and
gross disintensification combined), while with the medium estimate it is 39%,
and with the low estimate it is 43%. The same trend is observed in Southeast
Asia, with 34% of production increase realized by net intensification using the
high, 43% using the medium, and 47% using the low estimate, and Eastern
Europe, with 39% of increased production being due to changes in intensity
in the high, 49% in the medium, and 51% in the low estimate. The different
spatial arrangements of land systems due to cropland availability for Southeast
Asia can be seen in Figure 2.4. Also, Figure 2.5 shows that all three regions
exhibit a trend of decreased forest loss as less land is considered available for
cropland expansion, with the largest decrease in forest loss in the high to the
medium estimate. This is a direct consequence of forests being available for
agriculture in the high estimate of cropland availability, while they are not
available in the medium estimate. A smaller decrease in forest loss is seen from
the medium to the low cropland availability estimate. Model assumptions on
the availability of forest land thus directly influence the change in forest cover
simulated by land-change models.

2.4
2.4.1

Discussion
Review of potentially available cropland estimates

The review of global cropland availability estimates shows that these estimates
vary widely, both in quantity, and in the assumptions applied in their calculations, resulting in them ranging from 1.5 billion hectares to 5.1 billion hectares.
The smallest estimates indicate that there is no room for cropland expansion,
while the highest estimates indicate that cropland could potentially expand
to over three times its current area. The differences in these estimates can be
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Relative contribution to increased production

Southeast Asia

Central America

Eastern Europe

90%

70%

50%

30%

10%

-10%

-30%

High estimate

Medium estimate

Low estimate

Figure 2.3 Relative contribution of intensity and area changes to fulfill increased
demand for crops under three cropland availability sce- narios from 2000 to 2030. All
three regions show that a decreasing amount of cropland availability leads to less
expansion, which is compensated by intensity changes. A more detailed explanation
of this figure is provided in the text.

attributed to assumptions on cropland availability and the data used in their
calculations.
The differences in the reviewed estimates are mainly due to assumptions
regarding the availability of specific land covers or uses for conversion into
cropland, which are often subject to institutional restrictions. To a large
extent, the differences in cropland availability estimates reflect the underlying
purpose or meaning of the estimates. Some estimates reflect all land that could
technically be used for crop production, while others estimate the amount of
land that can be used for cropland with relatively low ecological and social
costs. The former typically identifies forests and protected areas as available
for cropland, while the latter typically excludes forested areas. Bruinsma (2003)
and Fischer et al. (2000) employ the GAEZ methodology, which does not
account for the current use or institutional status of the land, but rather
focuses strictly on the biophysical characteristics such as slope and soil content,
while all other studies strictly exclude areas where their current status makes
it prohibitively challenging to convert to agriculture, such as urban areas.
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Figure 2.4 The effects of the high, medium, and low cropland availability estimates
on cropland intensity and area cultivated when applied in the CLUMondo land-change
model in Southeast Asia. The top three maps show intensification and disintensification
on cropland and mosaic cropland between year 0 and year 30. The bottom three maps
show expansion and contraction of cropland area between year 0 and year 30.

Historically, cropland expansion has played a large role in global deforestation (Gibbs et al., 2010) and while efforts to curb this have been implemented,
in many areas clearing forest for cropland expansion still occurs (Meyfroidt
and Lambin, 2011). Hence, low estimates of cropland availability would require
a deviation from the practice of deforestation for crop production. Consequently, this difference can be considered institutional, because policies and
regulating bodies can induce or restrict conversion of one land cover or use to
another (Phalan et al., 2011a). Other institutional constraints, represented
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Figure 2.5 Simulated loss of forested area in Southeast Asia, Central America, and
Eastern Europe between year 2000 and year 2030, for each of the high, medium, and
low cropland availability esti- mates.

as protected areas, are only considered explicitly in one of the reviewed estimates (Lambin and Meyfroidt, 2011). However, Lambin et al. (2013) argue that
social tradeoffs, such as hunting grounds and recreation areas, and ecological
tradeoffs, such as ecosystem services like water filtration, actually make some
areas prohibitively costly to convert to cropland, and therefore their lack of
inclusion in cropland availability estimates leads to an overestimation.
Biophysical assumptions can influence the cropland availability estimates
also. Havlik et al. (2011) apply biophysical thresholds for temperature, soil
characteristics, and others, while (Cai et al., 2011) do not explicitly define
any biophysical characteristics of their estimates. However, these biophysical
constraints are not a major source of differences in the estimates, as biophysical
properties are already reflected in the land covers or uses available for conversion.
For example, arid areas are typically not covered with cropland, grassland, or
forest land, and therefore they would be excluded based on their current land
cover already. For this reason, biophysical constraints were applied uniformly
across the three estimates reproduced for this study. Hence, they are not
responsible for differences in the estimated quantities of available cropland or
differences in the modeled scenarios.
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Different datasets are the main source of the discrepancies between estimates
based on comparable assumptions. They resulted in differences of 40%, 84%,
and 17% in within our high, medium, and low estimate groupings. As an
illustrative example, when comparing the area of forest in the GLC2000 and
GlobCover datasets, the difference is 153 million hectares (Fritz et al., 2011).
Also, utilizing the same data, but with a different analysis technique can yield
different estimates: Fischer et al. (2000) and Bruinsma (2003) use the same
underlying data, however their cropland availability estimates differ by 537
mha because Fischer et al. (2000) do not include marginally suitable land in
their global totals while Bruinsma (2003) does.
Many of the estimates were developed for biofuel crop production, identifying the amount of land where biofuels could be produced without impacting
food production. However, as biofuel crops and food crops can be grown in very
similar, if not identical, conditions we treated these estimates as equal. There
are, however, a number of biofuel crops that are also suitable for more marginal
areas where most food crops cannot provide profitable yields in commercial
crop production. The potentials of using marginal land for biofuels are debated
in the literature (Rathmann et al., 2010) and in most cases biofuel production
would face the same profitability constraints as arable use in these areas, while
subsistence farming would otherwise be possible in those areas. We do not
expect that the difference between land available only for biofuel cultivation and
that available for all crops explains the wide range of estimates. Moreover, in
most land-use models no distinction is made between the cropland availability
for either food or biofuel production. These estimates are generalizations of
land that can be utilized for all crop types and do not convey the limitations for
specific crops that require a much more strict set of biophysical characteristics.

2.4.2

Uncertainties

Data resolution and the scale of analysis are a major source of uncertainty
in global scale cropland availability estimates. Fritz et al. (2013) make the
point that local scale heterogeneity is not always captured in global datasets.
Likewise, local scale practices are not always accounted for when applying
constraints and thresholds at a global level. A more detailed analysis for some
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regions suggests that agriculture is currently practiced at several locations
classified as ‘not available’ in most estimates. Figure 2.6 highlights three
constraints that are used in the reviewed studies, but that are not necessarily
a limitation. When an aridity index is used to distinguish hyperarid and arid
areas (aridity index <0.2) as being unavailable for cropping (Zomer et al.,
2007, 2008), it eliminates roughly 68% of the current cropland area in Pakistan,
primarily along the Indus River valley. Irrigation from the Indus River makes
it possible to cultivate this area despite very low precipitation. Similarly,
eliminating areas with a slope of greater than 30% from availability (Bruinsma,
2003) removes around 46% percent of the current cropland in Ethiopia, where
it is common to cultivate terraced hillsides. Also, when areas with a population
density greater than 25 people per km2 are eliminated in eastern China (Lambin
and Meyfroidt, 2011), around 88% of current cropland areas are eliminated.
These are examples that highlight the challenges of attempting to apply global
scale data and analyses to more local scale realities.
(a)

(b)

(c)
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Figure 2.6 Examples of areas where biophysical constraints indicate that areas where
agriculture currently exists are in fact unsuitable for agricultural production. (a) In
Pakistan, 68% of existing cropland is located in areas with an aridity Index of less than
0.2, falling into the arid and hyperarid categorizations identified to have significantly
lower productive capacity (van Asselen and Verburg, 2012). (b) In Ethiopia, 46% of
existing cropland is located on slopes with greater than a 30% grade. (c) In Eastern
China, 88% of existing cropland is located in areas with population densities greater
than 25 people per km2 .
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In addition to the macroscale uncertainties discussed above, there are
also microscale contributors to uncertainty in estimates of global cropland
availability. These are caused by subpixel heterogeneity, which is not captured
by the classification or categorization of a pixel. Figure 2.7a and b show where
subpixel heterogeneity can lead to an underestimation of available cropland.
Figure 2.7a shows that this area is perceived by the data as having slopes
too steep to grow crops (i.e. slope >30%) but when the individual pixel is
analyzed, it is clear that there is an abundance of cropland on what appears
to be relatively level ground. Figure 2.7b clearly shows cropland adjacent to
poor and rocky soils, which is the reason for this pixel to be categorized as
unavailable. Figure 2.7c and d show where subpixel heterogeneity can lead
to an overestimation of available cropland, as these pixels are available in the
estimates that were produced for this study. Figure 2.7c shows that an urban
area in the center of cropland takes up about 40% of the area, while Figure 2.7d
shows lakes present in a large portion of the cell. Like the macroscale snapshots
discussed above, these microscale snapshots show that the fine scale processes
taking place on the ground are not always captured by global scale analyses.
These also show that at the raster cell level, it is uncommon that 100% of
the cell can be cultivated. As subpixel information can lead to both underand overestimation of results, it is not clear what the effect is on the overall
estimation of global potentially available cropland.

2.4.3

Consequences for model-based land-change assessments

The high, medium, and low estimates of cropland availability reproduced in
this study were applied in the CLUMondo model to assess the effects of the
assumptions of availability. While the scale at which potentially available
cropland influences land-use changes might be different in other land-change
models, the type of response is similar. The three selected regions, Southeast
Asia, Central America, and Eastern Europe, are quite different in terms of
their current land systems, intensity of production, cropland available for
expansion, and driving factors of change. However, they show very similar
responses to differences in cropland availability. As land becomes scarcer,
greater demand for crop production will be satisfied by increased production
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Figure 2.7 Examples of under- and overestimation of available cropland at the pixel
level. The solid white outline is a cell from CLUMondo with an area of 85.56 km2 ,
while the diagonal white hatching demarcates subpixel areas where availability for
cropland does not correspond with the estimate for the whole pixel. (a) This cell,
in Thailand, is unavailable in all estimates due to its slope exceeding 30%, however
there is clearly crop production here. (b) This cell, in Tajikistan, is unavailable in all
estimates due to rocky debris and poor soils being categorized as
1 unavailable, while ca.
40% of the cell is currently agriculture. (c) This cell, in the United States, is available
in all estimates, however urbanization reduces the proportion of the available area in
this cell. (d) This cell, in Canada, is available in all estimates, but the abundance of
lakes here reduces the portion of the cell where crop production can take place.

from intensive systems and less production from expanding systems. This
behavior is, of course, a direct consequence of the conceptualization of landchange processes in the model which follows the generally accepted ‘induced
intensification’ theory (Turner et al., 1977). The partitioning and spatial
impacts are, however, an emergent property of the model simulations and regionspecific circumstances. Consequences of differences in cropland intensification
or expansion are visible in the forest systems. There is a clear trend toward
decreased forest loss with lower cropland availability. This can be explained by
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the lower estimates of available cropland, constraining on where agriculture can
expand. Lower cropland availability causes intensification of existing cropland
systems lowering the total cropland area required to meet the demand for crop
production, thus leaving more space for natural areas including forests.
The demand for crop production was not influenced by the amount of
available cropland in this study. This might cause an overestimation of the
land sparing effects of intensification. Land-use intensification in a globalized
world can cause land-use displacement: a shift of land use from one location
to another (Lambin and Meyfroidt, 2011; Weinzettel et al., 2013). Due to
intensification, more land remains available for cropping and production will
become cheaper, causing a shift in demand from other regions (Kastner et al.,
2014). In addition, on a global scale, Rudel et al. (2009) have shown that landuse intensification generates an increase in demand which partly counteracts the
potential land sparing effects. As this effect was observed in almost all world
regions, it is not the consequence of land displacements, but instead caused
by an overall increase in demand. As Byerlee et al. (2014) suggest, though,
technology-driven intensification results in greater land sparing than marketdriven intensification. However, while land displacements and demand increases
are likely consequences of intensification and related land sparing, it will not
change the main patterns observed in our model result. Explicit analysis of the
influence of potentially available cropland in global assessments will provide
more insight in the tradeoffs between food production and conservation of
important ecosystems.
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Abstract
Many global land change scenarios are driven by demand for food, feed, fiber,
and fuel. However, novel demands for other ecosystem services give rise to nexus
issues and can lead to different land system changes. In this paper we explore
the effects of including multiple different demands in land change scenarios. Our
reference scenario is driven by demands for crop production, ruminant livestock
production, and provisioning of built-up area. We then compare two alternative
scenarios with additional demands for terrestrial carbon storage and biodiversity
protection, respectively. These scenarios represent possible implementations of
globally agreed policy targets. The simulated land system change scenarios are
compared in terms of changes in cropland intensity and area, as well as tree
and grassland area changes. We find that the carbon and biodiversity scenarios
generally result in greater intensification and less expansion of cropland, with
the biodiversity scenario showing a stronger intensification effect. However, the
impact of setting the targets impacts different world regions in different ways.
Overall, both scenarios result in a larger tree area compared to the reference
scenario, while the carbon scenario also yields more grassland area. The land
systems simulated while accounting for these additional demand types show
strong patterns of specialization and spatial segregation in the provisioning of
goods and services in different world regions. Our results indicate the relevance
of including demands for multiple different goods and services in global land
change assessments.
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3.1

Introduction

Large shares of the Earth’s terrestrial surface have been transformed by humans.
More than 75% of ice-free land shows signs of anthropogenic alterations (Ellis
and Ramankutty, 2008). These alterations directly affect terrestrial carbon,
biodiversity, food security and many other factors that are important for
human wellbeing (Schmitz et al., 2012; Vié et al., 2009). The vast majority
of anthropogenic disturbances have been made for agricultural purposes, i.e.
the production of food, feed, and fiber (Ellis et al., 2010). With expected
population growth, and an increase in wealth in several major world regions,
food security, and thus agricultural production, will remain important in
the near future. At the same time, policies increasingly acknowledge other
services provided by the land, such as biodiversity protection and carbon
sequestration (Goldemberg et al., 2014; Nepstad et al., 2014). This leads to
new pressures on land resources, but also creates the need to change our ways of
assessing land change by accounting for these multiple demands on increasingly
scarce land resources.
The influence of greenhouse gas (GHG) emissions on global climate regimes
is now widely acknowledged (IPCC, 2013). Recent estimates indicate that over
20% of the annual GHG emissions are directly related to agriculture, forestry,
and other land uses (Metz et al., 2007; Tubiello et al., 2015). Several initiatives
with the objective of reducing GHG emissions have been proposed and implemented at national, regional, and global scales. Examples are the Reducing
Emissions from Deforestation and Forest Degradation program (REDD) (UNREDD, 2011), the United Nations Framework Convention on Climate Change
(UNFCCC) (UNFCCC, 1992), the Clean Development Mechanism (CDM,
2006), and calls for carbon neutrality (Dhanda and Hartman, 2011). These
initiatives aim to prevent GHG emissions from terrestrial sources and also to
sequester atmospheric carbon in terrestrial sinks.
Similar to GHG emissions, the importance of global biodiversity is now
commonly accepted due to its role in maintaining proper ecosystem functioning (Cardinale et al., 2012). Biodiversity is strongly related to land cover
and land use (Chaplin-Kramer et al., 2015). The IUCN reports that 86% of
threatened birds and mammals experience habitat loss and degradation (IUCN,
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2010), much of which can be attributed to agricultural expansion or intensification (Chaplin-Kramer et al., 2015). Therefore, several multinational initiatives
have aimed to preserve and protect biodiversity, mainly through protecting
natural habitats. For example, in 2000 the United Nations Millennium Development Goals called for a reduction in the rate of loss of biodiversity (UNDP,
2007). Another example is the Convention on Biological Diversity, which in
2010 established the Aichi biodiversity targets, a set of goals and targets put
in place to protect and promote global biodiversity. Target 11 calls for 17%
of terrestrial area (not including Antarctica) to be conserved and protected,
specifically those areas where biodiversity is threatened. This equals 22.94
million km2, or an area roughly equal to the size of Canada, China, and India
combined. As protected areas grow, they will inherently limit the extent to
which agricultural and urban land uses can expand, which will affect future
land use patterns considerably.
Assessments of future land use and land cover change are frequently driven
by demand for agriculture and forestry products (Prestele et al., 2016). For
example, land change in the GLOBIOM integrated assessment model is driven
primarily by production of food, forest fiber, and bioenergy (Havlik, 2012); in
the CAPRI model, land use change is driven by a demand for agricultural products (Britz, 2013); in LandSHIFT, it is a combination of food and energy crops
that drive changes (Schaldach et al., 2011); and MAgPIE includes demands
for food, feed, livestock production, bioenergy, and in a recent application
a price on GHG emissions (Humpenöder et al., 2014). Although scenarios
are evaluated that contain biodiversity protection or afforestation for carbon
sequestration, these land changes are often superimposed by assumptions and
not simulated as an explicit demand which competes with demand for food
and feed production. At the same time, the demands for services, such as
climate change mitigation and biodiversity protection, are increasingly driving
land use and land cover changes, mainly through the implementation of new
policies or incentives (Wolff et al., 2015).
In this paper we assess how and to what extent the inclusion of alternative
sets of demands on land resources influence future land use patterns and
intensities in a global land change model. Specifically, we include demands for
carbon storage and biodiversity protection. The results of our scenarios are
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analyzed in terms of changes in agricultural extent and intensity, as well as the
changes in forest cover and grassland cover. This paper first introduces the
model and experiments, then presents the results, and subsequently provides a
discussion on the ways in which demands for multiple services can be included
in global scale model-based assessments.

3.2
3.2.1

Methods
Simulating land system changes with the CLUMondo
model

CLUMondo is a forward looking model that simulates land system changes
in response to various types of exogenously defined demand (van Asselen and
Verburg, 2013). Land systems refer to typical combinations of land uses and
land use intensities, with each land system potentially providing multiple goods
or services (van Asselen and Verburg, 2012). Each land system consists of a
combination of cropland, grassland, tree cover, bare land, and built-up land.
The amounts of each of these differ per land system, representing the typical
land cover mosaic characteristic for the land system. To account for regional
differences, the precise cover fractions of the same overall land system may
differ per model world region. Hence the amount of tree area in a mosaic
grassland and forest system can be different in Oceania and in Central America.
Moreover, each land system produces a combination of goods and services,
such as head of ruminant livestock, tons of crop products, and tons of carbon
sequestered. The amount of goods and services provided differs from one land
system to the other, depending on the area used for production as well as the
intensity of management of these land systems. Land use intensities can also
differ per model region. For example, the total crop production from intensive
cropland systems in Western Europe is roughly three times higher than that
from the same system in Southern Africa, thus accounting for the specific
regional conditions and production systems.
In the CLUMondo model, land system changes are allocated based on local
suitability, spatial restrictions, and the competition between land systems driven
by the demands for different goods and services (van Asselen and Verburg,
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2013). The local suitability is estimated by fitting empirical relationships
between the current spatial occurrence of a given land system (i.e. the response
variable) and a set of explanatory biophysical and socioeconomic variables
to a logistic regression. Spatial restrictions represent specific constraints for
specific land systems, such as protected areas that prohibit the expansion of
urban land and biophysical conditions that limit agricultural activities. The
competition between land systems is simulated based on the ability of land
systems to supply the goods or services for which there is a demand. In a
numerical algorithm, the competitive advantage of the different land systems
is iteratively modified based on demands for goods and services that are not
yet provided. When land systems have a competitive advantage in supplying
multiple (undersupplied) demands the competitive advantages are added. A
solution (equilibrium) is found when all demands are fulfilled by the allocated
land systems. Hence, in contrast to some other land change models CLUMondo
does not use a hierarchy or heuristic to handle trade-offs between competing
demands.
The intensification of agricultural land systems is also influenced by the
availability of land that may potentially be used for cropland. This influence
accounts for the restricted land availability as well as the connection of farm
practices to a specific location, for example due to residency and land ownership.
This mechanism can stimulate agricultural intensification in the case of limited
land availability for agricultural expansion. At the same time, if land that is
suitable for agriculture is available in other locations within a region, expansion
in those locations is preferred over intensification of marginal areas. Essentially,
this effect simulates local deviations in land price, resulting from land scarcity
in the local neighborhood. This incorporation of land availability is different
from other land change models, as these often simulate land prices on a country
or regional level without accounting for the local variation in land availability.
The strength of this neighborhood mechanism is determined by a parameter.
To some extent, the neighborhood effect may be sensitive to the specification
of this parameter. To assess this, we conducted a sensitivity analysis for one
world region, Southeast Asia. The sensitivity analysis (Figure B.1) shows that
a higher weight attributed to this neighborhood effect results in stronger overall
intensification. At the same time, the sensitivity analysis indicates that upon
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modest variations in the weight of this mechanism the outcomes only show relatively small differences. The functioning of the CLUMondo model is described
in more detail by van Asselen and Verburg (2013) while the model and source
code are made available at http://www.environmentalgeography.nl/site/datamodels/data/clumondo-model/.

3.2.2

Scenarios based on different types of demand

We defined three scenarios to assess how different demand types influence land
system changes. The reference scenario is driven by three demand types: 1)
crop production, 2) ruminant livestock, and 3) built-up area. Subsequently, we
analyze changes under two alternative scenarios, which are characterized by
additional demands for terrestrial carbon storage and biodiversity protection,
respectively. This addition did not change the number and definition of the land
systems included in our model, but each land system is further characterized
by its capacity to provide these additional services. These novel demands affect
land system changes in the model similar to the above mentioned demand types:
each land system contributes a certain amount to fulfilling these demands, and,
as long as demands are not met in a region, the land systems that contribute
more to fulfilling these demands than the current land system at that location
are given a higher competitive advantage in the allocation procedure. As the
different demands are treated equally during the simulation, competition in
fulfilling different demands is dynamically simulated while no prior hierarchy
or heuristic was used (van Asselen and Verburg, 2013). The implementation of
demands for carbon storage and biodiversity protection represents a situation
in which policy targets are implemented for meeting minimum levels of these
services. Locations for carbon storage and biodiversity protection are not
designated in advance but emerge as a consequence of the dynamic simulation
in the model.
The reference scenario provides a marker from which changes in the subsequent two scenarios can be measured. This scenario is based on the United
Nations Food and Agriculture Organization’s (FAO) report titled World Agriculture Towards 2030/2050, the 2012 revision (Alexandratos and Bruinsma,
2012), which describes crop and livestock commodities in terms of land use
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and intensities up to the year 2050, for most countries. This projection was
implemented in the integrated assessment model IMAGE (Stehfest et al., 2014),
which then provided projected demands for tons of crop production, and head
of ruminant livestock for CLUMondo’s 24 model regions. Ruminant livestock
aggregates non-dairy cattle, dairy cattle, sheep, and goats into one demand
category. Other livestock, particularly pigs and poultry, are not considered as
they are increasingly being raised in systems which are decoupled from any
specific biophysical properties of the land (Letourneau et al., 2012). Demand
for tons of crop production was provided for ten-year intervals, and thus we
linearly interpolated within each 10year period to obtain yearly crop demands.
The third demand in the reference scenario, built-up area, was supplied by the
IMAGE urban demand model (Bouwman et al., 2006). The year 2000 demands
were rescaled to match the year 2000 production provided according to the
land systems map for that year. The land systems map of 2000 was based on
the spatially explicit production estimates using the production maps from Ramankutty et al. (2008) and Monfreda et al. (2008) and livestock density maps
from the FAO (2007). While discrepancies between different data sources can
have multiple reasons (Verburg et al., 2011) we decided to stick to the absolute
quantities in the land systems map for the year 2000 and re-scale trends in
demand based on the FAO scenario for each subsequent year. The demand
for all services in 2000 and 2040 are presented in Table A.2. Additionally, we
applied an exogenous productivity increase factor to all land systems for both
crop production and ruminant livestock production, as specified in Table A.3.
This was based on FAO projections of rates of technological advances, as opposed to productivity increases as a result of changes of management intensity,
which are endogenously simulated by changes in land systems.
The carbon storage scenario assumes a global implementation of policies that
aim to reduce deforestation in order to reduce GHG emissions. Consequently,
this scenario includes demands for tons of crop production, head of bovines,
goats, and sheep, built-up area, and tons of carbon. Therefore, an extra demand
was added in addition to crop production, ruminant livestock, and built-up area.
There are few quantifiable targets for carbon storage in the terrestrial biosphere.
Rather, most targets call for a reduction in total emissions (Kyoto Protocol,
1998; Rogelj et al., 2011; UN-REDD, 2011), or a reduction in atmospheric
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carbon concentrations through reducing emissions from terrestrial sources and
increasing carbon stored in terrestrial sinks (Hansen et al., 2008). In this study,
we implemented a no net loss scenario, where carbon content of above and below
ground biomass for all model years is at least equal to the total carbon storage
in the year 2000. The carbon content for each land system in each model
region was also based on values from the same IPCC Tier-1 Global Biomass
Carbon Map for the Year 2000 (Ruesch and Gibbs., 2008). For implementation
in CLUMondo, we calculated the average carbon content of each land system
in each region, shown in Tables A.4 and A.5. The demand for carbon storage
was determined for each of the 24 model regions individually (Table A.2), and
therefore does not reflect any carbon trading schemes, displacement, or leakage
effects that may occur as a result of implemented policies. It was assumed
that all land systems contributed to the carbon storage demand to different
degrees. Similarly to other demand types, the ability of the different land
systems to satisfy carbon demand influences their competitive advantage in
the competition for being allocated at a certain location. For example, in the
case of undersupply of carbon, a dense forest system (higher carbon content) is
provided a higher competitive advantage compared to other land systems that
have a lower carbon content (e.g. open forest). However, although peri-urban
and urban land systems may contribute to the overall carbon storage, these
systems will never be given a competitive advantage in the model as a means
to increase carbon storage, even if they would include more carbon than the
current system at that location.
The biodiversity protection scenario assesses the land change consequences
of policy measures that aim to preserve natural habitat to prevent a loss of
biodiversity. Specifically, we base this scenario on the national targets for
protected land area described in Butchart et al. (2015). These national targets
were established in reaction to the Convention on Biological Diversity’s Aichi
biodiversity target 11, which states that 17% of terrestrial area should be
protected by 2020 (CBD, 2010). As demands in the CLUMondo model are
defined per model region, we defined a demand for potentially protected area
per model region (Table A.2). In this scenario, the four land systems that
closest resemble natural vegetation were considered to contribute to potentially
protected areas. These land systems are: Dense forest, Mosaic grassland and
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forest, Mosaic grassland and bare, and Natural grassland. Within these natural
land systems, only their forest and grassland portions of area count towards the
potentially protected area demand. Existing protected areas that fall under the
IUCN categories I through IV maintain their initial land system classification
throughout the scenario, contributing the parameterized amount of protected
area to satisfy the protected area demand. This is a simplification of the Aichi
target, which aims to protect a representative sample of all ecosystems by
calling for protection of a minimum of 10% of each ecoregion within a country.
However, such implementation was not possible given the set-up of the model,
using model regions. Similar to the carbon scenario, the demand for potentially
protected area was included as a minimum amount of potentially protected
area only. As done in the carbon scenario, a competitive advantage is given to
the ‘natural’ land systems when the demand for potentially protected areas
is not met in a model region. The algorithm simultaneously accounts for this
demand and the demands for agricultural production and built-up area.
All simulations in this study start in the year 2000 and run until the year
2040, using yearly time steps. Thus, a quantity for each demand type is specified
for each year between 2000 and 2040. Simulations start from a land systems
map for the year 2000, which is an adjusted version of the land systems map
presented in van Asselen and Verburg (2012). This adjustment was required
as this study did not include any land systems that specifically cater to pig
and poultry production. Therefore, all land systems defined by a capacity to
produce pigs and poultry in van Asselen and Verburg (2012) were merged with
the corresponding land systems without pigs and poultry. This hierarchical
classification is presented in Figure B.2. The new land systems map required a
recalibration of the logistic regression parameters. Other model settings are
similar to CLUMondo implementation described in van Asselen and Verburg
(2013) and Eitelberg et al. (2015). In the model set-up, we assume that all
demands will be fulfilled by land system changes within the region considered,
thus spill-over effects between world regions were not simulated. The analysis
is performed at a spatial resolution of 9.25 km × 9.25 km (85.56 km2 ), in
the WGS 1984 Eckert IV equal area projection. There are 24 model regions,
identified in Figure B.4, for which specifications are adapted to represent the
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typical processes taking place in each respective region rather than assuming a
globally homogeneous response.

3.2.3

Analysis of outputs

The land system changes simulated based on the three different scenarios are
presented and analyzed in terms of their changes in cropland intensity and
area, and the amount of tree and grass area. As the model simulates changes
on the cell level, we aggregated results from the cell level to both the level
of countries and analysis regions (see Figure B.5 for a map of these analysis
regions), in order to illustrate the effects on different scales. These analysis
regions are aggregations of one or more model regions and facilitate a more
global interpretation and visualization of results compared to results presented
at the model region scale. Each land system is characterized in terms of
cropland, tree, grass, bare, and built-up area per cell. Similarly, each land
system is capable of producing a specified amount of crop (tons) and ruminant
livestock (head of livestock) per cell. The sup-pixel areas and production levels
are uniquely calculated for each land system within each model region. We
use these region-specific properties to analyze the scenario results in terms of
changes in cropland intensity and area, and changes in tree and grass area.
The crop production change satisfied by a change in intensity and area is
determined using Equations 3.1 and 3.2:
Cropintens =

∆Yi ∗ Aendi

(3.1)

∆Ai ∗ Ystarti

(3.2)

X
i

Croparea =

X
i

Here, Cropintens is the change in production due to changes in intensity, while
Croparea is the change in production due to changes in cultivated area. Y is
the crop yield (tons/km2 ) for a cell, i, A is the cropland area, for the same
cell, i. The crop production change due to intensity and area for each cell is
summed within analysis regions to calculate the total change per region. These
changes in production, intensity, area, and yield are the result of conversions
between land systems, based on their production and area characteristics.
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3.3
3.3.1

Results
Crop area and intensity changes

In all scenarios the increase in demand for cropland products is met by a combination of changes in cropland area and management intensity. To highlight
country level changes, Figure 3.1 shows the percent change in crop yield and
cropland area between 2000 and 2040 for the reference scenario, as well as
details of three selected areas. Figure 3.1a shows that central South America
experiences slight intensification and a relatively large amount of cropland
expansion. This is possible because of relatively low population densities and
a high amount of available land. Figure 3.1b shows that Eastern Europe
undergoes both intensification and cropland contraction, driven by greater
management intensity and decreasing demand for crop production in this
model region. Figure 3.1c shows that India experiences a higher degree of
intensification with almost no expansion due to lack of space. To highlight
changes at the level of analysis regions, Figure 3.2 shows that in the reference
scenario intensification is the main source for increased crop production, while
expansion contributes much less. In addition, we also observe a small amount
of disintensification in all regions, often in places where conditions are rather
marginal for crop production. Similarly, all regions experience both expansion
and contraction of cropland. However, while some regions experience greater
expansion than contraction due to increasing demand for crop production and
sufficient land resources, e.g. Latin America, Oceania, and Sub-Saharan Africa,
other regions experience the opposite due to abandonment of marginal lands
in favor of more productive areas, e.g. Canada and USA, China, and Europe.
These patterns of land system change throughout the world show an overall
trend towards intensifying crop production and thus a specialization of land
systems.
Adding demands for carbon storage or biodiversity conservation changes
the way in which the increased demand for cropland products is satisfied,
as a consequence of increased competition for land resources. As detailed
in Figure 3.2, these scenarios result in increased intensification of existing
cropland areas and reduced expansion in most analysis regions, such as in
Europe, China, and Latin America. The effect of additional demand types on
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Figure 3.1 Cropland changes in the reference scenario. Change in crop yield is
expressed as percent change in yield relative to year 2000 for each country. Change in
cropland area is expressed as percent change in total cropland area between 2000 and
2040 for each country. Panels a–c show land systems for the years 2000 (upper row)
and 2040 (lower row).
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disintensification is less consistent. For example, under the carbon demand
scenario, Europe, and Canada and the USA face increased disintensification due
to abandoned cropland fulfilling demand for carbon. Also, less disintensification
is seen in China and Oceania, where cropland remains stable due to relatively
low carbon content in extensive cropland systems in these regions. Hence,
there is no push towards these systems. The carbon targets result in a higher
contraction of cropland area in all regions. In areas with higher demand for
crop production and sufficient land area, like Oceania, and Canada and the
USA, cropland is replaced by more carbon rich land systems, such as dense
forest, and mosaic cropland and forest. To satisfy demand for crop production
in light of the cropland contraction in these regions, there is a simultaneous
expansion of cropland into less carbon rich grassland systems. This causes a
trend of specialization of land systems, i.e. an increase in systems that are
either providing high amounts of agricultural production or providing high
amounts of carbon storage.
Introducing a demand for biodiversity protection, in the form of potentially
protected areas, results to a large extent in the same cropland intensity and
area change patterns as the carbon scenario. However, often the effect is
stronger, as shown by greater differences in Figure 3.2. Europe, for example,
experiences greater intensification, greater contraction, and less expansion
in the biodiversity scenario than in carbon storage or reference scenarios.
Russia, on the other hand, undergoes both increased expansion and contraction
relative to the reference scenario, indicating that the biodiversity demand is
causing cropland areas to move to new locations that are of less value to the
biodiversity demand. In Latin America, the biodiversity scenario results in
less intensification, disintensification, expansion, and contraction, relative to
the reference scenario, indicating that the arrangement of land here is already
more ideal for biodiversity than is seen in other areas. Many of these trends
can be attributed to the assumption that only natural systems contribute to
biodiversity protection, while carbon can be sequestered in all land systems.
For example, China, Europe, and the Middle East and North Africa show both
greater intensification and greater contraction, thus a specialization of land
systems.
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Figure 3.2 Simulation results aggregated to 10 analysis regions in terms of % change
in crop production due to intensity and area changes between 2000 and 2040. Int. =
Intensification, Disint. = Disintensification, Exp. = Expansion (of area), Cont. =
Contraction (of area). An * means that the additional demand in the scenario was
already satisfied by the reference scenario.
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3.3.2

Tree and grass area changes

Changes in tree and grass area in the reference scenario are mainly a consequence of other changes, such as cropland expansion and urbanization. This
is no surprise, as the reference scenario has no explicit demand for forests or
related services, and grassland areas are only partly used as grazing area for
ruminant livestock. Figures 3.3 and 3.4 show changes in grass and tree area
graphically, with the data aggregated to country scale. Tables 3.1 and 3.2
show tree and grassland area changes numerically, for the coarser analysis
regions. Figure 3.3a shows that in the reference scenario the largest proportional losses in tree area per country are found in Eastern Africa, and India,
while the largest proportional increases in tree area are expected in Eastern
Europe. The increased forest area in Eastern Europe is due to decreasing
demand for crop products and a subsequent abandonment of agricultural land.
Similarly, Figure 3.4a shows that the largest proportional losses in grass area
per country are found in Western Europe and parts of Western Africa, due to
conversions from grassland to mosaic systems and from mosaic to cropland
systems. Conversely, the largest relative increases in grass area are seen in
parts of Central America and other parts of Western Africa, due to conversions
from forest systems to mosaic and grassland systems. Other countries, such as
Argentina and China, show smaller proportional changes in grass and tree area,
although their absolute area changes are still quite large, simply because the
total land area of these countries is large and there was a considerable amount
of grassland already in 2000.
Cropland expansion can come at the expense of forests and grassland, as
some of these areas have a high potential for agricultural production. However,
by including a carbon scenario, we show that in many analysis regions the
tree and grass area decreases less or even increases when compared to the
reference scenario. For example, Figure 3.3b shows that the USA, Turkey, and
parts of Eastern Europe have an increase in tree area rather than a decrease.
Similarly, Australia and parts of eastern Africa show smaller losses of tree
area, when compared to the reference scenario. Grass area, on the other hand,
decreases more in some areas, like Mexico, Colombia, and Madagascar, due
to a push towards high carbon density forest systems. Table 3.1 shows that
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Table 3.1 Percent and magnitude of changes in tree area in each scenario, relative to
the starting year, aggregated to 10 analysis regions.
Reference scenario
Analysis region

%

km2

Canada and USA
-2.0
-93743
China
-0.7
-8762
Europe
6.6
99837
India
-21.6
-112440
Latin America
-1.7
-132367
Middle East and North Africa
7.2
8131
Oceania
-7.5
-49224
Russia and Central Asia
1.8
82030
SE Asia, Japan, and Korea
-6.4
-174428
Sub-Saharan Africa
-3.7
-167131
World
-1.9
-548096
* The additional demand was already satisfied by the

Carbon scenario
%
5.2
0.4
8.9
-18.6
1.8
26.9
-0.8
1.8*
3.0
-0.5
2.1
reference

km2
241696
5397
134954
-96612
144778
30291
-5296
82030*
81406
-24176
594467
scenario

Biodiversity scenario
%

km2

-9.5
-1.8
28.5
-13.1
-1.7
9.3
-7.5*
9.2
-6.7
-3.7*
-0.7

-443085
-23295
432348
-68367
-136225
10443
-49224*
424079
-183513
-167131*
-203969

Table 3.2 Percent and magnitude of change for grassland in each scenario, aggregated
to 10 analysis regions.
Reference scenario
Analysis region

%

km2

Canada and USA
-7.7
-188711
China
-1.2
-42474
Europe
-9.4
-70039
India
-1.9
-9414
Latin America
-4.7
-233777
Middle East and North Africa
0.5
7868
Oceania
-0.3
-9030
Russia and Central Asia
-7.3
-232299
SE Asia, Japan, and Korea
4.2
3042
Sub-Saharan Africa
-2.9
-209410
World total
-3.6
-984242
* The additional demand was already satisfied by the

Carbon scenario
%
-8.6
-2.1
-9.8
-2.6
-7.2
-0.1
-1.5
-7.3*
-2.8
-2.7
-4.4
reference

km2
-210382
-73794
-72345
-12397
-359032
-1782
-42233
-232299*
-2043
-194583
-1200890
scenario

Biodiversity scenario
%

km2

-7.9
-1.6
-13.2
15.1
-4.6
3.4
-0.3*
-10.3
4.4
-2.9*
-3.7

-192002
-55862
-97756
73362
-231947
53334
-9030*
-326547
3165
-209410*
-992692
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Figure 3.3 Change in tree area per country, aggregated from pixel-level results. Panel
a shows the reference scenario tree area change while panels b and c show the carbon
and biodiversity protection scenarios, respectively.
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Figure 3.4 Percent change in grassland area per country, aggregated from pixel-level
results. Panel a shows the reference scenario while panels b and c show the carbon
and biodiversity scenarios, respectively.
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on the analysis region scale, a demand for terrestrial carbon results in greater
tree area when compared to the reference, while Table 3.2 shows that the same
scenario actually results in less total grass area in all analysis regions except
for Sub-Saharan Africa. However, when looking specifically at the natural
grassland systems we see larger natural grassland area in many analysis regions,
including Canada and USA, China, Europe, Latin America, and Sub-Saharan
Africa, while still seeing an increase in natural forest systems, relative to the
reference scenario.
The demand for area for biodiversity protection can be satisfied only by
natural land systems in our scenarios. Therefore, only grassland and forest
areas included in these natural systems contribute to the supply of potentially
protected area, while grassland and forest area included in other land systems
is ignored. This makes this scenario different from the carbon scenario, in
which carbon stored in any of the land systems contributes to the demand.
Still, this scenario results in largely the same patterns that are seen in the
carbon scenario, with only a few differences. Figure 3.3c, for example, shows
a greater decrease in tree area in Canada relative to the reference scenario,
which is a result of the protected area demand being fulfilled by grassland
systems. However, when comparing only the tree area in natural land systems,
there is an increase in area across all analysis regions when compared to the
reference scenario. Total grass area, on the other hand, decreases in China,
Europe, and Russia and Central Asia due to conversion from grassland to
forest systems, while conversions from cropland to grassland systems leads
to an increase in India, Latin America, Middle East and North Africa, and
Southeast Asia, Japan, and Korea, as seen in Table 3.2. Again, when looking
at only the natural grassland systems, an increase in grass area is seen in all
regions except for Europe and Russia and Central Asia.

3.3.3

Local consequences of global demands

The different scenarios result in different local responses to demands for ecosystem services. For example, the carbon scenario generally yields more dense
forests, but in some countries there is no difference between the reference
scenario and the carbon scenario because the demand for carbon storage is
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already met in the reference scenario. Figure 3.5 shows an illustration of the
local consequences that can be seen at a cellular level of global demands in
two countries: Nicaragua and Finland. In Nicaragua, the carbon scenario
results in much more dense forest, and preservation of mosaic cropland and
forest systems. In the reference scenario much of the mosaic cropland and
forest systems convert to strictly cropland systems. Figure 3.5 shows that
Nicaragua also experiences a greater degree of cropland intensification, less
expansion, and more contraction in the carbon scenario than in the reference.
In Finland, the biodiversity protection scenario results in greater forest area
than the reference scenario, and similar to the carbon scenario, a higher degree
of cropland intensification, less cropland expansion, and greater contraction.

Figure 3.5 Comparison of model results, showing year 2000, year 2040 for the
reference, and year 2040 for the alternative scenario. The alternative scenarios for
Nicaragua, and Finland, are carbon and biodiversity protection, respectively. The
simplified legend only shows land systems that are present in both countries, to
facilitate visualization of the key differences between scenarios. The bar charts show
the percent change in cropland intensity and area for the respective scenarios.
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3.4
3.4.1

Discussion
Discussion of results

Although the increasing demand for crop and ruminant livestock production
consistently drive land systems towards more intensified production, the three
scenarios result in different future land system trajectories and thus different
distributions of land systems. Accounting for multiple demand types introduces
increased competition and a stimulus to convert to different land systems. These
conversions can either result in land systems that fulfill multiple demands at
once (multifunctional land systems) or land systems that are specialized to
produce a large amount of one particular good or service. Overall, accounting for
either a carbon storage or a biodiversity protection demand leads to increased
intensification relative to the reference scenario. The biodiversity scenario leads
to stronger intensification than the carbon scenario. This is because carbon
storage can be provided to some extent by all land systems, while we assume
that protected area can only be satisfied by fully natural systems. Therefore, the
biodiversity protection scenario by definition requires a greater specialization
of land systems than the carbon scenario. The results indicate that demands
for both terrestrial carbon storage and biodiversity protection are likely to lead
to spatial segregation of more specialized land systems within regions, in the
absence of further spatial planning or spatial targeting. For example, (Havlik
et al., 2014) suggest that terrestrial carbon storage can increase when livestock
production intensifies, due to less conversion away from carbon rich natural
land systems. Other studies have shown that setting land aside for biodiversity
protection will be aided by agricultural intensification (Lambin and Meyfroidt,
2011) or that intensification will be an inevitable step towards protecting
biodiversity (Phalan et al., 2011b). On the other hand, some argue that an
increased specialization of land systems is harmful to biodiversity and fail to
capture the complex nature of the relationship between species and ecosystems,
resulting in less than ideal conditions (Butsic and Kuemmerle, 2015; Tscharntke
et al., 2012). The land system specialization seen in the scenarios presented in
this paper does not come unexpected, particularly in the biodiversity scenario
where the demand can only be satisfied by the few fully natural systems.
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However, the results show that the degree to which agricultural production
will intensify differs strongly both between and within regions.
During simulation, the model was not able to find land system configurations that could satisfy all the different demands in some regions. The model
region of India, Pakistan and Afghanistan, for example, was able to achieve
only 12% of land area dedicated to potentially protected area, while their
commitment according to Butchart et al. (2015) was 18.7%. In reality, this
could lead to leakage and spillover effects. These effects were not captured
in this exercise since the model regions act as independent entities that are
not endogenously interlinked. However, leakage effects are captured within
model regions, as the model algorithm aims at reaching a regional equilibrium. Intraregional aspects, therefore, are only represented within the demand
specification, which is exogenous to the model. It is expected that national
and regional scale ecosystem service requirements, like carbon storage, will
be exported to countries and regions that are more willing and able to satisfy
those demands Antimiani et al. (2013). Likewise, crop and livestock production
might also move to regions that have less constrained land resources. Assessing
such intraregional interactions would require the use of global models that can
deal with trade and other spill-over effects, e.g. computable general equilibrium
models.

3.4.2

Discussion of methodology

This paper has presented a novel approach by accounting for multiple competing
demands for land resources in a consistent way, providing insights on how the
competition between these demands on land may work out. The reference
scenario for this study was developed to reflect the major driving forces of global
land change: demands for crop production, ruminant livestock production,
and built-up area, which are often used as drivers in global land change
assessments. Using this setup, it was possible to compare the addition of
demands (carbon storage and biodiversity protection) to the reference to
examine differences in land system changes. All scenarios included both
exogenous and endogenous intensification. Exogenous intensification, which
results in each land system having higher yields or stocking densities, was
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defined regionally and specific to crop production and ruminant livestock, based
on the exogenous intensification factors used by the IMAGE model (Stehfest
et al., 2014). They reflect assumptions regarding future technological advances
in crop and livestock production and are presented in Table A.3. The exogenous
nature of these production increases within land systems means that they were
not a reaction to supply, demand, or competition. Endogenous intensification,
on the other hand, is the result of conversion to more intensively managed
land systems, with higher yields or stocking densities. This is a function of
production demands and the amount of available land, and reflects changes
in the intensity of land management. As these two types of intensification
are related, a lower exogenous intensification factor will increase pressure to
endogenously intensify in order to satisfy demands.
The assumptions and simplifications of the different scenarios may affect the
outcomes. The most influential assumption in these is the identification of land
systems that can contribute to potentially protected area in the biodiversity
protection scenario. We selected only those land systems that are predominantly natural, such as dense forests and natural grasslands. However, other
land systems can also contribute greatly to biodiversity. For example, many
extensive agricultural areas in Europe are part of protected natural landscapes
and managed accordingly (Kleijn et al., 2011), while they are not accounted
for in our simulations. Also, managed forest systems are not accounted for
explicitly. They would be categorized as either open forest or dense forest in
this land systems classification scheme, and therefore as natural systems in
the biodiversity scenario, when in fact their biodiversity value may be lower
than a truly natural system (Johansson et al., 2013). Another factor to be
noted is that while the Aichi Biodiversity Targets specifically call for protection
of at least 10% of each ecoregion within each country, this stratification was
not implemented in this exercise since ecoregions are not considered. Rather,
the allocation of protected area within each model region was allowed to be
comprised of any satisfactory combination of land systems. These assumptions
for potentially protected areas therefore inevitably lead to land system specialization. In reality, however, part of the demand might be satisfied through
multifunctional land systems. Similarly, the carbon scenario, applied a total
terrestrial carbon content assumption, where all terrestrial carbon from all
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land systems was assumed to contribute to a carbon demand. Consequently,
replacing carbon lost in one area with carbon gained in another area is simulated as a seamless process. This assumption is questioned by Gibbons and
Lindenmayer (2007), who indicate that differences in vegetation regimes and
the speed with which terrestrial carbon is replaced can lead to imbalances in
net carbon flows. Similarly, Reyer et al. (2014) show that expected changes
in climate will lead to northern European forests becoming more carbon rich
and southern European forests becoming less carbon rich. As carbon content
of land systems are uniform within model regions these scenarios assume that
northern European forests are equal to southern European forests in terms of
carbon content. However, the simplifications introduced by our assumptions
are justified by the length of our scenarios and the global scope of our analysis,
as this reduces their impact on the overall result.

3.4.3

Implications for land change scenario assessments

Analyses of various pathways of development and their future outcomes are
invaluable to the scientific, political, and planning communities. Driving
forces that shape land use and land cover changes increasingly include nonconsumptive uses, like carbon storage, biodiversity protection, and also other
ecosystem services. Additionally, with the appearance of international cooperation and agreements, such as with the development of REDD initiatives
(and its derivatives) and the Aichi Targets established by the Convention on
Biological Diversity, non-consumptive demands can be expected to shape land
change to a greater degree in the future. While our approach does not assess
implementations of specific policies, it does show that demands for multiple
goods and services will lead to different land system outcomes. Many existing
global assessments do not account for competing claims on land resources.
However, the results of our modeling and scenario approach indicate the relevance of accounting for a wider range of demands for land system services
in global land change assessments. Therefore, representing these demands on
land resources is essential in making realistic integrated assessments. At the
same time, the results also show that the effects of these additional ecosystem
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service demands are not uniform across the world. Rather, different regions
react uniquely to these demands.
Carbon storage and biodiversity protection in the simulated scenarios are not
subject to targeted spatial planning as they may be in reality. As a consequence,
land system patterns in this assessment emerge through competition between
different land systems and their capacities to fulfill undersupplied demands.
Hence, the results show the possible effects of synergistic and competing
demands on land. While target-setting has become a common practice to
ensure minimal levels of ecosystem service supply or agreed levels of biodiversity
protection, the competition for land resources may lead to outcomes that are
not optimal for the individual objectives. Spatial targeting, such as designating
protected areas based on biodiversity levels, may lead to more optimal outcomes
for biodiversity, but will have tradeoffs on the provisioning of other goods or
services. Our approach can be useful for informing conservation strategies
because they show that synergies exist between different conservation goals,
but also that the sole implementation of targets may not lead to the protection
of valuable biodiversity hot-spots.
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Abstract
Land systems are described based on various characteristics, including land
cover composition and agricultural production. However, it is uncertain to
what extent livestock, particularly monogastric livestock, determines land
systems. We included monogastrics in a land system classification, and statistically analyzed the land cover composition and agricultural production of
otherwise similar land systems with and without monogastric livestock. The
results indicate that land systems with monogastrics are statistically different
from their counterparts in the classification without monogastrics in terms of
grassland area and crop yields, but are less different in terms of tree area, crop
area, and ruminant livestock production. We then used a land systems map
that includes monogastrics in the classification and a similar map that does
not include monogastrics to project future changes in a novel manner that
integrates livestock as a determinant of land systems. The results show that
including monogastrics in otherwise similar projections yields less cropland
intensification and more cropland expansion in several world regions, including
Northern Africa and the Middle East. Other regions, such as Europe and
Australia, were characterized by less decrease or more increase in tree area in
the application with monogastrics, mainly due to the occurrence of open forests
with monogastrics. This study prompts a call for improved characterization of
land systems for land use and cover change (LUCC) assessments in order to
better represent LUCC driven by monogastric livestock.
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4.1

Introduction

Improving the spatially explicit characterization of the terrestrial biosphere is
important for understanding and quantifying Earth system processes. In the
past, many characterizations relied heavily on land cover information. Land
cover classes categorize land-based on the physical attributes of the Earth’s
surface such as the type of vegetation. More recently, a number of different
classification schemes have been developed, based on land use rather than land
cover (Ellis and Ramankutty, 2008; Loveland et al., 2000; Seppelt and Voinov,
2002; van Asselen and Verburg, 2012). Land use, in contrast to land cover,
is defined by the human activity in a given area such as housing and crop
cultivation (Meyer and Turner, 1994). While land use is often reflected by the
dominant land cover of an area, the relationship is not one to one (Verburg
et al., 2013). Some grasslands, for example, are used as pastures, while others
remain unused. Confusion between land cover and land use has led to large
inconsistencies between global land use datasets and model results (Feddema
et al., 2005; Prestele et al., 2016).
Some recently developed characterizations of the Earth’s surface also include
land management intensity, in addition to land cover and land use (Nachtergaele and Petri, 2008; van Asselen and Verburg, 2012). Moreover, while land
cover and land use are commonly defined by a single variable, that is, main
vegetation type or predominant utilization of land (NOAA, 2015), these new
characterizations emphasize a combination of land covers and land uses in
a particular area. Therefore, they often require multiple variables to define
land systems. This is particularly useful because it allows for multiple natural
and human characteristics of land to be represented by a single category or
system (Turner et al., 2013). In addition, at the resolutions that are typically
applied in large-scale assessments, each spatial unit will rarely be characterized
by a single land use or cover. Instead, spatial units will typically consist of
a mosaic of multiple land uses and land covers. Such a characterization of
land systems is similar to farming systems classifications, but encompasses also
other land uses in addition to agriculture.
Many of the new approaches to characterize land systems include cropland
and cropland intensity as a defining characteristic, but they differ in their
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representation of livestock. For example, Ellis et al. (2010) developed a land
classification scheme to capture the human influence on Earth’s biomes, dubbing
it a map of anthromes. This scheme is based on the human influence or
naturalness of a landscape, and uses pasture area as a defining factor, but
not livestock directly. Václavík et al. (2013) and Levers et al. (2015) used a
self-organizing map algorithm to classify land, calling the results land system
archetypes. While they include pasture area in this method, it is only ruminant
livestock (bovines, goats, and sheep) that are assumed to occupy the pastures.
The Land Degradation Assessment in Drylands project built upon the GLC2000
land cover map by adding cropping intensity and ruminant livestock density in
their classification (Nachtergaele and Petri, 2008). van Asselen and Verburg
(2012) include cropping intensity and ruminant livestock density in their land
systems classification, but they go a step further and also include pigs and
poultry (henceforth named monogastric livestock).
These examples indicate that there is no agreement as to which livestock
types, if any, are determinants of land systems. In reality, there exists great
variation in the relationship between land and livestock, especially in the case
of monogastric livestock (Naylor et al., 2005). In modern intensive farming systems, monogastric livestock production is to a large extent decoupled from local
land resources and fed by imported feed. These systems do retain a connection
to land through the need for feed production and disposal of manure. However,
they might only influence land systems in distant locations, that is, through
telecoupling (Friis et al., 2016). In contrast, traditional monogastric production
is more directly reliant upon its immediate surroundings for resources. In
these systems, feed is locally sourced and by-products of their production are
disposed of locally, thus defining the land systems to greater degree (Steinfeld
et al., 2006).
The choice of land system characteristics included in classification schemes
not only have consequences for land systems mapping, but can also influence
land use and cover change (LUCC) assessments. As these maps are often
used as a starting point for model-based LUCC assessments, the selection of
characteristics determines the drivers in response to which land systems can
change. Given projections of increasing demand for meat products in human
diets, the consideration of this demand as a driver of land system change is
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critical (Bouwman et al., 2005). While multiple demands on land systems are
increasingly acknowledged, there is no consensus on what the influence is of the
various classification schemes on the resulting land systems maps and LUCC
scenarios (Eitelberg et al., 2016).
In this study, we analyze the influence of including monogastrics in the classification schemes on land systems maps and model-based LUCC assessments.
To do this, we statistically test the difference between land systems characterized by the presence of monogastrics and otherwise similar land systems
with only few or no monogastrics. In addition, we compare the land systems
map based on a classification including monogastrics, with an otherwise similar
map that does not use monogastrics in the classification scheme. Subsequently,
we assess how the differences between the two classifications propagate in a
model-based LUCC projection. We hypothesize that land systems that are
characterized by the presence of monogastrics will be significantly different
from their counterparts not characterized by monogastrics, in terms of their
land cover composition and their agricultural production. Additionally, we
expect large regional differences, as monogastrics are raised in landless systems
in several parts of the world, while they are part of land-based production
systems in other regions (Erb et al., 2012). Furthermore, we hypothesize that
the inclusion or exclusion of monogastrics in land change projections will lead
to alternative trajectories of land change in some locations, due to connections
between livestock production and other types of land use activities.

4.2
4.2.1

Methods
Mapping land systems

This study utilizes two different land system classifications to analyze the effect
of representing monogastrics explicitly. These land system classifications are
created using an expert-based hierarchical classification approach and only
differ in their representation of monogastric livestock. The first classification,
henceforth named the ’classification without monogastrics’, characterizes land
systems based on the areas of built-up land, bare land, cropland, grassland, and
tree cover, as well as the number of ruminant livestock. Number of ruminant
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Table 4.1 Datasets used in the hierarchical classification of land systems (van Asselen
and Verburg, 2012).
Classification factor

Resolution

Unit

Reference

Tree & bare cover
Cropland cover
Built-up area
Ruminant livestock density
Monogastric livestock density
Efficiency of agricultural production

500 m
5 arcminute
500 m
3 arcminute
5 arcminute
Interpolated
from point data

%
%
%
head per km2
head per km2
ratio (0-1)

(Hansen et al., 2003)
(Ramankutty et al., 2008)
(Schneider et al., 2009)
(FAO, 2007)
(Robinson et al., 2014)
(Neumann et al., 2010)

livestock was used, rather than ruminant livestock units, for a number of
reasons. Ruminant feed intake differs between bovines and goats and sheep,
as expressed in their livestock units. However, goats and sheep are primarily
fed from grass and scavenging (Bouwman et al., 2005) hence these animals
directly shape the land systems they occupy. Increased bovine production over
the past 30 years has come primarily from landless systems, which on average
depend directly on grass for less than 50% of their feed (Bouwman et al., 2005),
and thus has had less of a direct impact on land systems. As the difference in
livestock units and feed composition more or less offset each other, we chose
to count head of ruminant livestock, assuming that on a global-scale direct
land system impacts of bovines, goats, and sheep are similar. However, for
more local-scale assessments their impacts on land systems may differ greatly.
This land systems classification additionally uses efficiency of production
from Neumann et al. (2010) to subdivide cropland systems into three intensity
levels. The underlying assumption of this classification is that monogastrics are
not major determinants of land systems as they are predominantly decoupled
from local land resources, that is, landless production systems. The second
classification, henceforth named the ’classification with monogastrics’, uses
number of monogastric livestock units to classify land systems, in addition
to the data used in the classification without monogastrics. Livestock units
were calculated by converting the number of livestock to livestock unit using
the region-specific conversion factors described in Chilonda and Otte (2006).
Table 4.1 provides an overview of all datasets used.
The addition of monogastrics in the classification resulted in a different
number of land systems in the two classification systems: respectively counting
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24 and 30. The additional systems in the classification with monogastrics
include three cropland systems, one mosaic cropland and grassland system,
one mosaic cropland and forest system, and one open forest system. These
additional systems are the result of a differentiation between land systems
with a monogastric livestock density higher than 10 livestock units per square
kilometer, and their corresponding systems with a monogastric livestock density
lower than 10 livestock units per square kilometer. The threshold of 10
livestock units was determined to best represent the true land systems on
a global scale based on expert rules and statistical clustering techniques as
descried in (van Asselen and Verburg, 2012). The correspondence between land
systems in both classifications are shown in Table 4.2. The with and without
monogastrics hierarchical classification schemes are depicted in Figures B.2
and B.3, respectively.
We first compared the characteristics of the land systems in the classification
with monogastrics with their corresponding counterparts from the classification
without monogastrics. Corresponding land systems indicates the land systems
with monogastrics or the land systems with few livestock (FLS) from the
classification with monogastrics and the land systems with few ruminants with
which they correspond (see Table 4.2). This was performed based on the regions
used in the IMAGE model (see Figure B.4), which are delineated to represent
homogenous regions in terms of the processes governing and driving LUCC and
which are frequently used in major global environmental assessments (Stehfest
et al., 2014). These differences are expressed as a percentage difference between
regional averages for each land system characteristic separately (i.e. cropland
area, grass area, tree area, crop yield, and head of ruminants) and presented in
boxplot format. This gives a visual representation of the differences between
the two classifications.
Second, in the classification with monogastrics, we analyze the statistical difference between land systems with monogastrics (i.e. ≥10 livestock
units/km2) and those with a few livestock (i.e. <10 livestock units/km2)
for the same land system characteristics (i.e. cropland area, grass area, tree
area, crop yield, and head of ruminants). These statistical analyses are also
based on the regional values for land system characteristics. For each pair of
corresponding land systems we analyzed all land system characteristics (i.e.
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Table 4.2 Correspondence between land systems in the classification with monogastrics
and without monogastrics.
Land systems in the
classification without monogastrics

Corresponding land systems in the
classification with monogastrics

Cropland extensive few ruminants

Cropland extensive FLS; Cropland extensive
with monogastrics
No change
Cropland medium intensive FLS; Cropland
medium intensive with monogastrics
No change
Cropland intensive with FLS; Cropland intensive
with monogastrics
No change
No change
Mosaic cropland (extensive) and grassland with
FLS; Mosaic cropland and grassland with
monogastrics
Mosaic cropland (medium intensive) and grassland with FLS; Mosaic cropland and grassland
with monogastrics
Mosaic cropland (intensive) and grassland with
FLS; Mosaic cropland and grassland with
monogastrics
Mosaic cropland (extensive) and forest with FLS;
Mosaic cropland and forest with monogastrics
Mosaic cropland (medium intensive) and forest
with FLS; Mosaic cropland and forest with
monogastrics
Mosaic cropland (intensive) and forest with FLS;
Mosaic cropland and forest with monogastrics
No change
Open forest FLS; Open forest with monogastrics
No change
No change
No change
Grassland FLS a
No change
Bare; Bare FLS
Bare FLS
No change
No change

Cropland extensive with ruminants
Cropland medium intensive few ruminants
Cropland medium intensive with ruminants
Cropland intensive few ruminants
Cropland, intensive, with ruminants
Mosaic cropland and grassland, with ruminants
Mosaic cropland (extensive) and grassland few
ruminants
Mosaic cropland (medium intensive) and grassland few ruminants
Mosaic cropland (intensive) and grassland few ruminants
Mosaic cropland (extensive) and forest few ruminants
Mosaic cropland (medium intensive) and forest
few ruminants
Mosaic cropland (intensive) and forest few ruminants
Dense forest
Open forest few rum
Mosaic grassland and forest
Mosaic grassland and bare
Natural grassland
Grassland few ruminants a
Grassland with ruminants
Bare
Bare few ruminants
Peri-urban & villages
Urban

The naming of these land systems is different in both classifications to keep a consisting naming
convention within each classification, while the land systems itself are similar.
FLS means few livestock, which indicates the land system contains less than 100 heads of ruminant
livestock per km2 and less than 10 livestock units of monogastrics per km2 . No change indicate
land systems that are identical in both classifications as their characterization is not affected
by the inclusion of monogastrics.
a
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area per land cover type, crop yield, and head of ruminants), using the values
for all 24 world regions as observations in a paired t-test:
Pn

d

t= q

s2
n

=

i=1

F LSi −M oni
qn
s2
n

(4.1)

In this equation, d is the average difference in the land system characteristic of
interest, s2 is the sample variance, n is the sample size, and t is the paired sample
t-test value. The value of d is calculated using the land system characteristics
of the few livestock land system (F LS) and the corresponding monogastric
land system (M on) (see Table 4.2), averaged over all regions (i). We also
analyzed for the classification with monogastrics in which regions the inclusion
of monogastrics yields significantly different land systems. For this analysis we
also used a paired t-test, with the values for all affected land systems in one
region as observations, as in:
Pn

d

t= q

s2
n

=

l=1

F LSl −M onl
qn
s2
n

(4.2)

In this equation, l indicates the corresponding land systems in each region.
This analysis was conducted for each of the 24 world regions separately.

4.2.2

Simulating land system changes

We simulated land system changes globally, using the CLUMondo model.
CLUMondo is a forward-looking model that simulates changes in land systems,
rather than land cover or land use (van Asselen and Verburg, 2013). As land
systems are characterized by agricultural intensity, in addition to their land
cover, CLUMondo can respond to increases in demand for agricultural products
not only by expansion but also by intensification of existing agricultural areas.
Similarly, land systems with a high livestock density are capable of satisfying
more demand than land systems with a low livestock density. Land system
changes are allocated based on empirically derived relationships between land
systems and explanatory biophysical and socioeconomic characteristics of
locations. The relationships are estimated by a logistic regression analysis,
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based on current land system patterns. The estimated relationships are then
used to define local suitability for all land systems individually. Furthermore,
expansion of cropland systems and mosaic cropland systems is constrained by
biophysical factors such as soil types, length of growing season, aridity, and
existing land cover (Eitelberg et al., 2015).
We developed two model applications for this study: one using the land
systems classification without monogastrics and one using the land systems
classification with monogastrics. Both applications utilize demands that are
based on the United Nations Food and Agriculture Organization’s report World
Agriculture Towards 2030/2050, the 2012 revision (Alexandratos and Bruinsma,
2012). This projection was implemented in the IMAGE integrated assessment
model (Stehfest et al., 2014), the results of which then provided demands for
our LUCC projections. The application utilizing the land systems classification
without monogastrics is driven by demand for (i) tons of crop production, (ii)
head of ruminant livestock, and (iii) area of built-up land. The demand for tons
of crop production includes crop-based feed products for both ruminant and
monogastric livestock. In this sense, both applications include indirect LUCC
effects from monogastrics through their demand for feed. However, only the
application with monogastrics includes the direct effects from allocation of the
monogastrics themselves, by including an additional demand for monogastric
livestock units.
As the two land system classifications are derived in a consistent manner, the
two model applications are also comparable, differing only in the classification of
the underlying land systems map and the inclusion of an additional demand for
monogastric livestock. We analyze the differences between the results of both
model applications in terms of their simulated changes in crop yield, crop area,
tree area, and grass area. To facilitate interpretation we summed the pixel-level
differences to the level of countries, as this serves to best visualize spatial
variation and differences between the two applications globally. The results of
the LUCC projections reveal how differences stemming from alternative land
systems classifications propagate through the LUCC simulations.
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4.3
4.3.1

Results
Mapping land use systems

We compiled two different land system classifications: one map without monogastrics as a defining land system characteristic and another map with monogastrics as a defining land system characteristic. Figure 4.1a shows the map
based on the classification with monogastrics and also highlights the land
systems that are affected by adding monogastrics in classification scheme.
Figure 4.1(b) shows all locations, that is, FLS and Mon land systems, which
are affected by the difference in both classification systems. The land systems
map without monogastrics is shown in Figure B.6.
To assess the difference between the two classifications, we compared the
characteristics of the land systems in both classifications. Sixteen land systems
in the classification with monogastrics were potentially affected by including
monogastrics as a defining characteristic. These correspond to 10 land systems
in the classification without monogastrics (see Table 4.2). Figure 4.2 shows the
percentage difference in the land system characteristics between corresponding
pairs of land systems in both classifications. This figure shows that there is
relatively little difference between both classifications in terms of the cropland
area per land system. There is a systematic trend for monogastric systems (i.e.
land systems with a high number of monogastrics) to have less grass area and
more tree area than their counterparts in the classification without monogastrics.
The opposite is true for the land systems with few livestock. It is noteworthy
that the difference in grass and tree areas between corresponding land systems
in both classifications show more variation than cropland area across regions.
Monogastric systems generally have higher crop yields and higher numbers
of ruminant livestock than their counterparts in the classification without
monogastrics, but with large regional variation. This could be due to these
systems being more intensively farmed, resulting in higher production levels.
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Figure 4.1 Map (a) shows the result of the global land system classification using the
classification with monogastrics. Map (b) shows the locations of all land systems that
may be affected by including monogastrics as a defining characteristic of land systems.
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Figure 4.2 Boxplots show the percent difference between land systems in the classification with monogastrics, relative to the corresponding land system in the classification
without monogastrics for crop, grass, and tree areas, as well as tons of crop production
and number of ruminants. Each boxplot is composed of 24 values, one for each
world region. FLS signifies few livestock land systems, Mon signifies monogastric
land systems. The colors of the boxplots correspond to the legend of the global land
systems map (see Figure 4.1).

Average
value

Average
difference

Average
value

Average
difference

Grass area (km2 )
Average
value

Average
difference

Tree area (km2 )

Cropland, FLS systems
Extensive
54.0
-1.0
12.7
-3.0
15.2
3.9*
Medium intensive
57.0
-1.0
12.0
0.8
10.6
0.1
Intensive
56.7
0.8
9.1
-3.4**
10.8
0.8
Mosaic cropland and grassland,
FLS systems
Extensive
28.2
2.4*
22.9
-10.5*
5.8
0.7
Medium intensive
29.0
1.5*
21.5
-7.6**
5.6
1.0**
Intensive
29.4
1.1
19.4
-3.4
5.6
1.1*
Mosaic cropland and forest,
FLS systems
Extensive
27.0
1.4
16.5
-5.6*
29.0
-0.8
Medium intensive
27.0
1.4*
15.4
-3.4
28.7
-0.3
Intensive
26.0
2.4*
16.0
-4.6*
29.8
-2.4*
Open forest, FLS
3.9
3.1**
8.0
-0.4
46.6
0.0
*p<0.05, **p<0.01.
Average value is the average value of the FLS system. Average difference is the average difference
between the monogastric and FLS land system pairs. Average differences are relative to the FLS
system, and are computed based on the differences in each of the 24 world regions.

Original land system from
classification without monogastrics

Crop area (km2 )

78.8**
82.2**
157.0**
185.8**
134.7**
36.9
191.0**
129.4**
57.8
88.9**

187.8
213.3
262.2
193.8
224.7
260.5
209.9

Average
difference

152.2
209.8
364.9

Average
value

Crop yield (tons/km2 )

4018
4465
4709
2812

2474
2729
2923

2311
2677
3166

2604**
1709**
1222*
499

445*
-65
-454

262
-31
17

Average
difference

Ruminants (nr)
Average
value

Table 4.3 Land system characteristic values for the land systems classification with monogastrics.
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Within the classification with monogastrics we compared the land systems
with monogastrics (i.e. >10 livestock units/km2 ) to the corresponding land
systems with few livestock (i.e. <10 livestock units/km2 ). This identified
few livestock/monogastric land system pairs within the classification with
monogastrics that are statistically different from each other. Table 4.3 shows
the averages and the differences between all the pairs of corresponding land
systems, for a range of characteristics. Significant differences are indicated
with asterisks. The difference between the corresponding pairs of land systems
in terms of number of ruminant livestock is significant at the p < 0.05 level in
only four land system pairs, and not significant in six pairs. The differences
in crop yield are statistically significant for a majority of land system pairs.
Monogastric systems contain less grass area in 9 of the 10 comparisons, and
higher crop yields all 10 comparisons, relative to their FLS counterparts.
Cropland area and tree area are less affected by the subdivision. This indicates
that the land system divisions created in the classification with monogastrics
mainly affect grass area and crop yield, rather than cropland or tree area.
To identify in which world regions the classification with monogastrics
yields significantly different land systems, we assessed the differences between
all affected land systems within each region. Table 4.4 shows the differences between corresponding FLS and monogastric land systems. These results suggest
that the inclusion of monogastrics as a defining land system characteristic most
consistently affects the land system characterization in terms of number of crop
yield. This is likely due to monogastric systems generally being more intensively
farmed. Therefore, where monogastrics are scarce, production of all types, that
is, crop and livestock, is lower. For only 7 of the 24 world regions the difference
in crop production is not significant. For all other regions the difference is
significant to at least p < 0.05, and in the positive direction. This means
that monogastric systems are more productive than non-monogastric systems.
Cropland area, grassland area, and number of ruminant livestock significantly
differ in only 9 of 24 world regions, while tree area differs significantly in only
in 4 world regions. Table 4.4 also shows that in some world regions, multiple
land system characteristics differ significantly between FLS and monogastric
land systems, while in other regions it does not. In Central Asia, Oceania,
and Turkey, for example, corresponding FLS and monogastric systems are
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Table 4.4 Average differences between the FLS and monogastric land system pairs in
the classification with monogastrics scheme.
Region

Crop area
(km2 )

Brazil
1.2
Central America
0.4
Canada
3.2
China
1.4
Eastern Africa
3.9
EU East
3.0
EU West
1.2
India
1.2
Indonesia
3.3
Japan
1.1
Korea
0.9
Middle East
-1.7
Mexico
1.8
Northern Africa
-2.6
Oceania
-1.4
Russia
2.6
Southern Africa
-1.8
South America
-1.7
Southeast Asia
1.0
Central Asia
3.6
Turkey
0.2
Ukraine
1.2
USA
3.6
Western Africa
3.3
*p<0.05, **p<0.01.
Differences are relative to
land system type.

**
*
**
**
**
**

*

**
**

Grassland area
(km2 )

Tree area
(km2 )

Crop yield
(tons/km2 )

Ruminants
(nr)

-2.9
2.0
-8.6
-6.4
-1.6
-2.0
5.7
-1.5
-2.0
-15.3
-8.4
-16.5
-2.3
-2.2
-1.2
-4.9
-1.7
2.0
0.1
-10.2
-1.9
1.0
-12.8
-7.1

1.2
0.5
0.1
0.6
0.7
-1.8
-1.2
-0.7
-4.5
3.9
2.4
0.3
-1.5
1.1
0.2
0.5
-1.1
2.3
-3.4
5.7
0.6
-0.5
3.3
1.1

112.8
2.9
92.2
305.2
179.8
78.6
84.8
127.4
363.6
324.0
136.4
4.4
66.0
61.8
137.3
27.0
188.7
43.0
23.6
31.1
32.6
33.4
54.4
230.7

185.30
916.33
894.77
-122.33
1602.66
272.18
1566.08
1595.02
2476.66
139.44
-135.74
519.42
833.48
403.82
-1612.22
525.56
830.29
218.93
760.35
99.73
-382.83
393.40
909.96
2009.67

**
*
**
*
*
**

*
**
*

*

*

*

*

**
**
**
*
**
*
**
**
**
**

*
**
*
**
*
**

**

*
**

**
**
*
**
*
**

the FLS system, and are calculated within world regions, regardless of

not significantly different for any of the five land system characteristics. In
Canada, Indonesia, and the U.S.A., on the other hand, the corresponding
systems are significantly different in four of the five land system characteristics.
This indicates that in these regions the subdivision leads to truly different land
systems.

4.3.2

Projections of future LUCC

Both land systems classifications were used to project future LUCC. The demands for crop production, ruminant livestock, and built-up area were the same
for both model applications. In the application based on the classification with
monogastrics, an additional demand for production of monogastric livestock
was included. Since all other model application parameters were the same, we
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can attribute differences between the two to the demand for monogastrics and
the representation of monogastric livestock in the land systems map.
Figure 4.3 compares crop yield change and cropland area change between
2000 and 2040 for both model applications. Differences in crop yield and
cropland area between the two projections result from alternative land system
changes, resulting in differences in management intensity and cropland area.
These can be influenced by the inclusion of monogastrics, as demand for
monogastrics may compete with or displace other land systems. In terms
of crop yield, the largest differences are seen in Northern Africa and the
Middle East. In these regions, crop yield increases greater in the model
application without monogastrics (Figure 4.3(a)) than in the model application
with monogastrics (Figure 4.3(b)). This can be attributed to an increased
prevalence of mosaic cropland systems with a high number of monogastrics,
while at the same time having lower crop yields. This indicates that a demand
for monogastrics leads to a different combination of land systems to fulfill
demands, often with more extensive cropland areas. Figure 4.3(c,d) shows
that the largest differences between the applications without monogastrics
and with monogastrics, in terms of cropland area change, occur in Central
Africa. These observations are consistent with observations garnered from
differences in yield changes (Figure 4.3(a,b)). These results show that the
inclusion of monogastric livestock demand in the application with monogastrics
leads to different scenario outcomes, when compared with the application
without monogastrics.
Similar to the differences in crop yield and area, the model applications
without monogastrics and with monogastrics resulted in different outcomes
in terms of tree and grass area changes. Figure 4.4(a) shows that between
2000 and 2040, the application without monogastrics generally results in a
decrease in tree area. The largest exceptions to this are found in parts of
Western Africa and Eastern Europe. Figure 4.4((b) shows that over the same
time period in the application with monogastrics, more countries experience
an increase in tree area, for example, Australia. This can be attributed
to Open forest with monogastrics being one of the more productive land
systems in terms of monogastrics. This drives an increase in tree area in
the projection without monogastrics that is not present in the application
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with monogastrics. In terms of grass area change, Brazil, Africa, and Russia
show the largest differences, as seen in Figure 4.4(c,d). In Brazil this is due
to a greater prevalence of the Open forest with few livestock system in the
classification with monogastrics in locations where mosaic grassland systems
are more prevalent in the classification without monogastrics. Similarly, in
Western and Central Africa grassland and open forest systems are favored to
satisfy production demands in the classification with monogastrics, whereas
mosaic cropland and grassland/forest systems are favored in the classification
without monogastrics. This suggests that competition for resources as a result
of inclusion or exclusion of monogastric livestock demand has different effects
on forests and grassland in different parts of the world.

Figure 4.3 Crop yield and area changes between 2000 and 2040 for the model
applications without monogastrics and with monogastrics. Results are aggregated to
the country level.
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Figure 4.4 Change in tree and grass area between 2000 and 2040 for the model
applications without monogastrics and with monogastrics. Results are aggregated to
the country level.
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4.4
4.4.1

Discussion
Implications for land system mapping

Recently published classification schemes for global land systems have integrated aspects like land management and intensity with land cover information
to enrich the description of the Earth’s surface. By testing two different classification schemes, this paper has shown that a classification with monogastrics
yields land systems that are statistically different from their counterparts with
only few livestock in a majority of the world regions. In some cases, very large
differences between both classifications appear. These large differences are
based on the underlying data, but the small number of pixels, that is, small
sample size over which to calculate land system characteristics, contained in
some classes per world region might have inflated these differences. The fact
that adding monogastrics as a defining characteristic leads to significantly
different land systems nevertheless suggests that monogastric livestock are
indeed an important determinant of land systems. However, land systems vary
by region as agricultural production methods and the human–environment
interactions differ across space. Therefore, differences in classification schemes
affect one region more than another.
In general, regions where the classification with monogastrics does not create
statistically different land systems are either regions that produce and consume
relatively little monogastric livestock, or regions that have predominantly
landless monogastric production systems. The Middle East and Northern
Africa, for example, are dominated by the Muslim religion which forbids the
consumption of pork products. Despite high poultry consumption in these
regions, total monogastric demand is low relative to other regions where
both pork and poultry products are consumed in large quantities, which
is partially due to lower affluence (Kastner et al., 2014; Tilman and Clark,
2014). Additionally, the hot and dry climate is unfavorable for pig production
because of their reliance on water sources to cool themselves due to a lack of
sweat glands (Heine, 2004). In the U.S.A., on the other hand, the inclusion
of monogastrics as a defining land system characteristic does not lead to
significantly unique classes in terms of the land system characteristics addressed
in this paper, despite the large size of the monogastric livestock sector. As a
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large portion of livestock feed is crop based (Pradhan et al., 2013), it is possible
to raise a majority of livestock in concentrated animal feeding operations,
distant from where their feed is produced. As a consequence, the presence of
large numbers of monogastric livestock does not significantly affect the land
system properties locally.
On the other hand, the results do show that in regions where monogastric production systems are largely land-based, adding monogastrics to the
classification does create statistically different land systems. Low economic
growth in places like Western Africa has led to low degrees of intensification of
the livestock sector in this region (Steinfeld et al., 2006). Consequently, these
systems have a higher reliance on local land resources for monogastric livestock
production. In India, poultry, specifically chicken, is more often consumed
than beef or pork, due to religious beliefs prohibiting the consumption of these
meats (Sathe, 2004). Poultry is also seen by the international community as
a means of alleviating rural poverty and enhancing food security among the
rural poor. Because of this, there have been stimulus projects to encourage
smallholder poultry production at local levels (Dolberg, 2003). In regions like
these, the presence of monogastric livestock shapes the local landscapes and
thus defines their land systems.
Globally, there has been a recent trend toward intensification of livestock
production, resulting in less reliance on grazing and more reliance on feed
grains (Bouwman et al., 2013), showing a shift toward landless livestock systems. This is in part due to a higher global demand for monogastric livestock
products (Allievi et al., 2015). It is also a result of increasingly accessible
technology, knowledge, and intensive feed production systems, making intensive production easier and more lucrative (Erb et al., 2012; Letourneau et al.,
2012). As globalization and improved access to technology continue, landless
monogastric systems could become more ubiquitous globally (Weinzettel et al.,
2013). Such changes in production systems will affect the land system classifications. Detailed data to distinguish land-based and landless monogastric
production systems are essential for appropriately distinguishing these two
different systems. The findings of this paper are a plea to include more details
in land system classification schemes. However, at a global scale, land classification schemes inevitably require trade-offs between local-scale accuracy and
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global simplicity. Simplified global classification schemes may, therefore, not
be suitable for local-scale analyses, where more specific processes and actors
shape land use, land cover, and LUCC.

4.4.2

Implications for LUCC assessments

The simulation results indicate that the choices made in land system characterizations can affect the outcome of LUCC projections. Additionally, land system
classifications also determine which drivers land systems actually respond to.
In one model application this study uses monogastric livestock production as a
defining land system characteristic and also as a driver for land system changes.
As a consequence, land systems change in response to this demand, which
also affects the tree cover and grassland area changes. Accounting for these
indirect consequences of changes in livestock production could improve scenario
assessments as it captures processes that are often not explicitly included
otherwise. The model application without monogastric livestock inherently
contains less competition for space and resources than the application with
monogastrics, due to having one less modeled demand to satisfy. Therefore, increased competition for land resources is yet another indirect effect of including
monogastric livestock as a defining factor of land systems.
While LUCC projections are traditionally driven by a demand for food and
urban land, it is increasingly acknowledged that other demand types can also
affect land system changes. For example, Wolff et al. (2015) give an overview of
ecosystem services other than food production that also drive land use changes.
Similarly, Eitelberg et al. (2016) demonstrate that accounting for a demand
for carbon sequestration or biodiversity conservation can lead to alternative
scenario outcomes. Most major global assessments are not yet addressing the
multiple pressures on land resources in an integrated manner and representing
these as integral parts of the land system. In our paper, we have indicated
that such may lead to omission of important determinants of land systems.
Fortunately, this is starting to be acknowledged and some of the integrated
assessment models now include the demand for land-based climate change
mitigation as a driver of land cover change (Popp et al., 2014).
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Monogastric livestock cannot be seen as independent from other land
system characteristics. Even landless monogastric systems influence other land
system components either directly through feed demand or indirectly through
a change in prioritization of production allocation. It is obvious that our way
of representing monogastric livestock systems and including the demand for
products from such systems is rather simplified and not capturing the diversity
in these land systems. At the same time, the results indicate the potential
impact of not accounting for these systems in scenario assessments, adding
to the already high uncertainty in such global-scale assessments (Prestele
et al., 2016). The choice of characteristics used to characterize land should
be consistent with the questions asked in a LUCC assessment, and therefore
may vary depending on the study. While uncertainty is often attributed to
data quality and model structures, we have shown that the way in which we
characterize land systems and the related selection of drivers for land system
change are also important considerations in LUCC projections.

94 | 4.4 Discussion

Acknowledgements
Funding for this research was obtained from the European Research Council
grant no 311819 (GLOLAND). This research contributes to the Global Land
Project (www.globallandproject.org).

Chapter 5

Biodiversity impacts of
conservation measures in
global land change scenarios

This chapter is based on: Eitelberg, D. A., van Vliet, J., and Verburg, P. H. Biodiversity
impacts of conservation measures in global land change scenarios. In preparation.

96 |

Abstract
Habitat loss due to land use change is the leading driver of the decline in global
biodiversity. Various conservation measures have been put forward, but it is not
clear what the effect of specific measures is on biodiversity. In this study, we
analyze how different scenarios that represent further efforts to preserve natural
habitat for vertebrate species affect natural habitat both inside and outside of
species ranges. In the absence of any conservation measures, 4.2% of the global
natural area is lost between 2000 and 2040. Current protected areas reduce
this loss to 4.1%, while an additional demand for natural area representing
Aichi Target 11, and an additional demand to not lose any above-ground
biomass further reduce this loss to 3.4% and 3.9%, respectively. Yet the effect
of projected land use changes on natural habitat within species ranges is much
larger. The no protection scenario yields a decrease of 11.1% of natural habitat
within species ranges, while the currently protected areas reduce this loss to
10.8%. The habitat conservation scenario and carbon storage scenario result
in a loss of 10.3% and 9.1%, respectively. In all conservation scenarios, habitat
losses are largest within species ranges of amphibians, and smallest within
species ranges of mammals. Moreover, tropical regions generally experience
larger losses, while Eastern Europe, for example, shows an increase instead.
The results indicate that targets to maintain above-ground biomass could
have a more positive effect on preserving species ranges than targets aimed
at habitat protection, for all regions and for all species. The results suggest
that conservation strategies could be enhanced by accounting for multiple land
demands. Moreover, as land use changes occur disproportionately in areas
with a high value for biodiversity, optimized allocation of new protected areas
could reduce biodiversity impacts of future land use changes.
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5.1

Introduction

Land use change, mainly related to expansion of agricultural land, is the leading
driver of losses in terrestrial biodiversity (Maxwell et al., 2016; Sala et al.,
2000; Tittensor et al., 2014). This is no surprise because recent agricultural
expansion has largely affected tropical countries which have some of the highest
value areas for biodiversity (Laurance et al., 2014). As a result of habitat
loss, species abundance and richness have declined globally across taxonomic
classes (Ceballos et al., 2017). Due to population increase, as well as dietary
changes, the demand for built-up land and agricultural land is expected to
continue increasing in the future, which will come at the cost of natural areas.
Many future land change projections expect a decline in biodiversity as a
result of habitat loss due to conversion of natural ecosystems to managed
land (Alkemade et al., 2009; Kehoe et al., 2017; McKee et al., 2004).
The expected decline in biodiversity habitat and related loss in biodiversity
have prompted calls for international cooperation to prevent habitat destruction
and protect biodiversity. Currently, about 13% of the Earth’s terrestrial surface
is designated as protected (CBD, 2010). For the near future, Aichi Target
11 stipulates that 17% of Earth’s terrestrial surface should be protected by
2020 (CBD, 2010). Yet, it is not clear to what extent these protected areas are
effective in protecting biodiversity. For example, Joppa and Pfaff (2009) argue
that many of the currently protected areas are not likely to experience land cover
conversion if they were not protected, because they have few alternative uses
anyway. Other studies have indicated that protected areas are not necessarily
rich in biodiversity or threatened species (Cantú-Salazar et al., 2013). The
degree to which various conservation measures protect biodiversity habitat in
future land change projections is not well known (Titeux et al., 2016).
The goal of the study is to assess the impacts of different conservation
measures on future biodiversity, which we assess through changes in natural
habitat within species ranges. To this end, we develop four global land change
scenarios until 2040, which differ only in the conservation mechanisms that are
included, while they demand the same increase in agricultural production and
built-up land. We evaluate the performance of these scenarios in terms of the
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preservation of natural area within species ranges, and further analyze these
results per world region and per taxonomic group.

5.2

Methods

We simulate global land change scenarios using the CLUMondo model. CLUMondo is a forward-looking, spatially-explicit land-change model that simulates
changes in land systems as a result of various demands for ecosystem goods and
services (van Asselen and Verburg, 2013). Land systems are defined by their
land cover composition, as well as their land use intensity. Therefore, demands
for goods and services, such as crop produce, can lead to both land cover conversion and increases in intensity. Land system changes are allocated based on local
biophysical and socioeconomic conditions. A unique aspect of this model is that
demands can be satisfied by different combinations of changes in intensity and
area. The effect of local biophysical and socioeconomic conditions is empirically
derived using a logistic regression analysis. Land system specific characteristics
indicate the resistance to convert into other land uses as well as an indication
of what conversions are allowed. For example, we assume that urban land
systems cannot convert into non-urban land-systems. Planning measures can be
included to indicate certain regions where specific land system changes are not
allowed. In addition, intensification and expansion are governed by the amount
of land in a local neighborhood which is not currently occupied by cropland and
which is still available and suitable to support cropping (Eitelberg et al., 2015).
During each time step, land systems are allocated using an iterative procedure,
which adjusts the competitive advantage of different land systems until all
demands are satisfied. More details on model functioning can be found in van
Asselen and Verburg (2013), while the model, source code, and user manual
may be downloaded from http://www.environmentalgeography.nl/site/datamodels/data/clumondo-model.
Projections start from a land system map for the year 2000, which includes
24 different land systems. Land systems in this map are defined by their
fractions of forest, cropland, grassland, bare land, and built-up land, while
their land use intensity is expressed by their crop production and head of
livestock in a pixel (Eitelberg et al., 2017). The projections are performed at a
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Table 5.1 Land systems included in the scenarios and their value indicating the
fraction of natural habitat.
Land system name
Cropland; extensive with few livestock
Cropland; extensive with ruminants
Cropland; medium intensive with few livestock
Cropland; medium intensive with ruminants
Cropland; intensive with few livestock
Cropland; intensive with ruminants
Mosaic cropland and grassland with ruminants
Mosaic cropland (extensive) and grassland with few livestock
Mosaic cropland (medium intensive) and grassland with few livestock
Mosaic cropland (intensive) and grassland with few livestock
Mosaic cropland (extensive) and forest with few livestock
Mosaic cropland (medium intensive) and forest with few livestock
Mosaic cropland (intensive) and forest with few livestock
Dense forest
Open forest with few livestock
Mosaic grassland and forest
Mosaic grassland and bare
Natural grassland
Grassland with few livestock
Grassland with ruminants
Bare
Bare with few livestock
Peri-urban and villages
Urban

Fraction of
natural habitat
0.4
0.4
0.3
0.3
0.2
0.2
0.8
0.7
0.6
0.5
0.7
0.6
0.5
1
0.9
1
1
1
0.9
0.9
1
0.9
0.1
0

resolution of 5 arcminutes (roughly 9.25 x 9.25 km at the equator) and all maps
are projected to the Eckert IV equal area projection. The 24 land systems
include natural land systems, agricultural systems, urban systems, as well as
mosaic systems combining aspects of other systems, as shown in Table 5.1.
We simulate land system changes until 2040 in four different scenarios,
called 1) the no protection scenario, 2) the reference scenario, 3) the habitat
conservation scenario, and 4) the carbon scenario. All scenarios are driven by
the same demand for crop production, ruminant livestock and built-up area,
but differ in their measures to protect biodiversity. Demands are exogenously
defined for 24 model regions separately, as described in more detail in Eitelberg
et al. (2016). The no protection scenario, as the name suggests, has no measures
implemented that aim to protect biodiversity. The reference scenario assumes
that no land system changes are allowed within protected areas as defined
by IUCN classes I-IV that are designated on or before the year 2000. The
habitat conservation scenario also assumes that no land system changes take
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place in protected areas. In addition, this scenario includes a demand for
protected areas in order to meet Aichi target 11, which describes country level
commitments towards designating protected areas (Butchart et al., 2015). For
implementation in our scenario, country level commitments were aggregated
to model regions by summing the total area of each country. For the land
system model, all land systems that are completely natural (i.e. Dense forest,
Mosaic grassland and forest, Mosaic grassland and bare, and Natural grassland)
were considered to supply protected area in response to this demand. The
carbon scenario also assumes that no land system changes are allowed within
areas included in IUCN classes I-IV, and additionally includes a demand for
carbon stored in above-ground biomass. This demand was set so that no
decrease in terrestrial carbon was allowed in this scenario, representing a ‘no
net loss’ target. While the carbon scenario does not explicitly aim to protect
biodiversity loss, it was included to assess the potential synergies between this
carbon scenario and the preservation of biodiversity.
We assess the effect of simulated land system dynamics by quantifying
changes in natural area within the ranges of 23,150 vertebrate species. These
data include 5,418 amphibians, 5,259 mammals, and 2,865 reptiles, which were
originally obtained from the IUCN Red List of Threatened Species (IUCN,
2013). This includes species designated by the IUCN as least concern, near
threatened, vulnerable, endangered, critically endangered, and data deficient.
Additionally, 9,608 bird species, originally obtained from BirdLife International,
were included (BirdLife International and Nature Serve, 2013). Species richness
maps for each of these taxonomic groups as well as for all taxonomic groups
together are provided in the appendix (Figures B.7 and B.8). To characterize
the impacts of land system changes, we assigned a value to each land system,
indicating the fraction of natural habitat of this land system, ranging from a
value of 1 for land systems that are fully natural, like dense forest, to 0 for
land systems that contain no natural area, like urban. These values where
initially established by Pouzols et al. (2014) and included in Table 5.1. We
applied these fractions to calculate the fraction of natural habitat, corrected
for land use, within each species range for the initial land systems map for the
year 2000 and for the four land system scenarios in 2040.
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For all four land system change scenarios we expressed the absolute and
the relative change in natural habitat, between the situation in the year
2000 and the year 2040, to assess the degree to which land change dynamics
affect biodiversity. These calculations were performed at the global scale as
well as for each model region separately as well as for each taxonomic class
(i.e. amphibians, reptiles, mammals, and birds), to analyze different regional
responses to our scenarios. We assess the change in natural habitat as a
function of the size of the habitat in the year 2000. To assess the effectiveness
of protection measures we break down changes in biodiversity habitat within
species ranges, based on the areas designated as priority for conservation
by Pouzols et al. (2014). This results in 10 areas, or bins, that correspond
to areas from highest to lowest value for biodiversity protection. This allows
analysis of where land change occurs relative to its value for biodiversity.

5.3

Results

All four scenarios yield a loss in natural areas, globally. The loss in natural
habitat is highest in the no protection scenario, and only slightly less in the
reference scenario (Table 5.2). Both the habitat conservation scenario and
the carbon scenario yield a smaller loss in natural habitat. Additionally,
Table 5.2 shows that the no protection scenario yields a larger loss in natural
habitat within species ranges than the reference scenario. Similarly, the carbon
scenario results in less natural habitat loss within species ranges than the
habitat conservation scenario. The loss in natural habitat within species ranges
is much larger than the total loss in natural habitat. This indicates that all four
scenarios project land changes in those areas that have a relatively high number
of species, whereas areas with fewer species are less affected (Table 5.2).
On the level of individual species, all four land change scenarios yield
both species that experience an increase in natural habitat and species that
experience a decrease in the natural habitat within their ranges, as shown in
Figure 5.1. However, the numbers of species ranges experiencing a decrease
in natural habitat is much greater than those experiencing an increase. Many
species experience moderate loss of natural area within their ranges, while fewer
experience (much) greater loss. The carbon scenario yields the largest number
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Table 5.2 Total natural habitat lost globally and average natural habitat within
species ranges lost throughout the simulation to 2040 for four land change scenarios.
Scenario
No protection scenario
Reference scenario
Habitat conservation
Carbon scenario

% of year 2000 natural
habitat change by 2040

% of year 2000 natural habitat
within species ranges lost by 2040

-4.2%
-4.1%
-3.4%
-3.9%

-11.1%
-10.8%
-10.3%
-9.1%

of species ranges with an increase in natural area, followed by the habitat
conservation scenario, and then the reference and no protection scenarios.

Figure 5.1 Histograms showing the number of species (y-axis) as a function of the
percentage change in natural habitat (x-axis) within their species range, for all four
scenarios. Red bars indicate a loss of natural area, while blue bars indicate an increase
of natural area. Each bar has a width of 10%.

While the global results show a trend of natural area loss within species
ranges, major regional differences exist. Table 5.3 shows that a majority of
world regions experience loss of natural area in species ranges in all scenarios,
though with differences between taxonomic groups. There are, however, some
outliers that do not follow the global trend. Eastern Europe, for example, has
an increase in natural area in all four scenarios when all taxonomic groups are
assessed together. In many regions, Brazil and Western Europe for example,
amphibians experience the largest habitat losses of all taxonomic classes,
though in others, like India and China, they experience the greatest habitat
preservation. Birds and mammals experience the greatest proportional habitat
preservation in most regions.

Central 79.0%
America 79.4%
80.5%
70.5%
78.9%

Central
Asia

China

Eastern
Africa

Amphibians
Birds
Mammals
Reptiles
All species

Amphibians
Birds
Mammals
Reptiles
All species

Amphibians
Birds
Mammals
Reptiles
All species

Amphibians
Birds
Mammals
Reptiles
All species

82.2%
87.8%
88.2%
89.8%
87.4%

101.7%
99.0%
98.7%
97.2%
99.2%

77.5%
90.7%
91.7%
91.7%
90.7%

90.0%
95.9%
95.4%
87.4%
95.1%

Canada

Amphibians
Birds
Mammals
Reptiles
All species

81.2%
90.1%
90.5%
89.8%
88.0%

412
1600
796
401
3209

366
1258
636
182
2442

17
469
217
28
731

542
1432
424
156
2554

44
469
205
29
747

785
1690
676
109
3260

Natural
Species
habitat
count
preserved

Brazil

Region

Amphibians
Birds
Mammals
Reptiles
All species

Taxonomic
class

95.4%
90.5%
91.1%
88.4%
91.1%

124.4%
125.0%
123.0%
108.5%
123.3%

Mexico

Korea

Japan

98.4%
101.4%
98.6%
96.1%
99.1%

87.1%
88.6%
90.0%
87.8%
88.8%

98.6%
96.1%
96.9%
98.6%
96.6%

296
1009
491
574
2370

22
315
101
3
441

52
326
144
15
537

479
1714
782
292
3267

285
1258
505
188
2236

35
373
145
40
593

Natural
Species
habitat
count
preserved

Indonesia 89.8%
85.1%
86.0%
81.5%
85.7%

India

Eastern
Europe

Region

88.4%
89.7%
89.3%
89.2%
89.3%

97.5%
99.5%
99.1%
98.5%
99.3%

91.2%
92.3%
93.6%
92.3%
92.5%

80.9%
92.8%
94.0%
90.6%
92.5%

86.7%
89.4%
89.9%
90.0%
89.6%

486
1530
716
539
3271

1547
2990
1096
210
5843

37
654
346
62
1099

220
885
352
237
1694

22
435
198
92
747

32
576
252
220
1080

Natural
Species
habitat
count
preserved

Southeast 90.7%
Asia
89.0%
89.2%
83.9%
88.5%

South
America

Russia

Oceania

Northern
Africa

Middle
East

Region

Western
Europe

Western
Africa

USA

Ukraine

Turkey

89.6%
92.5%
92.2%
91.2%
92.0%

88.3%
90.8%
90.0%
89.6%
90.2%

78.4%
88.0%
92.1%
86.2%
87.3%

63.3%
67.0%
66.7%
76.6%
67.0%

81.7%
79.6%
78.1%
79.2%
79.3%

82
467
213
94
856

398
1402
713
64
2577

264
795
434
236
1729

20
307
117
12
456

34
362
157
97
650

346
1439
607
109
2501

Natural
Species
habitat
count
preserved

Southern 87.6%
Africa
88.8%
89.2%
86.0%
88.6%

Region

Table 5.3 Average natural habitat preserved within species ranges by world region for each taxonomic class between 2000
and 2040. Species count is the number of species that have part or all of their range within a region. A table showing these
calculations for all scenarios is presented in the appendix (Table A.6).
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The change in natural area within species ranges is correlated with the
initial amount of natural area within a species range. Figure 5.2 shows that
species with smaller habitats are more affected by the simulated land changes
than species with larger habitats, a result that is seen across all scenarios. This
occasionally yields large increases in their habitat, but this also yields complete
eradication of the habitat of other species, as indicated by a -100% change in
Figure 5.2.

Figure 5.2 Absolute and relative change in natural habitat as a function of the
natural habitat in the year 2000 for the reference scenario. Each data point denotes
one species. All scenarios show the comparable results, therefore only the reference
scenario is shown here while results for the other scenarios are shown in Figure B.9.
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Table 5.4 Percent of natural habitat within species ranges remaining in the four land
change scenarios presented.
Taxonomic
class

No
protection

Reference

Habitat
conservation

Carbon

Species
count

Amphibians
Birds
Mammals
Reptiles
All species

86.5%
89.7%
90.2%
88.7%
88.9%

87.1%
89.9%
90.5%
88.9%
89.2%

87.5%
90.4%
91.1%
89.3%
89.7%

89.3%
91.5%
91.8%
90.1%
90.9%

5418
9608
5259
2865
23150

Land system changes that yield a loss in natural habitat are predominantly
found in locations that have a relatively high value for biodiversity in all four
scenarios. Figure 5.3a shows that gross gains in natural area occur relatively
uniformly across the protected area expansion bins, while losses heavily favor
the areas with a higher potential for preserving biodiversity, i.e. bins 5.3% to
17% and 17% to 30%. This figure also shows that the reference scenario results
in the largest natural area loss in the most important areas for conservation.
The habitat conservation scenario and the carbon scenario both results in a
smaller net loss of natural habitat in the areas with the largest potential for
conservation. The no protection scenario consistently exhibits similar amounts
of natural areas loss as compared to the reference scenario, despite this being
the only scenario where land change was allowed in protected areas.
On average, all taxonomic classes experience a decrease in natural habitat
within their ranges in all four scenarios at a global scale (Table 5.4). Across all
scenarios, amphibians experience the greatest decline in natural habitat, within
their species ranges, while mammals experience the smallest losses. This could
be due to amphibians having smaller habitat ranges on average than birds
and mammals, making their ranges more vulnerable to relatively smaller land
changes. Mammals are the taxonomic class that experiences the least loss of
natural area in their ranges in all scenarios. This may be a factor of relatively
larger ranges, compared to amphibians or reptiles. The effects of scenarios
on the different taxonomic groups, however, is rather similar, indicating that
certain conservation measures are not particularly effective or ineffective for
specific taxonomic groups.
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Figure 5.3 Changes in natural habitat as a function of the potential conservation
value of locations aggregated according the prioritization of the global protected area
network bins presented in Pouzols et al. (2014). a) shows gross changes in natural
area in million km2. (b) shows the global distribution of priority areas for expansion
of the global protected area network (Pouzols et al., 2014).
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5.4
5.4.1

Discussion
The effect of conservation measures to protect global
biodiversity

This study examined the effect of different conservation measures on natural
habitat within species ranges. Our results show that projected land changes
disproportionately affect natural habitat within threatened species ranges,
compared to all natural area on a global scale. This would lead to an increased
threat to biodiversity, potentially leading to increased extinctions. The loss of
natural area in these scenarios is due largely to conversion toward land systems
with higher agricultural production. Relative to a scenario with no protection
measures at all, we find that the current protected areas have relatively little
effect on biodiversity protection. This is due to these protected areas (IUCN
categories I-IV, designated on or before 2000) covering only about 5.3% of the
Earth’s terrestrial surface, much of which is in locations that are not ideal
for agriculture and other competing land uses. As a consequence, there is
minimal threat to their conversion when protection is removed (Jenkins and
Joppa, 2009). The small effect can be explained as protected areas affect the
allocation of land change, but not the total demand for agricultural products.
This is consistent with other findings that show that despite current protected
area networks, biodiversity loss continues (Hill et al., 2015), which can to
negatively affect human societies (Cardinale et al., 2012). The results showed
little difference between the reference scenario and the no protection scenario,
indicating that current efforts to protect species habitats offer little added
benefit, an idea supported also by others (Le Saout et al., 2013; Venter et al.,
2014).
The habitat conservation scenario and the carbon scenario, both added
an additional demand for natural resources, i.e. area for biodiversity habitat
or tons of above-ground biomass. As our scenarios allow for competition
between agricultural production, built-up area, and non-consumptive demands
(i.e. carbon sequestration and biodiversity protection) these differences are
the result of the competition between different land systems to satisfy these
demands rather than implemented a priori. Adding extra demands increased
the competition for land, which led to more agricultural intensification and
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less expansion in both scenarios. As a result, both scenarios experienced a
smaller decrease in natural habitat as compared to the reference scenario, both
globally and within species ranges. While both expansion and intensification
of agricultural land can affect biodiversity negatively, the impacts of expansion
are often more negative for biodiversity (Kehoe et al., 2017; Newbold et al.,
2015).
Remarkably, the carbon scenario, is more effective at preserving biodiversity
habitat within species ranges than the biodiversity scenario. This is due to the
carbon scenario acting more synergistically with cropland demands resulting
more in mixed use systems, while the habitat conservation scenario is more
targeted on preserving specific natural land systems, thus leading to land
system polarization. As a result, the carbon scenario is able to preserve
more natural land in biodiversity hotspots, as shown in Figure 5.3. This
points at the importance of allocating conservation areas effectively. In the
year 2000, 5.3% of terrestrial area not including Greenland or Antarctica is
included in IUCN categories I-IV, while protected areas designated up to
2017 cover approximately 13% of the terrestrial surface. Venter et al. (2014)
found that an expansion of protected areas to 17% of the terrestrial area
using a cost minimization strategy would result in habitat protection for only
21% of threatened vertebrates. They also found that the species with the
smallest habitats are the least protected. Pouzols et al. (2014) found that
prioritizing protected area expansion to 17% of land by ecoregions on a global
level has the potential to protect an average of 61% of species range area.
This shows that the effectiveness of expanding the protected area network
depends very much on the location of the protected areas. While a more
generalized strategy for biodiversity protection may result in more total species
habitat area being protected, as suggested by Nelson et al. (2010), it may fail
to protect habitat for more sensitive species that require pristine ecosystems.
This suggests that a combination of both generalized and targeted, local and
global, conservation strategies must be utilized to create a more optimally
allocated network of protected areas. Future agricultural development patterns
affect biodiversity differently (Chaplin-Kramer et al., 2015) and these must
be carefully considered to minimize loss of biodiversity. Visconti et al. (2016)
and Rondinini and Visconti (2015) showed that, on the contrary, sufficient
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food production and protection of large mammal species can be simultaneously
achieved through sustainable intensification of agricultural practices.

5.4.2

Regional perspective

Our scenarios project a decline in natural habitat area globally, but they also
show regional differences, which are mainly a result of differences in projected
demands for agricultural production. These regional differences follow global
geopolitical or economic trends, such as reforestation in post-Soviet Eastern
Europe (Taff et al., 2009), and a high degree of natural area loss in Indonesia
due to the expansion of oil palm cultivation (Lee et al., 2014). Additionally,
our scenarios simulate a shift of agricultural production from marginal areas
to more productive areas. This abandonment of agricultural land results in
species that live in marginal areas experiencing less loss of natural area within
their ranges or even increases in natural area, a trend also discussed by Corlett
(2016). This suggests that national and global scale activities and planning
have a great potential to affect biodiversity globally.
Despite local differences, scenarios are relatively consistent in the locations
that lose or gain natural habitat. Southern Africa has an overall net loss of
natural area, potentially due to abandonment of marginal lands due to soil
degradation and increases in production efficiencies elsewhere (Calzadilla et al.,
2013). Loss of natural area in South America is most publicized in the Amazon,
however, habitat loss here is mostly driven by conversion in the Atlantic Forest
region from grassland/savannah to cropland (Graesser et al., 2015) and forest
plantations, such as eucalyptus (Silva et al 2016). In other biodiversity hotspots,
habitat loss is due to agricultural crop expansion and plantation forests, like in
Southeast Asia, while in Sub-Saharan Africa it can be attributed to clearing for
livestock ranches (Hughes, 2017). Eastern Europe and China stand out as two
regions where natural habitat is projected to increase within species ranges. In
Eastern Europe, abandonment of agricultural lands in the post-Soviet era has
led to rewilding and an increase of natural area (Alcantara et al., 2013; Corlett,
2016; Prishchepov et al., 2013). In China, this is primarily due to rural-urban
migration causing abandonment of smallholder agriculture (Chen et al., 2014)
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coupled with outsourcing of agricultural production to other countries (Fischer
et al., 2014).

5.4.3

A taxonomic perspective

Average losses in natural habitat within species ranges are around 10%, yet
these values should be interpreted with great care because we find a large
variation around this average. In particular, we find large declines in natural
habitat for species with a small species range, to the point that their habitat
is critically endangered. The average value is heavily influenced by species
with a very large range where land use change only affects a relatively small
fraction of the total range (Pimm and Raven, 2000). Across taxonomic classes,
we see that mammals experienced the smallest share of habitat loss, while
amphibians experienced the greatest share of natural area lost within their
ranges. This is the result of the amphibian class containing a higher proportion
of species with small ranges, which is indicative of specialization (Saupe et al.,
2015). They are by their very nature more vulnerable to land change than
generalist species with large ranges (Slatyer et al., 2013). This highlights the
need to complement our assessment of conservation measures with metrics of
vulnerability, when developing protection strategies, such as those discussed
in Pacifici et al. (2015), Wade et al. (2017), and Ferraz et al. (2007).

5.4.4

Limitations of this study

In this study, the value of a landscape to a species was determined by the
fraction of natural habitat, which was defined as the degree of lack of human
activity. Thus, it was assumed that nature was the preferred habitat of the
threatened and endangered species that were examined. While natural habitats
are ideal for many threatened species (Aratrakorn et al., 2006), other nonnatural or semi-natural habitats can increase in conservation value as they
begin to be populated with a variety of species (Chazdon et al., 2009). However,
several studies have indicated that anthropogenic landscapes can also benefit
biodiversity (McKinney, 2008). To some extent, this has been accounted for
by assigning a certain degree of naturalness to extensively used landscapes.
Recent studies have indicated that in intensively used landscapes biodiversity
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rapidly declines (Newbold et al., 2015) supporting our focus on (semi-) natural
landscapes as most valuable habitat for endangered species (Mantyka-pringle
et al., 2012; Murphy and Romanuk, 2014). Land change is not the only risk for
threatened and endangered species. Threat from invasive species can lead to
increased vulnerability and extinctions (Pimentel et al., 2005), as can climate
change (Foden et al., 2013), and overexploitation (Ducatez and Shine, 2017).
Thus, our study measures only one potential impact on species. Further
research and planning of conservation would benefit from the addition of these
factors in their analyses.
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Chapter 6

Synthesis

114 | 6.1 Objective

6.1

Objective

The objective of this dissertation was to assess and enhance characterizations
of landscapes and the role humans play in shaping the surface of the Earth
through both competition for land and utilization of resources. As agricultural
landscapes occupy more than a third of the Earth’s ice-free land (Bajželj et al.,
2014), the ways in which the need to produce food can shape landscapes at
regional and global scales was an important focus point of this work. As the
world’s population grows, the global demand for food calorie production also
increases. This comes with consequences for natural landscapes, biodiversity,
and terrestrial carbon stocks, among others. At the same time, humanity
has agreed on the Sustainable Development Goals, and the functioning of the
land system is directly relevant for progress towards several of these goals, for
example, climate mitigation and protection of biodiversity. Therefore, research
in this dissertation was an effort to gain insight into the interconnectedness of
biophysical, policy, and human dimensions of land change, with an eye towards
understanding challenges and consequences, both positive and negative, of
future claims on land resources.
The preceding chapters introduced and answered the following research questions:
1. How much land is available for cropping on a global scale, and what are
causes of variation between the estimates?
2. How do different combinations of demands for land resources drive land
change and management intensity?
3. What tradeoffs and synergies exist between meeting different demands?
This concluding chapter provides an overview of the main findings of the
research, based on the questions listed above. It then discusses the scientific
and societal relevance of the work and concludes with a reflection on the
methodological approach.
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6.2

What was learned

The amount of terrestrial surface that is suitable to be used as cropland is
limited, due to both biophysical constraints affecting the possibility of growing
crops, and socioeconomic constraints limiting the availability of otherwise
suitable land. The amount of land that is still available for conversion into
cropland is not well known, despite this being a major input in many land
change assessments. Assumptions regarding available land can greatly influence
land change scenario outcomes. This was a focus of the research in chapter
Chapter 2. Here, I found that global estimates of the amount of land that
can be used for cropping vary greatly. The lowest estimate suggests that
cropland area has reached its maximum, while the highest estimate suggests
that cropland can expand by up to three times its current area. The reasons
for these differences are assumptions regarding what biophysical as well as
socioeconomic characteristics determine suitability. These differences can also
result from inconsistencies between the underlying datasets used to construct
these estimates. In practice, the different assumptions made in the reviewed
studies reflect what the researchers regarded as acceptable tradeoffs between
different potential uses of land. At the same time, biophysical characteristics
put upper limits on the area of land available, but even these were not agreed
on by the different studies. For the simulations in Chapters 3 through 5 the
highest estimate of land availability was used. This allowed natural areas,
like forests and grasslands, except for locations under IUCN categories I-IV
protection, to convert to cropland reflecting the reality that many natural
areas are in fact succumbing to cropland expansion. This indicates that while
social and institutional constraints may in theory reduce the area available
for cropland expansion, this is not yet reflected in practice (Meyfroidt et al.,
2014; Searchinger et al., 2015; Spera et al., 2016). Chapters 3 and 4 illustrated
how cropland availability is further affected by other demands placed on land
resources, as competition can render an area unavailable for cropping if it is
out-competed by another demand, like urban area, for example. Even when
the highest potentially available cropland estimate is applied in land change
scenarios, additional demands lead to increased cropland intensification and
less cropland expansion, despite additional land being potentially available.
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Human modifications of the terrestrial biosphere are primarily driven by a
demand for food, feed, fiber, and fuel. As such these demands are typically
the basis of any large-scale land-change assessment. Recently, there has been a
rise in interest of climate change mitigation and biodiversity protection among
the international community. Calls to act, through programs such as the
United Nations Reducing Emissions from Deforestation and Forest Degradation
programme (UN-REDD) and the Convention on Biological Diversity’s Aichi
Biodiversity Targets, can yield competing claims for land and thus have an
enormous potential to shape future land change. Chapter 3 introduced how
such additional demands for land resources can be included in the modeling of
land system changes, while Chapter 5 built upon this by showing their potential
value for biodiversity conservation. However, these additional pressures also
cause cropland to intensify due to increased competition for land resources
constraining its expansion. Chapter 4 revisited the idea that additional demands
on land, this time by assessing how demands for land-based monogastric
livestock production affects other land use changes, in particular cropland
intensity and area changes. Contrary to ruminant livestock, which affect land
change through their demand for grazing land, monogastric livestock are only
indirectly related to land change. A century ago, most livestock were raised
through land-based systems on pastures and grazed on local fodder. Currently,
much fodder, especially for monogastrics, is produced at locations distant from
the livestock production itself. This raises the question to what extent land
systems are determined by monogastric livestock. The production of feed and
the inclusion of livestock as part of a farming system may still have large
consequences for land use. The inclusion of monogastric livestock in land
change assessments as part of a land system, had a significant effect on the
characteristics of many land systems in almost all world regions. However,
there were regional variations. For example, due to widespread smallholder
production practices in many parts of Indonesia (Komaladara et al., 2016),
monogastric livestock rely on their immediate surroundings for feed, thus
directly shaping the landscape. In contrast, Oceania, with more mechanized
monogastric production in which feed is sourced from more distant locations,
including monogastric livestock in the land systems classification did not result
in significantly different land systems. This showed that monogastrics should
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be included in land systems classifications in regions with largely land-based
livestock production systems, while in regions with largely landless livestock
their inclusion does not significantly change the picture. Consistently, future
land change projections also showed that several world regions experienced
increased cropland intensification, while others experienced increased cropland
expansion due to the addition of monogastrics in the land system classification.
These alternative trajectories are caused by differences in land availability and
varying degrees of competition between claims on land resources, e.g. nature
conservation and food production. Competing demands can have a polarizing
effect on land uses due to competition, while demands that are more similar,
e.g. monogastric livestock and crop production, can lead to satisfaction of
these demands in parallel, through mosaic or mixed land systems. Additionally,
the decision to incorporate monogastric livestock in land change assessments
can depend on the question being asked. When simulations are used to explore
questions specifically regarding crop yields and livestock densities it can be
beneficial to use a land systems classification that incorporates monogastrics.
However, Chapter 4 showed that the inclusion/exclusion of monogastrics in
a land systems classification had minimal effect on cropland and tree area.
Thus, when asking questions specifically about natural lands and how they are
affected by land change, it could be advantageous to exclude monogastrics from
the land systems classification, favoring simplicity over comprehensiveness, as
done in Chapter 5. As the demand for crop production includes fodder for
livestock, the teleconnected impact of monogastrics on land change is not lost
in simulations that use a land systems classification without monogastrics.
A final point of investigation in this dissertation was the existence of
tradeoffs and synergies between different demand types and competition for
resources. Chapters 3 and 5 examined land change scenarios that include a
demand for ecosystem services. Chapter 3 showed that many of the areas
that are highly suitable for terrestrial carbon sequestration are also suitable
for protecting natural areas for biodiversity. This synergistic relationship has
been noted more often in the literature (Di Marco et al., 2016; Labrière et al.,
2016; Reside et al., 2017) and has important implications for the design and
implementation of land use policies. Several ecosystem service demands are
not competing, but rather synergistic in that demands can be satisfied in
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parallel. However, fulfilling these demands comes at the cost of land area for
food production (Estes et al., 2016). Chapter 5 further explored potential
synergies between land demands in the context of biodiversity conservation.
Here, I found that scenarios including ecosystem service demands, specifically,
the sequestration of carbon in aboveground biomass, can preserve more species
habitat area compared to a scenario where this habitat was preserved directly,
for example by means of protected areas. In addition, I also found that an
explicit demand for biodiversity habitat yielded a smaller loss in natural area
than the protection of specific areas only. This effect was a direct result of the
competition between the demand for natural habitat and the demand for food
production, leading to additional cropland intensification, and less cropland
expansion.

6.3
6.3.1

Relevance of the work
Relevance for large scale land change assessments

The work reported in this dissertation contributes to the modeling capacity for
large-scale land change assessments, such as those used by the Intergovernmental Panel on Climate Change (IPCC) and the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES). These large-scale
land change assessments are typically conducted by a series of models, loosely
coupled or integrated in an integrated assessment model, such as the GLOBIOM model (Havlik, 2012) and the IMAGE model (Stehfest et al., 2014).
These types of models translate scenarios into (drivers for) land change, and
subsequently use the projections to assess land change impacts, for example in
terms of changes in biomass and changes in natural habitat (Pouzols et al., 2014;
Verstegen et al., 2016). Models used for large-scale land change assessments
depend heavily on a number of assumptions, such as assumptions about the
suitability and availability of land, assumptions on the drivers of land change,
and the representation of the terrestrial biosphere (Dalla-Nora et al., 2014;
Nelson and Chomitz, 2011). Results presented in this dissertation demonstrate
both the importance and uncertainty of these assumptions and decisions. The
reviewed estimates for potentially available cropland used in these models
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differ widely, and results of this dissertation show that these differences affect
the extent to which the demand for crops is fulfilled by either expansion or
intensification. Demands for land change typically include food, feed, and
shelter. Yet, increasingly, demands for non-consumptive landscape functions
are influencing land change, which are often not accounted for in major global
assessments (Wolff et al., 2015). The work can therefore contribute to a new
generation of assessment tools that help to explore a wider range of future
global developments (Rosa et al., 2017). This work holds significance for the
scientific community in its technical implementation of land system models.
At the same time, the possibility to assess the consequences of alternative
development trajectories provides a major opportunity for society, policy and
practice to more deeply discuss the consequences and tradeoffs of choices made
for the world of the future.
Chapter 2 assessed the variability in quantification of land area that can
be used for crop production. This is an important input or factor for many
land change assessments and models. The CLUMondo land change model (van
Asselen and Verburg, 2013) uses estimates of land availability to limit and
guide cropland expansion in a geographical manner. The GLOBIOM partial
equilibrium model (Havlik, 2012) disaggregates available land areas into specific
land covers/uses and defines conversion pathways within this available land.
The IMAGE integrated assessment model (Bouwman et al., 2010) defines land
supply to quantify regional area quantities for agricultural production prior to
downscaling to geographically explicit scenario results. This chapter showed
that large discrepancies in estimates of how much land can be used to grow
crops exist. All land change assessments make assumptions regarding the
characteristics that determine land availability. With reason, many of the
discrepancies are justifiable due to the intended goal of the assessment. For
example, studies that focus on fuel crops may identify more marginal areas
as available for crop production (Cai et al., 2011), while studies that focus on
food crops may focus on more productive lands with greater accessibility to
markets (Lambin and Meyfroidt, 2011). However, a succinct exploration and
elaboration of the different assumptions underlying existing estimates of land
area that can be used for crop production was missing in the literature. Recent
studies by Alexander et al. (2017) and Prestele et al. (2016) have shown that
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there are large differences in outcomes of global-scale land-change models. To
some extent, these are related to the model choice, including the modeling
assumptions such as the areas suitable and available for agriculture. Chapter 2
sheds insights in some of these underlying assumptions by providing a side by
side comparison of existing estimates and a description of their assumptions.
The highest land availability estimate described in Chapter 2 was implemented
in scenario assessments in all subsequent chapters because it best represents the
reality that natural areas are being converted to cropland and pastures despite
their generally high ecosystem service value and the understanding of the
consequences of their conversion (Searchinger et al., 2015). The use of this high
land availability estimate was an improvement on previous implementations
of CLUMondo which used only an aridity index to constrain locations where
crops can be grown. This serves to provide a greater understanding of the
effects that these assumptions can have on the outcome of large scale land
change assessments.

6.3.2

Relevance for land change science

Evolving livestock production systems are changing the relationship between
land and livestock. A result of a globalizing world is that goods and materials
are transported faster and farther than ever before (Rabie, 2016). This has
allowed a decoupling of livestock fodder and livestock themselves. Fodder can
be imported from distant locations, thereby decreasing the role that livestock
has on shaping its immediate surroundings. Based on this trend, the scenarios
explored in Chapters 3, 4, and 5 utilize a land systems classification that
is not defined by increasingly landless livestock, i.e. monogastrics (pigs and
poultry), but rather utilizes only ruminant livestock to define land systems.
All land systems, however, have the capacity to satisfy demand for monogastric
livestock, effectively operationalizing the observed trend towards landless
livestock production systems in many areas of the world, thus better reflecting
reality. Landless livestock systems, such as monogastric production in China
have very different impacts on local landscapes, when compared to land-based
monogastric systems in other part of the world, and these must therefore
be treated differently. Through testing assumptions on landless vs land-
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based monogastric livestock, Chapter 4 of this dissertation identified the
regions and land systems for which the addition of monogastric livestock
significantly impacted the characteristics of these land systems, thus adding
to the understanding of the characteristics of land systems and the drivers of
land system change.
Explicit scenario demands compete for land resources and influence the
outcomes and conclusions of land change assessments. Historically, the demands
included in these analyses have largely been related to developments in the
agricultural sector, such as crop and livestock production (Veldkamp and
Lambin, 2001). Since agricultural activities cover such a large part of the
Earth’s surface, this makes sense. However, demands for non-consumptive
land resources are gaining attention globally. Ecosystem services, for example,
are increasingly recognized as an essential part of landscapes and landscape
functions (Keesstra et al., 2018). They are critical for providing clean water
and clean air, as well as facilitating recreation activities, such as hiking, biking,
camping, hunting, fishing, etc. Despite this, many land change scenario
assessments do not account for them (Wolff et al., 2015). Results of chapter 3
and 5 illustrate the role of terrestrial carbon storage and biodiversity protection
as two ecosystem services that also affect land system changes. These results
illustrate the importance of a more comprehensive consideration of drivers of
land use change, to improve both the scientific understanding of these processes.
Several issues of land change science are touched upon in this research.
Each scenario presented in this research is assessed in terms of changes in
intensity and area of cropland and its effects on natural area. This tradeoff
between natural area and cropland is central to the land sharing versus land
sparing debate present in much of conservation strategy and planning (Phalan
et al., 2011b). Land sparing favors the establishment of high-intensity humandominated landscapes distinctly separated from natural landscapes. Land
sharing, conversely, favors extensive production systems where low-intensity
human-dominated landscapes are mixed within natural and ecologically heterogenous landscapes (Fischer et al., 2014). While this research does not seek
to promote either land sharing or land sparing, it does inform the greater
land change community of alternative pathways to reconcile demands for food
production and conservation. Chapter 5, for example, tests both a targeted
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ecosystem service demand, biodiversity protection, and a more general ecosystem service demand, terrestrial carbon storage, and assesses their outcomes.
The biodiversity protection scenario resulted in relatively more land sparing,
while the terrestrial carbon storage scenario resulted in relatively more land
sharing. This illustrates the alternate effects of two demands both designed
to protect ecosystem services. As land is becoming more scarce (Lambin and
Meyfroidt, 2011), this can be a useful way to frame the discussion on conservation. Adding to the land sharing versus land sparing debate, some suggest
that land sparing may not actually lead to less conversion of natural land to
cropland (Ceddia et al., 2013; Grau et al., 2013) due to Jevon’s Paradox (Alcott, 2005), which posits that increased yields and profitability combined with
remaining available land leads to increased production demands and further
conversion of natural lands to cropland. Others suggest that species types (Law
et al., 2015), spatial scales, crop types, and cropping intensity (Grau et al.,
2013) also need to be assessed to develop a successful conservation plan, and
that the land sharing versus land sparing debate is a useful framework from
which to begin addressing conservation goals. The synthesis on land availability
estimates in Chapter 2, the addition of demands for ecosystem services in
land change scenarios in Chapter 3, and the study of the relationship between
land change and species ranges in Chapter 5 show that much of the worlds
potentially available cropland is located in areas of high value for biodiversity conservation while at the same time being under pressure from cropland
expansion.

6.3.3

Relevance for sustainability and policy

Land use plays a pivotal role in sustainable development: one the one hand
land use is affected by many societal changes, including increases in wealth
and nutrition, and on the other hand land use is an essential component for
sustainable development, for example as a resource for sequestering carbon
and protecting biodiversity. As a consequence, many land-related policies
have been proposed, either to avoid negative impacts, or to enhance positive
developments (Hodge et al., 2015; Manuschevich and Beier, 2016). Chapters
3 and 5 added to the growing body of research that seeks to understand the
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interactions between ecosystem service demands and the more traditional focus
on demands for agricultural production. As additional demand types are added
to land change scenarios, tradeoffs and synergies can occur due to competition
for land resources. These chapters tested the effects of alternative sets of
demands as well as alternative strategies to protect biodiversity habitat, and
compared them. One of the main results is that explicit targets for carbon
sequestration and natural habitat are effective in protecting biodiversity as
these trigger a larger agrarian intensification and thus limit additional expansion
over natural areas. In the case of carbon sequestration, this explicit demand
even elicits synergies between two policy targets: climate change mitigation
and biodiversity protection. As Van Meerbeek et al. (2016) and Tomscha and
Gergel (2016) suggest, both among ecosystem services themselves and between
ecosystems services and agricultural production, synergies exist and should be
exploited. Due to regional variation in response to protection methods, plans
should be tailored to local conditions. Nelson and Chomitz (2011) show that
multi-use protection is more effective in Latin America and Asia compared to
strict single-use protection areas, while suggesting that protected areas with
prohibited human influence is more effective in Africa.
The structure of both the CLUMondo model and the land systems classification show that many combinations of natural and human-dominated
landscapes can satisfy the conditions and demands of scenarios. This leaves
open the possibility to explore various pathways, such as land sharing and
land sparing (Fischer et al., 2014; Phalan et al., 2011b), as viable for policy
and decision makers. Spatial scales at which land sharing/sparing occurs can
impact landscapes and particularly ecosystem functions. Chapter 5 explored
the effects of land change within species ranges, and showed that smaller species
ranges are more strongly affected by smaller changes, while the opposite is true
for larger species ranges. This exemplifies the need to harmonize land sharing,
land sparing, and food production across spatial scales to achieve sustainability
and conservation goals.
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6.4

Reflection on the methodological approach

The relationship between various demands and their impact in terms of land use
change is not always straightforward, and several indirect effects can emerge.
Indirect land use change from biofuels is a well-documented example of such
indirect effect (Lapola et al., 2010; Wicke et al., 2012). The CLUMondo
land change model, upon which the land change scenario assessments in
this dissertation were based, is a global model. However, to account for
alternative development pathways in different parts of the world, the model
is geographically divided into 24 model regions that run as discrete units of
simulation. In global economic models, demands for each region are typically
defined exogenous to the model. For example, scenarios in this study are
all fed by results of the IMAGE model. While different regions, including
the availability of land in these regions, interact in these economic models,
there is no feedback from the CLUMondo model to these macro-economic
models. Due to this, the dynamic effects of telecoupling and displacement
of production across the 24 model regions were not accounted for in the
experiments reported in the chapters of this dissertation. While displacement
of production and its effects are not a new concept (Lambin and Meyfroidt,
2011; Meyfroidt et al., 2010), the geographically explicit modeling approach
employed in this research serves to inform global economic land change models
which are more capable of endogenously addressing displacement of production.
The benefit of this geographically explicit representation of land change is
that it provides supplemental details regarding where and how displacement
is driven. A future improvement on the modeling methodology would be
to implement a workflow to account for internal feedbacks and endogenous
displacement of production from regions with high competition to regions with
lower competition for land resources. The competition for land resources that
would drive this displacement is influenced by the degree to which production
can be augmented through intensification. This research made educated
assumptions in each model region regarding the rate of production increase
throughout the scenarios. Improvements in these scenarios could be gained
through a greater understanding of expected rates of future production increase,
through, for example, technological advancements and water availability.

6.4 Reflection on the methodological approach | 125
At the same time, this dissertation used relatively simple implementations
of the targets for biodiversity and carbon storage. While policy targets are often
simplified to achieve consistency and allow monitoring, our simplifications may
not be realistic. Additionally, land systems are protected for reasons of cultural
heritage, groundwater protection and other ecosystem services, not accounted
for in our experiments. While such claims on land resources could be embedded
in the modeling approach this would require a level of detail and data that is not
available at a global level. Similarly, data and approaches to assess changes in
aboveground biomass, as well as land change impacts on biodiversity are crude,
lacking detailed data of specific types of forests or specific types of species or
taxa. For example, forests in the land system classification used throughout the
study do not differentiate between different forest uses, despite their reported
difference in terms of aboveground biomass and sequestration rates (Zolkos
et al., 2013). Similarly, the biodiversity potential of these different forest types
might also differ considerably (Gao et al., 2014). Yet, this dissertation presents
a number of global assessments, and such large scale studies inevitably come
at the cost of local details. Global level analysis can provide broad guidance
on hotspots and priority regions, but regional-scale analysis is needed to add
the necessary detail and account for all variations in land allocation strategies
and land systems as they are found around the globe.
Uncertainties in land change model results are inherent as assumptions
and simplifications of real-world processes are made to allow for a manageable
modeling process and meaningful results. One of the largest uncertainties is
the allocation of land systems. This is particularly apparent when multiple
locations have similar biophysical and socioeconomic conditions. The choice
for one location to convert rather than a similar location is often relatively
arbitrary. For example, it may not be known exactly on which side of existing
cropland expansion will occur, but it is known that it will occur. Thus, while the
locations of land change in the modeling results may contain some uncertainty
at the pixel level, overall patterns remain informative and representative of
the scenario designs. Further uncertainty stems from the assumption that
current political climates, food preferences, social norms, and infrastructure
will remain throughout the simulation period, while changes in these can all
shift land change trends in unforeseeable directions (Lambin et al., 2001).
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Despite this, this research serves to inform the land change community and
policy decisions under the assumption that current trends will persist while
also testing alternative plausible scenarios.
In spite of the limitations discussed above, the innovations described in
this dissertation can contribute to improved global (and regional) assessments.
Land system changes are part of everyone’s daily experience and are directly
related to the quality of human’s lives as they pertain to ecosystem health
and the sustained production of the food, feed, fiber, and fuel that we rely
on for day to day life. Furthermore, understanding the processes that drive
land change can benefit society. With this knowledge, planning for the future,
from personal choices to international policies, can become more informed and
effective. This dissertation supports the assertion that the continuation of this
research and improvements to the data upon which it is based is essential for
successful planning for both the needs of humans and of nature.
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Appendix A

Tables

From land system

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

1
32
1
32
1
32
32
32
32
0
32
32
0
32
32
32
32
32
32
32
32
32
0
0

0

32
1
32
1
32
1
32
32
32
0
32
32
0
32
32
32
32
32
32
32
32
32
0
0

1

32
32
1
32
1
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
0
0

2

32
32
32
1
32
1
32
32
32
0
32
32
32
32
32
32
32
32
32
32
32
32
0
0

3
32
32
32
32
1
32
32
32
32
32
32
32
32
32
0
32
0
32
32
32
0
0
0
0

4
32
32
32
32
32
1
32
32
32
32
32
32
32
32
0
32
0
32
32
32
0
0
0
0

5
0
32
32
32
32
32
1
32
32
32
0
0
0
32
0
32
0
32
32
32
32
32
0
0

6
32
32
0
0
0
0
32
1
1
1
0
0
0
32
0
32
32
32
32
32
32
32
0
0

7
0
0
32
32
0
0
32
32
1
1
0
0
0
32
0
32
32
32
32
32
32
32
0
0

8
0
0
0
0
32
32
32
32
32
1
0
0
0
32
0
32
0
32
0
32
0
0
0
0

9
103
103
103
103
0
0
103
103
0
0
1
1
1
32
32
32
0
32
0
0
0
0
0
0

0
0
103
103
103
103
103
103
103
103
32
1
1
32
32
32
0
32
0
0
0
0
0
0

0
0
0
0
103
103
103
0
103
103
0
32
1
32
32
32
0
32
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
1
1
0
1
1
0
0
0
0
0
0
0
0
0

To land system
10
11
12
13
0
0
0
0
0
0
0
0
0
0
1
1
0
1
1
1
0
0
0
0
0
0
0
0

14
1
1
1
1
0
0
1
1
1
0
1
1
0
1
1
1
1
1
1
0
0
0
0
0

15
1
1
1
1
0
0
1
1
1
0
0
0
0
0
0
0
1
1
1
1
1
1
0
0

16
1
1
1
1
0
0
1
1
1
0
0
0
0
0
0
0
1
1
1
1
1
1
0
0

17
1
1
1
1
0
0
1
1
1
0
0
0
0
0
0
0
1
1
1
1
1
1
0
0

18
32
32
0
0
0
0
32
32
32
32
0
0
0
0
0
32
32
32
32
1
32
32
0
0

19
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
1
0
0

20

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
1
0
0

21

33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
1
1

22

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1

23

Table A.1 A conversion matrix used in CLUMondo to govern conversions from one land system to another during each time
step. 1 means the conversion is allowed, 0 means the conversion is not allowed, 32 means the conversion is allowed in areas
defined by a map, 103 means the conversion is allowed after 3 years at the ‘from’ land system, while 33 refers to a map that
supplies a value to either promote or discourage the conversion to that system.
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2000

2040

2000

2040

Bovines, goats,
and sheep (nr.)
2000

2040

Built-up area
(km2 )
2000-2040

Carbon
(tons)
2000

2040

Potentially protected
area(km2 )

Brazil
112258400 236129738 193915400
267202202
38600
83878
*
**
Canada
64941150
93943058
13984670
17549159
8509
15913 14206440000 1180463
1650870
Central America
12262090
27259569
22931192
30905193
4622
9546
5727726000
171841
190695
Central Asia
24981590
41348839
42112799
67321210
18169
49691
*
**
China
650530700 761596917 434956000
608006275
81947 195639 18717410000 1422838
1862608
Eastern Africa
42520272 122346726 269602779
439783634
4726
19855 11973810000
**
Eastern Europe
115396937
80093298
43933423
40959420
29655
41177
*
102426
332910
India
390454263 618138511 681338418 1039935127
38569 103542 11931160000
158696
613165
Indonesia
132288064 274162219
29908980
39837942
11352
33672 34832850000
**
Japan
16057710
12252125
4511639
4533745
17800
21685
1889867000
**
Korea
12628138
16200571
5533634
11898821
5691
9512
268430300
24437
37048
Mexico
31565739
50673783
44777046
56602925
7084
14485 11650010000
**
Middle East
32832398
72604137 144880235
226200391
21736
65485
*
77253
129512
Northern Africa
33230627
70881172
73025316
105506747
11031
28847
1470176000
23272
103844
Oceania
39568330
61383906 193406362
210124488
9089
19193 20739040000
**
Russia
105814133 149498867
51926770
57238430
28914
32087
* 1875073
2861853
South America
109291319 229128292 202009904
252662782
41133
89696 68267460000
**
Southeast Asia
212144238 407895512
48310291
85899068
15374
43922 17699050000
**
Southern Africa
40000700 111612440 116664600
152127910
11390
36459 39069580000
**
Turkey
37856406
54260849
47573333
57016782
8291
23050
2093200000
70021
132918
Ukraine
64174965 107125137
18768655
14913810
12000
13091
599386600
23717
120827
USA
441881700 628521231 106446400
105821926 116148 244801 27415560000
**
Western Africa
160676758 387870237 209456621
390075554
13859
59337
*
**
Western Europe 256666429 303021755 211102156
181804014
76493 103958
8067204000
387191
957736
* No net loss of carbon was simulated in the reference scenario, therefore, an additional scenario simulation was not made.
** The demand for potentially protected area was already met in the reference scenario, therefore,
an additional scenario simulation was not made.

Model region

Crop production
(tons)

Table A.2 Demand quantities for crop production, bovines, goats, and sheep, built-up area, terrestrial carbon, and potentially
protected area. Demands are given for years 2000 and 2040. Carbon demand is constant throughout the scenario simulation, and
thus only one number is specified in this table.
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Table A.3 Exogenous production change factors applied to all land systems for each
production type. These are yearly increases in crop yield or livestock stocking density
for each CLUMondo region.
Annual percent change in yield or stocking density
Crop
CLUMondo region
Brazil
Canada
Central America
Central Asia
China
Eastern Africa
Eastern Europe
India
Indonesia
Japan
Korea
Mexico
Middle East
Northern Africa
Oceania
Russia
South America
Southeast Asia
Southern Africa
Turkey
Ukraine
USA
Western Africa
Western Europe

Bovines, goats, and sheep

2000-2005

2006-2030

2031-2040

2000-2005

2006-2030

2031-2040

0.24
1.19
1.04
0.69
0.70
0.74
0.83
0.30
2.52
-1.00
1.03
1.29
2.81
0.69
0.00
1.27
0.50
1.62
0.08
1.59
1.32
1.06
0.79
0.11

0.43
0.31
0.69
0.48
0.28
1.02
0.20
0.77
0.35
-1.00
0.26
0.56
0.48
0.42
0.79
0.66
0.41
0.50
1.04
0.34
0.05
0.32
0.88
0.34

0.20
0.14
0.44
0.34
0.08
0.81
0.07
0.44
0.10
-1.00
0.31
0.39
0.54
0.39
0.22
0.16
0.20
0.27
0.74
0.27
0.07
0.08
0.67
0.08

0.49
0.13
0.37
0.31
0.61
0.46
-0.50
0.71
-0.50
-1.00
1.09
0.47
0.40
0.50
0.08
0.00
0.35
0.72
0.40
0.10
-1.00
0.00
0.88
0.00

0.43
0.13
0.41
0.51
0.52
0.38
-0.50
0.92
-0.50
-1.00
1.09
0.40
0.38
0.43
0.08
0.01
0.31
0.57
0.40
0.14
-1.00
0.00
0.68
0.00

0.24
0.21
0.24
0.28
0.17
0.39
-0.50
0.07
-0.50
-1.00
1.09
0.17
0.31
0.31
0.02
0.00
0.19
0.13
0.46
0.00
-1.00
0.00
0.54
0.00

Total terrestrial
carbon in region

142009
165861
202016
296628
753717
632401
487341
1285964
1075203
715507
237783
254872
300120
218496
21343
30998
365396
165244

206436
286760
311964
72510
362331
459477
352755
443134
579629
524451
192006
103536
332777
233212
8781
14721
102673
96877

1022893
1082508
831076
1589343
1221516
925337
37376
369319
254115
108705
8940
13755
783300
460224

85147
256331
105229
34244

675987
369521
565645
567077
33101
33497

Western
Africa

543723
350485
318454
1568864
1068621
421476
220454
464140
246599
132621
192318
229802
360908
349860

140321
310954
173909
187799

542650
410741
294489
334034
325706
337599

Brazil

260086
140789
186777
262646
218329
137996
26238
42150
95710
100636
11605
17235
141846
65014

92632
163487
61005
79747

370833
163926
66251
147899
65733
91127

Canada

431842
335108
426249
417938
474986
368805
46737
47508
150816
120540
23878
18858
138697
119712

102826
150105
127464
204091

224214
59494
85145
77512
84355
49671

China

107563
94632
104491
291897
208330
182686
207136
88721
179446
233395
11238
74685
83041
66478

89247
83014
74225
72716

45738
52242
50134
67844
55108
72215

234429
289244
192987
295014
298363
253224
71454
49617
173922
137791
10833
43426
156525
105918

96933
259268
198616
129868

151865
128216
113589
164930
77744
72726

Eastern Western
Europe Europe

477747
526632
702917
606339
584413
500415
165103
125182
336154
339135
57290
82201
118989
80590

216116
233788
225229
241152

183756
159849
195709
112987
280858
119526

1107448
1076095
1190406
1614817
1366467
812086
814008
428136
674149
181490
649603
540480
626561
448638

499014
598242
595015
723075

766969
623782
832657
790631
814677
614642

India Indonesia

321275
239494
294759
589772
507164
387860
130308
146238
279659
221434
23878
18858
302458
157512

102826
120829
101602
161916

563542
59494
208819
77469
215551
49685

Japan

1.20×1010 1.47×109 3.91×1010 8.22×1010 8.74×1010 1.42×1010 1.87×1010 1.80×109 8.07×109 1.19×1010 3.48×1010 1.89×109

125312
54075
168445
190607
206739
245571

220726
211715
187266
126047
46737
71327

Eastern Northern Southern
Africa Africa
Africa

Cropland systems
Extensive - FLS
446707
Extensive - BGS
200935
Medium intensive - FLS
309667
Medium intensive - BGS
58478
Intensive- FLS
143675
Intensive- BGS
32415
Mosaic cropland and grassland systems
BGS
57280
Extensive - FLS
83610
Medium intensive - FLS
59717
Intensive- FLS
49405
Mosaic cropland and forest systems
Extensive - FLS
748895
Medium intensive - FLS
270121
Intensive- FLS
207380
Dense forest
960631
Open forest - FLS
674043
Mosaic grassland and forest
446835
Mosaic grassland and bare
32210
Natural grassland
304056
Grassland - FLS
147971
Grassland - BGS
164244
Bare
13413
Bare - FLS
12061
Peri-urban & villages
108051
Urban
67316

Land system name

Table A.4 [Part 1 of 2. Second part is Table A.5] Total terrestrial carbon content per CLUMondo model region, and average
tons of terrestrial carbon per cell for each land system in each model region. The total carbon content per region is the amount
used as the carbon demand in the carbon scenario. The land systems were characterized based on the average carbon content
per land system within the region.
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Korea

Total terrestrial
carbon in region

144527
126547
98185
95590
115694
99473
118866
176694
110419
134752
178771
368267
443881
591568
612610
470185
120753
23618
180413
108439
14522
21310
82396
68260

478871
334494
378999
386640
622203
462504
600329
1008336
736302
700022
358588
303039
597019
529272
277591
309032
448066
440116

Middle
East

462155
268516
367012
353284
444328
430834

Mexico

271715
226316
229542
437602

188585
168412
124668
121216
290736
244153

Central
America

672376 404232
562214 310026
455606 408627
1031385 1116570
786559 939123
526506 817781
137271 279405
396039 252268
341039 460541
190315 496097
26974 273503
35000 173235
371896 418792
263623 321774

116524
230258
174727
142928

226109
356609
198750
188840
152049
76237

Oceania

509462
446058
310982
1406931
833417
503343
181618
200954
288761
195338
66174
93246
317162
217816

214396
217624
168032
178953

569061
201695
121081
213119
116236
98822

South
America

140983
96930
77405
249977
212314
158750
31388
67277
111343
89688
18084
35745
91754
65856

59173
63950
46557
51221

87968
104460
44371
66231
42958
38979

Russia

782953
610581
586097
998292
652029
503613
254254
232292
315882
347241
20864
146025
269246
193722

262554
231565
191599
149241

309184
573634
202036
217829
123472
79367

Southeast
Asia

136776
45348
37280
141942
120471
94033
17742
31939
36181
41224
9892
10843
33357
36950

30800
32642
31413
32054

35656
46873
34225
29719
36639
35274

Central
Asia

412686
310116
210466
529595
477789
424418
206200
107967
309736
339151
73025
92365
212542
181594

212794
210586
178934
140449

249206
200094
130416
187151
140563
232403

59489
71572
67604
229513
137186
103161
13555
21524
65411
105017
13901
15310
54042
40218

60241
44576
52759
56318

41817
46008
42652
39220
46865
42649

Turkey Ukraine

369367
240434
332095
439168
524340
317493
202522
43016
242259
344691
159327
235168
299112
247131

173548
106550
80433
143584

39487
85069
55380
76752
86549
100928

USA

2.68×108 1.17×1010 1.91×109 2.07×1010 5.73×109 6.83×1010 2.58×1010 1.77×1010 8.59×108 2.09×109 5.99×108 2.74×1010

Cropland systems
Extensive - FLS
159872
Extensive - BGS
55654
Medium intensive - FLS
59240
Medium intensive - BGS
72469
Intensive- FLS
64509
Intensive- BGS
86650
Mosaic cropland and grassland systems
BGS
103190
Extensive - FLS
98953
Medium intensive - FLS
83206
Intensive- FLS
88495
Mosaic cropland and forest systems
Extensive - FLS
136087
Medium intensive - FLS
101446
Intensive- FLS
129678
Dense forest
120158
Open forest - FLS
115683
Mosaic grassland and forest 108358
Mosaic grassland and bare
61739
Natural grassland
69287
Grassland - FLS
102129
Grassland - BGS
104957
Bare
23878
Bare - FLS
18858
Peri-urban & villages
90456
Urban
82224

Land system name

Table A.5 [Part 2 of 2. First part is Table A.4] Total terrestrial carbon content per CLUMondo model region, and average tons
of terrestrial carbon per cell for each land system in each model region. The total carbon content per region is the amount used
as the carbon demand in the carbon scenario. The land systems were characterized based on the average carbon content per land
system within the region.
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Table A.6 Average natural habitat preserved within species ranges by world region
for each taxonomic class and for each land change scenario between 2000 and 2040.
Species count is the number of species that have part or all of their range within a
region
Taxonomic
class
Amphibians
Birds
Mammals
Reptiles
All species

No
protection
80.1%
89.9%
90.3%
89.7%
87.6%

81.2%
90.1%
90.5%
89.8%
88.0%

Habitat
conservation
81.2%
90.1%
90.5%
89.8%
88.0%

81.2%
90.1%
90.5%
89.8%
88.0%

Species
count
785
1690
676
109
3260

Canada

Amphibians
Birds
Mammals
Reptiles
All species

89.8%
95.8%
95.3%
87.0%
95.0%

90.0%
95.9%
95.4%
87.4%
95.1%

92.6%
98.2%
97.6%
91.1%
97.4%

88.6%
95.7%
95.2%
85.6%
94.7%

44
469
205
29
747

Central America

Amphibians
Birds
Mammals
Reptiles
All species

78.7%
79.1%
80.2%
69.8%
78.6%

79.0%
79.4%
80.5%
70.5%
78.9%

79.9%
81.0%
81.7%
70.9%
80.3%

86.7%
88.2%
90.0%
80.6%
87.7%

542
1432
424
156
2554

Central Asia

Amphibians
Birds
Mammals
Reptiles
All species

77.4%
90.2%
91.0%
90.9%
90.1%

77.5%
90.7%
91.7%
91.7%
90.7%

77.5%
90.7%
91.7%
91.7%
90.7%

77.5%
90.7%
91.7%
91.7%
90.7%

17
469
217
28
731

China

Amphibians
Birds
Mammals
Reptiles
All species

101.6%
99.0%
98.6%
97.2%
99.1%

101.7%
99.0%
98.7%
97.2%
99.2%

102.4%
99.8%
99.6%
97.7%
100.0%

102.1%
99.2%
98.9%
97.3%
99.4%

366
1258
636
182
2442

Eastern Africa

Amphibians
Birds
Mammals
Reptiles
All species

80.5%
86.9%
87.3%
89.2%
86.4%

82.2%
87.8%
88.2%
89.8%
87.4%

82.2%
87.8%
88.2%
89.8%
87.4%

88.9%
89.8%
90.8%
94.2%
90.5%

412
1600
796
401
3209

Eastern Europe

Amphibians
Birds
Mammals
Reptiles
All species

124.5%
125.2%
123.2%
108.6%
123.6%

124.4%
125.0%
123.0%
108.5%
123.3%

Region
Brazil

Reference

Carbon

124.9%
124.4%
125.3%
125.0%
123.6%
123.0%
110.4%
108.5%
123.8%
123.3%
Continued on next

35
373
145
40
593
page
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Table A.6 (continued from previous page)
Taxonomic
No
Region
class
protection

Reference

Habitat
conservation

Carbon

Species
count

India

Amphibians
Birds
Mammals
Reptiles
All species

95.7%
90.6%
91.0%
89.4%
91.3%

95.4%
90.5%
91.1%
88.4%
91.1%

101.7%
97.8%
97.3%
94.5%
97.9%

93.9%
90.2%
91.1%
88.4%
90.7%

285
1258
505
188
2236

Indonesia

Amphibians
Birds
Mammals
Reptiles
All species

89.9%
85.1%
85.8%
80.9%
85.6%

89.8%
85.1%
86.0%
81.5%
85.7%

89.8%
85.1%
86.0%
81.5%
85.7%

94.5%
89.5%
90.3%
85.4%
90.0%

479
1714
782
292
3267

Japan

Amphibians
Birds
Mammals
Reptiles
All species

98.4%
96.0%
96.8%
98.6%
96.5%

98.6%
96.1%
96.9%
98.6%
96.6%

98.6%
96.1%
96.9%
98.6%
96.6%

100.2%
97.0%
98.0%
98.4%
97.6%

52
326
144
15
537

Korea

Amphibians
Birds
Mammals
Reptiles
All species

87.0%
88.6%
90.2%
88.0%
88.9%

87.1%
88.6%
90.0%
87.8%
88.8%

89.1%
90.5%
92.3%
89.3%
90.8%

87.5%
88.5%
89.4%
86.8%
88.7%

22
315
101
3
441

Mexico

Amphibians
Birds
Mammals
Reptiles
All species

98.1%
101.4%
98.4%
95.9%
99.0%

98.4%
101.4%
98.6%
96.1%
99.1%

98.4%
101.4%
98.6%
96.1%
99.1%

93.9%
97.5%
94.8%
92.5%
95.3%

296
1009
491
574
2370

Middle East

Amphibians
Birds
Mammals
Reptiles
All species

86.4%
89.2%
89.5%
89.9%
89.4%

86.7%
89.4%
89.9%
90.0%
89.6%

86.2%
89.6%
90.0%
89.9%
89.6%

86.7%
89.4%
89.9%
90.0%
89.6%

32
576
252
220
1080

Northern Africa

Amphibians
Birds
Mammals
Reptiles
All species

80.9%
92.9%
94.1%
90.7%
92.6%

80.9%
92.8%
94.0%
90.6%
92.5%

82.1%
94.0%
94.8%
92.2%
93.6%

82.2%
93.4%
94.5%
91.5%
93.1%

22
435
198
92
747

Oceania

Amphibians
Birds
Mammals
Reptiles
All species

90.6%
92.1%
93.4%
92.3%
92.2%

91.2%
92.3%
93.6%
92.3%
92.5%

91.2%
91.6%
92.3%
92.6%
93.6%
94.1%
92.3%
92.4%
92.5%
92.7%
Continued on next
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Taxonomic
No
Region
class
protection

Reference

Habitat
conservation

Carbon

Species
count

Russia

Amphibians
Birds
Mammals
Reptiles
All species

97.5%
99.7%
99.2%
98.5%
99.4%

97.5%
99.5%
99.1%
98.5%
99.3%

100.5%
101.0%
100.6%
97.2%
100.6%

96.8%
99.0%
98.5%
97.0%
98.6%

37
654
346
62
1099

South America

Amphibians
Birds
Mammals
Reptiles
All species

87.7%
88.9%
88.9%
88.2%
88.6%

88.4%
89.7%
89.3%
89.2%
89.3%

88.4%
89.7%
89.3%
89.2%
89.3%

89.9%
90.8%
90.2%
89.7%
90.4%

1547
2990
1096
210
5843

Southeast Asia

Amphibians
Birds
Mammals
Reptiles
All species

90.3%
89.0%
89.0%
83.9%
88.4%

90.7%
89.0%
89.2%
83.9%
88.5%

90.7%
89.0%
89.2%
83.9%
88.5%

93.4%
92.2%
92.7%
87.4%
91.7%

486
1530
716
539
3271

Southern Africa

Amphibians
Birds
Mammals
Reptiles
All species

87.3%
88.6%
88.8%
85.8%
88.3%

87.6%
88.8%
89.2%
86.0%
88.6%

87.6%
88.8%
89.2%
86.0%
88.6%

89.3%
89.9%
90.0%
86.1%
89.7%

346
1439
607
109
2501

Turkey

Amphibians
Birds
Mammals
Reptiles
All species

80.2%
79.7%
78.3%
79.4%
79.3%

81.7%
79.6%
78.1%
79.2%
79.3%

97.1%
87.2%
87.0%
87.5%
87.7%

84.9%
79.5%
78.5%
79.3%
79.5%

34
362
157
97
650

Ukraine

Amphibians
Birds
Mammals
Reptiles
All species

62.7%
66.6%
66.0%
76.6%
66.5%

63.3%
67.0%
66.7%
76.6%
67.0%

96.4%
92.5%
95.6%
100.4%
93.6%

74.7%
73.7%
73.1%
77.4%
73.7%

20
307
117
12
456

USA

Amphibians
Birds
Mammals
Reptiles
All species

78.0%
87.3%
91.9%
85.7%
86.8%

78.4%
88.0%
92.1%
86.2%
87.3%

78.4%
88.0%
92.1%
86.2%
87.3%

83.7%
90.3%
93.0%
87.6%
89.6%

264
795
434
236
1729

Western Africa

Amphibians
Birds
Mammals
Reptiles
All species

87.4%
90.5%
89.7%
89.2%
89.8%

88.3%
90.8%
90.0%
89.6%
90.2%

88.3%
88.3%
90.8%
90.8%
90.0%
90.0%
89.6%
89.6%
90.2%
90.2%
Continued on next
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Taxonomic
No
Region
class
protection
Western Europe

Amphibians
Birds
Mammals
Reptiles
All species

89.4%
92.5%
92.3%
91.4%
92.0%

Reference

Habitat
conservation

Carbon

Species
count

89.6%
92.5%
92.2%
91.2%
92.0%

91.6%
95.0%
95.1%
92.1%
94.4%

89.4%
92.2%
92.1%
90.4%
91.7%

82
467
213
94
856
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Figure B.1 Sensitivity analysis for the Southeast Asia model region neighborhood size
and weight. This analysis was performed with the reference scenario, as described in
this paper. The graph shows the change in cropland area (top) and the change in yield
(bottom) between the year 2000 and 2040, for each neighborhood setup. We used four
neighborhood sizes (1x1, 3x3, 5x5, and 7x7) and three neighborhood weight multipliers
(0.5, 1, and 2). The neighborhood weight multiplier is a factor used to modify the
standard neighborhood weight parameter for all cropland and mosaic cropland systems.
The standard neighborhood weights for cropland and mosaic cropland systems are:
Cropland (extensive) 0.3; Cropland (medium intensive) 0.01; Cropland (intensive) 0.3;
Mosaic cropland and grassland with bovines, goats and sheep 0.01; Mosaic cropland
(extensive) and grassland/forest with few livestock 0.3; Mosaic cropland (medium
intensive) and grassland/forest with few livestock 0.01; Mosaic cropland (intensive)
and grassland/forest with few livestock 0.3. The neighborhood size and weight used
in the scenarios presented in this paper is marked with an asterisk (*). Results of
this sensitivity analysis show that a higher neighborhood weight leads to less cropland
expansion and more cropland intensification. The size of the neighborhood has a less
noticeable effect, however, the results show a trend towards greater cropland expansion
and less intensification as the neighborhood size increases.
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Figure B.2 Hierarchical land systems classification for the classification with monogastrics (See Chapter 4). Mon = monogastrics (livestock units), Rum = ruminants
(nr/km2 ), eff = efficiency of agricultural production (ext. = extensive system, m.int.
= medium intensive system, int. = intensive system), built-up, bare, cropland and
tree cover are in percentages. This is adapted from van Asselen and Verburg (2012).
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Figure B.3 Hierarchical land systems classification for the classification without
monogastrics. Mon = monogastrics (livestock units), Rum = ruminants (nr/km2 ), eff
= efficiency of agricultural production (ext. = extensive system, m.int. = medium
intensive system, int. = intensive system), built-up, bare, cropland and tree cover are
in percentages. This is adapted from van Asselen and Verburg (2012).
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Figure B.4 The 24 world regions used to calculate region specific sub-pixel properties
of land systems. These are also the regions for which demands are used in the global
LUCC simulations.
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Figure B.5 Analysis regions, identified by color, and model regions, identified by
numbers, used in the scenarios in this study. Analysis regions are comprised of one or
more model regions aggregated to highlight scenario outcomes in this study. Model
specifications are adapted to each model region individually to best represent the
processes governing and driving land change.

Figure B.6 Land systems map resulting from the land systems classification without monogastrics.
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Figure B.7 Distribution of species ranges for amphibians, mammals, and reptiles identified by the IUCN as least concern,
near threatened, vulnerable, endangered, critically endangered, and data deficient, as well as bird species mapped by BirdLife
International, per taxa.
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Figure B.8 Distribution of species ranges for amphibians, mammals, and reptiles identified by the IUCN as least concern,
near threatened, vulnerable, endangered, critically endangered, and data deficient, as well as bird species mapped by BirdLife
International, combined.
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Figure B.9 Absolute and relative change in habitat as a function of the habitat size in the year 2000 for the no protection
scenario, biodiversity protection scenario, carbon scenario. Each observation denotes one species.
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Summary
Humans rely on the Earth and its varied environments for the food, feed,
fiber, and fuel that is utilized in everyday life. To cultivate, produce, and
utilize these, humans have altered large parts of the Earth’s surface. For
example, landscapes such as forests and grasslands, have been converted to
cropland and pastureland to produce food and to urban land to provide shelter.
More recently, former natural areas have been reconstructed after their value
to biodiversity, recreation, and other ecosystem services has become better
understood. These human changes of the terrestrial biosphere have had severe
impacts on the environment, in terms of biomass loss, loss of biodiversity
habitat, and alterations of biogeochemical cycles. As these human demands for
food and other land based goods and services are likely to continue increasing,
there is a need to explore these as well as their impacts on the environment.
This dissertation explores the characterization of the Earth’s surface in
terms of the presence or absence of human activity, and how characterizations
inform our understanding of the processes that drive land change. In particular,
it assess to what extent increases in demand for ecosystem goods and services
can be provided by different combinations of land use intensification and land
cover conversion. As such it seeks to understand how increasing pressures
on natural resources lead to tradeoffs between natural and human-dominated
landscapes. As the value of natural ecosystems for biodiversity preservation,
climate change mitigation, and recreation, for example, becomes more apparent,
it is increasingly important that these be included in assessments of landscapeshaping human-environment interactions. Land change scenarios in this study
are assessed through the use of a global land change model which combines
natural as well as socioeconomic factors, policies, and resource demands to
project future land changes. The land change assessments begin with a global
land systems map representative of the year 2000, and project yearly changes
until the year 2040. Land systems are a characterization of the Earth’s surface
and comprised of a combination of land cover composition, land use, and land
management. This allows the assessment of land change in terms of land cover
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conversions as well as changes in land use intensity in response to increasing
demands.
Chapter 2 presents a review of recent estimates of potentially available
cropland on a global scale and then tests the effects of these different estimates
when applied in a future land change scenario. The review of existing potentially
available cropland estimates showed a range from no additional area to three
times what is currently cultivated, indicating there is little consensus on the
matter within the land change modeling community. The discrepancies between
the estimates are largely due to differing assumptions on biophysical suitability,
but also due to inclusion of socio-economic factors determining the availability
of suitable land for agricultural purposes. Moreover, it is shown that local
situations do not always conform to global thresholds, and also that pixel-based
estimates can lead to under- and overestimations due to sub-pixel biophysical
variation. Using the criteria detailed the in the reviewed estimates, three
spatially explicit estimates of potentially available cropland were constructed
based on the groups of different biophysical and socioeconomic characteristic
thresholds from the reviewed estimates. These were then used in a land change
model to analyze the effects of these different estimates on changes in cropland
area, cropping intensity, and forest area. The lower estimates of potentially
available cropland lead to greater intensification and less expansion of cropland,
while with higher estimates the opposite is true. Prior to this research the
variability in cropland estimates demonstrated in this chapter was hardly
addressed in global land change assessments despite their strong influence on
the results of such assessments.
Chapter 3 assesses to what extent explicit demands for ecosystem services
and goods, specifically carbon sequestration and biodiversity conservation, affect
land change scenarios, and in particular the trade-off between intensification
and expansion of croplands. To that effect the study analyses three scenarios
of future land change: i) a reference scenario without demands for ecosystem
services, ii) a climate change mitigation scenario with an explicit demand for
carbon sequestration, and iii) a biodiversity protection scenario with an explicit
demand for natural habitat. These scenarios utilize the highest estimate
of potentially available cropland area from Chapter 2 to provide a liberal
constraint to cropland expansion. The climate change mitigation scenario takes
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the form of a no net loss of aboveground biomass constraint. This requires
biomass-rich land systems, such as forests and grasslands, to be preserved.
The biodiversity scenario implements Aichi Biodiversity Target 11 which was
decided upon by the Convention on Biological Diversity and calls for 17% of
Earth’s terrestrial area to be protected. Both scenarios showed that compared
to a reference scenario, the additional demands for ecosystem services lead
to a specialization of land uses, i.e. a land sparing effect, and thus lead to a
greater intensification of existing cropland areas and less conversion of natural
land into new cropland. While many future land change assessments do not
account for these emerging ecosystem service demands, I showed here that
the additional competition for land resources that they present can greatly
influence scenario outcomes.
Chapter 4 assessed how the characterization of livestock in a land systems
classification affects the uniqueness of land systems and how the differences in
classifications propagate through a scenario assessment. Existing classification
schemes vary in their characterization of the terrestrial biosphere, especially
in their treatment of livestock. This chapter presented two alternative land
systems classifications. Both use land cover composition, cropland intensity
and ruminant livestock, yet one excludes monogastric livestock (pigs and
poultry) as a defining factor of land systems, and another includes monogastric
livestock as a defining factor of land systems. The results show that in some
world regions the inclusion of monogastrics leads to land systems that are
statistically different from their counterparts in the classification without
monogastrics, while in others it does not. Also, when the alternative land
systems classification maps were applied in a future land change scenario, there
were great differences in some world regions while in others the effect was
less pronounced. Regions where monogastrics yielded statistically significant
differences are typically characterized by land-based livestock systems, or
disproportionally high numbers of monogastrics, such as Indonesia and the USA.
The differences in the land systems classifications are most strongly seen in terms
of crop yields and grassland area, likely due to the presence of monogastrics
indicating higher intensity of production, and their absence indicating less
intensive production. This indicates a need to better represent livestock
dynamics in land system characterizations and land change assessments.
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Chapter 5 returns to the question of biodiversity and ecosystem function
by assessing the impacts of different land change scenarios on terrestrial
biodiversity. Specifically, it uses the same three scenarios presented in Chapter 3,
as well as a scenario where no protections of natural areas is included at all. For
each of these scenarios I assess differences within ranges of approximately 24,000
mammals, amphibians, reptiles, and birds. The results of the reference scenario
indicate that existing natural parks affect the allocation of new cropland areas
only very little, as many protected areas are not affected by land system
changes even in the absence of any protection mechanism. At the same time,
an explicit demand for aboveground biomass and natural habitat yields a much
smaller decline of global biodiversity, mainly because these demands are in
direct competition for land with agricultural activities. Hence this chapter
shows that synergies exist between various ecosystem service demands, and
also that in the process of improving the provisioning of one ecosystem service,
it is likely that others will also be enhanced.
As the world’s population continues to grow and greater demands are
placed on land and its resources, it is increasingly important to assess future
land change scenarios and their consequences. These scenarios can inform
both science and policy of possible future trajectories and the effects of land
management decisions. The work presented in this dissertation adds to our
capacity to provide such land change trajectories and serves to inform the
greater land change community in its quest to better represent the drivers and
processes that shape the surface of the Earth in models. Understanding future
consequences of present decisions regarding human-environment interactions
and how they shape the Earth’s surface can aid sustainable and equitable
societal development for all.
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