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A B S T R A C T

Land systems are the result of human interactions with the natural environment. Understanding the
drivers, state, trends and impacts of different land systems on social and natural processes helps to reveal
how changes in the land system affect the functioning of the socio-ecological system as a whole and the
tradeoff these changes may represent. The Global Land Project has led advances by synthesizing land
systems research across different scales and providing concepts to further understand the feedbacks
between social-and environmental systems, between urban and rural environments and between distant
world regions. Land system science has moved from a focus on observation of change and understanding
the drivers of these changes to a focus on using this understanding to design sustainable transformations
through stakeholder engagement and through the concept of land governance. As land use can be seen as
the largest geo-engineering project in which mankind has engaged, land system science can act as a
platform for integration of insights from different disciplines and for translation of knowledge into
action.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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1. Introduction

Land systems constitute the terrestrial component of the Earth
system and encompass all processes and activities related to the
human use of land, including socioeconomic, technological and
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organizational investments and arrangements, as well as the
benefits gained from land and the unintended social and ecological
outcomes of societal activities (Verburg et al., 2013). Changes in
land systems have large consequences for the local environment
and human well-being and are at the same time pervasive factors
of global environmental change. Land provides vital resources to
society, such as food, fuel, fibres and many other ecosystem
services that support production functions, regulate risks of
natural hazards, or provide cultural and spiritual services. By
using the land, society alters and modifies the quantity and quality
of the provision of these services.

Land system changes are the direct result of human decision
making at multiple scales ranging from local land owners decisions
to national scale land use planning and global trade agreements.
The aggregate impact of many local land system changes has far
reaching consequences for the Earth System that feedback on
ecosystem services, human well-being and decision making
(Crossman et al., 2013). As a consequence, land system change
is both a cause and consequence of socio-ecological processes.

The land system science community is organised through the
Global Land Project (GLP). The orientation of land system science at
the interface of social, physical and ecological systems is reflected
by the origin of GLP, which, until the transition to Future Earth, was
a core project of both the International Geosphere Biosphere
Programme (IGBP) and the International Human Dimensions
Programme on Global Environmental Change (IHDP) commis-
sioned by the International Council for Science (ICSU) and the
International Social Science Council (ISSC). The Global Land Project
started in 2006 after publishing its science plan in 2005 (GLP,
2005). GLP is a successor of the previous Land Use and Land Cover
Change project (LUCC; 1994–2005) and the Global Change and
Terrestrial Ecosystems project (GCTE; 1992–2003). GLP aims at
synthesis and integration of insights, knowledge and methodolo-
gies in research across the land system science community. A core
task of GLP is the identification of scientific priorities and agenda
setting through synthesis of existing knowledge, meta-analysis of
land-based research and targeted workshops. In addition, GLP
provides a platform for the land system science community
through networking activities, such as the organization of work-
shops and conferences.

This paper aims to describe the development of land system
science and its main achievements and provides a perspective of
land system science within global environmental change research.
Finally, the paper provides an outlook on emerging issues in land
system science and identifies the challenges for the land system
science community to translate explorative research into solution-
oriented research, one of the priorities under the Future Earth
initiative.

2. Land system science achievements

2.1. The development of land system science

Land system science has developed over the past twenty years.
The study of land use and land cover change (coordinated through
the LUCC project) was initially dominated by monitoring and
modelling of the ecological impacts of major land cover changes on
the natural system (Turner et al., 1993; Lambin et al., 2000; Lambin
and Geist, 2006). An orientation towards sustainability always has
been a constitutive element of land system science (Turner et al.,
2007), and therefore key processes studied in case-study synthesis
and land use modelling were deforestation and desertification.
Achievements were made in terms of observing land cover changes
by remote sensing for single case studies as well as in global
datasets (Walsh and Crews-Meyer, 2002). As part of LUCC
activities, Belward (1996) developed definitions of land cover
Please cite this article in press as: P.H. Verburg, et al., Land system scien
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classes. The classification employed was developed to meet the
needs of other IGBP projects. However, later it was recognised that
specific projects and study objectives required different legends.
The development of a common land cover legend became less of a
priority for the LUCC community.

One of the main achievements of the early LUCC work was the
synthesis of case studies to identify common driving factors of
change and causation patterns (Geist and Lambin, 2002, 2004). At
the same time, land use models were developed that allowed the
exploration of future scenarios of land use change (Verburg et al.,
1999; Pontius et al., 2001).

Besides the LUCC project the Global Change and Terrestrial
Ecosystems (GCTE) project contributed by the research on
terrestrial ecosystem changes under local, regional and global
environmental changes such as increasing concentrations of
greenhouse gases, changes in global and regional climate, habitat
destruction, and increases in number and impacts of exotic
invasive species (Pitelka et al., 2007). The overarching goal of the
GCTE project was to project the effect of changes in climate,
atmospheric composition, and land use on terrestrial ecosystem
and to determine how these effects lead to feedbacks on the
atmosphere and physical climate system. GCTE took the lead in
analyzing the nature of nonlinear changes in Earth System
functioning. This work played a central role in the emergence of
abrupt change, surprises and extreme events as unifying themes in
the second phase of IGBP research.

Gradually, the research field of land use and land cover change
matured and became more integrative, focusing on both the
drivers and impacts of land change and including a wider range of
interacting processes of land use change. This development was
stimulated by the strong exchanges with other communities
working on related issues. The growing group of researchers
engaged in this field led to the emergence of ‘Land Change Science’
as a separate, interdisciplinary, research field engaging scientists
across the social, economic, geographical and natural sciences
(Rindfuss et al., 2004; Turner et al., 2007). The increasing attention
for the feedbacks between drivers and impacts (Verburg, 2006),
the interactions between social and ecological systems and
telecoupling between world regions (Lambin and Meyfroidt,
2011; Liu et al., 2013) and between cities and their rural hinterlands
(Seto et al., 2012) have motivated an integrated socio-ecological
systems perspective. In this integrated concept, land systems are
conceptualised as the result of dynamic interactions within the
socio-ecological system that operate across spatial and temporal
scales. This perspective has also moved land system science from a
focus on the most dramatic land cover changes to greater attention
for subtle changes of human interactions with the natural
surroundings, including land management (Erb et al., 2013;
Kuemmerle et al., 2013) and the provisioning of a wide range of
ecosystem services (Crossman et al., 2013). The following sections
describe a number of major achievements of land system science
over the past decade through illustrations of the different types of
research conducted in this field.

2.2. Meta-analysis of land use drivers and impacts

Place-based research in small case-studies has always formed a
key component of land system science. In order to better
contextualise individual case studies and identify generic patterns
across case-studies, meta-analyses were conducted, focusing on
the causes of key land change processes or consequences of land
system change (Geist and Lambin, 2002, 2004; Keys and
McConnell, 2005; Don et al., 2011; Gibson et al., 2011; Seto
et al., 2011; van Vliet et al., 2012; Ziegler et al., 2012; Van Asselen
et al., 2013). Methodological development of meta-analysis for the
specific purpose of global environmental change and land system
ce and sustainable development of the earth system: A global land
cene.2015.09.004
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science has also been carried out, e.g. on the utility of qualitative
comparative analysis for comparing highly diverse case studies
from different regions and the possibilities and caveats of using
statistical analysis when case studies are not designed in a similar
way (Rudel, 2008). Two recent studies provide an overview of
synthesis and meta-analytical studies in land system science since
1995 (Magliocca et al., 2014; van Vliet et al., 2015). From the total of
181 studies analysed it became clear that while the number of
meta-studies is increasing rapidly, more interaction between
researchers focusing on meta-studies and those conducting case-
study is needed to ensure that meta-analyses capture the essence
of case-studies and that case-studies target the research gaps
identified in meta-analysis. A tool developed in GLP context to
further such integration is the GLOBE project. GLOBE (global
collaboration engine; http://globe.umbc.edu) is an online collabo-
rative environment designed for real-time assessment of the global
context and relevance of local case studies, both individually and in
collections, as used for meta-studies. To make this possible, GLOBE
leverages an advanced geocomputation and visualization engine
that couples local case-study locations with more than 100 global
datasets characterizing social and environmental patterns across
the Earth. Using GLOBE, site-based researchers quantify, map and
publish the global relevance of their studies while identifying
additional studies and researchers working in globally similar
environments around the world. Researchers can engage in cross-
site synthesis to assess geographic biases and global knowledge
gaps across their case study collections (Fig. 1) and can correct
them by adding more studies in underrepresented areas and by
reweighting studies to better reflect their global abundance. With
this type of tool, researchers can collaborate globally across sites,
environments and social contexts with the ultimate aim of
nurturing a robust culture of globally relevant knowledge creation
and sharing in land system science.

2.3. Long-term histories of land use change

Land system science studies the past, current and projected
state and dynamics of land use. Human use of land is a major
Fig. 1. Global representativeness of 273 deforestation case studies identified by searching
coverage of case-studies across different classes of market access across Earth’s woodl
regions (For interpretation of the references to colour in this figure legend, the reader

Please cite this article in press as: P.H. Verburg, et al., Land system scien
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component of the long-term anthropogenic global changes in the
Earth system that have underpinned the call for the Anthro-
pocene as a new epoch of geologic time (Zalasiewicz et al., 2012).
A collaborative effort was made to review and compare the latest
global datasets on human populations and land use over the
course of the past 8000 years to evaluate human use of land as a
global force transforming the terrestrial biosphere (Ellis et al.,
2013). Different historic reconstructions of global land use
relying on different models of land use intensification produced
radically different assessments of the emergence, history, and
future of land use as a process transforming the Earth System
(Fig. 2; (Klein Goldewijk et al., 2011; Kaplan et al., 2012; Ellis
et al., 2013). By combining these historical reconstructions with
evidence on land use systems and their intensification from
archaeology, paleoecology and environmental history, it was
possible to explain why relatively small human populations
could have caused widespread and profound ecological changes
more than 3000 years ago, while in recent times the largest and
wealthiest human populations in history are using less arable
land per person every decade. While human population as well
as biomass consumption by humans has grown fourfold and
economic output 17-fold in the last decade, the global human
appropriation of net primary production (HANPP) has only
doubled in this period of time (Krausmann et al., 2013), mainly
due to surges in food production per unit of land and the use of
external (e.g., energy) inputs in agriculture. Reconstructions of
past developments that take such adaptive changes in land-use
systems over time into account, including land-use intensifica-
tion, offered a more spatially detailed and plausible assessment
of our planet's history, with a biosphere and perhaps even
climate, long ago affected by humans (Fig. 2). Based on this
assessment, further work to empirically validate a date for the
emergence of land use as a global force transforming the
biosphere and initiating the Anthropocene has been proposed
(Ellis et al., 2013). While land-use processes are now diverging
rapidly from historical patterns into new patterns and novel land
systems, integrative global land-use models that incorporate
dynamic adaptations in human-environment relationships help
 in GLOBE (of 875 total; published collection data (Ellis, 2014)). Colours indicate the
ands, with red areas indicating significant gaps in study coverage in more remote

 is referred to the web version of this article.).
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Fig. 2. Different land use intensification models produce different views of land use as a global force transforming the terrestrial biosphere. Maps show time period of first
significant land use and recovery from peak land use, 6000 B.C.–A.D. 2000, based on two different historical land-use reconstructions (upper plate, HYDE, and lower plate,
KK10 model that accounts for changes in land productivity per person).
Reproduced with permission from Ellis et al. (2013).
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to advance our understanding of both past and future land-use
changes, including their sustainability and potential global
effects.
Fig. 3. Map of imports and exports of forest products to and from China. (The countri
(Source: Liu 2014, p. 7; reproduced with kind permission of the author).

Please cite this article in press as: P.H. Verburg, et al., Land system scien
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2.4. Observing land change

Progress in land system science depends on both conceptual
progress and availability of accurate land change data. Accelerating
es are classified cased on the percentage of imported or exported value.).
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global change and increasing global connections forces land
system scientists to strive for more timely and accurate data. At the
same time, our increasing knowledge of land change and the more
sophisticated questions arising from that knowledge enforce the
need for increased semantic depth in land use data. Data for land
use change analyses are derived largely from remote sensing
analyses or census information, or from finer scale field surveys,
cadastres or participatory mapping. While much progress has been
made in harmonizing such heterogeneous data, there are multiple
challenges associated with spatially, temporally and thematically
heterogeneous data sources and their inherent uncertainties
(Verburg et al., 2011).

During the last decade two major developments have trans-
formed land change data generation and analysis. Firstly, there has
been a move from land cover to land use information as well as
increased attention for the collection of qualitative information.
This development is largely driven by the verdict that better
information on land use intensification is needed to improve our
understanding of global land changes which will in the future
relate to land use intensification rather than land use conversions
sensu stricto (Kuemmerle et al., 2013).

Secondly, higher resolution and more accurate global remote
sensing based datasets have been developed since the early 2000s.
While most of those global land observation products are based on
data with a spatial resolution of hundreds of meters to one km
(Achard et al., 2007; Fritz et al., 2013), new remote sensing
capabilities can create higher resolution land change products at
landscape scale (Hansen et al., 2013; Roy et al., 2014).

One prominent, but largely under-researched land change
process is agricultural land abandonment. Studies relying on
imagery-derived data help quantifying land abandonment and
improving our understanding concerning this under-researched
land change process (Kuemmerle et al., 2011; Griffiths et al.,
2013). For example, remote sensing based analyses created much
of our knowledge how the breakdown of the Soviet Union and
collapsing markets triggered massive land abandonment in
central and eastern Europe (Hostert et al., 2011; Prishchepov
et al., 2012).

Another major challenge is differentiating similar land cover
classes that have significantly different ecological properties. For
example, in Latin America, natural grasslands (high diversity, high
soil carbon, moderate/low primary productivity), are hardly
discriminated from planted pastures (low biodiversity, moder-
ate/low carbon, high primary productivity). Similarly, it is often
also very difficult to discriminate between tree plantations and
natural forests, and of course, between crops with very different
ecological, economic and socioeconomic implications.

2.5. Modelling land system change

Land use modelling takes place using simulation tools covering
a wide range of different model concepts originating from different
disciplines. Models used in land system science range from global
scale, coarse resolution models assessing global demand and
supply of commodities produced by land systems (e.g. Computa-
tional General Equilibrium models), to local multi-agent models
that simulate individual land use decisions at the level of
individual actors. This wide range of models and modelling
approaches can be explained by the different scales that land
system science addresses, the different research and policy
questions to which land use models are applied and the different
disciplinary traditions from which land system science is
originating. The range of different modelling approaches available
is synthesised in various review papers (Verburg et al., 2004;
Matthews et al., 2007; Priess and Schaldach, 2008; Brown et al.,
2013). In a recent review for the National Research Council of the
Please cite this article in press as: P.H. Verburg, et al., Land system scien
project perspective, Anthropocene (2015), http://dx.doi.org/10.1016/j.an
United States models were classified according to the role they play
within the process of supporting policy decisions (Brown et al.,
2013; National Research Council, 2013). While some models are
targeted as learning-tools to test alternative conceptualisations of
land system dynamics, other models are specifically designed to
evaluate alternative policy proposals to support decision making
by assessing effectiveness and identifying potential trade-offs
resulting from the direct and indirect impacts of the intended
policies on land use. Other models are targeted at scenario analysis,
either to inform large scale assessments of climate change or
biodiversity impacts (Lotze-Campen et al., 2010; Pereira et al.,
2010) or to detect specific land use trajectories foreseen under
alternative scenarios (Verburg et al., 2010; Sleeter et al., 2012) in
order to raise important policy issues and provide an early warning
signal that policies can anticipate. While such use is increasing,
land use models are not yet standard in major assessments such as
those for IPCC and IPBES, even though land use change is a major
driver of climate change, biodiversity and ecosystem services. Each
model type and approach has its own specific niche of applications,
and it is not possible to classify one approach as superior to other
approaches. While pixel-based approaches using spatial data of
site conditions as major determinants of the transition probability
of land use are extremely popular due to their good fit with
available data, many have made pleas for a wider adaptation of so
called multi-agent models that can explicitly address variation in
decision making and interactions amongst decision makers
(Brown et al., 2013; Filatova et al., 2013; Rounsevell et al., 2014).
Development of such models still faces some outstanding
challenges, including modelling agents’ behaviour, sensitivity
analysis, verification, and validation; coupling socio-demographic,
ecological, and biophysical models, and spatial representation.
However, forward progress is being made on these challenges
(Filatova et al., 2013). At the same time, in spite of the many
developments of multi-agent models in land system science at the
local scale it has proven difficult to operationalise and parameter-
ise such models at regional and coarser scales, largely due to data
limitations and lack of empirical knowledge of decision mecha-
nisms (Smajgl et al., 2011).

Apart from using different land use model types for different
applications and at different scales, the linking of models is
becoming more popular. Especially given the requirement to
establish an empirical grounding for land-change models, many
scholars are moving towards the development of hybrid models
that combine participatory, experimental, statistical, and simula-
tion methods (National Research Council, 2013). To better
represent cross-scale feedbacks and relationships, pixel-based
models are used to downscale results of macro-economic models
and nested approaches in which local dynamics feedback to
higher-scale dynamics are being explored, making optimal use of
the complementarities of different model types (Verburg et al.,
2008; Rounsevell et al., 2012; Herrero et al., 2014). However, often
model coupling is still following a top-down approach in which
higher scale models constrain more detailed models that translate
regional dynamics to land use change patterns. In such approaches
feedbacks from adaptive behaviour and changes in decision
making at the local scale to higher level system dynamics are
ignored. Both empirical data and knowledge and modelling
concepts are lacking to implement such feedbacks (Verburg
et al., 2015).

While land use models have strongly evolved over the past
decade, further development is needed to enhance their use in
both academia and in interaction with stakeholders. Such
development should focus on strengthening the spatio-temporal
representation of land use decision making, cross-scale dynamics,
and a stronger link to empirical data collection for parameteriza-
tion and validation.
ce and sustainable development of the earth system: A global land
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2.6. Telecoupling of land systems

Globalised markets, decisions by distant governments, and
global agenda setting (e.g. in light of global change) influence local
land use decisions to an ever increasing degree. Land system
science has taken up the challenge to both enhance understanding
of the interaction of coupled human-environmental system in a
telecoupled world as well as provide new frameworks and
concepts to inform evidence based decision and policy making.

For example, the recent reforestation in Vietnam is to a large
degree based on displacement of logging through import of wood
products from other countries (of which 50% was illegally logged)
(Meyfroidt and Lambin, 2009). On a global level 52% of the
reforestation (2003–2007) of seven countries that have recently
undergone forest transition is based on such displacement effects
(Meyfroidt et al., 2010). Economic globalisation therefore facili-
tates forest transition in one country through displacement effects
and leads to an export of negative externalities (frequently to
countries with weak land governance systems). In another
example, forest exports and imports of China in 2010 illustrates
the degree to which land is now a globalised good (Fig. 3). Between
1997 and 2010 China exported forest products to over 160 countries
and imported forest products from over 170 countries (Liu, 2014).
Such empirical evidence is crucial to enhance respective global
policies, such as those related to global deforestation.

Recently, there have been different attempts to quantify these
displacement effects of resource use, and land use specifically
based on trade and consumption data (e.g. (Qiang et al., 2013;
Weinzettel et al., 2013; Yu et al., 2013)). While the results are partly
contradictory, they all show the high degree to which land and the
resulting respective externalities have been globalised. These
results motivate the clear need for further methodological
advances in this field (Kastner et al., 2014) so that the land system
science community can provide critical information and tools to
support national, regional and global policy decision-making.

In addition to displacement effects, teleconnections of land
systems involves other socioecological processes such as human
and species migrations, large land acquisition by foreign owners
(Messerli et al., 2014), or distant “transfers” of ecosystem services
(e.g. through watershed conservation). Land system science has
reacted to the conceptual challenge of these increased interactions
of distant places and has already proposed different frameworks to
address them (e.g. (Seto et al., 2012; Liu et al., 2013). Liu et al.
(2013) discussed an integrated concept of telecoupling that
encompasses both socioeconomic and environmental interactions
among coupled human environmental system over wide distances.
Their concept centres on differentiating between sending, receiv-
ing and spill over systems, the flow between these systems, and the
agents, causes and effects within these systems. This move from
place based to process based conceptualisation offers much
potential to enhance the system understanding of a telecoupled
world and contributes to more effective policies and action
towards sustainable development. While the Liu et al. (2013)
framework emphasises geographical distance, other works (Eakin
et al., 2014) emphasised the importance of institutional distance,
or governance disconnect, in telecoupling: distant systems can be
strongly influencing nearby systems while institutions are local
and unable to govern these flows. This view also emphasises the
role of feedbacks arising from these mismatches to modify the
governance systems.

3. Land system science as a crucial component of earth system
science

Changes in the land system have many interactions with other
components of the earth system. Aquatic and atmospheric systems
Please cite this article in press as: P.H. Verburg, et al., Land system scien
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are influenced by the land system in manifold ways, e.g. through
emissions of greenhouse gases, the water consumption of
terrestrial vegetation and sediment run-off through rivers.
Changes and configurations of land systems have a substantial
impact on terrestrial biodiversity through changes in habitat
conditions by fragmenting and modifying natural ecosystems. In
all these interactions, the land system operates at the interface of
human and biophysical systems, in which the environment is
modified by humans responding to the opportunities offered by
land resources and adapting to environmental change. In this
section we outline a number of major interactions of land systems
with other components of global environmental change that are
often studied independently.

3.1. Land-atmosphere processes

Land-use and land-cover changes have contributed substan-
tially to climate change and are expected to continue to do so in the
future (Le Quéré et al., 2009; Pitman et al., 2009; Houghton et al.,
2012) due to the release of large quantities of carbon when natural
ecosystems (mostly forests) are converted into croplands or
pastures, or due to changes in management or land-use intensity
(Erb et al., 2013). Intensification of crop management leads to
release of additional greenhouse gases, like N2O from fertiliser
application (Zaehle et al., 2011), or CH4 from cattle and rice
production (Verburg and Denier van der Gon, 2001; Steinfeld et al.,
2006). Changes that follow land use change in the surface
reflectivity and the way absorbed energy is distributed towards
evapotranspiration or heating at the near-surface affect regional
climate substantially (Pitman et al., 2009; Pongratz et al., 2009).
Changes in land systems can also result in increased carbon
sequestration, due to e.g. the land-sparing effects of intensification,
if not overcompensated by rebound effects (Lambin and Meyfroidt,
2011) or due to management changes in forests that do not result in
changes in land cover, such as forest grazing or litter raking.
Although much emphasis has been put on carbon fluxes related to
land cover changes, the complex suite of biogeophysical effects of
land use and cover change (Mahmood et al., 2014), as well as the
equally important effects of changes in land management and
intensity within land use classes (Luyssaert et al., 2014) are now
increasingly recognised. To adequately describe the functioning of
the Earth system, land use and management (change) need to be
accounted for along other components including climate and
natural ecosystems. Nevertheless, the recent 5th Assessment
Report by the IPCC WG1 is the first where land use change has been
explicitly, although rudimentarily, accounted for in projections of
climate change. Recent, model-based studies, have shown that
land use change has an important impact on the radiative forcing
calculation (Jones et al., 2012) while, often ignored, spatio-
temporal dynamics in land systems are not accounted for, thus
underestimating the land system change impacts on climate
change (Stocker et al., 2014; Fuchs et al., 2015 Fuchs et al., 2015).
From a human system's perspective, climate and climate change
also contribute to land use change (Mertz et al., 2010). Climate
determines the types of crops that can be grown (Easterling et al.,
2007; Gornall et al., 2010). Harvest failures following floods, heat-
waves or droughts can lead to food-shortages, and increases in
local and global grain prices (Beddington, 2010). Indirect climate-
effects like fires or insect-outbreaks can also affect the yield of
forests and crops. At the same time, in other regions climate
change also favours higher agriculture yields in areas currently
limited by temperature and rainfall. As an example, the agriculture
production of Argentina (one of the major global food producers)
has been favoured by climate change (via rainfall increase) in
recent decades. While such feedbacks through biophysical
processes have been captured in integrated assessment models,
ce and sustainable development of the earth system: A global land
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the human feedbacks through adaptive behaviour and decision
making have been largely ignored and require both empirical
research and representation in models (Rounsevell et al., 2014).

An emerging challenge is, therefore, to quantify impacts and
feedbacks among land systems, the societies managing these
systems, and the climate system, and to take into consideration
regional to global scales and short- and longer-term time
perspectives. A global scale perspective is needed because
climate systems operate on global scales, and land systems are
increasingly influenced by drivers at these scales, as illustrated in
section 2.6. The debate on indirect land use change arising from
land-based bioenergy production is a prominent example of
global-scale dynamics (Fargione et al., 2008), but equally
important is the possibility to supply food to regions that suffer
from, for example, a climate-induced crisis. Issues of time arise
from legacy effects of land use change in the climate system
(Houghton et al., 2012) or from time-lags between introduction of
a climate policy and its actual take-up by local farmers (Alexander
et al., 2013). The climate, environmental and socio-economic
research communities are confronted with providing the required
understanding of the fundamental processes that operate at the
interface of the climate and land systems, and their manifold
interactions across local, regional, and global scales. A key
challenge is to find ways to bridge, philosophically and
methodologically, the diverse scientific communities. Finding
ways to synthesise available data and knowledge in these
communities will allow further development of the mechanisms
represented in models, advance our capacity to evaluate model
performance, and yield information to support policy develop-
ment and societies towards successful adaptation and mitigation
strategies (Hibbard et al., 2010; Rounsevell et al., 2014).

3.2. Urban rural teleconnections

Over half of the world's population already lives in cities, with a
massive increase in urban population projected by 2050, with an
anticipated increase in urban land cover about twice the increase
in urban population (Seto et al., 2011). Rates of urbanization are
spatially uneven, with Asia and Africa projected to account for as
much as 86% of projected urban growth (United Nations, 2010).
Alongside rapid growth, urban shrinkage is also taking place in
many parts of Europe and North America (Haase et al., 2012).
Conversion of land to built-up is often considered one of the most
problematic trajectories of land change, due to its perceived
irreversibility and severe consequences for climate, biodiversity,
ecosystem quality and ecosystem services, which are difficult to
mitigate and manage (Elmqvist et al., 2013). Urban green spaces,
wetlands and water bodies provide critical biodiversity and
ecosystem services for all city dweller, and are especially
important for poor and vulnerable populations, such as urban
slum residents (Nagendra et al., 2013c). Thus, protecting and
restoring urban ecosystems is an important issue for sustainable
urbanization.

Economic and demographic factors appear to be particularly
strong drivers of urban land change in China, India and Africa
(Seto et al., 2011). Macroeconomic factors have increased in their
influence, while the drivers are often spatially removed from the
locations of change, and stakeholders increasingly globalised
African urbanization further constitutes a particular information
gap, with studies of land change in African cities being relatively
sparse compared to other parts of the world, as a recent meta-
analysis indicates (Seto et al., 2011). Peri-urban regions constitute
areas of particularly rapid change that are especially vulnerable to
land acquisitions and tenure changes with potentially disrupting
socioeconomic effects and ecosystem degradation (Seto et al.,
2012), further increasing the social vulnerability of the urban
Please cite this article in press as: P.H. Verburg, et al., Land system scien
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poor, migrants and people practising traditional rural livelihoods.
In order to understand, model and manage the multi-level drivers
of urbanization in cities and their peri-urban surroundings, recent
efforts are beginning to focus on developing a better understand-
ing of urban-rural teleconnections (Seto et al., 2012). As an
example, Aide and Grau (2004) show that by reducing rural
population pressure in areas marginal for agriculture production,
rural to urban migration may facilitate the recovery of natural
ecosystems while at the same time, the quality of life for the
rural-to-urban migrants improves. Land system scientists suggest
a more nuanced, continuous representation of urbanity and
rurality across multiple dimensions of livelihood, lifestyle and
teleconnectivity, as an advance beyond traditional conceptuali-
zations of an rural-urban gradient or divide (Nagendra et al.,
2013b; Boone et al., 2014). Achieving sustainable land uses
in an urban era requires moving beyond the vision of cities as
centres of consumption that externalise land use impacts on rural
hinterlands, and acknowledging that cities and urban lifestyles
and institutions can also contribute to solutions (Seto and
Reenberg, 2014).

3.3. Land governance

Land systems are increasingly affected by changes in global
governance and wider revalorizations of land, and in turn influence
the wider transformations in governance and value (see Fig. 4). For
example, global demand for food and biofuels drives one of the
most visible revalorizations of land over the past decade, giving
rise to large-scale land acquisitions by states, transnational
corporations and financial investors (Anseeuw et al., 2012; White
et al., 2012). The land acquisitions have been enabled by larger
governance changes at the international, national and local levels,
such as the ascendance of the World Trade Organization, national
policies on food, agriculture and trade, and the rolling out of
commercial land markets (Peluso and Lund, 2011; McMichael,
2012; Margulis et al., 2013). Simultaneously, indigenous peoples
have mobilised in the pursuit of political and cultural goals,
highlighting the value of land as a place of belonging, territory for
self-determination and religious practice (Sikor and Stahl, 2011).
Changes in land systems drive global revalorizations of land and
wider transformations of governance, including multilateral
agreements, as illustrated by the inclusion of forests in global
climate mitigation efforts due to concerns over land-related carbon
emissions. Thousands of small-scale reforestation projects in the
so-called voluntary sector and the United Nations initiative of
Reducing Emissions from Deforestation and Forest Degradation
(REDD+) have brought increasing attention to carbon storage and
changes in land governance that accommodate the challenge of
climate change (Bumpus and Liverman, 2008; Corbera and
Schroeder, 2011), but land systems science has also highlighted
the complexities of governing climate change with often unpre-
dictable and complex changes that occur in land systems
(Ankersen et al., 2015).
ce and sustainable development of the earth system: A global land
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In reaction to shifts in governance, value and land systems, land
governance is partly shifting from ‘territorial’ toward ‘flow-
centered’ arrangements (Sikor et al., 2013). Flow-centered gover-
nance targets particular flows of resources or goods, such as
certification of agricultural or wood products or voluntary
regulation in the mining sector (Auld, 2014). For example,
concentration in global agri-food supply chains has enabled
industry to introduce production and sustainability standards
(Bailis and Baka, 2011). Initially NGOs, but later also governments
have promoted certification schemes for food at global or regional
levels (Auld, 2010). The European Union and USA are now seeking
to regulate global timber production through trade-related
measures. These forms of flow-centered governance complement
classic territorial forms of land governance, such as the designation
of protected areas, regulation of land use, and land use planning
(Sikor and Müller, 2009). They also add to the new instruments
used in territorial governance, in particular financial mechanisms
such as Payments for Ecosystem Services (Muradian et al., 2010).
Fig. 5. Yearly map of primary forests converted to rangelands in the Brazilian Amazon alo
sequestration, biodiversity and habitat.
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3.4. Land change and ecosystem services/biodiversity

Ecosystem services are supplied directly by natural capital, i.e.
the major components of the land system: soil, water, vegetation
and biota. Land use and land use change decisions therefore have
direct bearing on natural capital and ecosystem service supply
(Foley et al., 2005). The impacts of these decisions typically unfold
at local to regional scales, affecting local livelihoods that depend on
ecosystem services and biodiversity (Wu, 2013b). Trade-offs often
arise between bundles of ecosystem services supplied by alterna-
tive land uses (Chisholm, 2010; Crossman et al., 2011; Smith et al.,
2013). For example, land use change from natural forest to annual
cropping or grazing systems (Fig. 5) may enhance supply of the
food production ecosystem service, but at the cost of a number of
other services, such as water purification, local climate regulation,
carbon sequestration, biodiversity and habitat, and important
cultural and spiritual values (Smith et al., 2013). Robust
quantification of the many services supplied by natural capital
ng the BR 163 highway. Improved food production services on the expense of carbon
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is critical for understanding the trade-offs between services under
alternative land use scenarios. Land system science plays a pivotal
role in quantifying the bio-physical processes underpinning
ecosystem services. In some instances the processes are well
understood (e.g. sediment transport processes under alternative
land use arrangements), whereas in other cases the processes have
yet to be fully described (e.g. the distribution of biodiversity and
supply of habitat-related ecosystem services (Nagendra et al.,
2013a).

There is an important social dimension to natural capital and
ecosystem services that land change science can help better
elucidate. Arguably, ecosystem services are co-produced by
human-environment interactions, and do not exist if there are
no beneficiaries (Wolff et al., 2015). There is a clear need to better
understand the spatial and temporal dimensions of beneficiaries,
and whether they are spatially and temporally connected or
disconnected from where ecosystem services are supplied (Serna-
Chavez et al., 2014). Furthermore, land system science also aims to
understand the impact of human decisions on natural capital and
ecosystem service supply. Yet this is an area of greatest uncertainty
necessitating deeper collaborations between land system science
and the social sciences (Crossman et al., 2013).

4. Land system science: from understanding to sustainability
solutions

4.1. Land system science contributions to sustainability solutions

In 2013, a new initiative gathering all previous global
environmental change programmes was established and named
‘Future Earth’, in response to a visioning process on Earth System
Science and Global Sustainability undertaken by ICSU (Reid et al.,
2010). This Global Land Project transitioned to Future Earth in
2014. Future Earth prioritises a stronger focus on interdisciplinari-
ty and science that supports sustainability transitions through co-
design and co-production of research together with stakeholders.
While interdisciplinarity is central to land system science, land
system science could benefit from a stronger engagement of
stakeholders to develop sustainability solutions. Although the
orientation towards sustainability has a long tradition in land
system science, a lot of research is focused on understanding the
drivers and impacts of land system changes (see Section 2.1),
where large knowledge gaps still remain. However, there is also a
need to further engage in using the acquired knowledge to develop
and prototype sustainable land management practices and
policies. Land system science is closely related to the fields of
land use planning and land use policy. However, with much land
being owned and managed by private land owners that are, for
various reasons, not always directly responding to planning and
policy, new ways of linking science and practice need to be
developed to effectively create scientific findings that contribute to
sustainability solutions.

Important ways forward in this perspective include the
evaluation and design of alternative ways to govern land resources
(Deininger et al., 2011; Bourgoin et al., 2012; Sikor et al., 2013).
Studies in Laos exemplify how trans-disciplinary research can
contribute to this. In Laos there is an immense commercial
pressure on land and authorities and private operators seek to
replace the traditional shifting cultivation practices with more
commercially oriented agriculture. Development-oriented re-
search endeavors have been co-designed with local and govern-
mental stakeholders leading to more effective approaches to local
land use planning (Bourgoin et al., 2012). These approaches
capture and contextualise for the first time the immense
magnitude of land investment in the country (Schönweger et al.,
2012) as well as traditional smallholder claims on land through
Please cite this article in press as: P.H. Verburg, et al., Land system scien
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shifting cultivation (van Vliet et al., 2012; Heinimann et al., 2013).
This co-production of knowledge led to the recognition by officials
of the need for more efficient and participatory strategies for land
management and improved access to land for smallholder
communities. It also contributed to the declaration of a land
concession moratorium (for rubber, eucalyptus and mining) by the
prime minister office of Laos, and to increased recognition of the
importance of shifting cultivation in the new Upland Strategy of
the government. Whether this is then translated into locally
appropriate development has yet to be seen and land system
science has an important role to document such policy changes
with case studies at local level in Laos and elsewhere.

Land system science can also make major contributions to the
search for solutions to meet the multiple, conflicting, demands on
the land system. In particular the challenge to produce more food
for a growing and more demanding population while avoiding the
detriments of many output-enhancing land-use practices, such as
biodiversity loss and the degradation of ecosystem service
provision, has given rise to debate about alternative strategies of
land management (Rosegrant and Cline, 2003; Godfray et al., 2010;
Ingram, 2011; Lambin and Meyfroidt, 2011). This debate has been
influenced by strong opinions in favour of either intensification of
agricultural production on a relatively limited area, so-called land
sparing, or multi-functional agriculture areas, referred to as land
sharing (Phalan et al., 2011; Butsic et al., 2012; Tscharntke et al.,
2012). Whereas intensive agriculture has been characterised by
negative environmental and social externalities, multi-functional
agriculture has often been characterised by lower yields, thus
requiring larger areas to produce the same quantities of
agricultural product. However, in reality these tradeoffs are very
dependent on the biophysical and socio-economic context. In
sensitive environments, organic or other extensive, multifunction-
al, forms of agriculture can be suitable options. At the same time,
intensive agriculture can, with appropriate technologies and
management, produce large quantities of commodities fulfilling
the food demand of many people on a relatively small land area.
Matching land use systems with the abilities and willingness of the
land managers, the local environmental conditions and the
demand for ecosystem services is important to achieve sustainable
land management. In a globalised world locally optimal solutions
need to be contextualised as choices that always have wider
implications: the choice for relatively unproductive systems has
trade-offs due to displacement of production to other places
(Lambin and Meyfroidt, 2011). It is incorrect to assume that
intensification will always spare land that can be used for
conservation purposes. Increased production can trigger increased
consumption as a result of lower prices and improved agricultural
opportunities may attract new activities on ‘spared’ land (Matson
and Vitousek, 2006; Lambin and Meyfroidt, 2011; Phalan et al.,
2011; Grau et al., 2013; Hertel et al., 2014). Land system science can
provide insights in both the local and global tradeoffs. The
quantification of the global scale tradeoffs of locally sustainable
solutions can inform land management and conservation deci-
sions, and bring nuance into discussions about land sparing and
sharing paradigms by accounting for local context and environ-
mental heterogeneity (Bryan and Crossman, 2013).

The conceptual and methodological studies to evaluate trade-
offs can support a land system architecture, which draws on
principles of landscape ecology about spatial structure and pattern
(Wu, 2013a), to design novel land systems that more optimally
account for spatial and temporal interactions and landscape
configuration (Bateman et al., 2013; Crossman et al., 2013; Seppelt
et al., 2013; Turner et al., 2013). By modifying spatial landscape
structure and allocating land use activities to the most optimal
places in the landscape, it is possible to enhance the production
of multiple services and the resilience of the land system
ce and sustainable development of the earth system: A global land
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(Bryan et al., 2011). Such a design-based approach needs a
comprehensive knowledge base, thus requiring engaging with
stakeholders through co-design and transdisciplinary approaches.
In this way the designed systems may better fit the local interests
and ecosystem service demand, be sustainable from both local and
global perspectives and fit to the local socio-economic and land
governance systems (Bryan et al., 2010). Such research requires the
use of participatory techniques but also the involvement of
practitioners to prototype the newly designed land systems and
test their suitability in reality. The approach aims to use the
capacity of land systems and the architecture of these systems to
simultaneously respond to changing societal demand and support
mitigation and adaption to environmental change. That way, land
system science would not only play a role at the interface of the
social and natural sciences, but also at the interface between
science and practice.

4.2. Land system science as a platform for interdisciplinary and
transdisciplinary collaboration in global change research

The position of land system science at the interface of human
and environmental systems makes it central to studies across
different scales and disciplinary perspectives, thus creating a
platform to bring the different communities and disciplines
together, exchange and compare approaches, and create a mutual
understanding of the challenges and knowledge gaps. Internation-
al global change programmes projects LUCC, GCTE and GLP have
been successful in creating such platforms. In addition to creating
an awareness of different perspectives and methods, the inter-
actions in these projects have facilitated, at various stages,
knowledge synthesis and evolution of research agendas and
priorities. The knowledge gaps related to global environmental
change cannot be addressed by a single core project or within one
research community, re-iterating the grand challenge for more
interdisciplinarity in global change research identified during the
process towards the establishment of Future Earth (Reid et al.,
2010). Land systems at the interface of human and environmental
systems provide a unique platform for interaction amongst the
different global change communities.

5. Conclusions

Land use has been a central element for society throughout
human history and remains even more so today. However, land
systems, their characteristics, dynamics, constraints and impacts,
have traditionally been studied as part of different disciplines,
including economics, ecology and geography. The increasing
pressures on land resources and the key role of land systems
within the Earth system dynamics have given rise to the
development of land system science as an interdisciplinary field
that acts as a platform to integrate different perspectives and
dimensions of global change research. The field has matured
during recent decades giving rise to novel approaches to bridge the
different scales of analysis as well as facilitating the establishment
of links between science and practice.

Land systems are both a cause of global environmental change
and a possible powerful means of mitigation of and adaptation to
global environmental change. In order to exploit this potential, the
community needs to move from a dominant focus on exploratory
research towards understanding the functioning of the land
system and its dynamics to approaches that use this knowledge
together with stakeholders to mitigate and adapt to the changing
environmental and socio-economic context. The concept of land
governance opens up many points of connection with stake-
holders, including both formal organizations various local, national
and global fora where people make collective decisions about land.
Please cite this article in press as: P.H. Verburg, et al., Land system scien
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The competition for land resources and the services provided by
the land are increasingly dynamic in response to the high demands
of a growing population under a changing climate. In this paper we
have identified priority areas that require more attention during
the coming years to be able to effectively address these challenges.
The knowledge and commitment embedded in land system
science can contribute to co-designing land system solutions to
these global change challenges.
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