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1.1 Land-climate interactions
The climate and the land system are inseparably linked through manifold exchange pro-

cesses between the terrestrial surface and the atmosphere [Ciais et al. 2013; Hartman et al.
2013]. Climatic patterns shape the distribution and appearance of soils and vegetation [Seddon
et al. 2016; Quetin and Swann 2017], while the characteristics of vegetation influence the cli-
mate from local to global scales [Pielke et al. 1998; Z Liu et al. 2006; Pielke et al. 2007].
Land–climate interactions and feedbacks emerge through two major pathways: (1) biogeo-
chemical processes, i.e. the carbon and nutrient cycles and (2) biophysical processes, i.e. the
exchange of energy, heat, moisture, and momentum. Both pathways are closely coupled
through the transpiration of water by plants that both affects the surface energy budget and
drives the assimilation of carbon in plant biomass [Mahmood et al. 2014].

Conceptually, the biogeochemical processes are determined by the dynamics of different
pools, where carbon and nitrogen occur in a variety of chemical compounds [Cias et al. 2013].
The contemporary atmospheric concentrations of the greenhouse gases (GHGs) CO2, CH4,
and N2O, along with water vapor, are largely responsible for the greenhouse gas effect that
makes planet earth to an environment where humans are able to survive [Kiehl and Trenberth
1997; Trenberth et al. 2009]. Further pools include the lithosphere, the oceans, the terrestrial
surface, and the fossil fuel reservoirs that interact with the atmospheric pool on various tem-
poral scales [Falkowski et al. 2000; Ciais et al. 2013; Batjes et al. 2014; Saunois et al. 2016; Le
Quéré et al. 2018]. Especially the exchange between soil, vegetation, and the atmosphere drives
the climate on a timescale that is relevant for humans [Ciais et al. 2013]. Through photosyn-
thetic activity plants remove carbon from the atmosphere and accumulate it in organic com-
pounds in the living biomass [Beer et al. 2010]. At the end of the plant life cycle soil organisms
decompose the dead biomass and the carbon is transferred to the soil pool. During both accu-
mulation and decomposition, carbon is also released to the atmosphere in the form of CO2
through autotrophic (plants) and heterotrophic (microbes) respiration [Ito et al. 2011]. Fur-
thermore, the incomplete decomposition of dead organic material under low-oxygen condi-
tions in soils (e.g. in wetlands), along with geological sources (e.g. from volcanoes), emits CH4
to the atmosphere, which in turn is removed through photochemical reactions [Ciais et al.
2013]. Similarly, nitrogen cycles between the land and the atmosphere through various pro-
cesses driven by microbial activity [Canfield et al. 2010]. Non-reactive N2 in the atmosphere
forms the largest pool of nitrogen in the Earth System. Nitrogen-fixing microbes convert N2
to ammonia (NH3), which can be assimilated by plants and animals into organic nitrogen
(Norg). Mediated by microbial activity, Norg is converted back to N2 by the processes of am-
monification, nitrification, and denitrification. During both nitrification and denitrification, ni-
trous oxide (N2O) can be formed and released to the atmosphere, making soils to a natural
source of N2O. The source strength depends on the bacteria involved and the availability of
oxygen during the conversion processes [Sorai et al. 2007].

Biophysically, the land and the climate systems are linked by fluxes of energy and water
[Pielke et al. 1998]. When shortwave radiation from the sun hits the land surface, it can be ei-
ther absorbed by the land surface or reflected back to the atmosphere. The ratio between ab-
sorbed and reflected radiation is determined by the albedo of the land surface, which greatly
varies between different surfaces [Wang et al. 2017]. The absorbed part of the radiation is ei-
ther emitted as longwave radiation, transformed into sensible heat (=temperature increase), or
transformed into latent heat (=phase change of water at constant temperature). The partition-
ing between these fluxes strongly depends on the characteristics of the surface (e.g., type of
vegetation) and the availability of water [Seneviratne et al. 2010]. Hence, vegetation is one of
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the key drivers of the surface energy and water balances and any vegetation change may in-
duce changes in the energy and water fluxes. For instance, if the albedo increases upon a
change in vegetation, less energy is available at the surface and surface temperatures may de-
crease. Similarly, changes in the local water availability may change the partitioning of sensible
and latent heat fluxes, also resulting in surface temperature changes [Seneviratne et al. 2010].

The presence and type of vegetation, therefore, substantially influences both biogeochem-
ical and biophysical exchange processes between the land surface and the atmosphere and de-
termines the local climatic conditions [Pielke et al. 2011].

1.2 Anthropogenic disturbances to land–climate interactions: Land-
cover change, land-use change, and land management

Humans alter the interactions between the land and the climate system through land-use
and land-cover changes (LULCC) and the management of cultivated land [Arneth et al. 2010;
Pielke et al. 2011; Mahmood et al. 2014]. Driven by an increasing population and associated
rises in the demands for energy, food, and wood products, humans have altered up to 80% of
the global ice-free land surface [Foley et al. 2005; Ellis et al. 2013; Erb et al. 2017a]. The under-
standing and quantification of LULCC and land management and the feedback to biogeo-
chemical and biophysical processes is thus crucial for the design of sustainable development
policies [Mahmood et al. 2016].

Human impact on the land system is expressed in various forms and intensities [Verburg et
al. 2015]. Land-cover changes substantially alter the appearance of the land surface over time,
for example, through the clearance of forests to expand agricultural land. In contrast, land-use
changes and land-management activities do not necessarily include a change of land cover, but
rather alter the purpose and the intensity a piece of land is used for [Erb et al. 2013]. For ex-
ample, a forest can be a natural habitat of old-grown trees or a managed area of planted trees.
Both would be referred to as ‘forest’ land cover, but the ecosystem processes between the two
sites (e.g., carbon cycling) may be completely different [Naudts et al. 2016; Erb et al. 2017b].
Similarly, management practices such as the application of fertilizers, irrigation, or tillage in
agricultural systems do not change the land cover, but affect important ecosystem processes
(e.g., GHG emissions or the water balance) [Lal 2004a; ND Mueller et al. 2012].

Historically, around 1600 Mha and 3200 Mha of natural vegetation have been cleared for
cropland and grazing land, respectively [Klein Goldewijk et al. 2017]. Around 60% of the land
changes in the recent past (1982–2016) were due to human activity, with the remaining 40% at
least partially influenced by humans due to indirect drivers such as anthropogenic climate
change [Song et al. 2018]. Agricultural expansion still drives deforestation in large parts of the
tropics [Gibbs et al. 2010; Hansen et al. 2013], while at the same time extra-tropical regions
widely experience net forest gains due to the abandonment of agricultural land [Fuchs et al.
2013; Song et al. 2018]. Another major contemporary land-cover change pattern is the acceler-
ating expansion of urban areas, which may also indirectly drive further agricultural expansion
elsewhere due to the displacement of high-quality cropland [van Vliet et al. 2017]. Subtler land-
use changes and land management have additionally led to radical changes in the global land
resources. Nowadays, between 60% and 75% of the global forests are somehow managed,
though with different intensities [Erb et al. 2017a; Schulze et al. 2019]. The industrialization of
agriculture in large parts of the world induced a tripling of chemical fertilizer use and a dou-
bling of irrigated areas since the 1960s [Tilman et al. 2001; Potter et al. 2010]. Together, these
historical and still ongoing interventions on the land system substantially affect the soil–vege-
tation–atmosphere exchanges with potential detrimental feedbacks to the climate system.
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1.3 Biogeochemical and biophysical impacts of LULCC and land
management

Land-cover changes, especially deforestation, release large amounts of carbon to the at-
mosphere in a short time period and lead to a net carbon loss in the land system [Arneth et al.
2010]. The conversion of natural vegetation to agricultural land additionally induces the de-
composition of historically accumulated soil organic carbon (SOC), amplifying the carbon loss
to the atmosphere [Guo and Gifford 2002; Don et al. 2011]. The loss of SOC happens de-
layed, thus with the potential to influence the climate over longer periods [Pugh et al. 2015]. In
combination, LULCC-related disturbances to the carbon cycle have led to estimated historical
emissions of 225±75 PgC since 1750, corresponding to ~35% of the total anthropogenic
emissions [Le Quéré et al. 2018]. This figure might even increase, if land management and
bidirectional land changes will be fully considered in future assessments [Arneth et al. 2017;
Bayer et al. 2017]. Although the relative contribution of LULCC to the global emissions has
been decreasing over the 20th century – due to a decrease of LULCC, but more importantly
due to the rapid increase of fossil fuel emissions – LULCC still accounts for ~12% of the an-
nual CO2 emissions in the most recent decade (2007–2016) [Le Quéré et al. 2018]. Despite
CO2 emissions from LULCC, agricultural production is a large source of CH4 and N2O emis-
sions. More than 50% of the total anthropogenic CH4 emissions can be attributed to two
sources in agriculture: enteric fermentation in livestock production and paddy rice cultivation
[Saunois et al. 2016]. Similarly, 60-80% of the global annual anthropogenic N2O emissions are
directly or indirectly linked to agricultural activity, for example as a consequence of the large-
scale application of chemical fertilizers [Davidson 2009; Syakila and Kroeze 2011].

Despite perturbations of the biogeochemical cycles, land-cover changes alter biophysical
properties of the land surface. Expansion of agricultural land increases the albedo of the land
surface compared to forests [Betts 2000; Alton 2009], inducing modifications in the surface
energy balance, which in turn alter temperature and precipitation patterns [Bonan 2008; Pe-
rugini et al. 2017]. Especially in the high latitudes, where a more homogeneous snow cover
over open land amplifies the albedo increase during winter time, deforestation induces a cool-
ing of the surface temperature [Davin and de Noblet-Ducoudré 2010]. In the tropics, the
albedo effect may be compensated for by changes in the partitioning of sensible and latent
heat fluxes, resulting in a net warming. Agricultural vegetation usually evaporates less water,
leading to a smaller latent heat flux and a decrease of evaporative cooling at the surface as well
as changes in regional precipitation patterns [Sampaio et al. 2007; Davin and de Noblet-
Ducoudré 2010; Pielke et al. 2011; Mahmood et al. 2014]. Consequently, changes in biophysical
properties upon a land-cover change are strongly dependent on the location, with the potential
to either offset or to amplify the climate response at larger scales [Pielke et al. 2011; Mahmood
et al. 2014; Perugini et al. 2017].

Modeling studies have explored the potential biophysical effects of past land-cover
changes on surface temperature [Brovkin et al. 2004], the local surface energy balance [Pitman
et al. 2009], and radiative forcing [Pongratz et al. 2009], highlighting the regional differences
and difficulties to derive robust global biophysical impacts of LULCC. Recently, also observa-
tion-based studies assessed the biophysical impacts of LULCC. For example, Alkama and
Cescatti [2016] reported biophysically induced increases in mean and maximum air tempera-
ture related to recent forest cover changes that account for around 20% of the global warming
associated with GHG emissions in the period 2003–2012. Similarly, Duvellier et al. [2018] sug-
gested, based on the assessment of satellite observations, an average local warming effect of
land-cover changes due to changes in the surface energy balance for the time period 2000–2015.
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They however also emphasize the location dependency in the climate response following a
land-cover change. The assessment of biophysical impacts is complicated by the effects of
land-management activities that are able to dampen or amplify the LULCC effects. For exam-
ple, Luyssaert et al. [2014] found a comparable impact on local surface temperature changes for
forest management and deforestation in the temperate climate zone. Similarly, irrigation and
soil management (e.g., no-tillage, mulching) can influence regional mean and extreme temper-
atures and precipitation patterns [Guimberteau et al. 2012; Davin et al. 2014; Cook et al. 2015;
Hirsch et al. 2017; Thiery et al. 2017; Seneviratne et al. 2018].

There has been extensive research regarding individual biogeochemical and biophysical
land–climate interactions and feedbacks, but comprehensive assessments studying the net im-
pacts considering both pathways across temporal and spatial scales are still inconclusive. De-
spite recent advances in observational and modeling studies, especially the understanding and
quantification of biophysical effects related to LULCC and land management is still limited
and affected by large uncertainties [Pitman et al. 2009; de Noblet-Ducoudré et al. 2012]. While
there is no consensus about the global biophysical impact, most studies agree on substantial
local to regional effects that for some regions potentially exceed the impacts from biogeo-
chemical disturbances [Betts et al. 2007; Perugini et al. 2017].

1.4 Learning from the past: Land-based mitigation
Despite the uncertainties, the current scientific understanding of land–climate interactions

points towards substantial historical distortions of both biogeochemical and biophysical pro-
cesses [e.g., Mahmood et al. 2014; Perugini et al. 2017; Le Quéré et al. 2018]. In consequence,
calls to apply this knowledge to change detrimental land management towards more sustain-
able and climate-friendly management is a logical consequence [e.g., Rose et al. 2012; Griscom
et al. 2017]. In fact, almost every scenario in line with the Paris Agreement goals of limiting
mean global warming to 2 °C or even 1.5 °C relies on heavy land-based mitigation in the
course of the 21st century [Smith et al. 2016a]. Mainly two strategies, (1) ‘Avoided deforesta-
tion and afforestation (ADAFF)’ and (2) ‘Bioenergy with carbon capture and storage
(BECCS)’ are supposed to aid global mitigation efforts beyond strong reductions in fossil fuel
emissions. The underlying ideas are to prevent CO2 from entering the atmosphere and to ac-
tively remove CO2 that has been emitted in the past. By reducing deforestation, the carbon
currently stored in the trees will not be emitted. Planting trees on previously non-forested land
effectively removes CO2 from the atmosphere. BECCS replaces fossil fuels with fuels pro-
duced from bioenergy crops. As the carbon that is emitted during burning of such biofuels
has been accumulated via photosynthesis before, the net carbon balance is zero. In conjunc-
tion with capturing and storing the emitted CO2 in geological reservoirs, a net removal of CO2
from the atmosphere can be established [Humpenöder et al. 2014; Smith et al. 2016a].

Besides ADAFF and BECCS, management interventions to convert existing agricultural
land to systems that deliver on multiple global goals at the same time, e.g. food security and
climate change mitigation, recently receive increasing attention [Foley et al. 2011; Rockström et
al. 2017]. Summarized under the terms ‘climate-smart agriculture (CSA)’ and ‘sustainable in-
tensification (SI)’, management strategies like no-tillage, mixed cropping systems, or the culti-
vation of cover crops are supposed to provide cost-effective and immediate climate change
mitigation, for example through the accumulation of carbon in agricultural soils [Lal 2010;
Smith et al. 2013; Paustian et al. 2016]. Historically, agricultural soils have lost 25-61% of their
natural organic carbon stocks as a consequence of cultivation [Sanderman et al. 2017]. Wise
management of soils thus may provide the opportunity to reverse these losses to some extent.
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Increasing the organic carbon content of soils has further been shown to improve various soil
characteristics, thus being able to stabilize or even increase the yields that can be achieved [Lal
2018]. Besides carbon sequestration, biophysical climate mitigation may be reached by certain
climate-smart practices, e.g. through the attenuation of temperature peaks during heat waves
[Davin et al. 2014].

1.5 The trouble with land-based mitigation: feasibility and
competition for land

Land-based mitigation strategies such as ADAFF and BECCS include further LULCC
(e.g., the conversion of agricultural land to forests) that may stimulate biophysical feedback
loops (e.g., afforestation in the high latitudes may cause local warming; see Section 1.3) and
compete with other purposes the land is currently used for [Krause et al. 2017; Harper et al.
2018; Smith 2018a]. The land area required to reach substantial CO2 mitigation through
ADAFF and BECCS in the course of the 21st century exceeds the area of abandoned and
marginal land [Smith et al. 2016a]. Thus, to reach ambitious mitigation targets, contemporary
natural vegetation or agricultural land would need to be converted, with potential feedbacks to
food prices [Kreidenweis et al. 2016; Doelman et al. 2018], biodiversity [Smith et al. 2018b], and
other ecosystem services [Krause et al. 2017]. To minimize these trade-offs, agricultural inten-
sification is required, i.e. producing more food from the same area of land. However, this in
turn may require higher inputs of fertilizers and pesticides, which can feed back to the climate
system by increased GHG emissions [Carlson et al. 2016]. Furthermore, the implementation
extent and carbon removal strength of ADAFF and BECCS are unclear and the technological
implementation of carbon capture and storage systems is not yet operationalized, all rendering
the realistic contribution to global mitigation targets uncertain [Boysen et al. 2017; Krause et al.
2018].

Land-based mitigation through the management of agricultural soils promises to solve the
conflict of competition for land to some extent, as the same land that is employed for carbon
sequestration still provides agricultural yields. However, also these allegedly less radical inter-
ventions may induce competition for land, for instance through displacement of production if
yields cannot be maintained at the same level than in conventionally intensified systems
[Lambin and Meyfroidt 2011]. Moreover, similar to the ADAFF and BECCS strategies, evi-
dence for the success of the strategies is missing due to limited process understanding regard-
ing realistic sequestration potentials [e.g., Powlson et al. 2014] and the strong dependency of
adoption on local biophysical conditions (e.g., soil type, climate) and socioeconomic contexts
[e.g., Giller et al. 2009].

1.6 Tools to derive net LULCC climate impacts and land-based
mitigation potentials

As discussed in the previous sections, the quantification of LULCC related climate impacts
and land-based mitigation potentials at the global scale are key elements for the design of cli-
mate policies. However, both elements are strongly affected by uncertainties that may impact
the conclusions derived from global assessments such as the periodic reports of the Intergov-
ernmental Panel on Climate Change (IPCC). To facilitate the understanding of different
sources of uncertainties that are discussed in various contexts throughout this thesis, a short
overview of the methods applied to derive both estimates of net LULCC climate impacts and
land-based mitigation potentials is given in this section. While the range of methods is large
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and the details vary from study to study, three major groups of methods can be distinguished:
(1) bottom-up estimates based on various data streams, (2) spatially explicit estimates from re-
mote-sensing products, and (3) a chain of statistical and process-based modeling approaches.
All numbers mentioned in the previous sections regarding the extent of LULCC, the climate
impacts of LULCC, and the potential of land-based mitigation strategies, are based on one of
the methods or a combination of them. Only the core concepts are outlined in this section, as
details are given in the individual chapters.

Bottom-up estimates, usually based on the integration of various data streams such as
satellite information, census and survey data, or field measurements are often used to derive a
first-order estimate of LULCC related impacts or the potential of a land-based mitigation
strategy. At this stage process understanding is usually limited and implementation in more
complex models not yet available. For example, Smith et al. [2008] estimated the GHG mitiga-
tion potentials for various agricultural management strategies by integrating global cropland
and pasture maps and maps of climatic conditions with a large database of GHG mitigation
and SOC sequestration potentials derived from agricultural experiments. Similarly, Griscom et
al. [2017] estimate mitigation potentials of 20 different conservation, restoration, and land-
management activities based on the suggested extent and mitigation or sequestration rates de-
rived from the literature. While such estimates are helpful to derive theoretical mitigation po-
tentials, they include a range of assumptions that may render the results highly uncertain. For
example, Griscom et al. [2017] implicitly assume that present-day cropland area will be suffi-
cient to feed the growing world population and cropland expansion will not be required. Smith
et al. [2008], when upscaling GHG mitigation potentials to regions and the globe, assume con-
stant sequestration potentials in any agricultural field upon a management change. These ap-
proaches are, therefore, based on optimal allocation and optimal outcome of land-based
mitigation strategies, but do not, or only partially, account for the spatial variation in biophysi-
cal conditions and the local socioeconomic challenges and barriers of implementing mitigation
policies. In consequence, even if the optimal potentials seem to be promising, the actually vi-
able potentials might be highly overestimated.

Remote-sensing products can also directly be used in the assessment of global change
processes. Over the past decades the continuous operation of several satellites (e.g., the Land-
sat mission) accumulated a comprehensive archive of satellite information that is – in combi-
nation with today’s computational power – increasingly used to detect global change processes
such as land-cover change. For example, Song et al. [2018] recently explored the dynamics of
land-cover change over the past 35 years using various global satellite imagery. Similarly,
Hansen et al. [2013] developed a global forest loss and gain product by analyzing the Landsat
archive over the period 2000–2012. Besides specific forest change detection, the ESA-CCI
product attempts to provide a globally consistent land-cover change product for the time pe-
riod 1992–2015 [ESA 2014]. However, one of the main constraints of satellite observations is
their relatively small temporal coverage. Although helpful to understand recent developments
and change processes, the short period of ~30-40 years often does not allow a comprehensive
assessment [Verburg et al. 2011a]. Additionally, land-use and land-management changes often
cannot be assessed by remote-sensing products. Thus, remote-sensing products are often used
to initialize or constrain models that are used to study land–climate interactions across spatial
and temporal scales [e.g., W Li et al. 2017].

At the global scale and over large time periods, a chain of products and models is currently
used to improve the understanding of human impact on the land and quantify mitigation po-
tentials. At the core of the modeling, complex Earth System Models (ESMs) depict the bio-
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physical and biogeochemical exchange processes between the oceans, the land surface, and the
atmosphere [Fisher et al. 2014]. Vegetation dynamics, including the carbon and nutrient cycles
are modeled by Dynamic Global Vegetation Models (DGVMs), which can be part of ESMs.
As discussed in detail in Chapter 2, both ESMs and DGVMs have been originally developed to
represent natural processes and did not include any human impact on the land system. Due to
this history, they lack an endogenous representation of human-induced LULCC and land-
management activities. The location of LULCC and land management is the key variable that
is not modeled internally and thus provided by external data from Land-use Change Models
(LUCMs) or Integrated Assessment Models (IAMs). Uncertainties from the various model
types involved therefore propagate into the final assessments of LULCC impact and land-
based mitigation potentials.

1.7 Knowledge gap: the role of uncertainty and location sensitivity in
global assessments

Global assessments of land–climate interactions, e.g. the relevant chapters in the periodic
reports of the IPCC, however, heavily rely on the methods described in the previous section.
Albeit great progress in the understanding of land–climate interactions and the integration of
several anthropogenic land-use and land-management activities in the models in the past years,
two key issues are largely underrepresented, but may substantially influence the conclusions
derived from these assessments.

First, the role of uncertainty in historical and future land-use modeling feeding into the
modeling chain of land–climate interactions has never been comprehensively and systemati-
cally explored. This includes uncertainty in data products, model structure, and model param-
eters. While large efforts are taken to understand and quantify uncertainty within climate and
vegetation models (e.g., through the various model intercomparison exercises in preparation
of the IPCC reports) [Taylor et al. 2012; Eyring et al. 2016], less emphasis is put on the assess-
ment of uncertainties in the land-use input and how these uncertainties influence the climate
model output. As many processes affected by LULCC and their consequences for the climate
system are dependent on the location where they happen, especially the spatial distribution of
uncertainty is a key parameter that needs to be considered. Uncertainties in the historical ex-
tent and magnitude of anthropogenic land-cover changes has not been part of the climate
projections which the most recent IPCC AR5 was based on and will be only partly considered
in the upcoming IPCC AR6 [DM Lawrence et al. 2016]. Similarly, the uncertainty of present-
day land-use products and the uncertainty in future development of LULCC is insufficiently
accounted for in current climate projections. So far, land-use model output has been rather
treated as ‘real data’ than as model output attached with various uncertainties [see Chapter 2
for details]. The first part of this thesis, therefore, seeks to contribute to the identification,
quantification, and reduction of key uncertainties in the modeling of land-use across temporal
and spatial scales.

Second, there is still a serious lack of knowledge about the possible contribution of pro-
posed land-based strategies to reach mitigation targets in line with the Paris Climate Agree-
ment. While large-scale strategies like afforestation and BECCS seem to be promising, none
of them has been tested under realistic conditions at the larger scale, but current scenarios and
climate policies heavily rely on them for future climate mitigation. Changes in the management
of contemporary agricultural land towards climate-smart and sustainable strategies thus have
been proposed as an immediate, ready-to-go solution that helps to start mitigation efforts and
may provide time to leave other mitigation strategies to be implemented [Smith et al. 2016a].
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However, climate-smart agricultural management has a short history and little is known about
the exact strategies, their feasibility across various socioeconomic environments and biophysi-
cal gradients, and the benefits and trade-offs with other ecosystem services at the local scale.
This is on one side related to the lack of spatially explicit data, at which locations and to what
extent climate-smart agricultural management is applied, thus complicating the exploration
and quantification of mitigation benefits in process-based models at the larger scale. On the
other side, the simplicity in calculating large-scale mitigation benefits from climate-smart agri-
culture may overestimate the mitigation benefits and neglect trade-offs at the local scale. There
is an urgent need to diversify and refine estimates of mitigation potentials from LULCC and
land management by adding a spatial component to the calculations. Most importantly, so-
cioeconomic conditions at the local scale need to be incorporated and evaluated against purely
biophysically or economically based global optimization approaches. The second part of this
thesis, therefore, employs the example of conservation agriculture (CA), a relatively wide-
spread climate-smart agricultural management strategy, to explore uncertainty and location
sensitivity in the calculations of co-benefits and trade-offs between agricultural production,
management change, and the climate.

1.8 Outline of the thesis
This thesis seeks to contribute to the identification and reduction of key uncertainties in

the modeling of land–climate interactions. A special focus is given to the role of spatial vari-
ability of human–environment interaction in the relation between land use and the climate
system. This overarching theme is addressed by focusing on two main research questions
[RQ1, RQ2], which are further detailed by four sub-questions [RQ1.1, RQ1.2, RQ2.1, RQ2.2]:

RQ1 What are the main uncertainties in global land-use representations and to what extent
do these uncertainties influence the assessment of land-use impact on the climate?
[Chapters 2, 3, 4]. This question is addressed through two sub-questions:

RQ1.1 How large are the uncertainties in global land-use change model projections
across scales and what are the main sources of uncertainty? [Chapters 3, 4]

RQ1.2 How can be dealt with various uncertainties in global land–climate
assessments? [Chapter 2]

RQ2 What is the role of location and spatial variability in land use–climate interaction
studies and assessment of land-based mitigation potentials through agricultural
management? [Chapters 5, 6, 7]. This larger question is addressed through two sub-
questions:

RQ2.1 What is the present-day and potential future distribution of conservation
agriculture? [Chapter 5]

RQ2.2 What are the locally variable impacts of conservation agriculture on the cli-
mate? [Chapters 6, 7]
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The research questions have been addressed in six scientific publications by applying a
variation of methods and datasets as detailed in the individual chapters. All publications in-
clude input from co-authors and thus the term ‘we’ instead of ‘I’ will be used throughout the
thesis. The contribution of the author of this thesis to each individual chapter is outlined in
Appendix A. Following this introduction, Chapter 2 identifies and discusses three main chal-
lenges related to integrating land-cover and land-use change into global climate and vegetation
models that are contributing to global climate projections and impact assessments. In this
chapter, state-of-the-art models and data products are reviewed along with illustrative analysis
of projections of the land-change model CLUMondo [van Asselen and Verburg 2013] to de-
rive recommendations for future research on the uncertainty in global-scale land–climate
assessments [RQ1, RQ1.2].

Chapters 3 and 4 deal with the uncertainty in land-use change model projections [RQ1,
RQ1.1] and are based on a large dataset of simulations that have been collected from model-
ing groups from all over the world (75 scenarios from 18 distinct models). This database was
first used to identify and quantify the uncertainty range in global and European land-use pro-
jections across different modeling approaches and scenarios [Chapter 3]. The uncertainty was
attributed to data, model structure, and scenario parameters to improve our understanding of
associated sources and levels of uncertainty. In a second step, a subset of the database [Fig-
ure 4-1] was employed to explore the regional and spatially explicit dimensions of uncertainty.
Map comparison techniques were applied to identify the hotspots of uncertainty in the pro-
jections for cropland, pasture, and forest categories.

In Chapters 5 and 6 a spatially explicit estimate of conservation agriculture is derived and
implemented in a state-of-the-art land surface model (LSM) [RQ2, RQ2.1]. Conservation agri-
culture is a management technique that has been proposed to deliver co-benefits in terms of
agricultural production and climate change mitigation both through biogeochemical and bio-
physical pathways, but has not yet been assessed on the global scale. In Chapter 5, a downscal-
ing of national-level CA estimates is developed based on multi-criteria analysis taking into
account biophysical and socioeconomic determinants of CA adoption. Uncertainty is consid-
ered by three different estimates representing different interpretations of the national-level es-
timates. In Chapter 6 these spatially explicit estimates are used to study the biophysical impacts
of albedo change and soil moisture retention in consequence of CA implementation in the
Community Earth System Model (CESM) [Hurrel et al. 2013].

Chapter 7 provides a critical discussion regarding the proposed benefits of sustainable in-
tensification and climate-smart agriculture [RQ2, RQ2.2]. In this chapter, using the example of
CA in sub-Saharan Africa, the locally variable effects of climate-smart land management and
potential limitations to climate change mitigation at the large scale are assessed.

Eventually, Chapter 8 provides a synthesis of the scientific work conducted in this thesis,
revisits the research questions, discusses how the results of the thesis contributed to answer
these questions, and places the work into the wider context of land–climate interactions re-
search.

While each of the chapters provides a self-contained and closed set of analysis answering
specific research questions as detailed in the individual chapters, they are connected through
the overarching research questions outlined above. The major link is given by the different
kinds of uncertainties and spatial dimensions addressed [Table 1.1].
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Chapter Uncertainty Location sensitivity 

2: Current challenges of 

implementing anthropogenic 

land-use and land-cover change 

in models contributing to 

climate change assessments 

Structural uncertainty 

How does uncertainty 

propagate in the land–climate 

modeling chain? 

How does the location of 

LULCC in the models affect 

the climate response? 

   

3: Assessing uncertainties in 

land-cover projections 

Model uncertainty  

How large is the uncertainty in 

LULCC projections? 

- 

   

4: Hotspots of uncertainty in 

land-use and land-cover change 

projections: a global-scale 

model comparison 

Quantity and allocation 

uncertainty 

How large is the uncertainty in 

LULCC projections at which 

location?  

How does the uncertainty in 

LULCC projections vary with 

location?  

   

5: A spatially explicit 

representation of conservation 

agriculture for application in 

global change studies 

Data uncertainty  

How accurate are the data?  

Definition uncertainty 

What defines conservation 

agriculture? 

How does the choice of CA 

adoption drivers affect the 

spatial patterns? 

   

6: Modeled biophysical impacts 

of conservation agriculture on 

local climates 

Parameter uncertainty 

How is CA represented in the 

climate model?  

How does the climate response 

of CA management vary with 

location? 

   

7: The overlooked spatial 

dimension of climate-smart 

agriculture 

Output uncertainty  

How does simplification affect 

uncertainties?  

To what extent are trade-offs 

and synergies of CSA 

dependent on location? 

 

Table 1-1. Aspects of the two main dimensions 'Uncertainty' and 'Location sensitivity' targeted in the individual
chapters.
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