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Summary

Earth’s climate and land systems are inseparably linked through the exchange of matter,
water, and energy. The climate determines global vegetation patterns, while the characteristics
of vegetation influence the climate across scales. Humans started to influence the dynamic
links between the land surface and the atmosphere some 10 000 years ago by the large-scale
appropriation of land ecosystem services to satisfy their demands for food, feed, fiber, and
fuel. Unprecedented modifications of natural ecosystems, driven by land-use change, land-
cover change, and land management let appear Earth’s land surface now far from what would
be expected in a world predominantly driven by natural forces. The awareness is rising that
humanity entered the Anthropocene, a geological epoch where human activity potentially af-
fects elementary functioning of the Earth System and threatens the foundation of (human)
life.

At the same time, contemporary scientific understanding of the Earth System, in conjunc-
tion with global political and societal cooperation, create opportunities to cope with the cli-
mate change challenge and to wisely manage the global land resources towards a sustainable
pathway. Land-based mitigation options such as the reforestation of historically deforested
land, the use of bioenergy to substitute fossil fuels, and the climate-smart management of
agricultural land may contribute to attenuate the historical and contemporary distortions of
the interlinked land–climate system (e.g., through the reduction of greenhouse gases in the at-
mosphere). Yet, while increasingly more complex models have been developed during the past
decades to both increase the understanding of the interactions between the land, the climate,
and the human systems and to quantify land-based mitigation potentials, large uncertainties
still dominate the output of the models. Consequently, land-use impacts on the climate and
land-based mitigation potentials may be inadequately understood and insufficiently quantified.
To gain deeper insight into the characteristics and extent of the existing uncertainties and to
enhance the assessment of human impacts on the land across scales, this thesis explores the
role of uncertainty and spatial location in land-climate modeling.

The first part of the thesis seeks to answer the question '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?' A special focus is given to the role of spatial variability of human–envi-
ronment interactions in the relation between land use and the climate system. The thesis
demonstrates that apart from sufficient understanding of ‘how much’ a certain human interven-
tion on the land changes the interaction between the vegetation and the atmosphere, questions
relating to the ‘where’ and ‘what are the consequences at these locations’ require special attention. Some
processes, such as biophysically induced temperature changes in consequence of deforestation,
possibly neutralize each other across latitudinal and climatic gradients, leading to net zero ef-
fects on a global scale. Nevertheless, the impacts may be still substantial at the local scale
where they directly affect people’s livelihoods. In contrast, land-based mitigation options may
promise large theoretical potentials on a global scale, but trade-offs at the local scale (e.g., neg-
ative impacts on agricultural yields or economic disadvantages) may hamper adoption. The
second part of the thesis therefore addresses the question '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?' and calls for in-depth consideration of spatially-explicit impact analysis
in the context of agriculturally-based climate change mitigation and adaptation.



Chapter 2 reviews and discusses the state-of-the-art integration of anthropogenic land-use
and land-cover change in models contributing to major climate assessments such as the peri-
odic reports of the Intergovernmental Panel on Climate Change (IPCC). Three major chal-
lenges in the current coupling of land-use and climate models that introduce uncertainties in
the output of global climate projections, and consequently into the conclusions drawn from
global climate assessments, are identified and discussed in detail. The challenges include the
provision of spatiotemporally consistent and continuous land-use time series to models that
do not account for human activity internally, the treatment of land-use changes that happen
below the native model resolution, as well as the strategy to allocate external land-use change
information in the models that quantify global land-use climate impacts and land-based miti-
gation potentials. The chapter reveals large uncertainties in the estimates of land-use climate
impact related to the inconsistency in the representation of land use in the different models
contributing to global assessments. Moreover, uncertainties that accumulate in the individual
models are so far not sufficiently accounted for in global climate projections. Consequently, we
argue that the different scientific communities involved in land–climate interaction research
need to engage in the joint improvement of definitions and data products, while not obscuring
uncertainties for the sake of consistency. Instead, more comprehensive uncertainty assessment
need to be incorporated in the current workflows. A major limitation of the coupling remains
the current loose implementation, where the output of one model serves as input to another
model without accounting for potential feedbacks. Further work should therefore primarily
concentrate on the development of integrated modeling frameworks that incorporate complex
human–environment interactions, including the representation of human decision-making
processes.

The importance of land-use uncertainty in the land-climate modeling process is also
demonstrated in Chapters 3 and 4, where we assess uncertainties across a comprehensive set
of regional to global land-use change models, including the Integrated Assessment Models
(IAMs) that provide the land-use change trajectories for the IPCC process. A database of 75
scenarios from 18 distinct land-use change models has been collected to analyze land-use un-
certainty across a range of model types, scenarios, and spatial scales. In Chapter 3 the database
is explored to identify and quantify the uncertainty range in global and European projections
for cropland, pasture, and forest categories. The uncertainty is attributed to data, model struc-
ture, and scenario parameters using a multiple linear regression and analysis of variance ap-
proach. The results show a large range in land-use and land-cover change projections, with the
highest variability occurring in future cropland areas. Systematic differences in the projections
associated with the characteristics of the modeling approach are shown to be at least as great
as the differences attributed to the scenario variation. Chapter 4 employs a subset (i.e., all
models that are capable of providing regional-scale or gridded output) of the database to
identify hotspots of uncertainty in the projections across scales. At the regional scale, the
methodology follows Chapter 3, while at the grid-cell scale map comparison techniques are
adopted to identify spatial hotspots of uncertainty in cropland, pasture, and forest projections
across multiple resolutions. Hotspots of uncertainty mainly appear at the edges of globally
important biomes (e.g., boreal and tropical forests), indicating that especially the regions with
the highest pressure on land coincide with the regions with the highest uncertainties in the
model projections. All of the scenarios projected by one model were found to be more similar
to each other than scenarios with similar parametrization from different models, confirming



the strong model-structure component in the attribution of uncertainty that has also been
found at the regional and global scales in Chapter 3. Both chapters emphasize the importance
of developing methods and diagnostics that allow to reduce uncertainties in land-use model-
ing, but more importantly the need to adequately represent the range of uncertainty in the
land-use forcing for climate models in the context of the IPCC assessments.

Chapter 5 shifts the focus towards land-based mitigation and introduces the first global
and spatially explicit representation of conservation agriculture (CA), a cropland management
strategy that has been proposed to contribute to climate change mitigation and adaptation, for
example, through enhanced soil carbon sequestration and the local cooling of mean and ex-
treme temperatures. We develop an approach to downscale available national-level estimates to
a regular grid that provides a suitable input for global climate and vegetation models. Based on
a qualitative literature review, major biophysical and socioeconomic drivers promoting the up-
take, and main barriers limiting the adoption of CA are collected to create an adoption index
map that represents the likelihood of CA adoption per grid cell. Subsequently, three distinct
estimates of present-day CA distribution are derived that represent the uncertainty range in
the reported CA areas. Additionally, two scenarios of future CA adoption are designed based
on the analysis of present-day CA data, the adoption index map, as well as the extrapolation
of present-day areas into the future. The results show that currently between 9% and 15% of
global arable land is managed under the principles of CA, while regional variations are large.
The future potentials reach up to 81% of global arable land. The spatially explicit considera-
tion of potential CA adoption demonstrates that future adoption may be limited by the so-
cioeconomic context in regions where theoretical climate mitigation potentials are supposed to
be high, while other regions already have high adoption rates and additional mitigation, e.g.
through soil carbon increases, cannot be expected. The new spatial detail will help to deter-
mine the climate impacts and mitigation potential of CA more realistically in global assess-
ments.

To demonstrate the application of the CA estimates developed in Chapter 5, the maps
have been implemented in the Community Earth System Model (CESM) in Chapter 6 with the
focus on studying the local biophysical impacts of current and potential future CA adoption.
While land management has been included in ESMs before, the main focus was on irrigation,
whereas practices such as CA have been only poorly parametrized. The new implementation
of CA in the CESM model generally demonstrates an improvement of the quality of the land
surface energy fluxes. Moreover, the results show that the adoption of CA has diverse impacts
on the local climate depending on the location of adoption, the scale considered, and the indi-
cators that have been assessed. While mid-latitude regions generally experience local cooling
of hot temperature extremes of around 1°C, in tropical locations CA contributes to a local
warming in the same range due to changes in evapotranspiration dominating the effects of
enhanced surface albedo. An experiment considering a hypothetical expansion of CA to all
suitable cropland areas (as derived in the maps in Chapter 5) indicates a considerable local
cooling effect of CA (>2°C) in the areas where it is applied. Larger-scale climate impacts are,
however, counteractive, possibly due to negative atmospheric feedbacks in the CESM model,
but further work including more ESMs is required here. Overall, the results underline that CA
has a non-negligible and spatially diverse impact on the local climate and that it should be
considered in future climate projections and as an option for mitigation and adaptation when
carefully targeted.



Eventually, in Chapter 7, we conceptualize the findings of the previous chapters regarding
land-use uncertainty and the importance of spatial location in land–climate modeling to initi-
ate a critical discussion about the potential prospects and limitations of land-based mitigation
in the context of climate-smart agriculture (CSA) and sustainable intensification (SI). While
both CSA and SI are widely claimed to be high-potential solutions to address the interlinked
challenges of food security and climate change, too often potential trade-offs at the local scale
and feedbacks to the larger scale are not considered in global assessments. The chapter out-
lines a framework of spatially explicit trade-off analysis that could help to identify those loca-
tions where synergies in land functions can be maximized in order to meet global targets. We
illustrate the spatially variable effects of CA on yields and soil carbon sequestration using the
example of large-scale adoption in sub-Saharan Africa, constrained by biophysical limitations
and socioeconomic barriers. Based on the assumptions in the analysis, we show that the large-
scale expansion of CA could lead to a net zero carbon effect owing to distant cropland expan-
sion in consequence of CA-related yield losses. While the analysis cannot provide a compre-
hensive quantification of trade-offs and synergies due to limited data availability and process
understanding, it emphasizes the need to incorporate a spatial dimension in the operational-
ization of land-based mitigation strategies.

In the face of increasing pressure on Earth’s land resources due to historical overexploita-
tion and a projected increase of the world demand for goods and services from the land,
land–climate modeling and the integrated assessment of land-use and climate change remain
important tools to develop strategies for a sustainable future of the Earth System. This thesis
provides insights in some of the critical uncertainties in land–climate interaction research and
emphasizes that the current incorporation of uncertainties and spatially variable impacts is of-
ten insufficient. Understanding and acknowledging the key role of uncertainty and spatial lo-
cation in land–climate modeling provides the basis for a change towards better practice that
will help to improve land-use representation in climate projections, to reduce uncertainties in
the quantification of land-based mitigation potentials, and to derive more realistic pathways to
address the climate change challenge.




