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Chapter 16
A New Modelling Approach
to Adaptation-Mitigation in the Land
System

Juliette Maire, Peter Alexander, Peter Anthoni, Chris Huntingford,
Thomas A. M. Pugh, Sam Rabin, Mark Rounsevell, and Almut Arneth

Abstract Climate change, growing populations and economic shocks are adding
pressure on the global agricultural system’s ability to feed the world. In addition
to curbing the emissions from fossil fuel use, land-based actions are seen as essen-
tial in the effort to mitigate climate change, but these tend to reduce areas available
for food production, thereby further increasing this pressure. The actors of the food
system have the capacity to respond and adapt to changes in climate, and thereby
reduce the negative consequences, while potentially creating additional challenges,
including further greenhouse gas emissions. The food system actors may respond
autonomously based on economic drivers andother factors to adapt to climate change,
whereas policymeasures are usually needed formitigation actions to be implemented.
Much research and policy focus has been given to land-based climate change mitiga-
tion, but far less emphasis has to date been given to the understanding of adaptation,
or the interaction between adaptation and mitigation in the land use and food system.
Here, we present an approach to better understand and plan these interactions through
modelling. Climate change adaptation and mitigation strategies and the impacts on
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the global food system and socio-economic development can be simulated over long-
term predictions, thanks to the new combination of multiple models into the Land
System Modular Model (LandSyMM). LandSyMM takes into account the impacts
in changes in climate (i.e. temperature, precipitation, atmospheric greenhouse gas
concentrations) and land management on crop yields with its implications for land
allocation, food security and trade. This new coupled model integrates, over fine
spatial scale, the interactions between commodities consumption, land use manage-
ment, vegetation and climate into a worldwide dynamic economic system. This study
offers an outline description of the LandSyMM as well as the perspectives of uses
for climate adaptation assessment.

Keywords Land-use change · Dynamic global vegetation model · Climate
change · Food system

Introduction

Food production systems are interlinked with the efforts to tackle climate change
impacts. Currently, the food production system accounts for about one-third of the
global greenhouse gas emissions, and 50% of the global habitable land (ice- and
desert-free) is used for agriculture (IPCC 2019). Land use and land-use change are
associated with a quarter of global greenhouse gas emissions from mainly tropical
deforestation, methane emissions from livestock and rice cultivation, nitrous oxide
emission from fertilized soils and manure management (IPCC 2019). Therefore,
land use changes are contributing greatly to climate change as 11% of anthropogenic
carbon dioxide (CO2) emissions are associated with land use change (Friedlingstein
et al. 2019), but also they play a key role in adaptation to the impact of climate change
on agriculture (Alexander et al. 2018; Agnolucci et al. 2020).

Adaptation to climate change intends to moderate potential damages from climate
change along with benefitting from opportunities associated with climate change
impacts. The global land use and food system has the capacity to respond and adapt
to changes to the climate, and thereby reduce some of the negative consequences
of these changes, while potentially creating additional challenges. Adaptive mecha-
nisms are both direct, i.e. as a response to climatic conditions in that location, and
indirect, e.g. in response to market movements or policy decision themselves created
by environmental changes, including those that may be occurring in other loca-
tions. Examples of food production adaptations to climate change include altering
agricultural practices, such as choice of crop types or intensity of management,
or shifting cultivated areas within and between countries. The wider food system
also has capacity to adapt, e.g. through shifts in patterns of consumption. Shifts in
consumer perception and preferences (e.g. the rise in vegetarianism and veganism),
as well as changes mediated by market prices are both likely to be important for
these demand-driven adaptations. And these adaptations may have climate-change
mitigation co-benefits through reducing greenhouse gas emissions from land use, as
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well as reducing fresh-water over-use, water and air pollution, protecting wildlife,
restoring lands back to forests or grassland (Rabin et al. 2020).

Modelling approaches are essential to help stakeholders to develop policies toward
long-term actions for better food production systems, which are more resilient to
climate change impacts and at the same time, contribute to halting climate change.
While some of these adaptations may be actively steered by policy, actors throughout
the food system will also adjust based on economic and other factors. Part of this
autonomous adaptation includes land managers and farmers making decisions that
can negatively interact with policymakers’ agendas; e.g. intensifying production
on existing agricultural land. Land-use modelling offers a unique chance to simu-
late the impacts of the adoption of land-based climate change mitigation measures,
the role of the different actors along the food systems, the effect of the continuing
globalization of trade in food products and increasing demand for agricultural goods
(Humpenöder et al. 2015). However, currently available land use basedmodels do not
focus on adaptation responses to climate change in land use, but more on a top-down
mitigation policies neglecting the implementation of the small-scale actors adap-
tation decisions (Alexander et al. 2018; Robinson et al. 2018). Here, we describe
a coupled model system, the Land System Modular Model (LandSyMM) which
aims to support future climate research by assessing the interplay between natural
system dynamics and socio-economic processes related to supply and demand. The
multiple scales represented allow interactions of bottom-up adaptation dynamics and
top-down mitigation policies to be represented and explored (Müller et al. 2020).

Modelling Adaptation in the Land Use and Food System

Existing Approaches and Research Gaps

A range of models have attempted to understand how future agricultural and land
use systems will affect and be affected by climate changes. These models have high-
lighted key societal drivers and were applied to a wide range of scenarios (e.g. green-
house gas emissions and radiative forcing, socio-economic pathways). However, due
to computational restrictions, most of the existing models typically use a very low
spatial resolution (Robinson et al. 2014). The downside of such an approach is that
it cannot well account for physical limitations of productivity and does not relate to
location-specific yield response to agricultural changes in inputs (Alexander et al.
2018).Moreover, currentmodel applications tend to focus on the climate changemiti-
gation potential of land use rather than placing adaptation at their core. Adaptation
requires information at much finer spatial resolution than can be typically provided
in integrated assessment models (IAMs). The resolution of the LandSyMM enables
us to explore adaptationmeasures such as related to crop productivity variations from
changes in management practices (e.g. fertilizer and irrigation rates), or management
in forests.
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LandSyMMModelling Approach

LandSyMM couples a dynamic global vegetation model (LPJ-GUESS; Smith et al.
2014), a climate system emulator (IMOGEN; Huntingford et al. 2010) and a socio-
economic land-use model (PLUMv2; Rounsevell et al. 2014; Engström et al. 2016;
Alexander et al., 2018) (Fig. 16.1). LandSyMM is currently being run at 0.5° spatial
resolution. The dynamic global vegetation model (DGVM) computes for example
changes in crop yields at a given location, in response to climate change, irrigation and
fertilizer application which can be adjusted flexibly as part of mitigation strategies.
PLUM simulates demand and trade of commodities (e.g. cereals, oil crops, pulses,
starchy roots, sugar, fruits and vegetables, wood, dairy and meat products from rumi-
nant livestock andmonogastric livestock) based on least-cost optimization principles
by adjusting commodity prices instead of assuming market equilibrium, allowing
short-term surplus and deficits. This includes also costs for irrigation, fertilizer use
and management intensity (e.g. pesticide and machinery use). LPJ-GUESS water
runoff outputs are used by PLUM to constrain irrigation use from water availability
at the basin level, after adjusting for other uses and environmental limitations. There-
fore, changes in water resources as well as plant requirement under future climates
can drive adaptation responses in land management. PLUM captures the relationship

Fig. 16.1 LandSyMM structural overview. The focus of the schematic is on the cross-scale interac-
tions between models (PLUMv2, LPJ-GUESS, IMOGEN, MAIDADS) and the embodied interac-
tions between the country- and world-level calculations for each time step of themodel. GDP: Gross
Domestic Product; RCPs: representative concentration pathways; SSPs: shared socio-economic
pathways
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between food demand in each country and income and food prices using a Modi-
fied, Implicit, Directly Additive Demand System (MAIDADS) approach (Preckel
et al. 2010; Gouel and Guimbard 2018). Prices are endogenous in PLUM and are
adjusted through international commodity trade imbalances, while populations and
country incomes are exogenously prescription often using SSPs scenarios (O’Neill
et al. 2014). The LandSyMM approach offers the unique opportunity to represent
trade-offs, responses and cross-scale and international interactions within a dynamic
system (Rounsevell et al. 2014). Greenhouse gas emissions from land-use change and
land management feedback to simulated climate. Currently in progress is a detailed
representation of forestry.

Climate Change Adaptation Applications

From a consumption perspective, LandSyMM captures dietary requirements and
preferences at the country level and how consumption changes in response to income
levels as well as endogenous country level food commodity prices. In addition to
the detailed representation of land management practices (e.g. technical efficiency,
fertilizer use, transport, losses during transport, fertilizer cost) at a granular scale, we
can assess the effects of autonomous decisions from the food system’s actors and their
interactionswithmitigation policies. For instance, to study the interactions between a
countrywhomight have suffered from shocks (e.g. flood, drought, yield shocks, price
shocks, pandemic and cyber-attacks) and the rest of the world under growing climate
change pressure. The changing risk of some of these shocks, such as drought and
flood risk, can be simulated by processes endogenous to LandSyMM (Fig. 16.2).
In addition, it is possible to implement policy levers such as international trade
tariff barriers and agricultural subsidies into the model to investigate their impacts
on the food systems, dietary requirement, land use, climate but also their impacts
on the potential benefices of certain climate adaptation measures. The increase in
plant productivity under higher climate forcing intensity will change the production
patterns at fine scale and creates new opportunities within the food system. The
change in production may be related to the adoption of new crop types, the changes
in management practices or the shift toward other cultivated areas (Alexander et al.
2018). In some cases, changing agricultural productivity could drive food substi-
tutions in consumer choice leading to changes in a country’s imports, exports and
production without direct policy implications. Mitigation and adaptation to climate
change do not always co-benefit. For instance, the widespread adoption of climate
mitigation actions such as bioenergy and reforestation can impact the land and food
systems, e.g. through the removal of existing agricultural land and increases in prices
for agricultural commodities (Bahar et al. 2020).
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Fig. 16.2 LandSyMMoutput maps, aggregated to the basin scale, representing a the shift in the 5th
percentile of annual surface runoff (drought risk), and b the shift in the 95th percentile of monthly
surface runoff (flood risk) (b). The shift was calculated between the predicted values of 2071–2100
and 1971–2000 under (1) SSP 1 (a future in which challenges to both mitigation and adaptation are
low) coupled with RCP 4.5 (climate given greenhouse gas emissions consistent with SSP1), and
(2) under SSP 5 (a future in which challenges to mitigation are high and for adaptation are low)
coupled with RCP 8.5 (climate given greenhouse gas emissions consistent with SSP5)

Conclusions and Recommendations

Agricultural adaptation measures are not necessarily positively synergistic with the
environment. Autonomous adaptation in landmanager choices is likely to be substan-
tially driven by economic interests. As a result, land manager decisions are likely
to minimize impact to market-based outputs, i.e. food and timber production. This
means that the outcome for environmental externalities, including greenhouse gas
emissions, fresh-water use and biodiversity loss may be detrimental (Fitton et al.
2019; Molotoks et al. 2020). Expansion of agriculture to new areas is expected to
lead to carbon losses for soil and vegetation, while increases in food prices are likely
to result in increased intensification of agricultural production, with negative envi-
ronmental consequences. To date, there has been a lack of focus on the, potentially
confounding, interactions between climate change mitigation and adaptation in the
land system.

LandSyMMis an important new toolwith the capacity to address this gap in under-
standing climate change adaptation-mitigation, and to inform policymakers on the
trade-offs between different policy options as well as the impact on various aspects of
the food system (e.g. production, international trade and diets). LandSyMM can be
used to explore the potential of climate adaptation via the implementation of different
scenarios that underpin climate change. These scenarios explore different futures
such as different levels of economic growth, population demographics, international
trade regimes and dietary preferences. The different scenarios enable the investiga-
tion of long-term impacts of policy measures on ecosystem services such as carbon
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storage, runoff, nitrogen losses, biogenic volatile organic compounds and biodiver-
sity hotspots (Henry et al. 2019; Rabin et al. 2020). Despite the recent improvements,
more research is needed to better reflect the reality of our complex world, e.g. inte-
gration of non-economic drivers for land manager decisions, and allowing bilateral
trade to be represented. However, the current implementation of LandSyMM already
provides a platform to better understand the interactions between land-based climate
adaptation and mitigation that is currently lacking, and to identify suitable policies
and actions.
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