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Summary 
 

Rapid exploitation of fossil resources has resulted in a massive release of greenhouse gases (GHG) 
into the atmosphere. This anthropogenic perturbation of the complex climate system could result in 
a change of global climate patterns unprecedented in the past millennium. As such, further climatic 
change poses a serious threat to a broad range of natural systems and economic sectors. The land-
use sector, with agriculture in particular, is greatly challenged by the new weather conditions. 
Hence, adequate action is required in order to adapt and also to prevent potential negative impacts 
on the sector’s services. 

This thesis aims to assess the direct and indirect impact of climate change in the land-use sector, 
and to evaluate the associated economic distributional effects. Direct economic impacts from 
climate change in the agricultural sector are manifested through alterations of crop yields and 
consequent shifts in agricultural markets including changes in consumer and producer rents. 
Beyond agriculture, changes in carbon stocks in natural vegetation and soils are also directly 
affected by climate change. At the same time, they offer a great GHG reduction potential in a land-
based climate change mitigation policy. Mitigation measures are needed in all sectors, but they 
could also lead to negative economic effects and manifest as indirect impacts of climate change, 
since a comprehensive mitigation policy could rebound in agricultural markets by adding more 
pressure to production activities. Aside from the aim of assessing impacts, this thesis has a second 
goal, that of identifying those measures that could reduce the magnitude of such economic 
consequences.  

The assessment of direct and indirect climate change economic impacts is accomplished in a broad 
scenario analysis employed in the Model of Agricultural Production and its Impacts on the 
Environment (MAgPIE). MAgPIE is a partial equilibrium model of the agricultural sector that 
optimizes land-use patterns such that agricultural demand is fulfilled at the minimal production 
cost. Biophysical inputs for MAgPIE with climate change impacts (crop yields, water availability and 
carbon content) come at a high spatial resolution, and as such influence production systems subject 
to regionally defined economic constraints. For this thesis, the existing framework is extended by 
an analysis of market shocks and shifts in economic surpluses.  
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The main findings of the thesis suggest that a strong climate change effect on crop yields could 
cause significant global agricultural welfare loss by the end of the century. Geographic regions will 
be differently affected by climate change, with more losses in tropical areas. Additionally, the 
weight of economic impacts will be higher for food consumers than for food producers. However, a 
land-use based mitigation policy could greatly contribute to the reduction of the direct impacts. 
Still, achieving the land-based mitigation potential could considerably affect land-use and the 
dynamics of terrestrial carbon stocks. Under a GHG emission tax policy, land-use change carbon 
emissions could be almost entirely avoided. However, residual emissions from agricultural 
production systems (methane and nitrous-oxide gases) would still remain even if emission taxing 
mechanisms were applied, while the negative mitigation policy effects would reflect strongly in 
higher production costs and consequently increasing food prices. 

Particular measures can be implemented to alleviate the negative impacts from climate change and 
mitigation action. More openness in international agricultural trade could considerably reduce 
global and regional losses. Food demand management, changing diet patterns and reducing waste, 
all point to ways not only of reducing GHG emissions, but also of relieving the pressure of 
agricultural markets. GHG reduction measures can also be diversified in order to prevent impacts of 
a mitigation policy; for example a lower than optimal GHG tax for the non-CO2 emissions in the 
agricultural sector would trigger emissions reduction to the full potential without threatening food 
price stability. In the context of food security, these measures should be an integral part of any 
policy portfolio aiming at both the mitigation of climate change and the avoidance of direct and 
indirect climate change impacts on the stable utilization of food. 
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Zusammenfassung 

 
Die rapide Ausbeutung fossiler Ressourcen hat große Mengen an Treibhausgasen in die 
Atmosphäre freigesetzt. Diese anthropogene Störung des komplexen Klimasystems könnte die 
klimatisch sehr günstigen Bedingungen des Holozäns beenden, sofern weiterhin Treibhausgase 
emittiert werden. Der Klimawandel stellt damit sowohl eine ernsthafte Bedrohung für natürliche 
Systeme als auch für die Weltwirtschaft dar. Der Landnutzungssektor, und insbesondere die 
Landwirtschaft, wird durch den Klimawandel vor die Herausforderung gestellt, Treibhausgase zu 
vermeiden, sich anzupassen, und hierdurch negative Folgen auf die Produktion und 
Dienstleistungen des Sektors abzuwenden.  
 
Diese Dissertation quantifiziert die direkten und indirekten Klimafolgen im Landnutzungssektor 
und evaluiert die damit verbundenen ökonomischen Verteilungseffekte. Direkte Klimafolgen 
entstehen zum einen durch eine Veränderung der landwirtschaftlichen Ertragspotentiale und deren 
Auswirkungen auf die Agrarmärkte, welche wiederum Folgen für Produzenten- und 
Konsumentenrenten haben. Weiterhin beinhalten die direkten Klimafolgen auch eine Veränderung 
der Kohlenstoffspeicherung in Vegetation und Böden, welche als Kohlenstoffsenke ein großes 
Potential zur Treibhausgasvermeidung besitzen und unter einer Klimaschutzpolitik zu einem 
bedeutenden Vermögenswert aufgewertet werden. Politikmaßnahmen zur 
Treibhausgasvermeidung können darüber hinaus erheblichen Druck auf landwirtschaftliche 
Märkte ausüben. Diese indirekten Klimafolgen können zu Verteilungseffekten führen, insbesondere 
in Bezug auf die Ernährungssicherung. Neben dem Ziel, die Klimafolgen zu quantifizieren, soll diese 
Dissertation darüber hinaus auch Maßnahmen identifizieren, welche negative ökonomische 
Verteilungsfolgen des Klimawandels reduziert. 

Die direkten und indirekten Klimafolgen werden durch eine Szenarienanalyse beurteilt, welche mit 
dem Landnutzungsmodell MAgPIE (Model of Agricultural Production and its Impact on the 
Environment) durchgeführt wurde. MAgPIE ist ein partielles Gleichgewichtsmodell des 
Agrarsektors, welches Landnutzungsmuster so optimiert, dass eine gegebene Nachfrage 
kostenminimal durch die Produktion gedeckt wird. Das Modell berücksichtigt die biophysikalische 
Beeinflussung von Erträgen, Wasserverfügbarkeit und Kohlenstoffspeicherung durch den 
Klimawandel auf hoher geographischer Auflösung, und simuliert die Folgen auf das 
Produktionssystem innerhalb der gegebenen ökonomischen Randbedingungen. In dieser 
Dissertation wurde das bestehende Modell um eine Analyse von Marktschocks und um 
Verschiebungen der ökonomischen Renten erweitert. 
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Die Ergebnisse der Arbeit deuten darauf hin, dass die klimabedingte Veränderung der Erträge 
gegen Ende des Jahrhunderts einen erheblichen Wohlfahrtsverlust verursachen könnte. Die 
verschiedenen Weltregionen werden hierbei unterschiedlich betroffen sein, wobei insbesondere 
die tropischen Regionen von den Klimafolgen negativ beeinträchtigt werden. Auch werden 
Nachfrager von Nahrungsmitteln stärker betroffen sein als Nahrungsmittelproduzenten. 
Landnutzungsbasierte Vermeidung von Treibhausgasen könnte die direkten Folgen des 
Klimawandels erheblich abmildern. Derartige Mitigationsmaßnahmen würden allerdings die 
Landnutzung und die terrestrischen Kohlenstoffspeicher stark verändern. Eine Steuer auf 
Treibhausgase könnte die Kohlendioxid-Emissionen aus Landnutzungsveränderungen fast 
vollständig verhindern, während Methan- und Lachgasemissionen aus der Landnutzung auch unter 
einer solchen Besteuerung nicht vollständig vermieden würden. Zusätzlich zu der Erhöhung der 
Produktionskosten durch Treibhausgasminderung würden so auch die Kosten der Emissionssteuer 
auf die Nahrungsmittelkonsumenten abgewälzt, was über höhere Nahrungsmittelpreise zu 
unerwünschten Verteilungseffekten führen könnte. 

Um unerwünschte Verteilungseffekte zu vermeiden oder abzumildern, könnten verschiedene 
zusätzliche Maßnahmen ergriffen werden. Durch freieren Handel zwischen den Weltregionen 
könnten Regionen, die stark vom Klimawandel betroffen sind, ihre Nachfrage kostengünstiger über 
Importe decken. Darüber hinaus könnte die Förderung von nachhaltigerem Konsum, insbesondere 
eine Reduktion von Lebensmittelverschwendung und geringerer Konsum tierischer Produkte, nicht 
nur die Emissionen aus der Landwirtschaft begrenzen, sondern gleichzeitig auch Druck aus den 
Agrarmärkten nehmen und so den Preisanstieg verringern. Schließlich könnte auch eine 
Differenzierung des Kohlenstoffpreises zwischen dem Landnutzungssektor und den anderen 
Wirtschaftssektoren vorteilhaft sein. Bereits eine geringe Besteuerung reicht aus, um das 
Vermeidungspotential des Landnutzungssektors größtenteils auszuschöpfen,  und begrenzt 
zugleich Verteilungseffekte, die sich aus der Abwälzung der Steuer auf den Konsumenten ergeben. 
Gerade im Kontext der Ernährungssicherheit sollten diese Maßnahmen daher ein integraler 
Bestandteil des Politikportfolios sein, welches zugleich Treibhausgase vermeidet und die direkten 
und indirekten Klimafolgen reduziert. 
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 Climate Change Challenge: an Overview 1.1
The concentration of green-house gases (GHG) in the atmosphere is one of the main factors 
affecting the balance of energy exchange between the earth and outer space. The concept of energy 
flow imbalance of the planet is defined as radiative forcing and is a determinant of the global 
temperature, i.e. whether the earth is warming or cooling. However, since the middle of the 18th 
century and the revolutionized process of manufactured production with the consequent industrial 
development, the amount of emitted GHGs from exploitation of global land and fossil fuel resources 
to the atmosphere has affected the planetary radiative forcing by an additional 2.29 W/m2 (IPCC 
2013). This atmospheric uptake of energy has contributed to the global warming effect and further 
perturbations of the climate system, resulting in overall change in local climate patterns, 
unprecedented in the past millennium.  

Emission of GHGs continues at an increasing rate. The first decade of the 21st century saw a record 
annual rise of 2.2% in the emission of GHGs, reaching the cumulative level of 400 ppm of carbon in 
the atmosphere compared to the pre-industrial 280 ppm. If the concentration of pre-industrial 
GHGs doubles, the odds that global mean temperature (GMT) will rise from 1.5° to 4.5°C are 
estimated at a likelihood of 66% (IPCC 2013). Such a rate of GMT increase spreads vast space for a 
very high risk of climate change related impacts, making climate change one of the greatest threats 
that mankind faces (Figure 1). For that reason, it is crucial to address the uncertain nature of the 
resultant impacts of climate change. To this end, the pivotal role of the Working Group II of the 
Intergovernmental Panel on Climate Change (IPCC) has served to assess impacts in natural systems 
and describe vulnerable areas. Factors such as increasing temperatures and heat period durations, 
reductions in precipitation and changes in rainfall patterns affect all terrestrial and inland water 
systems. As a consequence, some areas experience changes in biomass productivity, river basin 
flow dynamics, the retention of water (Schewe et al. 2014) and an increased risk for soil erosion 
and landslides. There is also a rapidly growing concern about biodiversity loss and further 
degradation of terrestrial ecosystems (Thomas et al. 2004; Gregory et al. 2009). In addition, 
atmospheric carbon uptake by the ocean systems alters the pH-value of water leading to ocean 
acidification, which, in combination with ocean water warming, can potentially destroy marine 
ecosystems (Mathesius et al. 2015) and coral reefs (Frieler et al. 2013). At the higher end of 
temperature increase, singular events, or tipping points in the earth system, threaten to provoke 
abrupt and large scale changes such as polar ice melting, ocean circulation systems disturbance, 
and sea level rise. (Lenton et al. 2008).  

With the beginning of the Holocene, humans have actively increased their imprint on the planet and 
have constituted an integral part of the earth system. Together with other earth system 
components, humanity has entered into complex interactions in the earth system dynamics, thus 
particularly affecting the biosphere and the climate. Consequently, disruptions in the climate 
system will affect human activity and well-being through the underlying change in climate (Dunne 
et al. 2013) and through implied inevitable impacts in the natural sphere (as outlined above). Many 
scientists have been working on the detection and attribution of bio-physical impacts to climate 
change (IPCC 2014a), but more effort should be put into linking those direct impacts with all 
sectors of human economic activity. Two reasons justify such an effort: firstly, human communities 



C h a p t e r  1  | 9 
 

 
 

around the world are fundamentally dependent on local ecosystem services and will experience all 
upcoming changes in their provision; and secondly, understanding the cost of climate change allows 
us to assess economic measures and mechanisms in order to mitigate climate change and/or to 
adapt to the climate change circumstances in order to buffer the impacts.  

 

Figure 1 A global perspective on climate change risks. Source (IPCC 2014a), Box TS.5 Figure 1. Risks associated with 
reasons for concern are shown on the right for increasing levels of climate change. The color shading indicates the 
additional risk due to climate change when a temperature level is reached and then sustained or exceeded. Undetectable 
risk (white) indicates no associated impacts are detectable and attributable to climate change. Moderate risk (yellow) 
indicates that associated impacts are both detectable and attributable to climate change with at least medium confidence 
also accounting for the other specific criteria for key risks. High risk (red) indicates severe and widespread impacts, also 
accounting for the other specific criteria for key risks. Purple, introduced in this assessment, shows that very high risk is 
indicated by all specific criteria for key risks. For reference, past and projected global annual average surface temperature 
is shown on the left.  
 

There is an operative solution space for mitigation of climate change that would prevent more 
dramatic GMT increase (IPCC 2014b). The objective of a mitigation policy is a reduced emission of 
main GHGs characterized by a long atmospheric lifetime, including carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O) and halocarbon gases. Emission of those gases stems from different 
human activities, but primarily from the energy, industry, transport, land-use and agricultural 
sectors.  However, the climate change phenomenon is not only challenging because of its inherited 
risk of negative impacts, but also because of a mitigation portfolio of actions and decisions which 
would be required for the abatement of GHGs and an avoidance of the impacts. There are significant 
concerns that a mitigation policy could have negative impacts in some sectors or for some parts of 
the global population. Coordinated efforts to reduce GHG atmospheric concentration  are therefore 
required, taking into account possible co-benefits, interplays, synergies and trade-offs across 
sectoral objectives, likewise so that secondary, indirect, impacts of climate change do not occur. 

Land-use sector and agriculture in particular are principally vulnerable to the worsening weather 
conditions and at the same time have a great potential for mitigation of climate change. The goal of 
this thesis is to assess climate change related direct and indirect impacts in the land-use sector and 
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to evaluate the associated economic effect, and ultimately to identify measures that reduce the 
magnitude of negative economic consequences.       

 Direct Impacts of Climate Change in the Land-Use Sector 1.2
Here, the land-use sector is defined as an assemblage of global land resources that are used as a 
production factor for human needs and that are a source and a sink of GHG emissions. It consists of 
land types used and managed for agriculture, forestry and other land-use purposes (AFOLU)1. For 
agriculture, land is cultivated as arable land (croplands) and grazing land (pastures) for the supply 
of herbal intake for humans and animals and the supply of biomass as a primary bioenergy carrier 
for bioenergy production in the energy sector. Forestry sectors account for land with standing 
forests managed for firewood collection and timber industry, or forests for the provision of 
ecological and other ecosystem services. Lastly, other land comprises types of land with lower 
forms of vegetation that are not directly managed but have an ecosystem function and could be part 
of eventual land use change. The land types that do not fall into listed categories, such as deserts, 
rocks, permafrost and similar unmanageable areas together with settlement areas are not included 
in the definition of the land-use/AFOLU sector as used here. 

 Biophysical Impacts and Attached Uncertainty  1.2.1
The land-use sector is very vulnerable to climate change because of its direct dependency on local 
bio-chemo-physical conditions. This is highly relevant for agriculture, since local climate greatly 
influences the productivity of land. Variability in temperature and water availability in different 
plant growing periods, from sawing to harvesting, are the main factors that affect agricultural 
output (Samarah 2005; Zhang et al. 2015). Also, soil chemical properties such as organic carbon 
matter and other minerals and nutrients that are also subject to climate change effectively limit 
potential yields (Delgado-Baquerizo et al. 2013). 

Higher than usual temperatures in recent decades are the most significant factor in changes in 
observed aggregate crop yields (Lobell et al. 2011): for staple crops, such as maize and wheat, 
yields consequently declined globally by 3.1% and 4.9% respectively. Moreover, distinctive regional 
patterns of yield change show how additional warming relative to locally normal climate conditions 
affects plant growth rate (Fig 2). It is mainly the northern latitudes that show positive trends in 
yields from warmer climates, but the pattern strongly depends on crop choice. Additionally, the 
positive temperature effect also reflects stabilization in year-to-year crop yield variability in higher-
latitude areas, while conversely, variations in harvests have increased in some major cropping 
tropical regions (Iizumi and Ramankutty 2016). Water stress from smaller deviation in observed 
precipitation patterns has contributed to a somewhat lower extent in the form of an additional 1% 
of a loss in crop productivity globally (Lobell et al. 2011). In addition, increased precipitation can 
lead to leaching of nutrients in soils and degradation of organic soil carbon matter.                 

                                                             
1 The land-use sector and the AFOLU sector are use here interchangeably as synonyms. 
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Figure 2 Net impact of climate change: (temperature and precipitation) trends for 1980-2008 on crop yields. Values 
represent the climate effect in the equivalent number of years of overall yield gains (source: Lobell et al. 2011).   

It is evidently important to assess the prospect of crop yields under further changes in climate. Built 
on plant growth intrinsic process-based functions, global crop simulation models are able to project 
future changes in yields given the change in climatic and environmental conditions on fine 
geographic resolution (Rosenzweig et al. 2014). The direction of change in yields is distinct for 
different crop types and cropping regions. Modelled crop simulations indicate continuing 
diminishing yields in low-latitude regions along higher levels of climate warming. Especially for 
maize, wheat and to a smaller degree for rice, the losses in yield are expected to reach more than 
10% for temperature increases of 2 degrees, with an even more detrimental effect under further 
warming of the tropics (Porter et al. 2014; Rosenzweig et al. 2014). Conversely, for the temperate 
zones, small increases in annual mean temperature are likely to have positive effects, mainly by 
extending the plant growing period, since northern latitudes are typically characterized by colder 
conditions (Jeong et al. 2011). But especially at the high levels of warming, the crop productivity is 
expected to be considerably reduced (Rosenzweig et al. 2014). 

The yield projections are pervaded with high uncertainty, most especially in relation to the effect on 
enhancing yields from elevated levels of atmospheric CO2 (Long et al. 2006; Brown 2013; 
Rosenzweig et al. 2014). The CO2 fertilization effect is related to increased photosynthesis and 
water-use efficiency by reducing evapotranspiration during plant growth, leading to higher 
vegetation yields, especially for wheat, soy and rice. This provides prospects of softening or even 
reversing the damage in agricultural productivity caused by higher than normal temperatures. 
However, the full response in plant growth to elevated atmospheric CO2 is conditioned by many 
factors, including agricultural management, most notably nitrogen application (Rosenzweig et al. 
2014). Thus, further improvements are needed in field experiments for the full estimation of the 
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CO2 effect (Ainsworth and Long 2005; Leakey 2009) in order to considerably reduce the 
uncertainty in the sign of the climate change impacts on crop yields.         

Similarly to crop yields, altered environmental conditions under climate change can also influence 
other terrestrial vegetation processes. Rainforests and other carbon rich biomes are an important 
factor for both release and sequestration of CO2 emissions. The effect of climate change is also 
equivocal here: higher temperatures can reduce growth of terrestrial vegetation carbon, while on 
the positive side elevated atmospheric CO2 can, in general, increase the carbon stock through an 
enhanced uptake and vegetation growth (Huntingford et al. 2013). It is, however, uncertain what 
the temperature increase threshold is when impacts on terrestrial carbon stocks become 
detrimental (Bachelet et al. 2001), though some estimates point at a 4°C rise (Friend et al. 2014).        

 Economic Impacts in Context of Agriculture and Food Security 1.2.2
The direct effect of climate change on crop yields has been already economically displayed in 
agricultural price increases, by 18.9% and 6.4% (without and with the CO2 fertilization effect), 
corresponding to the slight increase in warming in last three decades (Lobell et al. 2011). An 
economy could show itself to be resilient to the impacts of the reported scale, since shocks in one 
sector (in this case agriculture) can disperse through other sectors, easing the total damage. 
Globally, agricultural economic value added is measured at 3% of total global gross domestic 
product (GDP) in 2010, which is heavily weighted by the richest (OECD) countries, whose 
agricultural share in GDP is 1.5% (World Bank 2016). However, in less developed countries, the 
agricultural sector is still of great importance for economic performance and it substantially 
contributes to economic growth, making it difficult for agricultural impacts to be absorbed by other 
sectors. The agricultural sector accumulates to 26.7% of GDP in least developed counties and 
employs a considerable share of the labor force (World Bank 2016). With currently approximately 
850 million undernourished people globally (FAO 2012), changes in agricultural productivity could 
easily lead to drops in labor productivity. The risk of elevated climate change impacts on 
agriculture is becoming even higher, also in the prospect of further population increase, more 
pressure on agricultural systems and the number of poor and undernourished people. Therefore, it 
is very important to comprehensively assess the future dynamic of agricultural prices under climate 
change and the associated consequences for food security, distributional effects and agro-economic 
welfare.  

1.2.2.1 Food Security  
There are four dimensions of food security as defined by the Food and Agriculture Organization of 
the United Nations (FAO): availability, access, stability and utilization of food (FAO 1996). Food 
availability stands for adequate supply for appropriate food requirements on reasonable terms and 
conditions. Access to food translates in endowing of individuals of sufficient means to buy food 
products. Food stability means assured access to food over time, e.g. in cases of crop failures or 
other market shocks. Finally, utilizing food means adequate food preparation and safe consumption 
with a healthy nutritional care. As a consequence, climate change related effects can have important 
ramifications on establishing and maintaining global food security (Schmidhuber and Tubiello 
2007; Wheeler and von Braun 2013). 
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Although not a complete indicator of food security, food prices are closely interlinked to food 
availability, access and stability. Failures of cropping seasons caused by droughts or oscillations in 
tropical cyclones (e.g. monsoons, el Niño) and global food trade market crashes, including 
fluctuations in other global economic indicators, have generated high spikes in food commodity 
prices in the past (Godfray et al. 2010). Maize and soybean prices at the global agricultural trade 
market have reached unprecedented high levels in 2012 as a direct consequence of lack in rainfall 
in the Mid-West parts of the United States and in Eastern Europe (World Bank 2012). Such market 
shocks greatly influence importing countries that rely on stable agricultural prices and unavoidably 
lead to income shocks for individual households. Depending on household purchasing power, such 
negative impacts in food prices could greatly limit access to food. In other aspects of food 
availability and access, supply shocks do not necessarily have market features, but are rather 
reflected in total shortage of food. During West Africa’s Sahel drought in 2012, a region where 
variability in rainfall might even further increase under climate change (Dai 2012), millions of 
people were put at high risk of famine, as food was for the most part unavailable.     

1.2.2.2 Distribution of Impacts  
The distributional effect of climate change can be determined through three aspects: (1) 
geographical, since biophysical impacts of climate change are primarily a local characteristic (see 
Section 1.2.1); (2) income-dependable, i.e. distribution among different national or regional income 
cohorts; and (3) market-dependable, i.e. distribution among economic agents in a market 
(producers and consumers). Changes in patterns of agricultural supply under climate change are 
not only displayed along the geographic latitudinal gradient (Rosenzweig and Parry 1994; Füssel 
2010), but also affect profitability of production and the income expenditure on food products 
(Hertel and Rosch 2010). Especially in relation to the increasing price of agricultural products, 
impact on poor strata depends on whether a household is a net-buyer or a net-seller (Swinnen and 
Squicciarini 2012). Given that most of global poor are employed in agriculture or agri-business, 
higher prices at the world market could even promote development if agricultural production is 
export oriented. Still, concerns remain for those consumers whose disposable income does not 
suffice to cover additional expenses from food market volatilities. In general, all three aspects of the 
distribution of climate change impacts in agriculture open an interlinked redistributive solution 
space for political instruments such as trade policy, subsidizing mechanisms or transfers, storage 
capacities et cetera.                       

1.2.2.3 Agro-Economic Welfare 
Accordingly, the balance of agro-economic surplus from climate change impacts and changes in 
consumption and production patterns can have important implications for national economic 
aggregates. In observed studies, it was demonstrated that global agricultural short-run price 
dynamics have increased poverty in low- and mid-income countries by 1.1% and 0.7% on average 
respectively (Ivanic et al. 2011). The agricultural welfare, as a net surplus of agricultural market 
economic activity, is estimated to decline with future climate change more strongly, implying losses 
in total gross domestic product (GDP). The risk of large negative economic losses is more likely in 
developing regions, where the agricultural sector is more important for the economy. However, 
responses from the main channels of economic allocation, including international trade, are 
required in order to obtain a means of buffering detrimental climate change on economic surplus 
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(Tobey et al. 1992; Reilly and Hohmann 1993). Still, for projection of future economic impacts, 
considerable uncertainty persists, especially in regard to the CO2 fertilization effect. Under 
uncertain climate change projections, socio-economic unknowns contribute additionally to a 
substantial spread in estimated food prices and other agro-economic variables (Nelson et al. 
2014a).   

 A Need for a Land-Use Based Mitigation of Climate Change 1.3
The international community and the IPCC have been advising governments to undertake 
mitigation measures in order to avoid the risk of future climate change induced negative impacts 
(UNFCCC 2009; IPCC 2014b). Some climate mitigation policies have already been enforced on 
certain regional, national and sub-national levels. However, a fully comprehensive and timely policy 
is required in order to limit global warming at 2°C (or even 1.5°C) compared to the preindustrial 
level (UNFCCC 2013; Luderer et al. 2013b). If this policy goal is to be reached, the concentration of 
GHG emissions in the atmosphere should not exceed the limit of 450 ppm CO2eq with respect to the 
pre-industrial era concentrations. The decadal efforts to reach a global deal on limiting the emission 
of GHGs have resulted in the Paris Agreement (UNFCCC 2015), with promised national 
contributions for emission reduction. Those contributions rely on the removal of carbon, but a 
departure from activities with high carbon footprints might also be necessary for a slowdown of 
global warming. The decarbonization of the energy and industry sectors is particularly important, 
since those sectors are primary contributors to anthropogenic GHG concentrations in the 
atmosphere, contributing the lion’s share of 65% of total GHG emissions (IPCC 2014b). Also, a great 
abatement potential is recognized in the AFOLU sector, which is an emitter responsible for 21-24% 
of total GHG emissions in 2010 (IPCC 2014b; Tubiello et al. 2015) and, at the same time, it 
represents a carbon sink for removal of atmospheric CO2 through photosynthesis and formation of 
organic matter during vegetation growth. Hence, with its contribution to climate change, the AFOLU 
sector offers considerable potential for reducing GHGs emission and also provides capacities for 
removing atmospheric emission in combination with other technologies (Smith et al. 2016).   

 Contribution from AFOLU Sector to Global Warming  1.3.1
There are numerous sources of GHG emissions in the AFOLU sector. In agriculture, for instance, 
they include CH4 emissions from enteric fermentation, manure management and anaerobic 
decomposition during paddy rice cultivation; N2O emissions from croplands and pastures 
fertilization with organic and inorganic fertilizers, from crop residues, cropland drainage for 
cultivation of organic soils; and both CH4 and N2O emissions from biomass burning on fields, such 
as crop residues or burning of savannahs, shrublands and grasslands. In addition, there is an 
amount of emitted CO2 from fuel and energy use in agriculture. The CO2 emissions are, on the other 
hand, the main released gas from land-use change dynamics in the forestry and other land-use 
sectors (Tubiello et al. 2014). Quantitatively, the agricultural (CH4 and N2O) and the land-use 
change (CO2) emissions have an equal share in the total emissions from the AFOLU sector, around 5 
Gt CO2/yr, although recently this ratio has become higher for agricultural non-CO2 emissions. This is 
partly because of an increasing demand for resource intensive products (especially from 
ruminants) and partly because of a decline in deforestation rates (Tubiello et al. 2015).   
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According to the IPCC assessment report AR5, the bulk of agricultural non-CO2 emissions in 2010 
stem from enteric fermentation and agricultural soils (~35% each in total agricultural non-CO2 
emissions). Emissions from these sources also contribute to a similar share in regional accounting, 
with the exception of a higher share for enteric fermentation in Latin America and more dominant 
emissions from soils management in the OECD countries. As for the regional levels, most emissions 
originate from Asia (~1.2 Gt CO2eq/yr), Latin America and OECD countries (~0.8 Gt CO2eq/yr 
each). Africa was partly responsible for about 0.5 Gt CO2eq/yr in 2010, but with the strongest rate 
of increase in historic observations. With respect to other non-CO2 sources, the notable 
contribution of ~.05 Gt CO2eq/yr arises from paddy-rice cultivation in Asia. In the case of the 
emission of CO2 from change of land cover, the declining global trend is also reflected on a regional 
scale in the first decade of the 21st century, albeit with some ambivalence regarding the reported 
data, mainly for Africa (Smith et al. 2014). The deforestations in Southeast Asia and Latin America 
are the largest, with 1.7 Gt CO2/yr, followed by ~1 Gt CO2/yr in Africa (Houghton et al. 2012; 
FAOSTAT 2013).   

 Mitigation Options in AFOLU Sector 1.3.2
Due to a variety of production activities in the AFOLU sector that lead to emission of GHGs, there is 
a wide space for improvement in sectoral management aiming at emission reductions. In 
agricultural production the principal direction in abatement of GHG emissions is related to 
achieving higher efficiency per unit of output. For example, in the livestock sector this means 
improvements in animal feed for ruminants to avert CH4 from enteric fermentation, rearing of less 
resource dependent animal breeds or using anaerobic digesters for CH4 capture from animal waste 
(Martin et al. 2010; Chadwick et al. 2011). Other forms of production enhancements relate to 
fertilizer application on fields through modern mechanization, but also the use of fertilizers of a 
lower GHGs footprint. On the other hand, control of carbon emissions from land-use change is 
recommended for two reasons: to avoid CO2 emissions and to increase the capacity of land as an 
atmospheric carbon sink through vegetation regrowth. The former mitigation measure is 
achievable if carbon rich biomes, such as tropical forests, are protected from conversion into other 
uses for production in the AFOLU sector, while the latter refers to land management for bioenergy 
purpose biomass production and afforestation of vegetation bare terrains.      

Some of the GHGs emission abatement measures are already implemented worldwide to a certain 
extent. Ongoing modernization of agriculture has improved efficiency of crop and livestock systems 
practices. The REDD+ projects for the protection of virgin forests have been implemented on 
various locations in tropical countries. However, general market mechanisms for the creation of 
incentives to make further steps in reducing GHG emission from the AFOLU sector are still missing. 
In the best case scenario of an optimal abatement policy, a comprehensive global tax on GHG 
emissions would incentivize mitigation actions across all economy sectors. In line with this, the 
AFOLU sector offers possibilities for large-scale managed biomass production (bioenergy, 
afforestation) for carbon capture and storage through other mitigation technologies (Humpenöder 
et al. 2014; Klein et al. 2014).  

On the other hand, the characterization of human demand for agricultural products can also affect 
levels of emitted GHGs. Those levels are dictated by the product content in human diets and the 
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generation of waste form the farm level to the food retail sector. These two aspects of demand 
represent viable options for emissions abatement: management of final demand towards products 
that are related with less emission of GHGs, and reduction of waste in the food production chain 
(Smith et al. 2013). Given the prospect of an ever more populous and richer planet (Godfray et al. 
2010; KC and Lutz 2014), subsequent demand management could play a substantial role in 
sustaining and reducing AFOLU contribution to climate change.            

 Indirect Impacts of Climate Change in Agriculture: Trade-offs and Pitfalls 1.4
of a Mitigation Policy 

Apart from climate change impacts, there are also concerns about the possible adverse effects of a 
climate change mitigation policy (Bustamante et al. 2014). These indirect climate change impacts 
stem from an interplay of abatement efforts with other agricultural services, from ill-designed 
policies (e.g. carbon leakage), and from the general management of resources under a mitigation 
policy.   

 Economic Impacts in Agriculture 1.4.1
The employment of agriculture in a mitigation policy can lead to a change in the differentiation of 
production on cultivated land. Primarily operating to provide food and feed crops, arable land also 
represents an opportunity for a bioenergy feedstock supply. Large scale land-based GHG abatement 
policies, such as the growing of cultivars for the second-generation bioenergy production (Klein et 
al. 2014), or an increasing atmospheric carbon sink capacity of land through afforestation 
(Humpenöder et al. 2014), compete directly with agriculture for fertile areas. While the effects on 
food security from afforestation are yet to be investigated, a number of studies look at food versus 
fuel competition for land (Schneider et al. 2005; Thomson et al. 2010; Lotze-Campen et al. 2014). 

The complexity of policy impacts reflect mostly the ways in which the market actors are affected 
and output allocated. An example: increasing food prices arising from mitigation efforts that lead to 
land scarcity, or from taxing released GHG emissions in the food production sector. Higher food 
prices would hit poor households through consumed goods, but are likely to benefit the livelihood 
of farmers if they are net sellers (Swinnen and Squicciarini 2012). In most cases, the policy would 
reduce consumer surplus, while production can still at some point become profitable and increase 
producer surplus (Schneider et al. 2005). More generally, mitigation policies could be an important 
factor regarding impacts on poverty in developing economies, even if those economies do not 
pursue mitigation action, simply through the effects of international trade and the formation of 
prices at the global market (Hussein et al. 2013).    

 Environmental Impacts  1.4.2
Climate change mitigation could lead to an erosion of environmental services if it is not properly 
conceived and implemented. In a partial land-based mitigation policy with the focus on bioenergy 
deployment only, such as the promotion currently occurring, land-use change could lead to a 
significant loss of forests in a pursuit of more arable area (Popp et al. 2011a). But even when there 
are mechanisms to protect forests (e.g. REDD+), considerable leakage of CO2 can occur in areas still 
rich in carbon (e.g. savannahs, pastures, lower natural vegetation) when they get converted into a 
cultivated area (Popp et al. 2014). Climate mitigation policies give signals for agricultural 
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profitability of investments in land for biofuel production or for carbon storage. Large arable areas 
acquisitions and land deals have expanded recently, in particular in Sub-Saharan Africa (an 
investment practice also known as “green grabbing”) (Fairhead et al. 2012; Davis et al. 2015; 
Giovannetti and Ticci 2016), and could deteriorate local ecosystems if local environment governing 
is lacking.   

 Terrestrial Carbon Changes  1.4.3
The dynamics of terrestrial carbon stocks in the biosphere are an important driver in climatic 
change. Those stocks include carbon stored in vegetation, litter and soils. While flows of CO2 from 
deforestation (or other land conversion) to the atmosphere contribute to global warming, carbon 
removal and sequestration through the photosynthesis of atmospheric CO2 in vegetation can 
contribute to mitigation efforts. However, climate change could also indirectly affect the carbon 
stocks quite aside from its direct effects on terrestrial biosphere (as listed in Section 1.2.1). 
Specifically, land management under a mitigation policy and increased agricultural productivity can 
reduce deforestation or leave out cropland from cultivation where natural vegetation can regrow 
and sequester atmospheric CO2. Such secondary impacts of climate change on terrestrial carbon 
fluxes should be carefully and accurately accounted for in a comprehensive climate change 
mitigation policy.     

 Responses to Climate Change Impacts in the Land-Use Sector 1.5
It is crucial to address the challenges of climate change on society and the environment. National 
and international policy makers and scientific research have a long history of focusing on 
adaptation to climate change impacts in agriculture, but it is also becoming equally important to 
devise responding mechanisms according to the implications of climate change mitigation policies. 

As it was described in the previous sections, the patterns of climate change related impacts will be 
very heterogeneous across the globe. While some places could even experience benefits from 
change in climate, the greatest concern is related to the uncertainty in magnitude of local negative 
impacts. The adaptation to climate change in agriculture has received a lot of attention in the past 
decade, including the identification of risk factors and of potentials and limits of different options in 
cropping and livestock production systems (Howden et al. 2007; Lobell et al. 2008; Vermeulen et al. 
2013).  

Next to autonomous adaptation, which occurs on a farm level as an immediate response to 
environmental challenges, national policies should also set up a framework for longer run adaptive 
goals in agriculture. The measures taken by these policies should recognize vulnerabilities and 
introduce flexibility in the agricultural system in order to buffer negative impacts and enhance food 
security. If there is a food shortage or a harvest failure, buffers should be planned as adequate 
storing capacities for agricultural produce. On the other hand, the import of goods can lend even 
more flexibility to achieving and maintaining supply in agricultural markets. However, the 
agricultural sector is heavily impeded by governmental policies on trade barriers and other 
distortive measures such that quick adjustments in global redistribution of agricultural goods are 
sometimes impossible to accomplish (Anderson 2010). The liberalization of international trade is 
perceived as an adaptation strategy with large potential, as it accounts for regional and local 
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changes in agricultural productivity (Burton and Lim 2005). While some issues with agricultural 
trade liberalization remain, e.g. environmental trade-offs (Schmitz et al. 2012) and impacts on 
poverty (Swinnen and Squicciarini 2012), this adaptation option could be the best way of satisfying 
global demand for agricultural products (Julia and Duchin 2007).            

At the field level, reducing or eliminating the yield gap (i.e. the difference between achieved and 
attained crop yields) through sustainable intensification of agricultural production is seen as an 
affordable response to the challenges of changing climate and growing agricultural demand (Tilman 
et al. 2011; Mueller et al. 2012). Improvements in management practice in agricultural systems are 
mostly expected in developing regions, e.g. in Sub-Saharan Africa. There, multiple seasonal 
cropping and adapting to change in climate through shifts of sowing dates, can narrow the yield gap 
(Waha et al. 2013). However, in the past decades the yield trends have been either stagnating or 
collapsing on some 24–39% of global cultivated area under major agricultural crops (maize, rice, 
wheat and soybean) (Ray et al. 2012). For developing regions, the failure to achieve higher yields 
could be foremost blamed on socio-economic factors, but also on bio-physical limitations. In some 
developed regions, more evidence shows that present crop yields have leveled off or slowed down 
(Brisson et al. 2010). In Europe, this stagnation happened as a consequence of policy interventions 
and environmental concerns (Lin and Huybers 2012). Nonetheless, one should not be pessimistic 
about potential breakthroughs in R&D concerning new ways of increasing crop productivity. While 
climate change has contributed in offsetting yield levels, the improvements in yield have been 
achieved simultaneously by the use of new practices and technological innovation.  

Certainly, there are also trade-offs arising from policies for climate change mitigation with different 
aspects of food security and environmental sustainability (Section 1.4). It is possible that mitigation 
measures in the land-use sector acquire large areas of agricultural land for the implementation of 
options for carbon storing and sequestration. Related side-effects include higher competition for 
land, increased food insecurity, biodiversity losses etc. On top of that, if mitigation policy incentives 
target emissions from agricultural production, much of the new investment in productivity of 
scarcer agricultural land would be needed. This is in particular important for livestock production 
systems which are essentially dependent on extensive natural resources (croplands, rangelands 
and water) and are an important GHG emission source. A way to avoid the adverse consequences of 
AFOLU sector mitigation would be to manage consumer demand for food. This measure would 
address reduced waste from food production and utilization, but also lifestyle changes such as 
reduced consumption of livestock products. To this end, there are several ways, none of which are 
currently prominent in the mitigation policy discussions, which could yield desired effects, 
including educational programs, public consumption in schools, marketing ban, and product origin 
transparency (Garnett et al. 2015).            

 Methodological Framework for Assessment of Climate Change Impacts in 1.6
the Land-Use Sector 

As previously described, the climate change predicament is already influencing agricultural 
production and is interacting with other activities in the land-use sector. The analytical assessment 
of potential future repercussions caused by climate change in the context of the research question 
in this thesis must be analyzed in a time-dynamic framework. Both climate and social systems 
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comprise numerous, often opposing, factors and forces that are stochastically dependent. This time 
dependency is consequently reflected on global land resources and more specifically on variability 
of agricultural productivity under changing environmental conditions and economic decision 
making. To this end, this thesis utilizes the concept of mathematical modeling of economic 
processes in a recursive dynamic manner where an optimal decision is made in a descrete-time 
optimization process.        

On the other hand, locality is a central feature of the land-use sector, since land is used as a 
necessary sectoral production input. Aside from local soil qualities, the climate change patterns are 
manifested locally, as is pollution or land degradation from land-use activities. In this regard, it is 
important to consider all local conditions and effects when analyzing impacts of climate change. It is 
necessary to assemble local bio-physical properties and socio-economic factors in one modeling 
framework in order to obtain a comprehensive dynamics of production activities and to be able to 
assign values to different land use practice.  

For the above listed purposes of dynamic decision making under the account of detailed spatial 
qualities of land, this thesis thoroughly employs the agro-economic spatially explicit MAgPIE model 
(Model of Agricultural Production and its Impacts on the Environment) which is a native model at 
the Potsdam Institute for Climate Impact Research (Lotze-Campen et al. 2008; Lotze-Campen et al. 
2010; Popp et al. 2010; Popp et al. 2011a; Popp et al. 2011b; Schmitz et al. 2012; Dietrich et al. 
2012; Bodirsky et al. 2012; Dietrich et al. 2013b; Dietrich et al. 2013a; Bonsch et al. 2014; Schmitz 
et al. 2014; Humpenöder et al. 2014; Bodirsky et al. 2014; Popp et al. 2014; Bonsch et al. 2015) and 
which was further extended and developed for this thesis in order to access the economic impact of 
climate change. While the following paragraphs explain the crucial components of the MAgPIE 
model, a more detailed description is given in the following chapters (Ch. 2-4).   

From an economic perspective, MAgPIE is a social planner model that optimizes agricultural supply 
so that regional demand for agricultural products is fulfilled. The demand is exogenously provided 
to the model and the projected trajectories account for income effect in food consumption changes 
which are estimated in a cross-section econometric regression analysis driven by change in 
population and national gross domestic product (Bodirsky et al. 2015). Besides food commodities, 
other components of the prescribed demand are feed for livestock production systems, material 
goods from agricultural products and biomass as a primary energy carrier for first and second 
generation bioenergy production in the energy sector. The market is regionally defined in order to 
reflect geopolitical and agro-economic conditions. This is precisely indicated in regional economic 
costs of agricultural production of rainfed and irrigated herbal cultivation and animal products 
supply. These include the cost of factor inputs (labor, capital, fertilizer etc.), transport to markets 
from production sites and the cost of intensive (technological) and extensive (cropland expansion) 
management. The optimization routine is defined in a non-linear mathematical program where the 
total cost objective of global agricultural production is minimized subject to a set of bio-physical 
and economic constraints. The partial equilibrium solution is characterized by optimal land-use 
spatial patterns of agricultural production and optimal investment decisions in agricultural yield-
increasing technology, land conversion extension and investments in irrigation infrastructure. The 
optimal costs at the frontier of agricultural production, i.e. production marginal values that also 
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reflect scarcity of favorable environmental conditions for cultivation of crops, allow for a defining of 
the regional equilibrium price for agricultural commodities which are used in order to gauge 
economic effects.    

For translating the future climate effects on crop yields, one would require a process based model 
of plant growth dynamics. In comparison with statistical models of yield response to changing 
climate variables (Lobell and Burke 2010), the process based models are capable of simulating 
important bio-chemo-physical processes throughout the plant growing period, such as carbon and 
nutrient cycles and water fluxes, and therefore of projecting eventual environmental effects on crop 
yields. Based on this advantage, the chosen model in this thesis is the Lund-Potsdam-Jena with 
managed Land dynamic global vegetation and water balance model (LPJmL) (Bondeau et al. 2007; 
Rost et al. 2008; Müller and Robertson 2014). The LPJmL model belongs to the class of global 
gridded crop models and simulates different crop functional types on a gridded scale of 0.5°×0.5° 
geographic longitude-latitude area as a function of daily climatic conditions and soil qualities. For 
the climate change effect, the LPJmL model is run on global circulation models (GCMs) that project 
future climate conditions on the ground of anthropogenic emission pathways. The linkage between 
LPJmL and MAgPIE is established on a one-directional supply of bio-physical data on attainable 
yields of different crops, water availability and terrestrial carbon content as an input for MAgPIE. 
The high resolution data is further clustered in MAgPIE in larger spatial units for computational 
purposes. 

MAgPIE is also suitable for simulating AFOLU sector related effects of a mitigation policy. Main 
options for a land-based mitigation in the model are avoiding deforestation and emissions from 
other land use change, reducing GHG emissions from polluting agricultural production practice, and 
the sequestration of atmospheric carbon through afforestation and the supply of biomass for 
bioenergy production. Modeling of inclusion of land-use sector in a comprehensive mitigation 
policy is achieved through a soft-coupled link between the MAgPIE and REMIND model (REgional 
Model of Investment and Development) (Leimbach et al. 2010; Luderer et al. 2013a). The REMIND 
model integrates the economy and elaborated energy sector and, when given a mitigation target, 
yields an optimal portfolio of energy technologies for decarbonization of the sector. The 
optimization iteration process between the models provides an optimal tax on GHG emissions and 
required biomass for the second generation bioenergy supply (Klein et al. 2014).  

In addition to the land-based mitigation policy, the featured exogenous demand in MAgPIE is suited 
to measuring the potential of mitigation policy instruments that would rather target consumers’ 
preferences for food. By defining the targets for different food consumption patterns and 
generation of waste, the model allows for a construction of plausible quantitative scenarios of 
future demand which accounts for changes of dietary lifestyles while demand for nutritional daily 
intake is fulfilled.  

As it is described, the methodological approach in this thesis comprises simulations of bio-physical 
processes and economic modeling. This land-use focusing modeling suite of GCMs -> LPJmL –> 
MAgPIE <- REMIND is used to capture main dynamics and forces in the land-use sector. For the 
purpose of capturing future regional directions in the land-use sector, the model internalizes 
qualitative narratives by parameterized qualitative scenarios. In this way, the scientific assessment 
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in the thesis is conducted by comparing alternative futures to a benchmark scenario as a means of 
recognizing the scope of impacts of underlying challenges.       

 Thesis Objectives and Outline 1.7
The goal of this thesis is to assess climate change related direct and indirect impacts in the land-use 
sector and to evaluate associated economic effects, and ultimately to identify measures that reduce 
the magnitude of negative economic consequences. Direct impacts are defined here as a biophysical 
reflection of altered environmental conditions by climate change and CO2 fertilization, with 
consequences on sectoral productivities, and with indirect impacts accounting for those side-effects 
arising from political actions for mitigation of climate change. The thesis contains a cumulative 
content of articles that all contribute to the overarching research question. Each separate study 
answers individual sub-questions that support the main research goal, including: What is the 
magnitude of climate change impacts in the agricultural sector and how are those impacts 
distributed between agricultural consumers and producers in different world regions (Ch. 2)? What 
is the interrelation of direct and indirect climate change impacts on global terrestrial carbon 
dynamics and how is that important for a common mitigation policy (Ch. 3)? What are the impacts 
on food prices of a tax on GHG emissions in the AFOLU sector? What is a GHG abatement capacity of 
demand shifts away from resource-intensive agricultural products (Ch. 5)?  

These questions are addressed in contributing studies which are either published in scientific 
journals or submitted to journals for a peer review process. These studies are the result of the 
collaborative work of various authors whose contributions are listed at the Statement of 
Contributions in this thesis (p. 143). As a summary of this cumulative thesis under an overarching 
research goal, the following paragraphs provide a concise description and setup of individual 
contributing articles: 

• Chapter 2 is conceived to evaluate direct climate change effects in the agricultural sector by 
capturing responses in crop growth to changes in environmental conditions. In the modeled 
agricultural market an economic surplus analysis is applied in order to assign impacts on 
different actors in the market, i.e. consumers and producers. The main uncertainty in the 
monetary impacts that is addressed in the article concerns different climate change 
projection and thus a span of 19 different GCM climate simulations is used. In addition, the 
analysis tests for the robustness of general findings against the uncertainty in scenario 
socio-economic projections, the effectiveness of the CO2 fertilization effect, responsiveness 
of consumers to change in food prices and uncertainty in the modeling of bio-physical 
responses of climate change in crop yields. This chapter also evaluates dynamics of 
international trade liberalization policy as an impact buffering measure and assesses its 
consequences on regional production patterns.  
 

• Chapter 3 provides information on terrestrial carbon stocks and flows for the accounting in 
a comprehensive climate change mitigation policy. It examines the direct effect of moderate 
climate change on sequestration of atmospheric carbon-dioxide in vegetation, but also 
indirect changes stemming from land management in a mitigation action portfolio. Here, 
moderate climate impacts are chosen as a radiative forcing of 2.6 W/m2 at the end of the 
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21st century, corresponding to the 2°C increase in GMT. Accordingly, a mitigation policy of 
taxing GHGs emission is introduced in the scenario’s analysis. This combined scenario setup 
with the spatially explicit CO2 accounting from land use change in MAgPIE provides insights 
on how forest dynamics (avoiding deforestation and afforestation) occurs under climate 
change and mitigation efforts and reveals the overall land-based mitigation potential. 
 

• The last contribution to the thesis further explores indirect impacts of climate change in 
Chapter 4. Here, the climate change mitigation in the AFOLU sector is analyzed from the 
perspective of incentive- and preference-based mechanisms for the reduction of GHG 
emissions. Those mitigation mechanisms are put in comparison with respect to consequent 
impacts on food prices. The AFOLU sector with its considerable contribution to 
anthropogenic GHG emissions is one of the central players in mitigation efforts. In this 
chapter, climate change mitigation focuses on the reduction of major GHG emissions in the 
AFOLU sector, carbon-dioxide form land use change, and nitrous-oxide and methane 
stemming from agricultural production activities. Incentive-based mitigation is defined by a 
GHG emissions tax starting from year 2020 in avoided deforestation and less polluting 
agricultural management, while preference-based mitigation aims at diet shifts towards less 
resource intensive products: better waste management and a “demitarian” diet of 2750 
Kcal/cap/day, with halved livestock products constituting the daily food intake compared to 
present day livestock products shares in developed countries. Food price index is taken as a 
main indicator of economic impacts of a mitigation policy. In addition, this analysis tests for 
sensitivity of mitigation potential for individual GHGs and ensuing prices to lower levels of a 
GHG tax.   

Finally, Chapter 5 synthetizes and discusses the work done in the frame of the research question of 
the thesis and provides an outlook for further research.  

The last part of the dissertation contains the bibliography with references from chapters Ch.1 and 
Ch.5, nomenclature of used acronyms, a statement of contributions to individual studies of this 
cumulative thesis, tools and resources used, and the author’s acknowledgements. 
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 Materials and Methods 2.6.1

2.6.1.1 The MAgPIE Model: Extended Description 

The MAgPIE (13,16,17,23,49,51-54) model is a partial equilibrium, non-linear mathematical 
programming, agro-economic model that optimizes agricultural production in terms of minimal 
global production cost, given regionally defined demand for agricultural products and region 
specific economic (costs of production) and bio-physical (yield, water availability, area suitability 
for farming) conditions. Economic decisions are accordingly formed on regional level, where there 
are 10 geo-economic defined regions (Fig. A1). 
 
Regional demand is given to the model exogenously and therefore is price inelastic. The future 
demand scenario construction is based on the assumptions of demographic and economic 
development pathways. In this article, we rely on socio-economic scenarios on population and 
gross domestic product (GDP) growth defined in the IPCC SRES report (24). Per-capita food 
demand is derived from a regression analysis, using a cross-country panel dataset of GDP and per-
capita food demand since 1961 (23) (Fig. A2). In addition to food demand, total demand consists 
of demand for livestock feed, material and biomass for 1st generation bioenergy production.  
Demand for feed is calculated as feed basket energy requirements for modeled livestock 
categories and is fulfilled by production of feedstock crops, fodder, food-processing byproducts, 
crop-residues, and grazed biomass (52). Material demand is estimated as a share of food demand 
(23). First generation bioenergy demand from primary bioenergy carriers (maize, sugarcane, 
sugar beet, oil palm) is established on current land-based fuel production policy. 

 

Figure A1. MAgPIE World regions: AFR (Sub-Saharan Africa), CPA (Centrally Planned Asia), FSU (Former 
Soviet Union), EUR (Europe incl. Turkey), LAM (Latin America), MEA (Middle East – North Africa), NAM 
(North America), PAO (Pacific OECD), PAS (Pacific Asia), SAS (South Asia). 

Production costs in the MAgPIE model consist of four different categories: factor requirements, 
technological change, land conversion and transport costs. Factor requirements costs are defined 



C h a p t e r  2  | 36 
 

 
 

per ton of produced crop type and differentiated between rainfed and irrigated production systems. 
They represent costs of capital, labor and intermediate inputs (such as fertilizers and other 
chemicals) using the cost-to-firm GTAP data (48). The investment in technology and agricultural 
R&D has the purpose of increasing crop yields and intensifying production. Investing in yield-
increasing technology comes at a regionally defined cost and results in uniform percentage yield 
increase of all crop types. More detail about the implementation of endogenous technological 
change can be found in Dietrich et al. 2013 (49). Expansion of agricultural production into other 
non-agricultural areas suitable for plant cultivation, i.e. land conversion from forest and natural 
vegetation into arable land comes at region specific costs. Transport costs are calculated from the 
GTAP database (48) and assure paying for a quantity of goods transported to the market in a unit of 
time needed for covering the distance. 

 
Figure A2. MAgPIE Food demand for the SRES scenarios: SRES A2, SRES B1 and SRES A1B regional food 
demand in million ton dry matter (DM). 

The MAgPIE minimization process generates optimal landuse patterns of agricultural production 
for 16 different crop types: temperate cereals, maize, tropical cereals, rice, soy bean, rapeseed, 
groundnuts, sunflower, oil palm, pulses, potato, cassava, sugar cane, sugar beet, others (fruits and 
vegetables) and cotton. In addition to crop production, 5 livestock production systems (LPS) are 
simulated for the supply of animal products: ruminant meat LPS, monogastric meat LPS, poultry 
meat LPS, milk and eggs. Productivity of crop commodities is established on cellular level (regular 
0.5°x0.5° longitude-latitude geographic grid) on land suitable for agricultural cropping activities. 
The spatially explicit cellular data on potential crop yield and water availability is provided to the 
MAgPIE by the LPJmL (27, 28) model, which is a dynamic global vegetation, hydrology and crop 
growth model. Due to computational complexity, cellular information on yield level is aggregated to 
500 clusters distributed regionally based on the k-means clustering algorithm (53). Landuse 
patterns of production of every crop type in MAgPIE are optimized with respect to region specific 
cost of production and domestically and/or internationally demanded quantities. The model 
endogenously chooses the share of each land cluster where certain crop is grown for agricultural 
supply, but also the optimal trade-off between land intensification through regional investments in 
yield-increasing technology and conversion of unmanaged forest and other natural vegetation land 
into arable cropland in each cluster. Pasture areas productivity is calibrated in order to match the 
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FAO pasture area in 2010 (3,175 million ha) and the demand for grazed biomass (50). For 
presented model projections we assume pasture area as constant over time, since it has been stable 
on global and regional level in recent decades (50) and as indicated by an agricultural model 
intercomparison study projected future dynamics of pasture land are ambiguous and rather small 
(±15% globally) under climate change assumption (13). Production of livestock categories is 
endogenously distributed on a regional level (52). 

The core model code is written in the GAMS (Generalized Algebraic Modelling System) programing 
language using the CONOPT non-linear programming solver. 

2.6.1.2 Trade Implementation in the MAgPIE Model 

There are two ways a region in MAgPIE can fulfill its demand for agricultural products: a self-
sufficiency pool based on historical region specific trade patterns, and a comparative advantage 
pool based on most cost-efficient production (Fig. B1). The parameter that determines the share of 
regional demand met by each of the trade pools represents a trade barrier reduction factor, i.e. the 
degree of liberalization of international trade. For the initial simulation period the trade barrier 
reduction factor is equal to 1, assuring that all trade flows enter the self-sufficiency pool so that 
the model is consistent with historical observations of trade flows. Self-sufficiency ratios describe 
how much of a regional specific demand is met by domestic production and what is the share that 
is imported from other regions. Regional excess demand is fulfilled at the international market, 
where each exporting region contributes to trade flows based on the predefined export shares. 
Both export shares and self-sufficiency ratios are derived from the FAOSTAT data base (50) for 
every region and commodity defined in MAgPIE for the base year 1995. In all subsequent 
simulation periods, a part of the regional demand is met through the comparative advantage pool, 
based on the rate of trade barrier reduction. This means that production location depends on most 
favorable bio-physical and economic conditions in terms of minimal costs of production, and it can 
occur either domestically or in other MAgPIE defined regions. Interregional trade transport costs 
are currently set to zero.  In every time step, trade is balanced at the global level. 
 
For the analysis in the main article we build two trade scenarios:  LIB (liberalized) scenarios where 
the parameter ptb  is reduced by 10% every time period (decade), and FIX (fixed) scenario, where 
the parameter ptb is set to 1, assuring that no commodity enters the ”Comparative Advantage” pool 
(Fig. B1). We refer to a region to be a net-exporting (net-importing) region if its trade balance of 
aggregate commodities is positive (negative). In some cases a region that is initially a net-importer 
in the FIX scenario with the prescribed trade patterns, could become a net-exporting region if the 
demand for commodities which are exported by the region increases globally enough so that the 
trade-balance becomes positive. 
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Figure B1. Trade Implementation in MAgPIE: ptb is a trade barrier reduction parameter that allocates trade 
between the ”Self-Sufficiency” trade pool and the ”Comparative Advantage” trade pool. For more details see 
Schmitz et al. 2011 (13). 

2.6.1.3 Economic Welfare in the MAgPIE Model 
Inelastic demand implies an unbounded willingness of consumers to purchase at the market, but 
we naturally assume that there is an upper bound to consumers’ budget, wi. We do not define it 
explicitly, since it does not affect the calculation of changes in surpluses. Let i denote a MAgPIE 
region and j denote a commodity from the set of agricultural products defined in the MAgPIE. Let us 
consider two equilibriums in the market without and in the market with climate change, for every 
region i and every good j. The equilibriums are regionally characterized by the unique quadruples 
(𝑞𝑞𝐼𝐼,𝑗𝑗𝑐𝑐 , �̅�𝑝𝐼𝐼,𝑗𝑗𝑐𝑐 , 𝑞𝑞�𝐼𝐼,𝑗𝑗

𝑝𝑝 , �̅�𝑝𝐼𝐼,𝑗𝑗
𝑝𝑝 ) and (𝑞𝑞𝑖𝑖,𝑗𝑗𝑐𝑐 , �̂�𝑝𝑖𝑖,𝑗𝑗𝑐𝑐 , 𝑞𝑞�𝑖𝑖,𝑗𝑗

𝑝𝑝 , �̂�𝑝𝑖𝑖,𝑗𝑗
𝑝𝑝 ), where 𝑞𝑞𝑖𝑖,𝑗𝑗𝑐𝑐   is the consumers demanded quantity 

(exogenous) of good j in region i, �̅�𝑝𝑖𝑖,𝑗𝑗𝑐𝑐  and �̂�𝑝𝑖𝑖,𝑗𝑗𝑐𝑐  its associated consumer price in two states of the 
market, 𝑞𝑞�𝑖𝑖,𝑗𝑗

𝑝𝑝  and 𝑞𝑞�𝑖𝑖,𝑗𝑗
𝑝𝑝  producers’ regional produced quantities of good i in region j, and �̅�𝑝𝑖𝑖,𝑗𝑗

𝑝𝑝 and �̂�𝑝𝑖𝑖,𝑗𝑗
𝑝𝑝  

associated producer prices. Then, regional consumer and producer surplus for two states of the 
market equal: 

Where 𝑐𝑐�̅�𝑖,𝑗𝑗  and �̂�𝑐𝑖𝑖,𝑗𝑗 are production costs for good i in region j in the market without and with climate 
change, respectively. The difference in consumer and producer surplus between two market states 
reflects the effect of climate change: 
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Impacts of climate change on total agricultural welfare are obtained as a sum of impacts on 
consumer and producer surplus: 

On the global level, the impact on welfare is: 

 

 

 Supplementary Figures 
 

 

Figure S1. Summary of the climate change effect on maize rainfed yield. Simulated by LPJmL, with 
respect to the 1995 level. The maps show average values of yield change across 19 GCM SRES A2 
scenarios (left) and corresponding standard deviation from the mean (right). Maps for the other 
simulated crops are available upon request. 
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Figure S2. Schematic methodological description. Climate projections of 19 GCMs from the CMIP3 project 
(47), BCCR BCM 2.0, CCMA CGCM 3.1, CNRM CM 3, CSIRO MK 3.0, SCIRO MK 3.5, GFDL CM 2.0, GFDL CM 2.1, 
GISS MODEL E R, INGV ECHAM 4, INMCM 3.0, IPSL CM4, MIROC 3.2 MEDRES, MIUB ECHO G, MPI ECHAM 5, 
MRI CGCM 2.3.2A, NCAR CCSM 3.0, NCAR PCM 1, UKMO HADCM 3, UKMO HADGEM 1, were bias-corrected 
and supplied to LPJmL as monthly data fields of mean temperature, precipitation, cloudiness and number of 
wet days. LPJmL provides yield, carbon stock and water information to the land use model MAgPIE. Food 
demand is derived from GDP and population projections according to the SRES A2 scenario. MAgPIE 
calculates changes in producer and consumer surplus and in agricultural welfare, under two different trade 
policy scenarios. 
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Figure S3. Regional net-trade. [in PJ] Boxplots of regional net trade for every time step across all GCMs 
(white dots represent the mean values). In the LIB scenario regional trade patterns differ with 
respect to the settings with and without climate change. For the FIX scenario trade flows are the 
same regardless of climate change scenario, since the trade is exogenously prescribed at the 1995 
regional export shares and self-sufficiency levels. 
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Figure S4. Climate change impacts on regional agricultural consumer surplus. [% of SRES A2 projected 
regional GDP] Average values (lines) and uncertainty (double standard deviation from the mean, shaded 
area) across different climate scenarios (GCMs) for the SRES A2 scenario. 
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Figure S5. Climate change impacts on regional agricultural producer surplus. [% of SRES A2 projected 
regional GDP] Average values (lines) and uncertainty (double standard deviation from the mean, shaded 
area) across different climate scenarios (GCMs) for the SRES A2 scenario. 
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Figure S6. Global climate change impacts on agricultural welfare indicators for A2, B1 and A1B SRES 
scenarios. [% of SRES A2 projected regional GDP] Solid lines connect average values across three different 
GCMs (MIUB-ECHO-G, UKMO-HADCM3 and MPI-ECHAM5) while the shaded area shows the range of results 
across given GCMs. 

 

Figure S7. Regional agricultural price index and regional GPD per capita. Average values of price index 
across different climate scenarios (GCMs) with the standard error bars around each average point for 
“liberalized” (LIB) and “fixed” (FIX) trade setting in combination with constant and dynamic climate 
conditions in the SRES A2 scenario. The index is normalized to value 100 in year 1995. Dotted line represents 
regional GDP per capita in the SRES A2 scenario, with values normalized to 100 $US in year 1995. 
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Figure S8. Landuse intensity index validation. Time-path of the yield increasing factor due to investments 
in technology, R&D and infrastructure management (54). Figure shows model projections for combinations of 
trade (LIB and FIX) scenarios with climate change effect on crop yields for SRES A2 socio-economic pathway. 
Depicted lines connect average values across 19 GCM scenarios, while shaded areas represent double 
standard deviation from the mean. Dark blue rings represent the historical data on landuse intensity index as 
it has been assessed in Dietrich et al. 2012 (54). MAgPIE projections of yield-increase are generally consistent 
with historical decadal growth rates from the 1960. Regional trends in the observed data reflect different 
regional timing of investing in yield improvements. More recent decades are characterized by the developing 
regions catching up with the high yield levels already attained in the developed countries. Most notable 
increases in yield in this time (from 1991 to 2001) are achieved in LAM (39%), MEA (23%) and somewhat 
declining rates experienced in SAS (~10% in comparison to 20-30% in the 1980s). The MAgPIE projections in 
the LIB trade scenario under climate change show a global decadal growth rate in aggregate crop yield of 
some steady 9% (compared to 12% in the FIX scenario) through the 21st century. Regionally, growth rates 
are consistent with the historical data at the initial simulation steps, followed by some notable increase in 
MEA, PAS and LAM over the course of the 21st century. 
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Figure S9. Cropland validation. Time-path of cropland extent for two trade scenarios (LIB and FIX) with 
climate change effect on crop yields for the SRES A2 socio-economic pathway. Depicted lines connect average 
values across 19 GCM scenarios, while shaded areas represent double standard deviation from the mean. 
Dark blue rings represent the historical data on cropland expansion/reduction based on the FAO data (50). 
Generally, cropland area projections from the MAgPIE model are consistent with the observed FAO data. 
Cropland expansion/reduction is closely related to the yield levels, either if the yield improvements come 
from the investment in technology or they are changed as a consequence of weather conditions, but cropland 
dynamics can be also driven by rising domestic and/or international demand for agricultural products, or it 
can be simply limited in terms of additional availability. Consequently, the biggest cropland expansion occurs 
in tropical regions where large areas are under standing pristine forest, in LAM, AFR and PAS (notice that in 
this analysis the pasture land is treated as static, i.e. no cropland expansion is allowed on account of pasture 
areas). Liberalized trade regime doesn’t drive land expansion, except in PAS, while in EUR trade even 
decreases cropland below current historical trend. 
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 Supplementary  Tables 2.6.3
 

 

Table S1. Climate change impacts on global agricultural welfare indicators. Global mean, standard 
deviation values (billion $US per year) and percentage of projected GDP for the SRES A2 scenario of climate 
change impacts on agricultural welfare, consumer surplus and producer surplus for the LIB and FIX trade 
scenario across 19 GCM climate projections. 
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Table S2. Maize consumer price. Mean and standard deviation (sd) across 19 different GCMs of regional 
maize (dry matter) price path in LIB scenario without (a) and with climate change (b) and in FIX scenario 
without (c) and with climate change (d). Simulations are performed for the SRES A2 socio-economic future 
pathways. 
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Table S3. Climate change impacts on regional agricultural welfare. Mean and standard deviation (sd) 
across 19 GCM scenarios (in billion 2005 $US), and impacts as a percentage of regional GDP as it is 
exogenously given to the model for SRES A2 scenario. 
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Table S4. Climate change impacts on regional producer surplus. Mean and standard deviation (sd) across 
19 GCM scenarios (in billion 2005 $US), and impacts as a percentage of regional GDP as it is exogenously 
given to the model for SRES A2  scenario. 
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Table S5. Climate change impacts on regional consumer surplus. Mean and standard deviation (sd) 
across 19 GCM scenarios (in billion 2005 $US), and impacts as a percentage of regional GDP as it is 
exogenously given to the model for SRES A2 scenario. 
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Table S6. Global climate change impacts on agricultural welfare indicators for A2, B1 and A1B SRES 
scenarios. Mean and standard deviation (sd) across 3 GCM scenarios (in billion 2005 $US); impacts as a 
percentage of global GDP as it is exogenously given to the model for respective SRES scenarios. 
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Table S7. Sensitivity of prices to an ex-post change in demand. (percent mean change across 19 GCM 
climate scenarios, LIB scenario, SRES A2, in year 2045 and 2095): ∆P is the change in price index between the 
climate change scenario and the baseline without climate change; ∆D is the change in food and material 
demand with respect to a uniform price elasticity of demand (-0.2; taken from the AgMIP model 
intercomparison project (Nelson et al. 2014 (29))) in response to the price change ∆P ; ∆P’ is the change in 
price index between the scenarios with reduced food and material demand taking demand elasticity into 
account (from ∆D) relative to the baseline without climate change. ∆P’ − ∆P is the climate change effect on 
price index when the demand is reduced (∆D) compared to the inelastic demand in the standard LIB scenario. 
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Table S8. Global climate change impacts on agricultural welfare indicators for different global gridded 
crop models. LPJmL (27,28) (with and without CO2  fertilization effect), pDSSAT (36) (with and without CO2  
fertilization effect), EPIC (39) and Pegasus (40): magnitudes of impact (“value”) and impacts as a percentage 
of global GDP as it is exogenously given to the model for SRES A2 scenario. 
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Table S9. Summary of climate change welfare effects as changes in total and agricultural GDP. End of 
the century projection of regional and global total GDP (exogenous from SRES A2 scenario) and estimates of 
agricultural GDP for the baseline scenarios without climate change effect, ”AgricGDP”, in absolute values 
(billion $US) and relative to total regional and global total GDP (%). ”Welfare change” corresponds to the 
agricultural welfare indicator as defined in the study, and is presented also in absolute terms (billion $US) 
and relative to total GDP and estimated agricultural GDP. LIB and FIX represent trade scenarios as defined in 
the study. Reported estimates are average values across 19 GCMs, while standard deviation is given in 
brackets. 
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This chapter provides a summary of the results of the contributing studies in this thesis, as well as a 
general results synthesis that gives insights into interfaces of climate change impacts and 
mitigation efforts (Section 5.1), as defined by the research goal of this thesis (Ch. 1). It further posts 
caveats of the applied methodology and lists implications for policy design in a broader discussion 
section (Section 5.2). Finally, the thesis concludes with an outlook for further research on how to 
improve our understanding of the climate change predicament (Section 5.3).  

 Summary of the Results 5.1
The results are summarized according to the individual studies that contribute to this cumulative 
thesis and which are presented in Chapters 2, 3 and 4. The summary is followed by the synthetized 
outcome under the thesis objective: assessment of direct and indirect climate change impacts in the 
land-use sector and evaluation of associated economic effects and corresponding measures for 
reducing the magnitude of negative economic consequences. In this context, direct impacts are seen 
as a biophysical reaction in plant and biomes growth to changing climate with consequences on 
sectoral productivities, while indirect impacts are related to climate change mitigation policy 
failures.   

 Magnitude and Distribution of Climate Change Impacts on Economic Surplus in the 5.1.1
Agricultural Sector  

Agricultural production could be very susceptible to climate change (Easterling et al. 2007; 
Rosenzweig et al. 2014; Asseng et al. 2015). It is therefore of great relevance to economically 
quantify the magnitude of climate change related impacts in the agricultural sector and how those 
impacts on economic surpluses are distributed. On the one hand, the distribution of impacts is 
conditioned by the geographic variability of crop yields affected by climate change, but on the other 
hand it also depends on responses in ensuing supply patterns and on balancing of consumer and 
producer gains and losses. Understanding the distributional effect of climate change damages (or 
gains) is important in order to create measures for buffering potential negative effects. 

Chapter 2 evaluates direct climate change effects in the agricultural sector using an impact 
modelling chain, i.e. from global circulation models (GCMs) to plant biophysical process simulation 
models and finally to an agro-economic model where the impacts are assessed. The main metric for 
impact evaluation is change in agricultural welfare generated from crop cultivation and livestock 
production activities under the shock of strong climate change. The study stands out for a 
separation of impacts analysis on consumer and producer surplus, changes in which in sum define 
impact on total agricultural welfare. The economic surplus analysis is, hence, applied in the MAgPIE 
agro-economic model, where climate change affected crop yields and other bio-physical variables 
come from the LPJmL crop model, which is in turn run on 19 different climate projections from 
GCM models (climate scenarios). Accordingly, the main results in the study cover uncertainty from 
climate models, while in addition other dimensions of uncertainty are also included (see below). 
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The key finding of the study is that strong climate change effects on crop yields can lead to 
increasingly negative impacts on global agricultural welfare towards the end of the 21st century. 
After an initial beneficial warming effect in the first two decades of the century, the impacts on 
aggregate agricultural welfare become negative, with ever increasing magnitude of damage along 
more intensified climate change, reaching the loss of 0.3% of projected global GDP in the underlying 
scenario. This detrimental effect on aggregate surplus from agriculture comes as a consequence 
from increasing food prices, which reveal the relation between decreases in crop yields in many 
locations and rising marginal cost of production. The supply is, therefore, managed by expansion of 
cropland and/or more investment in yield-increasing technological change. The damage in global 
agricultural welfare throughout and at the end of the century comes from large losses on the 
consumers’ side, bound as they are to pay more for the same basket of food under a climate shock. 
Conversely, producers realize profits on their side as agricultural prices increase, allowing for 
economic gains on global average. 

Regionally, a large fraction of agricultural production is shifted away from the tropics and towards 
the higher-latitude zones. Export of agricultural commodities aggregated from North America, 
Europe and Russia, increases by a substantial ~160% at the end of the century under climate 
change. The profits from export, but also from domestic markets, as agricultural prices rise in all 
regions, could lead to added values in northern regions, reaching about 0.5% increases in North 
America and Europe, and ~1.3% in Russia, with respect to the projected exogenous regional GDP. 
Unlike producers in the north, those regions in the tropical zone are compelled to losses in 
producer surplus as their production and the global market share shrink.  On top of the profit 
losses, adding the losses in consumer surplus that also results from increasing commodity prices 
under climate change, the total damage in agricultural welfare in low-latitude zones reaches 
approximately -1.5% in South-East Asia and -0.5% in Pacific Asia2 of their projected  regional GDP. 

The study shows how crucial international agricultural trade is in terms of adapting to climate 
change and safeguarding economic agricultural welfare from further deterioration. If the trade 
flows are assumed to be fixed at the export shares and self-sufficiency ratios from the beginning of 
the 21st century, damage from climate change in the agricultural sector would reach 0.8% of the 
projected total global GDP at the end of the century. This increase in losses equals about 65% from 
the baseline scenario where agricultural trade gets liberalized by a 10% decadal increase in inter-
regionally traded volumes. Regionally, a halting of the trade liberalization pace would in particular 
adversely affect the low-latitude regions since they experience more severely reduced crop yields 
under climate change. Even if a tropical region is a net-exporter, e.g. Latin America, climatically 
constrained agricultural production would drive domestic prices high, resulting in consumer losses 
outweighing producer profits. For net-importing regions, the negative impacts on agricultural 
welfare get even more dramatic as trade barriers impose large pressure on domestic production 
factors. At the extreme negative end of impacts stand Middle East/North Africa and India/South 
East Asia with 4.6% and 3.1% of damage respectively to the projected GDP at the end of the 
century. 

                                                             
2 Without the OECD countries.  
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Besides the uncertainty from climate models, the analysis incorporates also the following aspects of 
uncertainty: socio-economic uncertainty, the uncertainty in CO2 fertilization effect on plant 
enhanced growth, and modelling crop yields uncertainty. The general results of the study are 
robust to these uncertainty tests: global agricultural welfare will fall off as a result of declining 
consumer surplus and gains in producer surplus not sufficient to overweigh the damage under 
climate change. Still, the global negative economic impacts are reduced when slower demographic 
development and less GHG emission from economic/industrial activity is assumed. While the 
negative magnitude of climate change damage in agriculture strongly depends on plant growth 
simulations, i.e. assumptions and parametrization in global gridded crop models (0.1% - 1.7% loss 
of projected global GDP towards the end of the century), the hypothesis of a large scale realization 
of the CO2 fertilization effect of crop yields could even reverse the impacts, creating beneficial 
effects in the global agricultural sector. The CO2 fertilization effect favors agriculture the most at 
medium levels of warming, somewhere around middle of the century in the baseline high-end 
climate change scenario when overall impacts on agricultural welfare are positive. However, as the 
climate change accelerates in the second half of the century, the full effectiveness of the CO2 
fertilization cannot compensate for other adverse effects of climate change, resulting in reductions 
in global agricultural welfare. 

In conclusion, the agricultural sector experiences decreasing magnitudes of damage from climate 
change in scenarios with slower future population increases, with lower GHG emission pathways 
and consequently reduced climate change impacts, or with a reduction in agricultural demand as a 
response from agricultural market interactions. In the event that the CO2 fertilization effect could 
materialize at a large scale, the negative impacts could be even neutralized. However, if the 
openness of borders to more internationally traded agricultural goods is for any reason hindered, 
the global magnitude of damage in agriculture unequivocally increases. 

 Interrelation of Direct and Indirect Climate Change Impacts on Global Terrestrial 5.1.2
Carbon Dynamics and its Relevance for a Common Mitigation Policy 

Land use and land-use change are important drivers of climate change as they affect terrestrial 
carbon stock dynamics by releasing carbon emission to the atmosphere, or by storing atmospheric 
carbon in biomass captured through the photosynthesis process. The two opposite directions of 
contribution to climate change are most visibly demonstrated by large scale carbon intensive land-
use change: deforestation, afforestation and bioenergy production. While terrestrial carbon 
dynamics are exposed to the direct biophysical effect of climate change, secondary effects of a land-
based mitigation policy could also lead to changes in carbon stocks. In a climate change mitigation 
effort, accurately accounting for those terrestrial carbon flows is very relevant for a comprehensive 
policy design.  

In Chapter 3, the focus is on identifying the relevance of proper accounting of terrestrial carbon 
stocks and flows for a comprehensive mitigation policy. The direct effect of climate change on 
carbon stocks is measured in MAgPIE in a scenario of moderate climate change (RCP 2.6 W/m2 that 
approximately reaches 2°C in GMT increase in 2100) with the dynamic biophysical impact on crop 
yields and terrestrial carbon densities as simulated by LPJmL, while the indirect effect is assessed 
through land management actions induced by mitigation efforts. As an incentive for climate change 
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mitigation, an exogenous carbon tax is implemented on emission from all land types used in the 
AFOLU sector (forests, cropland, pasture, other natural vegetation). Such a carbon pricing pathway 
penalizes emissions from land-use change, but also awards negative emissions from afforestation. 
For afforestation, it is assumed that it cannot occur in the high-latitude zone, since those areas are 
important for the surface albedo effect of radiation reflection (Schaeffer et al. 2006). In addition to 
carbon tax, a consistent exogenous demand for bioenergy primary carriers for second generation 
bioenergy production is assumed in the land-based mitigation scenario. For a benchmark scenario, 
the MAgPIE model is parametrized based on the narratives of SSP2 scenario and uses its socio-
economic trajectories of population and GDP development for the 21st century.  

The key result of the study testifies that there is a marginal effect from a modest climate change on 
the portfolio of actions in a land-based mitigation policy. The enhanced carbon uptake under 
beneficial climate change is still significant, and needs to be accounted for in both the carbon 
pricing schemes and mitigation policy targets through adjustment of carbon budget for related 
climate target. This implication is supported by the resulting mitigation capacity from a land-based 
mitigation policy of 700 GtCO23 by the end of the 21st century, independently from the carbon 
saving potential of an isolated modest climate change effect of 286 GtCO2. However, in a combined 
analysis, a land-based mitigation policy under the targeted climate change stores around 1000 
GtCO2 in terrestrial carbon stocks, only 22 GtCO2 fewer than when the two effects are considered 
independently.  

The portfolio of actions to mitigate climate change in the land-use sector, besides the provision for 
second generation bioenergy supply, mainly includes management of different land-use types. This 
is reflected in conversions and transitions from one land pool to another under given policy stimuli. 
The carbon tax leads to an almost immediate end of deforestation and encourages afforestation 
leading to around a 1500 Mha (million hectares) increase in global forest area by 2100. On top of 
this, moderate climate change increases areas under forest by an additional 15%. This comes as a 
consequence of enhanced plant productivity that leads to less pressure on agricultural production 
systems and therefore fewer requirements for cropland and pasture areas. This pattern of land-use 
change is most prominent in the tropical regions, where concentrations of terrestrial carbon in 
vegetation, soils and litter are the highest.  

The large expansion of forests in a land-based mitigation policy implies fundamental change in 
management of agricultural supply. The areas for agriculture are considerable reduced, 320 Mha 
less for cropland and 1390 Mha for pasture areas. As a consequence of depriving agriculture of 
arable land, the demanded produce is reached through massive intensification of agricultural 
production. As a comparison, average crop yield needed for supply management is estimated at 
11.2 tDM/ha (tones of dry matter per hectare) at the end of the century, at odds with the figure of 
more than half of the required average yield (5.0 tDM/ha) in the benchmark scenario. Additionally, 
the direct moderate climate change effect, and especially assumed realization of CO2 fertilization 

                                                             
3 Note that estimated emissions quantities are expressed in gigatones of carbon-dioxide (GtCO2) in this 
summary, while in the Chapter 3 the chosen unit is gigatones of carbon (GtC) as in the original study. The 
reason for this departure of notation is to facilitate the synthesis of different studies used in this cumulative 
dissertation, by using the same unit.    
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effect on enhanced plant growth, when they are considered together with the land-based 
mitigation, act only as a modest land-sparing driver, since high yields are economically feasible and 
even cheaper as some yield improvements occur naturally at no cost.  

For the climate change projection uncertainty, five different GCMs were used, and the ensuing effect 
is small and does not influence the results substantially. Moderate climate change considerably 
affects terrestrial carbon stocks when plant growth is enhanced under favoring natural conditions. 
But also indirectly, 21% of gains in global carbon stocks under moderate climate impacts come 
from changed agricultural management, as natural vegetation grows on abandoned agricultural 
land. This result comes under the optimistic assumption that the full potential of CO2 fertilization 
can be globally realized.   

 Indirect Impacts of Climate Change: Mitigation Policy Effects on Food Prices in the 5.1.3
AFOLU Sector 

With considerable GHG emissions stemming from the AFOLU, there is a feasible operating space in 
the sector for designing climate change mitigation policies that would contribute in a 
comprehensive abatement of GHG emissions levels (Bustamante et al. 2014; Tubiello et al. 2015). 
However, mitigation actions focusing only on reduction of GHG emissions could cause undesirable 
impacts in other domains of sustainable development (Smith et al. 2013). It is, therefore, crucial to 
recognize trade-offs of a mitigation action portfolio and associated indirect impacts of climate 
change. Chapter 4 focuses on evaluation of AFOLU-based mitigation policies impacts as indicated by 
ensuing dynamics of food prices, under the aspiration of reaching and maintaining food 
accessibility.  

The study is conducted in the MAgPIE model, with the mitigation policy distinct in two dimensions 
of policy instruments in agriculture: incentive-based mitigation for GHG emission reduction from 
agricultural production activities and preference-based mitigation in managing agricultural 
consumption. Scenarios of the incentive-based mitigation assume instruments that would motivate 
change in the AFOLU sector management leading to abatement of emitted GHGs. This is achieved by 
implementation of a price (tax) on GHG emissions, exponentially increasing from 30$US/tCO2eq in 
2020, which is an approximate of CO2eq emission price path needed for reaching a target of ~2°C 
warming at the end of the century. The ensuing incentivized actions in this setup include avoided 
deforestation for reduction of emitted CO2 and improved agricultural management for reduction of 
non-CO2 emissions from agricultural production (CH4 and N2O). A preference-based mitigation 
scenario is designed to target consumer preferences and reduce GHG emissions by behavioral 
changes in diets and waste generation. The livestock product consumption is reduced by 50% in all 
world regions by mid-century compared to what is nowadays consumed in developed countries. 
Accordingly, the halved livestock product demand in the preference-based mitigation scenario is 
referred to as a “demitarian” demand (Westhoek et al. 2014). Similarly, food waste is reduced also 
by 50% everywhere and total calorie demand converges to 2750 kcal/cap/day in 2050. In essence, 
the demitarian demand also represents well-balanced and healthy diets, and likewise accounts for 
regional and cultural preferences. The incentive- and preference-based mitigation scenarios are 
also tested for synergetic effects in the combined scenario setup.    
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Even though incentive- and preference-based climate change mitigation scenarios in the AFOLU 
sector have similar potential for abatement of GHG emissions that leads to a reduction of 43-44% of 
cumulative emissions in 2100 compared to the business as usual case with no mitigation action, 
these policy scenarios result in opposite outcomes for food prices.  

Incentive-based instruments are very effective in almost entirely preventing emissions of positive 
CO2 from deforestation, since conversion of carbon rich biomes into agricultural land is instantly 
halted once carbon emissions are taxed. In addition, agricultural non-CO2 emissions are also 
considerably reduced: N2O emissions by 30% and CH4 by 36% cumulatively with respect to the 
benchmark scenario in 2100. Similarly, preference-based scenarios and changes in lifestyle perform 
with a similar potential in abating cumulative CO2, N2O and CH4 by 44%, 27% and 29% respectively.  
In addition, there is a major potential for negative CO2 emissions from carbon uptake from the 
atmosphere in the preference-based mitigation case. Here, as demand for livestock products 
declines, vast territories are left out of agricultural management and they are slowly thereafter 
covered by growing biomass and natural vegetation. The amount of cumulative negative CO2 
emissions from regrown vegetation on abandoned cropland even overcomes cumulative positive 
CO2 from fragmentary deforestation from the start of the century which is driven by population 
growth. In addition, leakage of carbon emissions from land-use change is entirely avoided in the 
preference-based mitigation, while its prevention in the incentive-based mitigation is only assured 
if all land pools are included in the carbon pricing scheme (Popp et al. 2014). In the combined setup, 
incentive- and preference-based mitigation demonstrates further potential for GHG mitigation and 
without much time delay since the initial deforestation occurring in the preference-based case is 
halted by incentive-based carbon tax.  

However, the incentive-based mitigation unavoidably limits agricultural area and supply is 
maintained by increases in intensified agricultural production through higher investment in yield-
increasing technology. With increased land scarcity, production costs get higher and consequently 
the food price index increases over the century reaching almost 250 levels higher than in the 
benchmark scenario in 2100. Apart from the effect of investments in intensified agriculture on 
increasing food prices, the other major factor for increasing food prices is taxing residual non-CO2 
agricultural emissions that cannot be entirely abated, especially methane emission from the 
livestock production. Conversely, in the preference-based mitigation scenario reduced 
overconsumption and demand for livestock products, spars agricultural land and concentrates 
production on most productive sites. Here, food demand management policy instantly decreases 
food price even below the benchmark levels, thus such measures targeting consumer preferences 
should be considered in order to avoid adverse impacts of mitigation on broader aspects of food 
security.   

On the regional level, with sustainable demand management in a demitarian manner, including 
necessary and sufficient food caloric intake, the same effect of declining food prices is indicated 
worldwide. But in the case of pricing GHG emissions in the AFOLU sector, sizable increases of food 
prices are observed, especially in developing regions. Here for one part, food prices increase in 
regions which rely on largely extensive agricultural production, such as Africa and Latin America, 
where arable land is limited under the assumed mitigation scenario. For the other part, regions 
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with high demographic growth, such as the Indian sub-continent, experience high prices as a 
consequence of increased total food demand and binding taxation of agricultural non-CO2 emission.     

For the sensitivity of abatement potential in the AFOLU sector and resulting food prices, the results 
of complementary incentive-based mitigation scenarios with lower tax than assumed in the main 
analysis for the stringent 2°C mitigation target, reveal only negligibly smaller emission reductions 
while associated food price trajectories demonstrate much larger spread approaching lower price 
levels. Hence, if a mitigation policy also aims at stable food prices (also for animal products), it is 
reasonable to tax the non-CO2 agricultural emissions separately from other sectors. 

 Synthesis of the Results 5.1.4
Damage from impacts of unmitigated strong climate change could be substantial in the agricultural 
sector at the end of the century, reaching approximately 0.3% loss of global projected GDP, and 
more so in the low-latitude regions. In an effort to avoid disastrous risks from climate change also 
in other sectors, a comprehensive climate change mitigation policy is needed. Large potential for 
GHG emissions reduction comes from the agricultural and land-use sector. Some 700 GtCO2 can be 
avoided and removed from the atmosphere over the century if a mitigation policy incentivizes 
prevention of carbon emissions release from deforestation, and deployment of atmospheric carbon 
removal options such as afforestation. Further uptake of emissions is possible through second 
generation bioenergy production. On top of a successful mitigation policy, additional cumulative 
286 GtCO2 can be stored in terrestrial carbon stocks due to moderate climate change, if such a 
climate target is reached. However, a considerable part of this additional potential derives from the 
expectation that the beneficial CO2 fertilization effect can be globally realized. This assumption also 
plays a major role in unmitigated impacts from strong climate change, where the CO2 fertilization 
effect contributes to a reduction of much of the estimated global economic damage. Indirect climate 
change impacts on agricultural markets from a land-use mitigation policy could be even more 
substantial than the direct impacts of a strong climate change. If a mitigation policy only aims at 
stopping of deforestation and penalizing non-CO2 emissions from agricultural production, resulting 
mitigation potential of 400 GtCO2 implies agricultural prices surging to 2.5 higher levels compared 
to the business-as-usual economy at the end of the century. This agricultural price index level is 
noticeably much higher than the doubling of price index in unmitigated strong climate change case, 
though benefits from land-based mitigation in other sectors are not accounted here. Finally, as the 
average consumer will carry most of the burden from negative direct and indirect climate change 
impacts in agriculture, adequate adaptive measures should take place. Great alleviation of impacts 
on the average consumer can come from further liberalization of agricultural trade or from land 
sparing measures such as waste reduction or food demand management (demitarian diets). The 
latter measures could, simultaneously to adaptation, contribute also with nearly of 400 GtCO2 of 
GHG emission reductions. Although an effective option, the formulation and implementation of such 
a demand management policy could prove challenging for policy makers. In addition, mitigation 
mechanisms can be diversified in order to achieve prevention of indirect impacts, such as lower 
then optimal GHG tax for the non-CO2 emissions in the agricultural sector that would trigger 
emission reduction to the full potential without jeopardizing food price stability.    
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 Discussion  5.2
  

 Methodological Caveats 5.2.1
Mathematical models are conceptualized as abstractions of reality (or its parts and systems) where 
dynamics and crucial features of a system are captured by the formal language. The MAgPIE model 
abstracts the global and regional agro-economic reality by making a number of assumptions that 
enable it to accomplish its purpose. In this subsection, reliance on those assumptions is discussed, 
judged by their relevance for the thesis outcomes.        

Regional representative producers and decision making - The MAgPIE model is designed to 
represent and analyze optimal spatial patterns of agricultural production. For that reason, 
numerous economic assumptions are made on a much coarser geographic level. Perhaps the 
greatest abstraction, in terms of accounting for climate change impacts, is made on regionally 
representative economic actors. Representative regional producer is defined by regional specific 
production cost of agricultural production, most notably costs of investment in R&D, land 
conversion, irrigation costs and costs for penalizing GHG emissions given a mitigation policy. Those 
types of agricultural costs play a decisive role when it comes to making endogenous decisions of 
production. Given that decisions in MAgPIE are brought in a recursive-dynamic manner, a producer 
cannot anticipate possibilities of far-reaching choice making, i.e. to optimize the objective over the 
entire simulation period. This is in particular relevant when it comes to the mitigation policy 
analysis, where anticipation of future price of GHG or a strong mitigation policy signal could have 
substantial impacts on current decisions. However, the model compensates for the lack of perfect 
foresight by annuitizing investment decisions over a 30-year investment period, which is in line 
with afforestation projects that are typically credited for such a long period (Humpenöder et al. 
2014), or by accounting for a 15-year period for the payoff from investment in yield-increasing 
technology (Dietrich et al. 2013b). On top of that, certain land-use drivers exogenous to MAgPIE, 
such as a GHG emission tax and the second generation bioenergy demand, are derived from coupled 
runs between MAgPIE and REMIND which bases outcomes on intertemporal choice (Klein et al. 
2014), so that the feedback from carbon markets is, to a certain extent, granted. With regard to 
other uncertainty in the results, a small share comes from exogenously prescribed improvement in 
the production processes in developing regions, where a time-dynamic conversion towards 
production efficiencies in developed countries (e.g. feeding practice in livestock production 
systems) is assumed. Such assumptions contribute, for example, to agricultural GHG abatement 
cost, when production is relocated to regions with cleaner and more efficient production under a 
mitigation policy. 

Homogenous representative households and exogenous agricultural demand - More 
importantly for the research of both direct and indirect climate change impacts is the question of 
disaggregation of impacts on individual households. MAgPIE also assumes a representative regional 
consumer, whose wealth (i.e. GDP) develops according to an exogenous scenario, joined with 
demographic dynamics (IPCC 2000; O’Neill et al. 2015). Obviously, negative impacts have much 
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higher weight on households struck with poverty, like among the urban poor, or on subsistence 
households in low-latitude regions whose farming directly depends on local climate conditions. 
Some disaggregation of impacts is possible even from average outcomes from MAgPIE, given the 
distribution of global wealth (Biewald et al. 2015). However, a more intriguing question concerns 
the climate change induced impacts on those households that not only suffer from more 
expenditure on food consumption, but are at the same time farming households that also earn 
higher profits from increasing agricultural markets (Swinnen and Squicciarini 2012; Hertel 2016). 
Further, in relation to changes in household income resulting from climate change or mitigation 
policy effects, it is important to acknowledge the assumption of inelastic agricultural demand in 
MAgPIE. This assumption could be partially responsible for the upward bias in reported direct and 
indirect impacts. However, presented tests in the studies (Ch. 2 and Ch. 4) generally confirm the 
robustness of the main results, since a reduction of food demand as a result of price shock from 
climate change or a mitigation policy would only get slightly offset. This is also supported by the 
understanding of food as a generally low-elasticity necessity good (Valin et al. 2014; Nelson et al. 
2014b). Still, in the case of impacts on heterogeneous households, the income effect on food 
demand could be more prominent.              

General equilibrium effects - As MAgPIE is a partial equilibrium economic model, certain features 
captured by the entire economy dynamic are not captured. Impacts could propagate from one 
sector to another, depending on the inter-sectoral links. In this way adverse impacts could be 
buffered or amplified through a cascading effect, or could lead to movements of production factors 
among sectors in the event of more profitable opportunities (e.g. as in a mitigation policy that 
economically promotes certain strategies, such as bioenergy supply or afforestation 
encouragement) (Kalkuhl and Edenhofer 2016a; Kalkuhl and Edenhofer 2016b). On top of this, 
governmental roles in redistribution of potentially substantial climate rents from AFOLU sector, i.e. 
rents form GHG emission tax, could play a decisive role in shaping an economy. This recycling of 
rents is likewise not captured in the partial equilibrium setup in MAgPIE.   

Uncertainty in bio-physical data projections - On the other hand, results in the model not only 
depend on economic assumptions, but also on the bio-physical input that determine economic 
capacities of land-use. These input data used for this thesis come from LPJmL model simulations of 
crop yields and terrestrial carbon stock levels. Much of the uncertainty in the results comes from 
parametrization of natural processes that determine dynamics of yield and carbon stock change. 
The impacts of climate change could differ considerably if the biophysical inputs are provided by 
other crop models (Ch. 2) that use different parametrization and choices for simulation of 
underlying dynamics. Even though the international scientific community is continually improving 
its understanding of climate change interaction with the biosphere, some uncertainties in 
responses of crop yields remain (Rosenzweig et al. 2014). In line with plant growth modeling, the 
atmospheric CO2 fertilization effect on increases in yields represents a controversial issue (Long et 
al. 2006; Easterling et al. 2007; Müller et al. 2014). If the effect could be realized on the full global 
scale (with sufficient nitrogen input in cultivation), the positive impact of CO2 fertilization is 
undisputed, not only on enhanced plant growth but also on economic output (Ch. 2). As 
demonstrated in this thesis (Ch. 2 and Ch. 3), the CO2 fertilization can be highly effective in reducing 
cost of agricultural production, and in increasing of land-based mitigation potential at low levels of 
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global warming. However, at warming levels exceeding a certain threshold, there is a tendency in 
weakening or even disappearing of gains from CO2 fertilization. Finally, linkages between severe 
forms of climate change impacts, such as extreme weather events effects on plant growth or heat 
impacts on livestock livelihood (Battisti and Naylor 2009; Lesk et al. 2016), are still not well 
understood and therefore fully captured by the modelling scientific communities. Including those 
impact forms would shed more light on potential vulnerable areas of agricultural production 
worldwide.              

 Policy Implications 5.2.2
The predicament of climate change requires consequential and committed action in the policy 
arena. If no mitigation measures are implemented to combat raising anthropogenic GHG emissions, 
the risk of large-scale damage, not only to human wellbeing but also to natural ecosystems, could 
become unavoidable (Smith et al. 2009; IPCC 2014c). However, for a successful mitigation policy to 
be comprehensively designed and implemented in the AFOLU sector, it is needed to rigorously 
assess possible mitigation pathways and associated ramifications. 

The research in this thesis demonstrates that unmitigated climate change impacts could be 
detrimental, especially with the respect to the burden at households’ expenditure on food 
consumption (or even lack of consumption). As the magnitude of welfare losses strongly depends 
on balancing of impacts through flows of international agricultural trade, it would be appropriate to 
establish rules that would increase volume of traded agricultural commodities. Efforts to advance 
liberalization of global agricultural market have been made recently in the Bali Package agreement 
on trade facilitation (WTO 2013) and the findings of this thesis provide evidence to support further 
steps in trade liberalization (Ch. 2). However, agricultural trade policy reforms need to be carefully 
considered. Some of currently exporting regions could lose their share of the global agricultural 
market if their comparative advantage in agricultural production dwindles under climate change 
(e.g. in some Latin American countries). For that reason, production holding companies could 
obstruct negotiations in trade liberalization, but since the tropics could greatly contribute to land-
based mitigation (Ch. 3), opportunities for compensation of lost agricultural production could be 
easily envisioned. More open trade adapts agricultural market to climate change as negative 
impacts on food prices are buffered, corresponding to lower losses in consumers’ budget. However, 
as many consumers in developing regions earn from agriculture, e.g. smallholder and subsistence 
farmers, policies should also account for measures that would reduce poverty and improve farmers’ 
capacities to dynamics of trade liberalization. 

Technological and managerial procedures for the reduction of GHG emissions in agricultural 
production and also technologies for atmospheric CO2 removal in other land-use systems are 
promising mitigation measures, and even unavoidable components of a full mitigation portfolio 
(IPCC 2014b). Mitigation technology portfolios differ primarily in the defined climate change target 
in terms of increase of GMT with respect to the pre-industrialization period. Strict targets, such as 
increases up to 2°C of GMT until end of the century, could distinctively change the AFOLU sector. At 
the recent United Nations climate summit in Paris, an agreement was reached on not exceed an 
even more stringent target of 1.5°C (UNFCCC 2015). Political actors seemingly anticipate fulfilling 
of their pledges by large-scale deployment of negative emissions technologies that could also lead 
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to inclusion of those options in the AFOLU sector, such as bioenergy production with CCS and 
afforestation. Even though land-based carbon removal capacity is considerable (Ch. 3), there is so 
far no evidence that those land-based options can be successful without gravely affecting natural 
resources and sustainable development (Smith et al. 2016). Moreover, consequence from land-
based mitigation that translates into only smaller degrees of land scarcity, such as halting of 
deforestation, result in considerable economic effects in agricultural markets. The outcome of a 
policy that only incentivizes GHG emissions reductions (e.g. GHG tax) is reflected in creation of land 
and carbon rents, and in increase in agricultural prices (Ch. 4). In addition, considerable emissions 
could leak from other land usage if not all carbon rich biomes are considered in a carbon pricing 
policy (Popp et al. 2014).  

It is therefore important to establish novel policy designs that would alleviate the pressure on 
agriculture from an AFOLU mitigation policy. Changing the patterns in diets away from resource 
intensive products could turn into a lifestyle value if adequate actions, such as education programs 
on food consumption, transparency of food origin, restriction of advertising animal products etc., 
are employed within society (Allais and Nichèle 2007; Garnett et al. 2015; Shewmake et al. 2015). 
Without drastic measures, only halving of livestock products in everyday diet would simultaneously 
work both as a mitigation measure itself through reduction of the largest portion of GHG emissions 
attributed to livestock production systems, and as an adaptation option to the impacts from 
mitigation measures that would reduce availability of land for agriculture. In addition, co-benefits 
from food demand management would emerge in the health sector as saved resources resulting 
from balanced food consumption (Wolf and Colditz 1998). Therefore, such measures serve a 
broader definition of food security goals and should form an integral part of any policy portfolio 
aiming at both the mitigation of climate change and the avoidance of negative impacts on stable 
utilization of food.                     

 Outlook for Further Research 5.3
Even though this thesis provides important insight on the interplay of climate change impacts and 
mitigation action in the land-use sector, further advances in modeling of linkages of economy, 
climate and biosphere are necessary. Comparison of direct and indirect climate change impacts in 
one encapsulating modeling exercise would bring more consistent estimates of the role of 
mitigation in the land-use sector and the value of social cost of carbon/economic damage. This 
question is important for the land sector since it could be that the impacts from a mitigation policy 
outweigh the avoided impacts from direct climate change. This is a consequence of mitigation 
pathways under a comprehensive global mitigation policy, where benefits from land-based 
mitigation are more strongly experienced in other sectors than in the agricultural sector. Not only 
does mitigation stretch across different sectors, but also impacts can propagate throughout an 
economy. Apart from computable general equilibrium models that are able to address those 
dynamics of impacts on economic output and motion of production factors, more reliable estimates 
would emerge if those general equilibrium effects for agriculture are obtained from integrated 
assessment modeling exercises where climate impacts are more explicitly represented.   

Understanding damages in agriculture very much depend on advances in climate science and 
capturing full responses to climate in the biosphere, much of which is currently modeled with broad 
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uncertainty. One of potentially key factors in determining estimates of direct climate damages are 
effects in agriculture from extreme weather events. However, even though impacts of extreme 
temperature or precipitation variation on crop yields is fairly well understood (Lobell et al. 2012) 
and the linkages to climate change are confirmed (Coumou and Rahmstorf 2012), the frequency of 
those events is still weakly known.    

Finally, as mitigation and climate change closely interact with each other, combining them with 
autonomous and planned adaptation measures in an integrated framework where intertemporal 
feedbacks from every component are iteratively accounted would provide a sound integrative tool 
for a climate policy analysis and bifold impacts of climate change. 
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Nomenclature 
AFOLU Agriculture, forestry and other land use 
AFR Sub-Saharan Africa 
AR5 Assessment report 5 
CCS Carbon Capture and Storage 
CFT Crop functional type 
Ch. Chapter 
CH4 Methane 
CO2 Carbon dioxide 
CO2eq CO2 equivalent 
CPA Centrally Planned Asia 
EUR Europe incl. Turkey 
FAO Food and agriculture organization of the United Nations 
FSU Former Soviet Union 
GCM Global circulation model 
GDP Gross domestic product 
GGCM Global gridded crop models 
GHG Greenhouse gas 
GMT Global Mean Temperature 
IAM Integrated assessment model 
IPCC Intergovernmental Panel on Climate Change 
LAM Latin America 
LCP Land carbon pricing 
LPJmL Lund-Potsdam-Jena model with managed land 
MAgPIE Model of Agricultural Production and its Impact on the Environment 
MEA Middle East – North Africa 
N Nitrogen 
N2O Nitrous oxide 
NAM North America 
Non-CO2 Here: agricultural methane and nitrogen related emissions 
OECD Organization for Economic Cooperation and Development 
PAO Pacific OECD 
PAS Pacific Asia 
PFT Plant functional type 
R&D Research and Development 
RCP Representative concentration pathway 
REDD+ Reducing Emissions from Deforestation and Forest Degradation 
REMIND Regional model of Investment and Development 
SAS South Asia 
SDG Sustainable development goals 
SRES Special Report on Emission Scenarios 
SSP Shared socioeconomic pathway 
UN United nations 
W/m2 Watt per square meter 
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