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A B S T R A C T

Climate change mitigation is crucial to limit detrimental impacts of climate change on food production.
However, cost-optimal mitigation pathways consistent with the Paris agreement project large-scale land-based
mitigation for bio-energy and afforestation to achieve stringent climate targets. Land demand from land-based
mitigation leads to competition with food production, raising concerns that climate policy (SDG13 – climate
action) conflicts with food security objectives (SDG2 – zero hunger). In this study we use the computable general
equilibrium model MAGNET and the IMAGE integrated assessment model to quantify the food security effects of
large-scale land-based mitigation. Subsequently, we implement two measures to prevent reduced food security:
increased agricultural intensification and reduced meat consumption. We show that large-scale land-based
mitigation (∼600 Mha in 2050) leads to increased food prices (11%), reduced food availability (230 kcal/cap/
day) and substantially more people at risk of hunger (230 million) compared to the baseline scenario in 2050,
most notably in developing regions. Land-based mitigation also leads to yield increases (9%) and intensified
ruminant production (11%). Additional crop yield improvement (9%) and intensification in ruminant produc-
tion (3%) could prevent the negative effect of mitigation on food security. Introducing a reduction in meat
consumption in high- and middle-income regions reduces required crop yield improvement (7%) and ruminant
intensification (2%). Our study highlights the importance of transparency about food security effects in climate
change mitigation scenarios. In addition, it provides an example of explicitly including measures to limit ne-
gative trade-offs in mitigation scenarios. In this way, we show how the Paris agreement can be made consistent
with food security objectives and how multiple Sustainable Development Goals can be achieved.

1. Introduction

The Paris Climate Agreement aims to limit global warming to well
below 2 degrees above pre-industrial levels and to pursue 1.5 degrees
(UNFCCC, 2015). One important reason to limit global warming is the
threat it poses to food production, as explicitly stated in the Paris
Agreement as well as the original United Nations Framework Conven-
tion on Climate Change (UN, 20 January 1994). Indeed, many studies
show that climate change is projected to have severe negative impacts
on crop yields which leads to reduced food security and highlights the
importance of climate change mitigation (Zhao et al., 2017, Rosenzweig
et al., 2014; Nelson et al., 2014, Von Lampe et al., 2014). The im-
portance of food security and climate change mitigation is also em-
phasized by the United Nations Sustainable Development Goals (SDGs)
that have specific goals for both: zero hunger (SDG2) and climate action
(SDG13). This underlines the importance of achieving the Paris

Agreement climate target to ensure food security.
The recently published IPCC special report on 1.5 degree as well as

many scenario studies conclude that to limit climate change in line with
the Paris agreement requires substantial negative emissions (Riahi
et al., 2017; Rogelj et al., 2018, IPCC et al., 2018). These negative
emissions are needed to compensate for excessive emissions in the early
stages of a decarbonization pathway and for emissions that are difficult
to mitigate fully such as in agriculture. In most mitigation scenarios this
is realized via large-scale afforestation (Calvin et al., 2014;
Humpenöder et al., 2014) and bio-energy with carbon capture and
storage (BECCS) (Azar et al., 2010, Van Vuuren et al., 2013). These
land-based mitigation technologies require large areas of land which
can lead to competition for land between food production and climate
change mitigation. As a consequence, food prices might rise causing
negative effects on food security (Hasegawa et al., 2015a; Frank et al.,
2017; Kreidenweis et al., 2016). Recent studies have shown that by the
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year 2050 the impact of land-based mitigation on food security could
even be larger than the negative impact of climate change (Van Meijl
et al., 2018; Hasegawa et al., 2018). This raises the concern that the
Paris agreement climate target and food security objectives are con-
flicting and cannot be achieved simultaneously.

However, there are opportunities on the supply and demand side of
the food system to limit the negative effects of afforestation and BECCS
on food security. The productivity of crop and livestock production
systems varies widely between regions, with efficient production in
developed regions such as USA and Western Europe as opposed to in-
efficient production in developing regions such as Sub-Saharan Africa
and Southern Asia. Closing yield gaps through improved fertilization,
increased irrigation and better management could lead to major in-
creases in productivity (Neumann et al., 2010; Mueller et al., 2012, Van
Ittersum et al., 2013). Similarly, livestock systems have substantial
opportunity for intensification transitioning from grassland-based sys-
tems to mixed systems and through improved animal management
(Havlík et al., 2014; Herrero et al., 2016). In this way, increased effi-
ciency on the supply side of the food system would reduce land re-
quirements and thus limit the effect of competition between food pro-
duction and land-based mitigation on food security. On the demand
side of the system, dietary change reducing consumption of livestock
products and substituting them by crops has large potential to reduce
land requirements because crop production requires less resources
(including land) than livestock production (Stehfest et al., 2009; Bajželj
et al., 2014; Poore and Nemecek, 2018). A transition to diets with less
livestock products would therefore limit the negative effect of land
competition on food security.

Solutions to the conflicting nature of climate mitigation and food
security have not been formally included in scenario analyses. In this
study, we explore how negative effects of land-based mitigation on food
security can be prevented by implementing measures on the supply and
demand side of the food system – specifically through enhanced agri-
cultural intensification and through dietary change. In this way, we
investigate how the climate targets from the Paris Agreement can be
made consistent with food security objectives. To quantify this, we
perform a model-based analysis using the agro-economic model
MAGNET (Woltjer et al., 2014) in combination with the IMAGE in-
tegrated assessment model (Stehfest et al., 2014). First, we perform a
detailed analysis of the effect of ambitious land-based mitigation on
various dimensions of food security. Secondly, we investigate how
much agricultural intensification is required to prevent negative effects
of land-based mitigation from a food security perspective. Thirdly, we
explore how dietary change, through reduced consumption of livestock
products, could lower the required level of intensification to maintain
food security. For expositional convenience, we make the assessment
explicit at the level of six world regions (SI Table 1) in order to high-
light regional differences in food security effects and food system
changes.

2. Methods

2.1. Models

2.1.1. MAGNET
The Modular Applied GeNeral Equilibrium Tool (MAGNET) (Woltjer

et al., 2014) is based on the standard GTAP model (Hertel, 1997),
which is a multi-regional, static, applied computable general equili-
brium (CGE) model based on neoclassical microeconomic theory. It
covers all sectors of the economy (agriculture, manufacturing and ser-
vices) and all regions and major countries in the world. The core of
MAGNET is an input–output model, which links industries in value
added chains from primary goods to final goods and services for con-
sumption. Input and output prices are endogenously determined by the
markets to achieve supply and demand equilibrium. The agricultural
sector is represented in high detail compared to standard CGE models.

In MAGNET, factor markets are divided (segmented) into agricultural
and non-agricultural labour and capital. This reflects empirical evi-
dence on imperfect mobility of labour (De Janvry et al., 1991), and is
thus an improvement above other CGEs which assume perfect mobility.
Land is modelled as an explicit production factor described by a land-
supply curve, which specifies the relation between total agricultural
land supply and the real land price given constraints related to bio-
physical availability (potential area of suitable land) and institutional
factors (agricultural and urban policy, conservation of nature). The land
supply curve is constructed with land availability data provided by
IMAGE (Van Meijl et al., 2006; Dixon et al., 2016).

Households are assumed to distribute income across savings and
(government and private) consumption expenditures according to fixed
budget shares following a Cobb-Douglas (CD) expenditure function.
Private consumption expenditures are allocated across commodities by
introducing a richer representation of income effects in the demand
system. In particular, marginal budget shares vary with the expenditure
level using a non-homothetic constant differences of elasticity (CDE)
expenditure function. Government consumption is allocated across
commodities according to fixed budget shares using a CD expenditure
function. Labour, capital and natural resources are fully employed in
each region and the aggregated supply of each factor equals its demand
(equilibrium). Thus, factor markets are competitive between sectors but
not between regions. MAGNET assumes that products traded inter-
nationally are differentiated by country of origin following the
Armington assumption. This assumption generates smaller and more
realistic responses of trade to price changes than implied by models of
homogeneous products (Armington, 1969).

2.1.2. IMAGE 3.0
IMAGE 3.01 is an integrated assessment modelling framework that

simulates the interactions between human activities and the environment
(Stehfest et al., 2014), to explore long-term global environmental change
and policy options in the areas of climate, land and sustainable develop-
ment. IMAGE consists of various sub-models describing land use, agri-
cultural economy, the energy system, natural vegetation, hydrology, and
the climate system. Most socio-economic processes are modelled at the
level of 26 regions. Most environmental processes are modelled on the
grid-level at 30 or 5 arc-minutes resolution. Data exchange takes place
either through hard-coupling with annual exchange of data, or soft-cou-
pling using an iterative approach of scenario data exchange.

Agriculture, forestry and land-use dynamics are modelled on the
grid-level in the IMAGE-Land Management model (Doelman et al.,
2018). Demand for crop and livestock products, trends in agricultural
intensification and trade dynamics are provided by MAGNET (section
2.1.1). Gridded land-use dynamics are implemented in the dynamic
global vegetation model LPJmL to model effects on the carbon and
hydrological cycle (Sitch et al., 2003; Bondeau et al., 2007). LPJmL
provides data on potential crop and grass yields, land-use change
emissions and irrigation water use. The simulation model TIMER re-
presents the energy system with high technological detail for 12 pri-
mary energy carrier including bio-energy (Van Vuuren, 2007). Land use
for the production of bio-energy as determined by TIMER is im-
plemented on the grid-level in IMAGE-LandManagement. Greenhouse-
gas (GHG) emissions from energy, industry and land use are input to the
simple climate model MAGICC which emulates complex climate models
to calculate global mean temperature change (Meinshausen et al.,
2011). Finally, data on food availability, energy use and climate change
are input to the GISMO model which calculates changes in human de-
velopment in relation to the global environment (Hilderink et al.,
2008).

1 For more background info visit the online IMAGE documentation: http://
themasites.pbl.nl/models/image/index.php/Welcome_to_IMAGE_3.0_
Documentation.
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2.1.3. Food security indicators
The Food and Agricultural Organization (FAO) distinguishes four

dimensions of food security: availability, access, utilization, and stabi-
lity (FAO, 1996). In this study we present indicators covering the first
two of these dimensions as these are well-represented in the im-
plemented models. The availability dimension is represented by two
indicators. First, food availability which is defined as ‘kilocalories per
capita per day available for consumption’ as calculated by the MAGNET
model. Second, ‘the number of people at risk of hunger’ which is a
fraction of the population below a minimum level of dietary energy
requirements following a method proposed by the FAO (FAO, 2008). It
is calculated using the GISMO model (Hilderink et al., 2008) and is
based on food availability data from MAGNET, a coefficient of variation
dependent on GDP per capita as proposed by Hasegawa et al. (2015)
and region, sex and age specific dietary energy requirements. The food
access dimension relates to people's food purchasing power and there-
fore to food prices, dietary patterns, and income developments (Lele
et al., 2016). This dimension is represented by two indicators calculated
by MAGNET. First, the average price development of food including
primary agricultural products and processed foods, which neglects the
income dimension. Second, as a proxy for the food purchasing power
we use the price development of a food consumption basket in relation
to income developments of a particular income group. Specifically, we
calculate the change in food purchasing power for a cereal diet of un-
skilled workers working in agriculture (cereal sector) and other sectors
by subtracting the change in wages from the change in the price level of
the cereal diet.

2.2. Scenario implementation

2.2.1. Baseline
As a baseline scenario we use the ‘1% World’ scenario (ONEPW)

from the FOODSECURE project (van Dijk et al., this issue). The four
stakeholder-based FOODSECURE scenarios are designed along two di-
mensions of equality and sustainability. The ‘1% World’ scenario de-
scribes a world where wealth is very unequally distributed. However,
people do care about sustainability and protection of biodiversity and
the environment. There is substantial investment in technology leading
to high technological development in the agricultural sector ensuring
that everyone is fed and to ensure protection of biodiversity and the
environment. We choose this scenario as it describes an unequal world
open to sustainability issues such as mitigating climate change.
Moreover, in the 1% World scenario food security increases throughout
the scenario period highlighting the difference between improving food
security in a baseline scenario and negative impacts on food security in
a mitigation scenario. In addition, the scenario does not include dietary
change which is important to analyse the potential of reduced livestock
product consumption.

Globally, wealth increases with average GDP rising from 9500 US
$/capita to 21,300 US$/capita (Table 1; Fig. 1). However, regional

differences remain very large with GDP in the OECD countries in-
creasing up to 77,400 US$/capita whereas Sub-Saharan Africa achieves
2900 US$/capita. Similarly, global population continues to rise up to
9.6 billion people, with the largest increases in developing regions. The
global share of people living in Sub-Saharan Africa and South/South-
East Asia increases from 12% to 19% and from 32% to 34%, respec-
tively. Exogenous land productivity improvements are high, especially
in developing regions (Sub-Saharan Africa and South/Southeast Asia)
as agricultural productivity catches up with global standards related to
high technological development. Agricultural land availability is low in
developed regions (< 20% of current agricultural land) as large areas
are excluded from agricultural expansion due to high environmental
protection standards.

2.2.2. Land-based mitigation
MAGNET does not model land-based mitigation directly. Therefore,

the land area required for land-based mitigation is implemented exo-
genously and forces a certain reduction in actual agricultural land use
over the scenario period (Fig. 3). As a consequence, also the land-supply
curve of MAGNET is shifted in line with the implemented land area
requirement. Fig. 2 shows a graphic representation of the approach. In
the baseline scenario, no distinction is made between total land supply
and agricultural land supply. Land demand is shown by the yellow line
which intersects in point A providing total land supply (LS) and land
price in the baseline scenario (P-base). In a mitigation scenario, total
land supply (LS-tot) is distinguished from agricultural land supply (LS-
agr) where the difference is accounted for by the land-based mitigation
area. The agricultural land supply curve is shifted to the left (less
supply) to accommodate the area required (green arrow) leading to a
new equilibrium in point B at a higher land price (P-LBM). The re-
stricted land use results in adjusted food prices, food consumption,
trade and agricultural efficiency which consequently affect food se-
curity (Tabeau et al., 2017).

Areas required for land-based mitigation to achieve the Paris
agreement climate target are derived from literature on the SSP sce-
narios as implemented by several integrated assessment models (IAMs)
in a coordinated effort (Popp et al., 2017). Across-model average areas
of land-based mitigation (i.e. afforestation and bio-energy with and
without CCS) are calculated for the SSP2 scenario combined with an
RCP 1.9 climate change target for five world regions as presented in
Rogelj et al. (2018). We decided to use this scenario as it is the most
ambitious climate-change mitigation target in recent literature which is
highly relevant in the current discussions on achieving the 1.5-degree
target. We take the average land-based mitigation area from four
models: AIM/CGE (Fujimori et al., 2014), GCAM4 (Wise et al., 2014),
GLOBIOM (Havlík et al., 2014) and REMIND-MAgPIE (Popp et al.,
2014). The land-based mitigation area varies substantially between the
models ranging from 410 Mha (AIM/CGE) to 950 Mha (GCAM4) in
2050. These results represent the state-of-the-art of land-based mitiga-
tion estimates to achieve stringent climate targets, illustrating the large

Table 1
Macro-economic and land supply assumptions in the baseline scenario, and land-based mitigation assumption in LBM mitigation scenario.

Regions GDP Population GDP per
capita

Exogenous land
productivity
improvement

Share of current agricultural
land in total available land (%)
in 2010

Average land
supply elasticity

Land-based mitigation in 2050 (%
agricultural land reduction relative to
baseline)

Average annual growth (%) (2010–2050)

World 2.9 0.8 2.0 1.0 74 0.08 15
OECD countries 2.2 0.5 1.7 0.7 83 0.02 13
Latin America 3.1 0.8 2.3 0.8 63 0.23 28
Russia/Middle East 3.5 0.9 2.6 1.1 83 0.03 11
Sub-Saharan Africa 3.9 1.9 2.1 1.6 67 0.09 15
South/Southeast

Asia
4.6 1.0 3.6 1.4 63 0.18 12

China+ 4.4 −0.1 4.5 0.4 89 0.02 12

J.C. Doelman, et al. Global Food Security 23 (2019) 93–103

95



uncertainty that is present in the literature. We use the average re-
duction in cropland for food and feed and the reduction in grazing land
per world region of the four aforementioned models. Globally, this
implies a reduction in agricultural land use of ∼600 Mha compared to
baseline. In absolute terms, the largest change takes place in Latin
America with a 28% reduction in agricultural land use compared to
baseline levels (160 Mha) (Table 1). The changes in other regions range
from 11% to 15%.

2.2.3. Agricultural intensification
Additional agricultural intensification, e.g. through closure of the

yield gap or increased efficiency in the livestock sector, can prevent
negative effects of land-based mitigation on food security. To in-
vestigate the level of required intensification, a scenario is designed to
keep average agricultural price in a mitigation scenario at the same
level as in the baseline scenario in each region. To achieve this, the
average agricultural price is exogenously fixed at the baseline level. The
level of land productivity in the agricultural sector is endogenously
determined (increasing uniformly across all agricultural commodities)
within the model run for each region. In this way, we assume that the
average agricultural price change caused by mitigation is compensated
by additional intensification in the agricultural sectors. The model en-
dogenously determines the level of agricultural intensification required
in each region to absorb the effect of land-based mitigation on average
agricultural price. By fixing average agricultural prices on baseline le-
vels, also total food availability is similar to the baseline because prices
levels are the same as in the baseline and income levels are close to the
baseline.

Fig. 1. GDP, population, yield and crop production in the ‘1% World’ (ONEPW) scenario.

Fig. 2. Graphic representation of total land supply curve (LS-curve total) and
agricultural land supply curve (LS-curve agr). In a baseline scenario land de-
mand (yellow line) is in equilibrium in point A with land supply LS and land
price P-base. In a mitigation scenario total land supply (LS-tot) is distinguished
from agricultural land supply (LS-agr) where the difference is land-based mi-
tigation (LBM, green arrow). The agricultural land supply curve is shifted to
accommodate this area leading to a new equilibrium in point B at a higher land
price (P-LBM). (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)
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2.2.4. Diet change
Next to agricultural intensification, changes in diet towards less

meat consumption reduces demand for agricultural land, and thus can
help to prevent negative effects of land-based mitigation on food se-
curity. To test how diet change can help to reduce concerns for food
security a low meat diet pattern is introduced. A reduction in the
consumption of ruminant and non-ruminant meat is implemented by
exogenously prescribing meat consumption. In contrast to the standard
settings, consumer preferences concerning meat are endogenously de-
termined. Total food consumption volume is kept constant to assure
that the reduction in meat is replaced by consumption of crops and
dairy products. To achieve this, consumer preferences concerning
overall food consumption are also endogenously determined. The low
meat diet changes include strong reductions in China and Latin America
(from 640 to 370 kcal/cap/day and from 420 to 270 kcal/cap/day,
respectively, from baseline to diet scenario) and moderate reductions in
Russia/Middle East and the OECD countries (from 240 to 130 kcal/cap/
day and from 560 to 470 kcal/cap/day, respectively, from baseline to
diet scenario resp.). No reductions are assumed in Sub-Saharan Africa
and South/Southeast Asia as meat consumption in these regions is al-
ready comparatively low. The implemented changes are modest com-
pared to the recommended meat consumption of 92 kcal/cap/day in the
recently proposed healthy diet from sustainable food systems by Willett
et al. (2019).

2.2.5. Scenario definitions
Four scenarios are implemented in this study (Table 2). As described

in section 2.2.1, the ONEPW scenario is used as a baseline (Base). To
investigate the effect of land-based mitigation on food security, the
baseline is combined with a prescribed land area for land-based miti-
gation derived from IAMs (section 2.2.2) in the Land-Based Mitigation
(LBM) scenario. In the LBM-Yield scenario yields are endogenously
increased to achieve food prices as in the baseline scenario (section
2.2.3). Additional diet change is implemented in the LBM-Diet-Yield

scenario and yields remain endogenously determined to achieve base-
line food prices (section 2.2.4). Land-based mitigation, agricultural
intensification and dietary change are implemented in the MAGNET
model; subsequently, trends in agricultural demand, production, in-
tensification and trade are implemented in IMAGE to determine spatial
explicit land-use dynamics and number of people at risk of hunger
(Section 2.1). As the focus of this paper is the impact of land-based
mitigation on food security we do not consider negative effects of cli-
mate change on food security.

3. Results

3.1. Food security effects of land-based mitigation

In the baseline scenario major improvements in food security are
achieved. The availability dimension of food security shows an increase
of global average food availability by 230 kcal/cap/day (Fig. 5a) and a
decrease in the number of people at risk of hunger of 402 million
(Fig. 6), from 2010 to 2050. Regionally, the largest changes take place
in the developing regions with strong increases in food availability in
Sub-Saharan Africa and South/Southeast Asia (500 and 560 kcal/cap/

Fig. 3. a) Global cropland for food/feed and grazing land in baseline and LBM mitigation scenario and b) regional land-use change in baseline and LBM mitigation
scenario.

Table 2
Table with definitions of implemented scenarios, land-based mitigation is based
on several IAM 1.5 degree scenarios (see section 2.2.2).

Scenario
name

Start
settings

Land-based
mitigation

Yield increase to
achieve baseline
food prices

Preference
change for low-
meat diet

Base ONEPW – – –
LBM ONEPW ∼600 Mha – –
LBM-Yield ONEPW ∼600 Mha Yes –
LBM-Diet-

Yield
ONEPW ∼600 Mha Yes Yes
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day resp. from 2010 to 2050) driven by high increases in per capita
income (Fig. 1a) and by strong technological growth in crop pro-
ductivity, especially in developing regions that are catching up with
developed regions. This trend is also reflected in the number of people
at risk of hunger which decreases by 254 million people in South/
Southeast Asia from 2010 to 2050. In Sub-Saharan Africa, characterised
by low GDP per capita growth, the reduction is only 35 million people
from 2010 to 2050 as the average food availability is still lower than in
other regions, and because the fraction of people at risk of hunger is
reduced but the absolute number of people is strongly increasing.
China, with a much higher GDP per capita growth, shows a reduction in
number of people at risk of hunger, even though food availability is
going down slightly. This is possible as the coefficient of variation de-
creases with the high increase in GDP resulting in improved distribution
of food across the population.

The access dimension of food security also improves in the baseline
scenario. Aggregated food prices show a moderate decrease of 4% by
2050 on the global level. Regionally, stronger decreases take place most
notably in Latin America and Russia/Middle East (14% and 19% resp.
by 2050). Increases in food prices occur in South/Southeast Asia and
China, among others related to continued population growth in com-
bination with limited possibilities to expand agricultural land (Table 1).
At the same time, purchasing power more than doubles for unskilled
workers in other sectors than agriculture as a result of increasing wages
in combination with reducing food prices in most regions (Fig. 5d).
Unskilled workers in the cereal sector experience less improvement in
food purchasing power than their equivalent in other sectors due to
lower increase in wages that are partly induced by the lower agri-
cultural prices and the segmentation of the labour market (Fig. 5c).

Land-based mitigation in the LBM scenario leads to increased land
scarcity, from a food production perspective, which negatively affects
food prices and food security. As a consequence, the improvements in
food availability are reduced with global average food availability 100
kcal/cap/day lower in LBM in 2050 compared to the baseline. The same
effect takes place in the number of people at risk of hunger, with 232
million more people at risk of hunger in LBM in 2050 compared to the
baseline. Regionally, reductions in food availability are fairly similar
between regions (3%–5% in LBM in 2050 compared to Base). However,
the number of people at risk of hunger is unevenly distributed with 181
million people extra in Sub-Saharan Africa and South/Southeast Asia
compared to 51 million people in other regions (LBM compared to Base
in 2050). This is due to the relatively low food availability compared to
other regions which increases the number of people below the threshold
indicating risk of hunger. Globally averaged food prices go up by 11%
in LBM compared to the baseline in 2050, with a very strong increase in
South/Southeast Asia (32%) due to the tight land market. Purchasing
power goes down for all unskilled labour mainly driven by the higher
food prices.

Land-based mitigation also affects crop and livestock intensification
through price-induced substitution effects. As land prices increase re-
latively to wages and capital rents, land will be substituted by capital
and labour in agriculture and consequently leads to a higher land
productivity. This partially counterbalances the negative effect of land-
based mitigation on food security. Globally averaged crop yields in
2050 increase due to intensification by an additional 8% in the LBM
scenario compared to the baseline (Fig. 7). This is caused by the in-
creased land competition and induced higher land prices due to land-
based mitigation which causes a 13% reduction in agricultural land in
LBM compared to Base. Crop yields increase more due to intensification
with further reduction in agricultural land. For example, in 2050 in
Latin America agricultural land is reduced by 22% and yields increase
by 21% in LBM compared to the baseline, while in South/Southeast
Asia agricultural land is reduced by 11% and yields increase by 5%.

Production of ruminant products such as meat and dairy is pre-
dominantly grass-based and responsible for two thirds of agricultural
land use. Total ruminant production (in ton dry matter) relative to

grassland area provides an indication of ruminant production system
efficiency. In 2050 in the LBM scenario, ruminant efficiency increases
by 11% compared to baseline due to reduced land availability. Between
regions, efficiency increases vary from 6% in South/Southeast Asia to
18% in Latin America in 2050 in LBM compared to the baseline,
roughly at similar levels as crop yield increases. In Sub-Saharan Africa
however, the ruminant efficiency increase is substantially higher with
12% compared to a crop yield increase of 6% in 2050 in LBM compared
to the baseline. This is related to low initial ruminant efficiency.

3.2. Preventing negative effects of land-based mitigation on food security

To prevent negative effects of land-based mitigation on food se-
curity, we increase agricultural intensification until food prices and
food availability are at the same level as the baseline scenario. It is
shown that, in 2050 on the global level, an additional 9% increase in
crop yields and an additional 3% increase in ruminant efficiency is
sufficient to prevent negative food security impacts of land-based mi-
tigation, as is shown by comparing the LBM-Yield scenario to the LBM
scenario in (Fig. 7). The larger increase in crop yields compared to
ruminant efficiency is due to the relatively higher cost share of cropland
compared to grassland in agricultural prices. As our exercise returns
food prices to baseline level through increases in capital and labour to
boost land productivity, more production factors are needed in the crop
sector than the livestock sector leading to higher increases in crop yield
than in ruminant efficiencies. Regionally, additional crop yield in-
creases range from 5% in China to 12% in the OECD countries (LBM-
Yield compared to LBM in 2050). Changes in ruminant efficiency range
from a 9% increase in Latin America to a 0.5% decrease in efficiency in
OECD countries (LBM-Yield compared to LBM in 2050). The decrease in
OECD countries is also due to the abovementioned effect that the ma-
jority of production factors is needed to stimulate crop productivity.

To investigate how diet change helps to limit negative effects on
food security we reduce meat consumption and subsequently analyse
how much agricultural intensification is still required to achieve food
prices and food availability as in the baseline scenario. On the global
level, the required crop yield increase is 2% lower and the required
ruminant efficiency increase is 1% lower in the LBM-Diet-Yield scenario
compared to the LBM-Yield scenario in 2050. The beneficial effects are
more substantial on the regional level, most notably in Latin America
and China as in these regions we implement the largest reductions in

Fig. 4. Meat consumption changes as implemented in the LBM-Diet-Yield sce-
nario.
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meat consumption (Fig. 4). In Latin America, little additional im-
provement in crop yield or ruminant efficiency is required to achieve
baseline food security (< 2% when comparing LBM and LBM-Diet-Yield
in 2050). In China, crop yield improvements required to achieve
baseline food prices and food availability in LBM-Diet-Yield in 2050 are
even below those in the LBM scenario, however improvements in ru-
minant efficiency are not substantial. In Sub-Saharan Africa and South/
Southeast Asia, crop yields and ruminant efficiencies slightly increase
as they do not experience reduced demand internally, but do slightly
increase their export of crops due to increased demand from other re-
gions. Counterintuitively, Russia/Middle East also shows an increase in
both crop yields and ruminant efficiency. This is due to increased crop
exports and a substantial shift from meat to dairy products, respec-
tively. The shift to dairy products results in increased ruminant effi-
ciency as dairy is substantially more productive than meat per unit of
grassland.

4. Discussion

Land-based mitigation as implemented in this study is based on four
IAMs that assume uniformly implemented carbon price globally, i.e. in
the energy, agriculture and forestry sectors. These results generally

represent the most cost-optimal solution to climate change mitigation,
however whether the scale at which BECCS and afforestation are ap-
plied in response to this uniform carbon price will in reality be feasible
from a governance and a social-acceptance perspective is an open
question (Nemet et al., 2018). Assuming that large-scale land-based
mitigation is realistic, the results of this paper show that a cost-optimal
approach across all sectors has significant trade-offs with food security.
This is confirmed by other studies with IAMs that have assessed the
effect of land-based climate change mitigation reporting significant
rises in food prices (Calvin et al., 2014; Kreidenweis et al., 2016), de-
creased food availability and increasing numbers of people at risk of
hunger (Hasegawa et al., 2015a; Frank et al., 2017; Hasegawa et al.,
2018, Van Meijl et al., 2018). The sensitivity of food consumption to
changes in food prices, i.e. the food demand elasticity, is highly de-
bated. Empirical analyses show that food demand elasticities are low,
most notably in high-income countries (Muhammad et al., 2011).
Elasticities vary substantially between agro-economic models, with
some models assuming zero elasticity (MAgPIE (Lotze-Campen et al.,
2008)) or zero elasticity of all staple crops (GCAM (Calvin et al., 2014)).
A model intercomparison of 9 agro-economic models showed that the
elasticity of food demand to food price change in MAGNET is in the
middle range compared to other models (Nelson et al., 2014), however

Fig. 5. Global and regional a) food availability, b) food prices, purchasing power of unskilled labour in c) the cereal sector and in d) other sectors in the baseline and
LBM scenarios for 2010 and 2050.
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especially under large shocks such as the land-based mitigation areas
implemented in this study it is uncertain how food demand will exactly
be affected. This implies that uncertainties in food demand elasticities
play a fundamental role in food security assessments and therefore re-
quire continued research as well as transparent communication of as-
sumptions.

Our results show that additional agricultural intensification can
prevent negative effects of land-based mitigation on food security.
Historically, cereal yields have shown a continuous linear increase since
1961 (SI Fig. 2) (FAOSTAT, 2017), with a doubling over the 1970–2010
period. An additional increase of 9% in crop yields (LBM compared to
LBM-Yield in 2050) is required on the global level to maintain food
security at baseline levels, which is equal to 4 years of historical cereal
yield increases. Regionally, historical cereal yield increases in
1970–2010 ranged from 53% in Russia/Middle East to 154% in China
+. The regional additional crop yield increases required to maintain
food security ranges from 5% to 12% which is well within this range.
These yield increases do need to take place in addition to baseline yield
increases. The ONEPW scenario used in this scenario shows an increase
in yields from 2010 to 2050 of slightly over 100%. This implies a
continuation of historical trends which is in line with the scenario as-
sumption on high investment in technological developments leading to
strong increases in agricultural productivity. Compared to other sce-
narios in the literature these yield projections are on the high end (Popp
et al., 2017; Alexandratos and Bruinsma, 2012; FAO, 2018), but base-
line projections of yields are very uncertain and the high yields are
consistent with the technology-oriented world view in this ONEPW
scenario. It is widely acknowledged that there is major potential for
increased production in developing regions with large yield gaps
(Neumann et al., 2010; Mueller et al., 2012, Van Ittersum et al., 2013);
for developed countries, however, studies argue that yield levels will
not continue to increase at historical rates, but rather level off due to
biological limits of crop productivity (Grassini et al., 2013). Negative
impacts of climate change, which are very uncertain and not included
in this study, might further reduce the possible future increase in crop
yields (Zhao et al., 2017, Rosenzweig et al., 2014). In conclusion, al-
though baseline projections of yields are uncertain, the additional yield
requirements to ensure food security are modest compared to historical

yield trends.
Ruminant efficiencies have historically shown a linear increase with

a total increase of 60% over the period 1970–2010 (SI Fig. 3; SI Fig. 4).
In the scenario period, improvements continue linearly with a 50%
improvement from 2010 to 2050. The required intensification to
maintain food security is modest in our results (3% in LBM-Yield
compared to LBM). Livestock system efficiencies vary widely, most
notably between developed and developing regions (Bouwman et al.,
2005; Herrero et al., 2013), indicating high potential for efficiency
improvements. This is confirmed by studies focusing on climate miti-
gation benefits of increased livestock efficiencies (Havlík et al., 2014;
Herrero et al., 2016). On the other hand, a substantial share of rumi-
nant production takes place on marginal lands through traditional,
smallholder production systems (Mcdermott et al., 2010) where in-
tensification might be infeasible. Still, as our results only show a modest
acceleration in ruminant efficiency improvements our estimates seem
to be relatively conservative compared to the potential of livestock
intensification discussed in the literature. Our results show more in-
tensification in the crop sector than in the livestock sector even though
the latter also has large intensification potential. Part of the reason for
this is that we considered intensification in both sectors simultaneously
through changing land productivity. Follow-up research might consider
both options separately to identify differences between these ap-
proaches.

Multiple studies have shown the benefits of reduced livestock pro-
duct consumption as it has large potential to reduce land requirements
because crop production requires less resources (including land) than
livestock production (Stehfest et al., 2009; Bajželj et al., 2014; Poore
and Nemecek, 2018; Frank et al., 2019). This study confirms that re-
duced meat consumption also helps to reduce impacts on food security
through reduced land demand. On the global scale, the effects in our
results are limited as we only reduce meat consumption in high- and
middle-income countries, while meat consumption still increases
moderately in low-income countries. In regions with large changes
however (Latin America, China+), the effects are also large leading to
lower agricultural intensification requirements. As our assumptions are
above recommended intake levels in all high- and middle-income re-
gions (Willett et al., 2019) (section 2.2.4), the role of diet change could
in fact be larger than presented in this study. On the other hand, a
major uncertainty is how a lifestyle change such as reduced meat
consumption can in practice be achieved.

5. Conclusions

Climate change mitigation is important to prevent negative impacts
of climate change on food production. However, in this study we show
that large-scale land-based mitigation in cost-optimal pathways con-
sistent with the Paris climate agreement also leads to negative impacts
on food security due to competition for land. On the global level, we
show that both the availability and the access to food, two important
dimensions of food security, are significantly reduced compared to
baseline levels due to large-scale land-based mitigation. On the regional
level, especially developing regions are affected as the number of
people at risk of hunger increases most notably in Sub-Saharan Africa
and South/Southeast Asia. Possible solutions to limit the negative ef-
fects of land-based mitigation on food security are additional agri-
cultural intensification and dietary change. We explicitly include these
options in our scenarios, showing that a modest increase in crop yields
and livestock efficiency can prevent negative effects on food security,
although the feasibility of future yield increases remains an important
uncertainty. Reduced meat consumption lowers the required improve-
ments, most notably in regions where meat consumption is currently
relatively high.

Achieving food security for all (SDG2) as well as preventing climate
change (SDG13) are important aspects of a sustainable future as defined
by the Sustainable Development Goals. Both our study and various

Fig. 6. Number of people at risk of hunger in 2010, in 2050 in the baseline
scenario and in 2050 in the LBM scenario.
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Fig. 7. Percentage difference in food availability, food prices, land use, crop yields and ruminant efficiency (ruminant meat and dairy production divided by
grassland area) for the LBM, LBM-Yield and LBM-Diet-Yield scenarios compared to the baseline scenario on the global and the regional level. Comparing LBM to LBM-
Yield shows the increases in yield and ruminant efficiency required to achieve zero change in food availability and food prices compared to the baseline scenario.
Comparing LBM to LBM-Diet-Yield shows the increases in yield and ruminant efficiency required to achieve zero change in food availability and food prices
compared to the baseline scenario when additional diet change is assumed.
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other studies have identified the negative effects on food security that
arises in cost-optimal pathways that mitigate climate change. Scenario
studies need to be transparent about this trade-off and where possible
include explicit policy to prevent negative effects. Our study provides
an example of explicitly including measures to prevent negative trade-
offs in scenarios. In this way, we show how pathways in line with the
Paris agreement can be made consistent with food security objectives
and how multiple Sustainable Development Goals can be achieved.

Conflicts of interest

There are no conflicts of interest.

Acknowledgements

The authors gratefully acknowledge the support of the European
Union’s Seventh Framework programme FP7/2007–2011 under Grant
Agreement n°290693 FOODSECURE. The views expressed are the sole
responsibility of the author(s) and do not necessarily reflect the views
of the European Commission.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gfs.2019.04.003.

References

Alexandratos, N., Bruinsma, J., 2012. World Agriculture towards 2030/2050.
Armington, P.S., 1969. A theory of demand for products distinguished by place of pro-

duction. Staff Papers, 16. pp. 159–178.
Azar, C., Lindgren, K., Obersteiner, M., Riahi, K., Van Vuuren, D.P., Den Elzen, K.M.G.,

Möllersten, K., Larson, E.D., 2010. The feasibility of low CO 2 concentration targets
and the role of bio-energy with carbon capture and storage (BECCS). Clim. Change
100, 195–202.

Bajželj, B., Richards, K.S., Allwood, J.M., Smith, P., Dennis, J.S., Curmi, E., Gilligan, C.A.,
2014. Importance of food-demand management for climate mitigation. Nat. Clim.
Change 4, 924.

Bondeau, A., Smith, P.C., Zaehle, S., Schaphoff, S., Lucht, W., Cramer, W., Gerten, D.,
Lotze-Campen, H., Müller, C., Reichstein, M., SMITH, B., 2007. Modelling the role of
agriculture for the 20th century global terrestrial carbon balance. Glob. Chang. Biol.
13, 679–706.

Bouwman, A., Van Der Hoek, K., Eickhout, B., Soenario, I., 2005. Exploring changes in
world ruminant production systems. Agric. Syst. 84, 121–153.

Calvin, K., Wise, M., Kyle, P., Patel, P., Clarke, L., Edmonds, J., 2014. Trade-offs of dif-
ferent land and bioenergy policies on the path to achieving climate targets. Clim.
Change 123, 691–704.

De Janvry, A., Fafchamps, M., Sadoulet, E., 1991. Peasant household behaviour with
missing markets: some paradoxes explained. Econ. J. 101, 1400–1417.

Dixon, P., Van Meijl, H., Rimmer, M., Shutes, L., Tabeau, A., 2016. RED versus REDD:
biofuel policy versus forest conservation. Econ. Modell. 52, 366–374.

Doelman, J.C., Stehfest, E., Tabeau, A., Van Meijl, H., Lassaletta, L., Gernaat, D.E.H.J.,
Hermans, K., Harmsen, M., Daioglou, V., Biemans, H., Van Der Sluis, S., Van Vuuren,
D.P., 2018. Exploring SSP land-use dynamics using the IMAGE model: regional and
gridded scenarios of land-use change and land-based climate change mitigation.
Glob. Environ. Chang. 48, 119–135.

FAO, 1996. Rome Declaration on World Food Security and World Food Summit Plan of
Action.

FAO, 2008. Methodology for the Measurement of Food Deprivation: Updating the
Minimum Dietary Energy Requirements. FAO, Rome.

FAO, 2018. The Future of Food and Agriculture – Alternative Pathways to 2050. Rome.
FAOSTAT, 2017. FAOSTAT, Food and Agriculture Organization of the United Nations.

[Online]. Rome, Italy. Available: http://www.fao.org/faostat Accessed March 2017].
Frank, S., Havlík, P., Soussana, J.-F., Levesque, A., Valin, H., Wollenberg, E., klein-

wechter, U., Fricko, O., Gusti, M., Herrero, M., 2017. Reducing greenhouse gas
emissions in agriculture without compromising food security? Environ. Res. Lett. 12,
105004.

Frank, S., Havlík, P., Stehfest, E., Van Meijl, H., Witzke, P., Pérez-Domínguez, I., Van Dijk,
M., Doelman, J.C., Fellmann, T., Koopman, J.F.L., TABEAU, A., VALIN, H., 2019.
Agricultural non-CO2 emission reduction potential in the context of the 1.5 °C target.
Nat. Clim. Change 9, 66–72.

Fujimori, S., Hasegawa, T., Masui, T., Takahashi, K., 2014. Land use representation in a
global CGE model for long-term simulation: CET vs. logit functions. Food Security 6,
685–699.

Hasegawa, T., Fujimori, S., Havlík, P., Valin, H., Bodirsky, B.L., Doelman, J.C., Fellmann,
T., Kyle, P., Koopman, J.F.L., Lotze-Campen, H., Mason-d’croz, D., Ochi, Y., Pérez
Domínguez, I., Stehfest, E., Sulser, T.B., Tabeau, A., Takahashi, K., Takakura, J.Y.,

Van Meijl, H., Van Zeist, W.-J., Wiebe, K., Witzke, P., 2018. Risk of increased food
insecurity under stringent global climate change mitigation policy. Nat. Clim. Change
8, 699–703.

Grassini, P., Eskridge, K.M., Cassman, K.G., 2013. Distinguishing between yield advances
and yield plateaus in historical crop production trends. Nat. Commun. 4.

Hasegawa, T., Fujimori, S., shin, Y., tanaka, A., Takahashi, K., Masui, T., 2015a.
Consequence of climate mitigation on the risk of hunger. Environ. Sci. Technol. 49,
7245–7253.

Hasegawa, T., Fujimori, S., Takahashi, K., Masui, T., 2015. Scenarios for the risk of
hunger in the twenty-first century using Shared Socioeconomic Pathways. Environ.
Res. Lett. 10, 014010.

Havlík, P., Valin, H., Herrero, M., Obersteiner, M., Schmid, E., Rufino, M.C., Mosnier, A.,
Thornton, P.K., BÖTTCHER, H., Conant, R.T., 2014. Climate change mitigation
through livestock system transitions. In: Proceedings of the National Academy of
Sciences, 201308044.

Herrero, M., Havlík, P., Valin, H., Notenbaert, A., Rufino, M.C., Thornton, P.K., Blümmel,
M., Weiss, F., Grace, D., Obersteiner, M., 2013. Biomass use, production, feed effi-
ciencies, and greenhouse gas emissions from global livestock systems. Proc. Natl.
Acad. Sci. Unit. States Am. 110, 20888–20893.

Herrero, M., Henderson, B., havlik, P., Thornton, P.K., Conant, R., Smith, P., Wirsenius, S.,
Hristov, A.N., Gerber, P., Gill, M., Butterbach-Bahl, K., Valin, H., Garnett, T., Stehfest,
E., 2016. Greenhouse gas mitigation potentials in the livestock sector. Nat. Clim.
Change 6, 9.

Hertel, T.W., 1997. Global Trade Analysis: Modeling and Applications. Cambridge uni-
versity press.

Hilderink, H., Lucas, P., Ten Hove, A., Kok, M., De Vos, M., Janssen, P., Meijer, J., Faber,
A., Ignaciuk, A., Petersen, A., 2008. Towards a Global Integrated Sustainability
Model: GISMO1. 0 status report.

Humpenöder, F., Popp, A., Dietrich, J.P., Klein, D., Lotze-Campen, H., Bonsch, M.,
Bodirsky, B.L., Weindl, I., Stevanovic, M., Müller, C., 2014. Investigating afforesta-
tion and bioenergy CCS as climate change mitigation strategies. Environ. Res. Lett. 9,
064029.

IPCC, 2018. Summary for policymakers. In: Masson-Delmotte, V., P.Z., Pörtner, H.O.,
roberts, D., Skea, J., Shukla, P.R., Pirani, A., Moufouma-OKIA, W., Péan, C., Pidcock,
R., Connors, S., Matthews, J.B.R., Chen, Y., Zhou, X., Gomis, M.I., Lonnoy, E.,
Maycock, T., Tignor, M., Waterfieldun, T. (Eds.), Global Warming of 1.5°C. An IPCC
Special Report on the Impacts of Global Warming of 1.5°C above Pre-industrial Levels
and Related Global Greenhouse Gas Emission Pathways, in the Context of
Strengthening the Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty. World Meteorological Organization,
Geneva, Switzerland.

Kreidenweis, U., Humpenöder, F., Stevanović, M., Bodirsky, B.L., Kriegler, E., Lotze-
Campen, H., Popp, A., 2016. Afforestation to mitigate climate change: impacts on
food prices under consideration of albedo effects. Environ. Res. Lett. 11, 085001.

Lele, U., Masters, W.A., Kinabo, J., Meenakshi, J., Ramaswami, B., Tagwireyi, J., Bell, W.,
Goswami, S., 2016. Measuring Food and Nutrition Security: an Independent
Technical Assessment and User's Guide for Existing Indicators. Food Security
Information Network.

Lotze-Campen, H., Müller, C., Bondeau, A., Rost, S., Popp, A., Lucht, W., 2008. Global
food demand, productivity growth, and the scarcity of land and water resources: a
spatially explicit mathematical programming approach. Agric. Econ. 39, 325–338.

Mcdermott, J., Staal, S., Freeman, H., Herrero, M., Van De Steeg, J., 2010. Sustaining
intensification of smallholder livestock systems in the tropics. Livest. Sci. 130,
95–109.

Meinshausen, M., Raper, S.C.B., Wigley, T.M.L., 2011. Emulating coupled atmosphere-
ocean and carbon cycle models with a simpler model, Magicc6 – Part 1: model de-
scription and calibration. Atmos. Chem. Phys. 11, 1417–1456.

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A., 2012.
Closing yield gaps through nutrient and water management. Nature 490, 254–257.

Muhammad, A., Seale, J.L., Meade, B., Regmi, A., 2011. International Evidence on Food
Consumption Patterns: an Update Using 2005 International Comparison Program
Data.

Nelson, G.C., Valin, H., Sands, R.D., Havlik, P., Ahammad, H., Deryng, D., Elliott, J.,
Fujimori, S., Hasegawa, T., Heyhoe, E., Kyle, P., Von Lampe, M., Lotze-Campen, H.,
Mason D'croz, D., Van Meijl, H., Van Der Mensbrugghe, D., Muller, C., Popp, A.,
Robertson, R., Robinson, S., Schmid, E., Schmitz, C., Tabeau, A., Willenbockel, D.,
2014. Climate change effects on agriculture: economic responses to biophysical
shocks. Proc. Natl. Acad. Sci. U. S. A. 111, 3274–3279.

Nemet, G.F., Callaghan, M.W., Creutzig, F., Fuss, S., Hartmann, J., Hilaire, J., Lamb, W.F.,
Minx, J.C., Rogers, S., Smith, P., 2018. Negative emissions—Part 3: innovation and
upscaling. Environ. Res. Lett. 13, 063003.

Neumann, K., Verburg, P.H., Stehfest, E., Müller, C., 2010. The yield gap of global grain
production: a spatial analysis. Agric. Syst. 103, 316–326.

Poore, J., Nemecek, T., 2018. Reducing food's environmental impacts through producers
and consumers. Science 360, 987–992.

Popp, A., Calvin, K., Fujimori, S., Havlik, P., Humpenöder, F., Stehfest, E., Bodirsky, B.L.,
Dietrich, J.P., Doelmann, J.C., Gusti, M., 2017. Land-use futures in the shared socio-
economic pathways. Glob. Environ. Chang. 42, 331–345.

Popp, A., Humpenöder, F., Weindl, I., Bodirsky, B.L., Bonsch, M., Lotze-Campen, H.,
Müller, C., Biewald, A., ROLINSKI, S., Stevanovic, M., 2014. Land-use protection for
climate change mitigation. Nat. Clim. Change 4, 1095–1098.

Riahi, K., Van Vuuren, D.P., Kriegler, E., Edmonds, J., O’neill, B.C., Fujimori, S., Bauer, N.,
Calvin, K., Dellink, R., Fricko, O., 2017. The shared socioeconomic pathways and
their energy, land use, and greenhouse gas emissions implications: an overview. Glob.
Environ. Chang. 42, 153–168.

Rogelj, J., Popp, A., Calvin, K.V., Luderer, G., Emmerling, J., Gernaat, D., Fujimori, S.,

J.C. Doelman, et al. Global Food Security 23 (2019) 93–103

102

https://doi.org/10.1016/j.gfs.2019.04.003
https://doi.org/10.1016/j.gfs.2019.04.003
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref1
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref2
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref2
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref3
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref3
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref3
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref3
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref4
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref4
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref4
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref5
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref5
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref5
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref5
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref6
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref6
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref7
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref7
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref7
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref8
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref8
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref9
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref9
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref10
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref10
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref10
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref10
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref10
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref11
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref11
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref12
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref12
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref13
http://www.fao.org/faostat
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref15
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref15
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref15
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref15
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref16
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref16
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref16
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref16
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref17
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref17
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref17
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref18
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref60
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref60
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref19
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref19
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref19
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref20
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref20
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref20
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref21
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref21
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref21
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref21
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref22
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref22
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref22
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref22
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref23
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref23
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref23
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref23
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref24
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref24
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref25
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref25
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref25
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref26
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref26
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref26
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref26
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref27
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref28
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref28
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref28
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref29
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref29
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref29
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref29
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref30
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref30
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref30
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref31
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref31
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref31
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref32
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref32
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref32
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref33
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref33
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref34
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref34
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref34
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref35
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref36
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref36
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref36
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref37
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref37
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref38
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref38
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref39
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref39
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref39
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref40
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref40
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref40
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref41
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref41
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref41
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref41
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref42


Strefler, J., Hasegawa, T., Marangoni, G., 2018. Scenarios towards limiting global
mean temperature increase below 1.5° C. Nat. Clim. Change 8, 325.

Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A.C., Muller, C., Arneth, A., Boote, K.J.,
Folberth, C., Glotter, M., Khabarov, N., Neumann, K., Piontek, F., Pugh, T.A., Schmid,
E., Stehfest, E., Yang, H., Jones, J.W., 2014. Assessing agricultural risks of climate
change in the 21st century in a global gridded crop model intercomparison. Proc.
Natl. Acad. Sci. U. S. A. 111, 3268–3273.

Sitch, S., Smith, B., Prentice, I.C., Arneth, A., Bondeau, A., Cramer, W., Kaplan, J., Levis,
S., lucht, W., Sykes, M.T., 2003. Evaluation of ecosystem dynamics, plant geography
and terrestrial carbon cycling in the LPJ dynamic global vegetation model. Glob.
Chang. Biol. 9, 161–185.

Stehfest, E., Bouwman, L., Van Vuuren, D.P., Den Elzen, M.G.J., Eickhout, B., Kabat, P.,
2009. Climate benefits of changing diet. Clim. Change 95, 83–102.

Stehfest, E., Van Vuuren, D., Kram, T., Bouwman, L., Alkemade, R., Bakkenes, M.,
Biemans, H., Bouwman, A., Den Elzen, M., Janse, J., Lucas, P., Van Minnen, J.,
Müller, C., Prins, A., 2014. Integrated Assessment of Global Environmental Change
with IMAGE 3.0. Model description and policy applications. The Hague. .

Tabeau, A., Van Meijl, H., Overmars, K.P., Stehfest, E., 2017. REDD policy impacts on the
agri-food sector and food security. Food Policy 66, 73–87.

UN, G.A., 20 January 1994. United Nations Framework Convention on Climate Change :
resolution/Adopted by the General Assembly.

UNFCCC, 2015. In: UNFCCC (Ed.), Paris agreement, (Paris).
Van Ittersum, M.K., Cassman, K.G., Grassini, P., Wolf, J., Tittonell, P., Hochman, Z., 2013.

Yield gap analysis with local to global relevance—a review. Field Crop. Res. 143,
4–17.

Van Meijl, H., Havlik, P., Lotze-Campen, H., Stehfest, E., Witzke, P., Domínguez, I.P.,
Bodirsky, B.L., Van DIJK, M., Doelman, J., Fellmann, T., 2018. Comparing impacts of
climate change and mitigation on global agriculture by 2050. Environ. Res. Lett. 13,
064021.

Van Meijl, H., Van Rheenen, T., Tabeau, A., Eickhout, B., 2006. The impact of different

policy environments on agricultural land use in Europe. Agric. Ecosyst. Environ. 114,
21–38.

Van Vuuren, D.P., 2007. Energy Systems and Climate Policy-Long-Term Scenarios for an
Uncertain Future.

Van Vuuren, D.P., Deetman, S., Van Vliet, J., Van Den Berg, M., Van Ruijven, B.J., Koelbl,
B., 2013. The role of negative CO2 emissions for reaching 2 °C—insights from in-
tegrated assessment modelling. Clim. Change 118, 15–27.

Von Lampe, M., Willenbockel, D., Ahammad, H., Blanc, E., Cai, Y., Calvin, K., Fujimori, S.,
Hasegawa, T., Havlik, P., Heyhoe, E., Kyle, P., LOTZE-CAMPEN, H., Mason D'croz, D.,
Nelson, G.C., Sands, R.D., Schmitz, C., Tabeau, A., Valin, H., Van Der Mensbrugghe,
D., Van Meijl, H., 2014. Why do global long-term scenarios for agriculture differ? An
overview of the AgMIP Global Economic Model Intercomparison 45. pp. 3–20.

Willett, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Garnett,
T., Tilman, D., Declerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L.J., Fanzo, J.,
Hawkes, C., Zurayk, R., Rivera, J.A., De Vries, W., Majele Sibanda, L., Afshin, A.,
Chaudhary, A., Herrero, M., Agustina, R., Branca, F., Lartey, A., Fan, S., Crona, B.,
Fox, E., Bignet, V., Troell, M., Lindahl, T., Singh, S., Cornell, S.E., Srinath Reddy, K.,
Narain, S., Nishtar, S., Murray, C.J.L., 2019. Food in the Anthropocene: the
EAT–Lancet Commission on healthy diets from sustainable food systems. Lancet.

Wise, M., Calvin, K., Kyle, P., Luckow, P., Edmonds, J., 2014. Economic and physical
modeling of land use in GCAM 3.0 and an application to agricultural productivity,
land, and terrestrial carbon. Climate Change Economics 5, 1450003.

Woltjer, G.B., Kuiper, M., Kavallari, A., Van Meijl, H., Powell, J., Rutten, M., Shutes, L.,
Tabeau, A., 2014. The Magnet Model: Module Description. LEI Wageningen UR.

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D.B., Huang, Y., Huang, M., Yao, Y., Bassu, S.,
Ciais, P., Durand, J.-L., Elliott, J., Ewert, F., Janssens, I.A., Li, T., Lin, E., Liu, Q.,
Martre, P., Müller, C., Peng, S., Peñuelas, J., Ruane, A.C., Wallach, D., Wang, T., Wu,
D., Liu, Z., Zhu, Y., Zhu, Z., Asseng, S., 2017. Temperature increase reduces global
yields of major crops in four independent estimates. In: Proceedings of the National
Academy of Sciences, vol. 114. pp. 9326–9331.

J.C. Doelman, et al. Global Food Security 23 (2019) 93–103

103

http://refhub.elsevier.com/S2211-9124(18)30126-3/sref42
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref42
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref43
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref43
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref43
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref43
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref43
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref44
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref44
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref44
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref44
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref45
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref45
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref46
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref46
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref46
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref46
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref47
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref47
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref48
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref48
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref49
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref50
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref50
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref50
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref51
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref51
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref51
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref51
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref52
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref52
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref52
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref53
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref53
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref54
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref54
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref54
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref55
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref55
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref55
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref55
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref55
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref56
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref57
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref57
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref57
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref58
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref58
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59
http://refhub.elsevier.com/S2211-9124(18)30126-3/sref59

	Making the Paris agreement climate targets consistent with food security objectives
	Introduction
	Methods
	Models
	MAGNET
	IMAGE 3.0
	Food security indicators

	Scenario implementation
	Baseline
	Land-based mitigation
	Agricultural intensification
	Diet change
	Scenario definitions


	Results
	Food security effects of land-based mitigation
	Preventing negative effects of land-based mitigation on food security

	Discussion
	Conclusions
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




