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Abstract
The SustainableDevelopmentGoals (SDGs) address food and nutrition security with goal number
two. Food andnutrition security is a complicated issue, and understanding its future requires insights
into (i) food availability, (ii) food access, (iii) food utilisation, and (iv) food stability. Not all these
dimensions are covered by the SDG2 and its indicators. A unique feature of this paper is that it focuses
on the first three dimensions of food security in addition to the prevalence of undernourishment
(SDG indicator 2.1.1). Here we explore future food security in the absence of dedicated policies, to
derive the ‘policy gap’ for this goal. The internationally agreed shared socio-economic pathways (SSPs)
are quantified using a computable general equilibriummodel (MAGNET) coupledwith an integrated
assessmentmodel (IMAGE) that enable a linkage between income and expenditures given segmented
labourmarkets. Based on the three dimensions of food security our results showed a less optimistic
outlook than based on previous studies. Food availability is projected to improve in all 5 SSP scenarios,
except SouthAsia in SSP3 due to serious land constraints. As a result, the number of undernourished
people decreases inmost scenarios, becoming increasingly concentrated in Sub-SaharanAfrica and
SouthAsia.However, undernourishment stays high in SSP4 (550million people) and increases to over
two billion people in SSP3. Food access generally improves due to higher agricultural and non-
agricultural wages of unskilledworkers. However, due to lock-in effects thewages of unskilled
agricultural workersmight decline, leading to reduced food access in SSP3, SSP4 and SSP2. The
indicator of food utilisation shows food security problems for Sub-SaharanAfrica in SSP3 and SSP4.
Our results indicate that food security problems remain and that effective policies are needed to
achieve food security for all.

1. Introduction

The SustainableDevelopmentGoals (SDGs) and possible impacts of climate change and climate change
mitigation (Hasegawa et al 2015, 2018, vanMeijl et al 2018) put long-run food and nutrition security high on
the political and scientific agenda. The SDGs address food and nutrition security in SDG2, i.e. to ‘End hunger,
achieve food security and improved nutrition and promote sustainable agriculture’ (UN2015).Model-based
projections of future food security can provide insights into the ‘policy gap’ to that goal. However, large-scale
studies on future global food security andmalnutrition, are scarce,mostly due to the complex and small-scale
determinants of food security (vanDijk andMeierink 2014). The interest in potential impacts of climate
change and climatemitigation on food security has created the need formodel-based analysis of future food
security. These studies on the likely impacts of climate change ormitigation generally focusmostly on future
food supplies, sometimes translated to the number people at risk of hunger (Hasegawa et al 2015, 2018,

OPEN ACCESS

RECEIVED

4 September 2019

REVISED

13 February 2020

ACCEPTED FOR PUBLICATION

27 February 2020

PUBLISHED

19March 2020

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2020TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2515-7620/ab7aba
https://orcid.org/0000-0002-2455-6869
https://orcid.org/0000-0002-2455-6869
https://orcid.org/0000-0003-0292-7830
https://orcid.org/0000-0003-0292-7830
mailto:Hans.vanmeijl@wur.nl
mailto:okhansvanmeijl@wur.nl
https://doi.org/10.1088/2515-7620/ab7aba
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ab7aba&domain=pdf&date_stamp=2020-03-19
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ab7aba&domain=pdf&date_stamp=2020-03-19
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


vanMeijl et al 2018, 2020). However, food and nutrition security is amuchmore complicated issue, and
understanding its future requires insights into income distribution, purchasing power, political processes, and
institutional change (Barrett 2010, Godfray et al 2010). Furthermore, developments in food and nutrition
security are highly region-specific and not one to one relatedwith income per capita growth. For example, in the
period 1990–2015 the number ofmalnourished people decreased from1billion to 800million people on a
global level. However, in the same period the number ofmalnourished people increased from175 to 220million
in Sub-SaharanAfrica (FAO2015), despite a 30%growth in per capita income (Worldbank 2017). Uneven
distribution of income growth in favour of richer people is one of the driving forces behind this result.

Awidely accepteddefinitionof food security is ‘Food security existswhen all people, at all times, have physical
and economic access to sufficient, safe andnutritious food thatmeets their dietary needs and foodpreferences for an
active andhealthy life’ (FAO1998). This is reflected in SDG target 2.1 (‘By 2030, endhunger and ensure access by all
people, in particular the poor andpeople in vulnerable situations, including infants, to safe, nutritious and sufficient
food all year round’). The FAOdefinition consists of four key dimensions: availability (i.e. sufficient quantities of
food; ‘sufficient’), access (i.e. adequate resources to obtain food; ‘access’), utilisation (i.e. ‘nutritious and safe’diets,
and cleanwater) and stability (i.e. the temporal dimensionof the other three dimensions; ‘at all times’). The
translationof the FAOdefinition to the four dimensions and their labelling as availability, access, utilisation and
stability is further detailed in (FAO2008a, 2012). Since 2011 changes in global food security have beenmonitored
using the FAOsuite of food security indicators (Committee onWorld FoodSecurity 2011, table 2).Weuse here
these dimensions of food security as suggested by FAO,whichhave a broader scope than the indicators defined for
SDG2, and are therefore better suited to identify future risks to food security, while formonitoring progress the
prevalence of undernourishment (SDG indicator 2.1.1)might suffice.

The four dimensions of food security have not beenwell captured inmajor scenario studies (vanDijk&
Meijerink 2014). Scenario studies with a focus on food security often use a set of three indicators: food prices (in
most cases for cereals), food availability (food production or kilocalories per person per day) and hunger
indicators (prevalence of undernourishment or childmalnutrition) (Nelson et al 2013,Hasegawa et al
2015, 2018, vanMeijl et al 2018, 2020). Food prices are seen as indicative for food access (see below). For food
availability, some studies use food availability directly as indicator, while others derive further indicators of
undernourishment. These undernourishment (or hunger) indicators are typically based on rules to translate
average per capita consumption together with a food distribution indicator to the population below a certain
level of food intake or a specific physiological state (i.e. child underweight).

Foodaccess ismore complicated tomeasure than food availability as it indicates the ability of people to buy
sufficient food, i.e. foodpurchasing power, including people’s income and the price developments of their specific
diet. The impact of foodprices on foodpurchasing power differs between various types of households, for example
between rural andurbanpopulations, aswell as betweenproducers and consumers of food.High foodprices in
general negatively impact food access of consumers, especially in urban areas,while for farmers they raise their
income and thereforemight positively impact their food access (Swinnen2011). The opposite is true for low food
prices.Foodutilisation is about ‘safe andnutritious foodwhichmeets their dietary needs’ (FAO1998). It relates to
nutritional status and is commonlyunderstood as theway thebodymakes themost of variousnutrients in the food,
depending, amongothers, on sufficient energy andnutrients, foodpreparation anddiversity of the diet
(Pangaribowo et al2013, Rutten et al 2016). Finally, food stability requires adequate access to foodon aperiodic
basis. Adverseweather conditions, political instability and economic factors (unemployment, rising foodprices)
may impact the stability and thereby the food security status of people (FAO2008a). Therefore, although food
security is primarily addressed by SDG2 it depends onmanyother developments, targetedunder different SDGs,
including (butnot exclusively)nopoverty (SDG1), cleanwater and sanitation (SDG6), decentwork and economic
growth (SDG8), climate action (SDG13) andpeace, justice and strong institutions (SDG16).

A new scenario framework has been developed to allow exploring possible future challenges with respect to
climate change (vanVuuren et al 2014). The so-called shared socio-economic pathways (SSPs) are five distinct
global pathways describing the future evolution of key aspects of society that would together imply a range of
challenges formitigating and adapting to climate change (O’Neill et al 2012).While these scenarios were created
to support the climate change research community, their definition is broad enough to serve themuch broader
global change research community (vanVuuren et al 2014,O’Neill et al 2017). In addition to food security, also
the SSP scenario literaturemostly addresses food availability (Nelson et al 2013, vanMeijl et al 2018) and derived
indicators such as hunger (Hasegawa et al 2015, 2018, vanMeijl et al 2020).We use the SSP scenario framework
to explore the consequences of different world development paths on future food andnutrition security.We use
an economic computable general equilibrium (CGE)model (MAGNET) and an integrated assessmentmodel
(IMAGE), which have provided themarker scenario for SSP1 (Riahi et al 2017, vanVuuren et al 2017). CGE
models connect labourmarkets, landmarkets and consumermarkets and are able to play their role in the food
security debate as they link income developments to consumption or expenditures (Smeets-Kristkova et al 2017,
Doelman et al 2019,Mukhopadhyay et al 2018, Kuiper et al 2019). Next to food availability and the prevalence of
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undernourishment we contribute specifically to better cover the food access dimension. This dimension can be
proxied by the food purchasing power of certain labour types, as CGEmodels can deal bothwith the income of
specific labour skill types and their expenditures for a food basket. InMAGNET segmented labourmarkets are
introduced that prevent that all unskilled labour types earn the samewage and it enables that land and labour
stay in certain sectors even if their remuneration is less (vanMeijl et al 2006). Furthermore, we provide a proxy
for food utilisation. Food stability is, given its short-run features, not taken into account in thismedium- to
long-termCGEmodel. Finally, we perform a sensitivity analysis concerning climate change impacts on food
security to assess the robustness of our conclusions to climate change. In doing sowe go beyond existing studies,
by presenting a rich picture of thismulti-dimensional problem and showhow food security indicators differ
between various population groups.

2.Methods

2.1. The SSP scenarios—setup and assumptions
A set offive socio-economic development pathways (SSP1—SSP5)until 2100 has been developed, serving as a
consistent scenario framework. Each SSP is described by a quantification of future developments in population
(KCand Lutz, 2017), urbanisation and economic development (Dellink et al 2017), and by a descriptive storyline
to guidemodel parametrisation (O’Neill et al 2017). General characteristics of the SSP storylines, with a focus on
food insecurity issues, are summarised in table 1.

Table 2 provides an overview of selectedmodel-specific assumptions concerning agriculture, land use
regulation,meat preferences, foodwaste and trade consistent with the SSP storylines (O’Neill et al 2017) and
quantified by the authors. The interplay of these drivers and their effect on food demand in theMAGNETmodel
simulations is further explained in themodel description (section 2.2). Figure 1 shows theGDPper capita and
population developments, respectively. The storylines have lower population growth in SSP1 and SSP5,middle
level of growth in SSP2 and SSP4 and a high level of population growth in SSP3. Economic growth is highest in

Table 1. Shared socio-economic pathway (SSP) scenario description, formore details, see Riahi et al (2017).

SSP SSP name Description

SSP1 Sustainability Aworld thatmakes relatively good progress towards sustainability, with sustained efforts to achieve

development goals, while reducing resource intensity and fossil fuel dependency. Elements that

contribute to this are an open globalised economy, rapid development of low-income countries, a

reduction of inequality (globally andwithin economies), rapid technology development, low

population growth and a high level of awareness regarding environmental degradation.More

environmental awareness reduces foodwaste, the appetite formeat as well asmaking land use

regulation stricter.

SSP2 Middle of the Road Abusiness as usual scenario. In this world, trends typical of recent decades continue, with some

progress towards achieving development goals, reductions in resource and energy intensity at

historical rates, and slowly decreasing fossil fuel dependency.

SSP3 Regional Rivalry Aworldwhich is separated into regions characterised by extreme poverty, pockets ofmoderate

wealth and a bulk of countries that struggle tomaintain living standards for a strongly growing

population. Regional blocks of countries have re-emergedwith little coordination between them.

Countries focus on achieving energy and food security goals within their own region. Theworld

has deglobalised, and international trade, including energy resource and agriculturalmarkets, is

severely restricted. Population growth in this scenario is high as a result of limited improvements

in education and low economic growth.

SSP4 Inequality Ahighly unequal world bothwithin and across countries. A relatively small, rich global elite is

responsible formuch of the emissions, while a larger, poorer group contributes little to emissions

and is vulnerable to impacts of climate change, in industrialised as well as in developing countries.

Governance and globalisation are effective for and controlled by the elite, but are ineffective for

most of the population. Land use regulation is strict in high/middle income countries whereas it

is unsuccessful in low income regions.

SSP5 Fossil-fuelled development Thisworld stresses conventional development oriented toward economic growth as the solution to

social and economic problems through the pursuit of enlightened self-interest. The preference for

rapid conventional development leads to an energy systemdominated by fossil fuels, resulting in

highGHGemissions and challenges tomitigation. Efficiency is high in agriculture but also

demand is highwith a high preference formeat. Lower socio-environmental challenges to adapta-

tion result from attainment of humandevelopment goals, robust economic growth, highly engi-

neered infrastructurewith redundancy tominimise disruptions from extreme events, and highly

managed ecosystems.
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Table 2. Scenario-specific characteristics formacro-economic development and specific land-use components (formore details, seeDoelman et al 2018).

Scenario SSP1 SSP2 SSP3 SSP4 SSP5

GDP growth High in LICs,MICs;medium

inHICs

Medium, uneven Slow Low in LICs,medium in other countries High

Population growth Low Medium High Medium Low

Inequality Reduced across andwithin

countries

Unevenmoderate reductions

across countries

High, especially within countries High, especially across countries Strongly reduced, across

countries

Land-use change regulation High Medium Low From strong inHIC to low in LIC Medium

Agricultural productivity High Medium Low High inHICs, and low in LICs High

Trends inmeat preferences Negative preference shift

formeat

Endogenousmeat consump-

tion dynamics

Positive preference shift formeat Endogenousmeat consumption dynamics Positive preference shift

formeat

Foodwaste Reduced foodwaste ( one third
lower than SSP2

Current level of foodwaste

(33%of production)
Higher level of foodwaste (one third

higher than SSP2,)
Current level of foodwaste, as SSP2 Higher level of foodwaste,

as SSP3

Trade in agricultural

commodities

Abolishment of import tariffs

and export subsidies.

Current import tariffs and

export subsidies.

10% import tax for all agricultural pro-

ducts by 2050, for self- sufficiency

concerns.

Abolishment of import tariffs and export sub-

sidies and increase export cost of food formLIC

toHIC.

Abolishment of import tariffs

and export subsidies.
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SSP1 and lowest in SSP3.GDPdevelopments are in general opposite topopulationdevelopments. The implications
of these exogenousmacrodrivers for endogenous fooddemandare therefore uncertain as higherpopulationmeans
moremouths to feed,while lower totalGDPmeans less total resources to spendon food. Furthermore, the scenarios
are characterisedby specific assumptionsonmeat preferences and foodwaste (table 2), consistentwith the storylines
(table 1). For example, in the environmentally friendly SSP1 foodwaste is reducedwithone third and there is less
preference formeat products, to reflect the lower environmental impact of consumption in this scenario. SSP1 is
therefore also in linewith the SDG, target 12.3 tohalve food loss andwaste by2030. InSSP2andSSP4 there are no
additional exogenous shifts inwaste andmeat preferences. In SSP3 andSSP5 there are exogenouspositive shifts in
preferences formeat and foodwaste leading tohigher environmental impact consumption andhigher fooddemand.
The latter is in linewithfindingsofHiç et al (2016).

2.2.Model used
The SSP scenarios are quantifiedusing the agro-economicmodelMAGNET (Woltjer et al 2014) coupled to the
IMAGE integrated assessmentmodel (Stehfest et al2014), and these scenarios are also described in detail in van van
Vuuren et al (2017) andDoelman et al (2018). TheMAGNETmodel is amulti-regional,multi-sectoral, applied
general equilibriummodel basedonneo-classicalmicroeconomic theory (vanMeijl et al 2006,Nowicki et al 2009,
Woltjer et al2014). The core of theMAGNETdatabase is theGTAPdataset (https://gtap.agecon.purdue.edu/,
R8.1_2007_Feb2013).MAGNETassumes perfect competition, andproducers are assumed to choose the cheapest
combinationof imperfectly substitutable labour, capital, land, natural resources and intermediates. The core of
MAGNET is an input–outputmodel, which links industries in value added chains fromprimary goods, over
continuously higher stages of intermediate processing, to thefinal assemblyof goods and services for consumption.
MAGNEThas a focus onmodelling agriculture and foodmarkets and assumes that products traded internationally
are differentiated by country of origin (Armington 1969). Crucial for this study is themodelling of the land andother
production factormarkets, and themodelling of fooddemand.MAGNET includes a land supply function (van
Meijl et al2006,Dixon et al 2016)which specifies the relation between total agricultural land supply and the real land
price given constraints related to biophysical availability (potential area of suitable land) and institutional factors
(agricultural andurbanpolicy, conservationof nature). Labourmarkets and the developments ofwages per skill type
are crucial for foodaccess and inMAGNET there are two types of labour, skilled (professional) andunskilled
(production) labour on the basis of occupational classifications (formore detail, see appendix). InMAGNET, factor
markets are divided (segmented) into agricultural andnon-agricultural labour and capital (vanMeijl et al 2006).
This reflects empirical evidence on imperfectmobility of labour (De Janvry et al 1991), and is thus an improvement

Figure 1.Population andGDPper capita (Market Exchange Rate,MER), thousandUSDollar, 2005, developments within the SSP
scenarios, globally and byworld region (OECD:OECDcountries; LAM=Latin America; SSA=Sub-SaharanAfrica;MENA_F-
SU=Middle East, North Africa and Former Soviet Union; SAS=SouthAsia; China=China,Mongolia, Taiwan,HongKong;
REAP=Rest of East Asia and Pacific).
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over otherCGEs that assumeperfectmobility. Fooddemand inMAGNET is endogenously determinedby income
changes, relative prices, and the dynamic incomeelasticities of fooddemand.These price feedbacks are absent in
exogenous fooddemandmodels (e.g. Bodirsky et al2015, Pradhan et al 2016, Bijl et al2017), and arise fromprice
changes due to increase total demand (resulting frompopulation growthor bioenergyuse), and changes in the
supply side. Foodwaste andpreference changes are exogenous scenario-specific assumptions. A lower foodwaste
reduces the demand for food.

IMAGE is an integrated assessmentmodel framework that simulates global and regional environmental
consequences of changes in human activities (Stehfest et al 2014). Themodel includes a detailed description of
the energy and land-use system and simulatesmost of the socio-economic parameters for 26 regions andmost of
the environmental parameters on the basis of a geographical grid of 30’ by 30’ or 5 by 5 min (depending on the
variable). Themodel has been designed to analyse large-scale and long-term interactions between human
development and the natural environment and to identify response strategies to global environmental change
based on assessment of options formitigation and adaption.

MAGNETuses information from IMAGEon land availability and suitability, on exogenous developments in
crop and livestock production systems such as climate change impacts, and on agricultural expansion on
heterogeneous land areas. The results fromMAGNETon agricultural production and intensification/
extensification of crop and livestock production is used in IMAGE to calculate spatially explicit land-use change,
and the environmental impacts on carbon, nutrient andwater cycles, biodiversity, and climate. TheGlobal
Integrated SustainabilityModel (GISMO)model quantifies changes in human development, including hunger
and access to cleanwater and energy, and related impacts on human health (Lucas et al 2019), and is used in this
paper to calculate the prevalence of undernourishment.

2.3. Food security indicators
To account for the various aspects of food security, we follow FAO’s distinction of availability, access, utilisation
and stability, and derivemodel-based indicators for the dimensions availability, access and utilization. These
indicators have been developed and elaborated for the FOODSECURE scenarios (vanMeijl et al 2020).
Additionally, we apply awidely-usedmethod to compute the prevalence of undernourishment, which is closely
connectedwith food availability.

Food availability ismeasured by two indicators, ‘food production’ and ‘food availability for consumption’.
Food production is a crude indicator and indicates the total amount of food available in the various regions that
is domestically produced (without international tradeflows). To further explore the sources of future
production increase, we decompose the change in food production into changes in agricultural area and yield
increases. The second indicator, ‘Food available for consumption’, ismeasured in kcal per capita per day, and is a
well-known andmore precise indicator of food availability (e.g. Nelson et al 2013, von Lampe et al 2014). It
includes all domestically produced and imported food available for consumption at household level, and thus
includes also the foodwaste at household level. The indicator ‘food available for consumption’ is used as an
input to the calculation of the prevalence of undernourishment.

Prevalence ofUndernourishment (PoUor risk of hunger)measured in people at risk of hunger (millions)
is based on the fraction of the population below aminimum level of dietary energy requirement and is used to
monitor progress on SDG target 2.1 (end hunger by 2030). This indicator is directly related to food availability.
The calculation of PoU is based on amethod proposed by the FAO (2008b). The density function of dietary
energy consumption is assumed to be lognormal with parametersμ andσ, estimated on the basis of themean
dietary energy availability (x) and the coefficient of variation (CV):

s = +CVlog 12( )

and

m s= -xlog 2.2( ) /

The prevalence of undernourishment is then evaluated as follows:

m s= F -PoU MDERlog ,[( ( ) ) ]/

whereΦ is the standard normal cumulative distribution. The calorie-based food consumption (kcal/person/
day) output fromMAGNETwas used as themean dietary energy availability (x). Theminimum level of dietary
energy requirement (MDER) is derived by aggregating the region-specific sex-age energy requirements weighted
by the proportion of each sex and age group in the total population (FAO2008b). The coefficient of variation
(CV) is a function of per capita GDP as used inHasegawa et al (2015), such that food distribution improves along
with income growth.

=CV aGDP ,b
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with optimistic estimates for the parameters a and b for SSP1 and SSP5,medium estimates for SSP2, and
pessimistic estimates for SSP3 and SSP4 (See SI inHasegawa et al 2015 for parametrisation).

Food access relates to people’s food purchasing power and therefore to food prices, dietary patterns, and
income developments (Lele et al 2016). First, we use the change in agri-food prices as a crude proxy for food
access. This indicator neglects the income dimension of food access, but is used bymany other studies. To
account for the income dimension, we calculate the indicator ‘food purchasing power’, by relating price
developments of a specific food consumption basket to income developments of a particular income group

Food Purchasing Power (%change)=%change in income of specific income groupminus%change in the
price of a food basket

For the food basket, we use consumption of cereals (rice and grains) as a proxy for the diet of people
potentially in poverty, as rice is an important food component of poor people in Asia, while grains are important
in Africa.We use changes in thewages of unskilled (production)workers in the cereals sector as a proxy for the
income component of poor people.

For the food utilisation dimension less sophisticated proxies are used. Food utilisation is proxied by the
fraction of calories derived from fruits and vegetables in total calories of food consumption, following for
example FAOCompendiumof indicators for nutrition-sensitive Agriculture (FAO2016, FAO\WHO1973,
Lele et al 2016 and Shutes et al 2017).

2.4. Sensitivity to climate change impacts
Bydefinition, the SSP scenarios donot include climate change impacts in order to facilitate consistent assessments of
impacts and adaptation in follow-up research (Riahi et al2017).However, as climate change impacts are considered a
major threat to food security (UNFCCC,2015,Mbow et al2019) it is important to take thepossible effects into
account.As estimates of climate change impacts on crop yields varywidely (Rosenzweig et al2014,Mbow et al2019)
weperforma sensitivity analysis for theMiddle of theRoad SSP2 scenario.We implement ahigh anda lowclimate
change trajectory in linewithRCP6.0 andRCP2.6, respectively (vanVuuren et al2014). The climate change
trajectories are implementedbothwith andwithoutCO2 fertilisation as this is considered amajor uncertainty in the
literature (Kolby Smith2015) resulting in four sensitivity scenarios (RCP6.0-CO2,RCP2.6-CO2,RCP6.0-noCO2,
RCP2.6-noCO2). The effects on crop yields are estimatedusing the IMAGEmodelwhich is dynamically coupled to
thedynamic global vegetationmodel LPJmL .Regionally averaged yield shocks are subsequently implemented in
MAGNET to estimate impacts onkey variables for food security.

3. Results

In the presentation of the results, we focus on the global and regional trendswithin the various dimensions of
food and nutrition security (section 3.2). First, in section 3.1, we describe and decompose the changes in
agricultural production as these are important to understand the food security effects, and food production is
also a crude indicator of food availability.

3.1. Agricultural production developments
Agricultural production is oneof the indicators of food availability (section2.3), and is in fact the basis for all food
consumption and food security assessments. Therefore,we separately analyse foodproduction, and alsodecompose
how future increase in foodproduction, required to feed the growingpopulation, is achieved (table 3). Food
production almost doubles in SSP5 (table 3)due tohighdemand for agricultural products causedbyhigh income
growth in this scenario (figure 1), higher level of foodwaste andhighpreferences formeat indiets (table 2). A similar
production growth is observed inSSP3due to similar factors as in SSP5 except that highpopulation growth replaces
thehigh incomegrowth factor as important driver. Production growth is intermediate in theMiddle of theRoad
scenario (SSP2) and low inSSP4due to loweconomic growth. In SSP1productiongrowth is about half the growth
observed in SSP5 andSSP3due to less growth indemand for agricultural products due to lower population growth,
reduction in foodwaste anddiet shifts away frommeat consumption.

From the supply side, higher yields and land expansion lead to higher production. In the economic
framework a part of the yields is exogenous and represents technological/genetic improvements in crop and
livestock production systems, and a part is endogenousin themodel determined by substitution effects among
production factors (land, labour, capital, fertiliser, animal feed)4. The exogenous yield developments are based
on a relationwithGDPdevelopment (Doelman et al 2018), and show a range of 43%–56%globally, and

4
If agricultural demand expands in land-scarce countries, land prices often rise faster than the price of labour and capital and farmers react

by substituting themore expensive landwith capital or labour and thereby increasing the yields above the trend. In land-abundant countries
production expandsmainly by usingmore land and land prices increase only a little, implying small substitution effects with labour and
capital.
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Table 3.Change in agricultural production (one of the food availability indicators) and its decomposition into production change through land-use change and through exogenous and endogenous yield change (%change 2010–2100, the
change in production volume is the sumof changes in land demand and land productivities).

SSP Indicator World OECD FSU,Middle East, North Africa Latin America Sub- SaharanAfrica Rest of East Asia andPacific China SouthAsia

SSP1 Production volume 45 −10 58 54 269 64 −18 75

Land use area −4 −13 −6 −8 11 −8 −11 −8

Land productivity (exogenous) 50 24 44 31 116 55 6 56

Land productivity (endogenous) −2 −22 20 31 142 18 −13 27

SSP2 Production volume 72 17 109 94 278 83 6 86

Land use area 8 −2 1 8 30 8 −5 5

Land productivity (exogenous) 47 22 52 28 100 43 10 46

Land productivity (endogenous) 17 −4 56 57 148 31 1 36

SSP3 Production volume 93 17 149 125 295 99 27 94

Land use area 19 7 7 23 44 23 3 15

Land productivity (exogenous) 45 11 56 32 95 37 8 39

Land productivity (endogenous) 29 −1 86 70 156 39 16 40

SSP4 Production volume 59 8 101 74 271 70 −20 77

Land use area 8 −8 −1 6 38 9 −7 7

Land productivity (exogenous) 43 30 53 22 80 37 6 38

Land productivity (endogenous) 8 −14 49 47 153 25 −18 31

SSP5 Production volume 96 66 128 142 280 88 20 91

Land use area 11 5 2 16 29 8 −5 3

Land productivity (exogenous) 56 30 57 33 118 49 9 51

Land productivity (endogenous) 30 32 69 92 133 31 16 37
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6%–118%on a regional scale. The endogenous yield developments varymore, and are in the range of−2% in
SSP1 to 30% in the SSP5 globally, and−22%–165%on a regional scale. Due to low production growth and high
exogenous yields, land prices increase less thanwages and capital rents, leading to an additional endogenous
extensification effect (−2%) in SSP1. The high production growth in SSP5 and SSP3 induce high levels of
substitution as land becomes very scarce. Land prices increase a lot, evenmore thanwages and capital rents,
inducing producers to intensify production evenmore beyond the exogenous trend by usingmore labour and
capital on their land. Sub-SaharanAfrica stands out as endogenous additional yield effects are often as large or
larger than the exogenous part. This indicates an enormous pressure on the landmarket and rising land and food
prices given the high population and demand growth in these regions.

Land use developments differ substantially between the scenarios. Land use observes a reduction (−4%) in
SSP1 due to lower production growth and increased environmental awareness, shows an intermediate increase
of 8%–11% in SSP2, SSP4 and SSP5, and a high increase in SSP3 (19%). In SSP3 the increase is high due to a
combination of no restrictions in the area of land use regulation, high population growth and low yield growth.
Land use expands especially in Sub-SaharanAfrica where the demand pressure is high and land for expansion is
still available.

3.2. The various dimensions of food andnutrition security
3.2.1. Food availability
Weuse ‘food production’ and ‘kcal per capita per day available for consumption’ as indicators of food
availability. Food production is high in SSP5, SSP3, intermediate in SSP4 and SSP2 and low in SSP1
(see section 3.1 and table 3).

On theworld level the food availability in terms of kcal per capita per day is a better indicator than food
production as it takes energy content of food and population growth into account. This indicator gives a
different picture as it increases substantially in both the SSP1 aswell as the SSP5worlds (figure 2). In SSP 5 the
increase is observed in all regions due to high income growth and a high preference for animal products
(especially inOECDcountries). In the sustainability SSP1 scenario the increase in kcal per capita per day is high
due to catching up inGDPper capita, especially in developing countries (very high in Sub-SaharanAfrica (SSA)
and to a lesser extent in the Rest of East Asia and Pacific region (REAP) and SouthAsia (SAS). InOECD countries
food availability (which includes waste) is relatively low in SSP1 as waste is reduced and there is a negative
preference shift formeat. Food availability in SSP1 inChina (this region includes China,Mongolia, Taiwan and
HongKong), with also a high initial level of food availability in 2010, is even lower as the diet shift to less animal
meat is notmatched by an even increase in the calories from crops. In the other regions that have a lower initial
level of food availability or aremore open in terms of trade (OECD) this is not the case. In the business as usual
scenario (SSP2) and the inequality scenario (SSP4) kcal per capita per day increasemoderately and there is a
modest catching up of developing countries. However, in both scenario’s SSA is catching upmuch less than in
the SSP1 and SSP5 scenarios. In the Fragmentationworld (SSP3) food availability shows the least improvement

Figure 2. Food availabilitymeasured in kcal per capita per day available for consumption, for initial situation (2010) and for the SSP
scenarios (2100), globally and by region. For region definition see figure 1 and supplementary information is available online at stacks.
iop.org/ERC/2/031002/mmedia.
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across all scenarios due to high population growth and income growth staying behind. It even deteriorates in the
SAS region and there is less catching up in SSA. The decline in SAS is remarkable and caused by high demand
growth due to high population growth and low supply growth due to low technological change in yields and
labour productivity (implied by lowGDP growth) in combinationwith land scarcity. This causes food prices to
rise substantially and, due to relatively few international trade connections in the divided SSP3world, the global
market cannotmitigate this effect. The indicator ‘food available for consumption’ includes the food available at
household level, and thus also includes householdwaste. As a result, assumptions on changes in householdwaste
as in SSP3 and SSP5 also lead to a slight increase in this food availability indicator, but this effect is small
compared to the other dynamics.

3.2.2. Prevalence of undernourishment
Figure 3 shows that, except for SSP3, towards 2100, the undernourished population decreases in all scenarios,
becoming increasingly concentrated in SSA and SAS.Undernourishment is projected to be almost completely
eradicated by 2100 in SSP5 and to a lesser extent also in SSP1. Large increases in food availability (kcal/cap/day),
especially in SSA and SAS, togetherwith low inequality and low population growth lead to this result. However, a
small fraction of the population is still at risk of undernourishment, and thus also in an SSP1world SDG2.1 is
notmetwithout additional policies. In contrast to this, in SSP3 global hunger increases from about 800million
people in 2050 tomore than 2 billion in 2100, due to relative high inequality, and declining food availability in
some regions, especially SouthAsia (see food availability section), which aremainly caused by slowGDP
development and very high population growth. Improvements in food availability per capita in SSA cannot keep
pacewith increasing inequality, resulting in an increase from200million undernourished people in 2010, to
250million in 2050 and 600million in 2100. In SAS, decreasing food availability per capita (see food availability
section) and increased inequality increase the undernourished population from250million in 2010 to 500
million and 1.3 billion in 2050 and 2100, respectively. Finally, global food availability is similar in SSP4 and SSP2,
but due to higher inequality and population growth in SSP4 in SSA the prevalence of undernourishment ismuch
higher.

3.2.3. Food access
Agri-food prices decrease in SSP1 and aremore or less stable in SSP2, SSP4 and SSP5. In SSP3 prices increase
dramatically compared to 2010 (seefigure 4). On the one hand, supply side factors such as exogenous yields and
labour productivity growth, both driven byGDP, are lower in SSP3, inducing higher prices. Land availability is
another supply factor as in the first half of the century land can expand in land-abundant countries, butwhen
land also becomes scarce in these countries land prices start rising, causing food prices to increase further
(especially in SSA). On the other hand, high population growth, increasing foodwaste and highermeat rich diets
increase demand in SSP3, inducing higher prices. In the sustainable SSP1 scenario, food prices decrease as yields
and labour productivity growth are high and demand growth is limited due to low population growth, waste
reduction and preference shifts away frommeat. SSP2 and SSP4 obtainmore or less stable prices as supply
driversmatch demand drivers. SSP5 is interesting as, until 2030, agricultural prices increase and afterwards
decrease. First, demand effects dominate as, in addition to the continued population growth, additional income
has large food demand effects when income levels are relatively low. The decline in prices in subsequent periods

Figure 3.Prevalence of undernourishmentmeasured in people at risk of hunger (millions) in 2010, 2050 and 2100 for the SSP
scenarios, globally and by region. For region definition see Figure 1 and supplementary information.
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is caused by lower population growth and limited growth in food consumption as additional income does not
lead tomore food consumptionwhen income is already high. These demand factors are reinforced by the supply
side as labour productivity remains high, which is implied by highGDP growth.

Our second indicator for food access is the foodpurchasing power indicator of a basket of basic cereals for
unskilled agriculturalworkers (figure 5, left-handpanel).Unskilled agriculturalworkers are proxiedbyunskilled
workers in the cereal sector. This indicator shows large differences between the scenarios and alsowith the indicators
related to food availability. This foodpurchasing indicator increases by500%at theworld level in the Sustainability
world (SSP1) in theperiod from2010 to 2100.Thegrowth indeveloping countries (500%-700%) ismuchhigher
than in theOECDcountries (200%). Thepattern for the Fossil-Fuelled (SSP5)development is similar except at a
lower level. In theMiddle of theRoad (SSP2) scenario,we see a different picturebecause at the global level the index
only doubles, but decreases slightly for SSAandSAS.Thedecrease in SSA is interesting as other studiesfind that food
insecurity disappears in SSP2 (see, e.g.Hasegawa et al2015,Hasegawa et al 2018, Fujimori et al2019). Thedecline in

Figure 4.Real agricultural prices development for the SSP scenarios (2010=1).

Figure 5. Index of food purchasing power for a basket of cereals, for unskilledworkers in the cereal sectors (left hand side) and non-
agricultural sectors (right-hand side), globally and by region. For region definition seefigure 1 and supplementary information (2100,
2010=1).
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food access for SSA in SSP2 is causedby rising cereal foodprices (+60%) in SSAanda lower increase (+40%) in
wages of unskilled agriculturalworkers,which together reduce the foodpurchasing power of theseunskilledworkers
(theunderlying cereal foodprice andwagedevelopments are given in appendix). In the Inequality scenario (SSP4) the
foodpurchasingpower of unskilled agriculturalworkers strongly deteriorates in SSA.This feature spreads across the
world in the Fragmentation (SSP3) scenario, leading to a global decline in foodpurchasingpower for unskilled
agriculturalworkers. Akeymechanism for these developments is the segmented factormarkets inMAGNET
between agricultural andnon-agricultural sectors implying that unskilled agriculturalworkers cannot easilymove to
other sectors in the economy. In the SSP3wefirst see a strong increase in agricultural prices especially in developing
countries (figure4, regional detail in appendix tableA1,A2andA3).However, unskilledwages evendecrease as (i)
supply of agricultural unskilledworkers growsquickly due tohighpopulation growth, (ii)demand for the agricultural
sector grows slowlydue to a relatively inelastic fooddemand, (iii)unskilled jobs canbe relatively easily replacedby
technical change (automation), and (iv)unskilled agriculturalworkers cannotmove easily tonon-agricultural sectors
as they lack the educational requirements (lock-in effects). Inequality in termsof food access rises in the Inequality
scenario (SSP4) in a fewcountries but in large parts of theworld in the Fragmentation scenario (SSP3). In the
Inequality SSP4 scenario, especially unskilled agriculturalworkers in SSAandSASare left behind.

Food purchasing power for unskilled workers in non-agricultural sectors improvesmore than for
agricultural workers (see right-hand side infigure 5). For SSP1, SSP5 and also SSP2 this indicator improves
substantially within all countries, and at the global level it increases twice as fast as for agricultural workers, by a
factor of 14, 9 and 4, respectively. SSP4 presents a very unequal world as this indicator increases by a factor of 5
across theworldwhile it deteriorates in SSA, although the deterioration ismuch less than for non-agricultural
workers. For SSP3 the food purchasing power for non-agricultural workers decreases at the global level,
although the decrease is 50% less than for agricultural workers. The decline is also observed in fewer countries
than for unskilled agricultural workers.

3.2.4. Food utilisation
Dietary changes are amajor vehicle for reducingmicronutrient deficiencies and the burden of non-
communicable diseases (Ruel 2003). Diet quality, asmeasured by the share of calories derived from fruit and
vegetables, improves globally in all futureworlds, and is drivenmainly by income growth (seefigure 6). The
greatest improvements are seen in the Sustainability worlds (SSP1) and Fossil-Fuelled development (SSP5)
where income per capita growth is highest. It is highest in SSP1 as people shift away frommeat due to a scenario-
specific preference away fromanimal products. The share of calories from fruits and vegetables is lowest in SSP3,
where income per capita growth is lowest and people have a preference shift towardsmeat consumption.

3.3. Climate change sensitivity
The SSP2 scenarios including climate change impact show that RCP 2.6 hasmoderate impacts on agricultural
production and food prices on the global scale, confirming that limiting global warming to 2 degreesmitigates

Figure 6. Share of calories from fruits and vegetables (including vegetables, fruit and nuts, edible roots and tubers, pulses) in 2010 and
2100 in the SSP scenarios, globally and by region. For region definition see Figure 1 and supplementary information.
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negative impacts on food security (figures 7 and 8). RCP 6.0 has amore substantial effect, with on average a
positive impact whenCO2 fertilisation is included (+4%and−10% for agricultural production and food prices,
respectively) and a strong negative impact when it is excluded (−11%and+65%). On the regional level the
climate change impacts are stronger,most notably in SAS, where all RCP scenarios result in reduced agricultural
production and increased food prices. This is due to strong increases in temperature leading to reduced yields,
indicating that climate changemight increase risks to food security in this already sensitive region. Itmust be
noted though that a potential decrease in nutritional quality due toCO2 fertilisation (Mbow et al 2019) is not
taken into account.

4.Discussion and conclusions

Wehave analysed possible long-term future developments of food and nutrition security, showing the policy
gap between reference scenarios and achieving SDG2 on food security andmalnutrition. A unique feature of
this paper is that it focuses on three dimensions of food security within long-run SSP scenarios that are often
used in the field of climate change. In addition to the often-quantified food availability indicators we focus
especially on food access, which ismore complicated as it needs information on income changes of income
groups in addition to the pricemovements of their food diet. TheMAGNETCGEmodel can contribute here,
as for example wages of various factor types are endogenous.We included the characteristic that labour
markets are segmented and that for example unskilled workers in the agricultural sector cannotmove easily

Figure 7. Sensitivity of food production volume in SSP2 to climate change impacts with (‘CO2’) orwithout CO2 fertilisation
(‘noCO2’).

Figure 8. Sensitivity of production price (realmarket prices, 2007) in SSP2 to climate change impacts with orwithout CO2 fertilisation,
in 2100.
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tomanufacturing and services sectors. This implies that certain labour skill typesmight be ‘locked’ in certain
sectors that feature unfavourable conditions and these workers have to accept lower wages. In this paper diet
changes to proxy food utilisation are only introduced in a crude way. Given the short-run features of food
stability, this dimension is not taken into account in thismedium- to long-termCGEmodel. In line with
other studies we find that food availability, measured as kcal per capita per day, generally improves over time.
Only in SSP3, food availability is projected to decrease in SAS due to high population growth and low supply
side growth. As a result, the prevalence of undernourishment decreases inmost scenarios, and hunger
becomes increasingly concentrated in SSA and SAS. However, in contrast to other studies, we find that this
hunger remains high in SSP4 (550million people) and increases to over two billion people in SSP3 in 2050.
Themain reason for the difference is that in our SSP3 scenario land becomes increasingly scarce in SAS and
to a lesser extent also in SSA. As a consequence, land and food prices increase significantly, decreasing the
demand and thereby per capita food availability. In principle, increased trade would be a solution to limits in
domestic production, but is difficult to achieve for regions with traditionally low involvement in global trade,
like SAS. Food access, measured by a food purchasing power indicator of a basket of basic cereals for
unskilled agricultural workers (proxied by unskilled workers in the cereal sectors), improves, although due to
lock-in effects the wages of unskilled workers in agriculturemight decline, leading to deteriorated food
access in scenarios with high inequality (SSP4 and especially SSP3), but also in some cases in the business as
usual scenario (SSP2). These findings are in line with, for example, the decrease in number ofmalnourished
people from 1 billion to 800million people on a global level in the period 1990–2015, whereas the number
increased from 175 to 220million in Sub-Saharan Africa (FAO 2015). Finally, our crude indicators of food
utilisation and food stability indicate food security problems for SSA in SSP3 and SSP4.

This overall food security picture based on three dimensions of food security is less optimistic compared to
previous studies. These studies only assessed food availability and risk of hunger and find an improvement of
food security inmost SSP scenarios (Hasegawa et al 2015, Bijl et al 2017,Hasegawa et al 2018, Fujimori et al
2019). Themain reason for the difference with the findings of other studies is related to themodelling of
agricultural land as our land supply curve implies a limited availability of potential agricultural land (i.e. the land
asymptote).When countries come close to this asymptote due to demand growth then land prices and the
related food prices will increase rapidly. In our SSP3 scenario land becomes increasingly scarce in SSA and
especially SAS and land and food prices increase rapidly. The high food prices decrease the demand and
therefore availability of food per capita.

Inclusive policies directed at investing in education and social security can prevent lock-in effects of
unskilledworkers in agriculture and is key to reverse these less optimistic findings and improve food access for
more income groups. Efficient land use, knowledge and innovation policies are key for food availability, while
nutrition, health and drinkingwater and sanitation policies could address food utilisation.

This study is a step towards includingmore food and nutrition security dimensions in long-term
scenarios. There are a number of uncertainties and limitations to this work. Other studies have shown that
global land-usemodels show a substantial range in projections of food availability, and results from the
MAGNETmodel are characterised bymedian total and crop food availability, but relatively low livestock
food availability (Stehfest et al 2019). The food demand ofMAGNET is relatively inelastic in response to
economic growth at high income levels as higher income does not lead tomore food consumption. However,
the substitution of basic commodities bymore luxury commodities, above a certain calorie level, is low in the
MAGNETmodel. Furthermore,MAGNET onlymodels the increase in food availability, but not an increase
of waste fractions at higher income levels, as suggested by e.g. Hiç et al 2016. Higher waste fractions are
however part of the scenario assumptions (table 2). Overweight and obesity are increasingly relevant for food
and nutrition security (Abarca-Gómez et al 2017). However, the prevalence of obesity is hard tomodel in
long-term assessments, as it is more a social and cultural phenomenon than linked to economic processes as
modelled here, and to our knowledge, no simplifiedmodelling as in the case of risk of hunger (FAO 2008a,
Hasegawa et al 2015) has been proposed yet.

The impact of climate change on crop yields and the agricultural system is large (Nelson et al 2013,Wiebe
et al 2015), and has been explored here in a sensitivity analysis.Without effective CO2 fertilisation, climate
change impacts in RCP2.6, consistent with the 2 degree target, are small, but increase by several orders of
magnitude in RCP6.0, especially in already vulnerable regions like SAS, SSA andREAP, but depend on the crop
model and climate change pattern applied. Technological change, including yields and especially labour
productivity, is key to all results but remains largely exogenous in this studywhile it should be treated
endogenously. To better address food access, an explicit household dimension, covering both income and food
expenditures at specific household level, is neededwithin themodelling framework. Crucial is the importance of
transition possibilities of labour from agriculture to other sectors. Changes in the skill level and lock-in effects
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are key for FNS and thus deservemore explicit attention in long-termprojections than currently given in leading
studies. For the food utilisation dimension the explicitmodelling ofmicro andmacronutrients at household
level is needed in combinationwith clear guidelines of healthy diets. It is important to take into account the
endogenous change inmicronutrient content in food, either dilution due to climate change (e.g.Myers et al
2015, Smith andMyers 2018)) or changes in germplasm (due to bio fortification) or industrial processing (i.e.,
fortification). For the stability dimension, long-termmodelling has to be combinedwith processes and features
of short-run dynamics, like variability in crop yields, prices and income. By combining long-termmodelling
with variability features it can be analysed how certain variabilitiesmay play out differently in future socio-
economic settings, e.g. under higher import-dependency. All these efforts are worthwhile as this study shows
that food security is a complex problem thatwill not disappear automatically in the long run. Effective policies
are needed to address the negative developments in all four dimensions of food security.

As the SDGs are gaining importance, also the number ofmodel-based scenario studies on the SDGs, and
thus also SDG2 (‘end hunger’), is increasing. Therefore, a discussion is needed on themost suitable and sufficient
indicators tomodel progress and risks towards achieving SDG2 inmodel-based assessments, andwhether these
studies should complement the official SDG indicator set (IAEG2019)with indicators as suggested here to
provide a broader picture of the underlying determinants of hunger. Asmentioned by Pradhan (2019) ‘the 2030
Agenda ismuchmore than just a collection of goals, targets and indicators. Instead, SDGs are a systemof
interacting components’. A systemic approach is needed instead of looking at individual indicators, taking into
account the interlinkages between SDGs and their targets. Furthermore, follow-up studies should explore
possible policies to support food security targets, and their possible synergies and trade-offs with other SDGs to
address the issue of food security in themuch broader context of sustainable development.

Annex: Key variables determining food access (food purchasing power) indicator

Table A1.Price of cereals (market prices) in 2100 (2010=1).

World OECD MENA_FSU LAM SSA China SAS REAP

SSP1 0.4 0.4 0.3 0.3 0.3 0.6 0.4 0.4

SSP2 1.0 0.8 0.7 0.6 1.6 0.8 1.5 0.7

SSP3 3.9 1.4 1.8 1.9 10.0 2.3 7.2 2.1

SSP4 1.5 0.7 0.6 0.6 4.8 0.7 1.1 0.8

SSP5 0.8 1.1 0.6 0.6 0.6 0.9 0.9 0.8

Table A2.Wage of unskilled labour in the cereal sector (nominal) in 2100 (2010=1).

World OECD MENA_FSU LAM SSA China SAS REAP

SSP1 2.0 1.0 1.8 1.7 1.4 3.3 1.7 3.0

SSP2 2.0 1.5 1.8 1.8 1.4 3.3 1.3 2.7

SSP3 1.6 2.5 1.3 1.3 0.8 2.4 0.7 1.7

SSP4 1.7 1.6 1.8 1.7 0.7 3.7 1.4 2.0

SSP5 3.1 1.5 2.4 2.8 2.4 5.2 1.7 4.9

TableA3.Wage of unskilled labour in non-agricultural sectors (nominal) in 2100 (2010=1).

World OECD MENA_FSU LAM SSA China SAS REAP

SSP1 5.1 3.6 5.7 6.8 18.5 7.2 12.3 8.9

SSP2 4.4 3.2 4.8 5.4 12.9 5.8 8.8 6.6

SSP3 2.6 2.4 2.1 1.9 4.6 2.8 2.7 2.7

SSP4 4.0 3.7 3.8 4.5 3.4 6.5 5.6 4.6

SSP5 7.4 5.5 9.1 10.8 33.8 10.2 20.2 13.4
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