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Chapter 1. Introduction

1.1.Background and research questions

Avoiding dangerous climate change and feeding 9 billion people on the planet are
two intimately connected challenges in thé' 2éntury.Ontheone handmitigating
greenhouse gas (GHG) emissitmsecessary treducewide ranging negative climate
change impacten the agriculture and food systéWheeler and von Braun 201Brown
and Funk 2008; Schmidhuber and Tubiello 200#) the other handyowever policies
that respond to climate changmey alsogenerate unintended consequertogsultiple
dimensions of food security

Food security ienintrinsically multrdimensionabnd complex issud he United
Nations Food and Agriculture Organizati@rAO) conceptualizes food security around
four key dimensiongFAO, IFAD, and WFP 2012)whichareoften conceptualized as a
pathway that can be traced from the mdexal physicakhvailability to the micrelevel
food accessandutilization with stability being the ability to achieve the othéree
dimensions as a function of tinjdones et al. 2013; Barrett 2018]! of the four
dimensions are impacted by climate charRRggarding foodavailability, impacts of
long-term changes in temperature and precipitation on crop yields are negative for most
regions, but even worse for the current most food insecure countries-Bafaba Africa
and South AsigéReinslmrough 2003; Cline 2007; Knox et al. 2012; Rosenzweig et al.
2013; von Lampe et al. 2014; Porter et al. 20lLdyver yields and production may
increase food pricgdNelson et al. 2014; Wiebe et al. 20H5)d impact the economic

accesdo food, especially for the poor consum@hgheeler and von Braun 2013)ith



respect to theiblogical utilization of food, climate changmayimpact human health to
absorb nutrients atamage water sanitatiehrough flood(Hashizume et al. 2008; Shimi
et al. 2010)Finally, more frequent anchoresevere extreme whether events may
interruptthe stability of all the above three dimensigrssich athe recentlyobserved
global price shocks followinrgescale droughts occurred in major food producing
countriegPorter et al. 2014Although it is necessary to mitigate climate change and
reduce wide ranging impag¢tsertain mitigation measesmay causeadverseside effects
to multiple dimensions of food securityleeting the longerm climate goal of limiting
the global temperature increase no more than 2°C compared to-indystial level
requires substaiat reduction of GHG emissionghichwill likely involve largescale
deployment obioenergy as a fuel as well asgative emission technologi@scluding
bioenergy plus carbon capture and storage (BioC&fslforest protection and
afforestation(Smith et al. 2015; van Vuuren et al. 2013pwever, these mitigation
activities tend to have profound implications on finite land and scarce (Sabéh et al.
2015; Popp et al. 201,1hoth of which are key inputs afjricultural production and thus
affect production costs aridod prices(Lotze-Campen et al. 2014; Wise et al. 2009;
Calvin, Clarke, Krey, Blanford, et al. 2012; van Vuuren et al. 2010; Popp et al. 2011,
Krey and Clarke 2011)n addition mitigating GHG emissions may pres@ninediate
economic burden by investimg more expensive nefossitfuel technologies, which
hindersthe neattermeconomic development and poverty reduction in developing
countriegJakob and Steckel 20144ndpverty i s closely rel

ability to acquire foodBarrett 2010)

ated



Given these complex interactionge need to take an integrated apprdach
effective climate policymaking, whichmaximizesthe synergies and minimigée
adverse sideffects between meeting the climate and otloeretalobjectives. My
dissertation thefere aslsanover ar chi ng r Asweanhandeowuesti on:
ambition to meet stringent climate targefter the longrun, how mightdifferent designs
of climatepoliciesimposeadditioral risks to regional food availability and access?
More specificallyit triesto answer series ofjuestionghat are highly relevant to
climate policymaking

1 Do we need tbe concernedbout the adverssideeffects on food availability
and access from climate mitigation?
1 Under what policy conditions do we needtxoncerne@
1 Whatis (are) themaincausés)? (i.e. competing use of land, economic burden)
1 Howshouldwe desigrclimatepoliciesso that the sideffects on food availability
and accessan beminimized oravoided?
By answering these questiomsy researclaims toinform policy makers abowne
unintendedsocial consequendewith respect to food availability and accéshat might
be triggered by certain mitigation measures becaudeaompleXeedbacks between

energy, agriculture, and largystems

1.2. Literature and research gaps

Prior researchaslooked at the potenti&npactsbetween mitigation and food
securityfrom several different perspectiveshe competition oflimited land is expected

to increasdetween the use for forest, bioenergy and afjui(Lambin and Meyfroidt
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2011; Thomson et al. 201West et al. 2010)0ne set of studies focuses quantifying
theseimpacts on food production and producer pridgeaumber of studies have
recognized the competinge of land between agricultural, environmental, and ecological
purposegRose et al. 2013; Creutzigat 2015;Wicke et al. 2014Smith et al. 2015; van
Vuuren, van Vliet, and Stehfest 2008pecifically several modeling exercises show
moderate producer price increase under strong bioenergy expénsibmCampen et al.
2014; Wise et al. 2014; Popp et al. 2QEsuming future production oibinass can be
integrated with food and timber production asdrgducts, residues or wast&y
contrastmuch largeincreasesn global priceare foundwith largescale afforestation
when terrestrial carbon emissions are val{@alvin et al. 2013; Reilly et al. 2012; Popp
etal. 2011)

Global producer pricehowever, is an indicataf food production and
availability (Godfray et al. 2010)Looking at the change in global price tends to hide
| arge regional wvariation from two perspect
to acquire food, depends food pricestheirincome level and institutional fears
(Barrett2010) The same price increase thus has di
access across regions due to different econopmnditionglvanic, Martin, and Zama
2012; de Hoyos and Medvedev 2013¢cond, global price increasesl not be fully
transmitted to consumers or at the sameaatess regiond_eibtag 2009; Dawe 2008;
Dawe et al2015) and hereforeimpacts orconsumer pricegary largelyacross regions
(Brown et al. 202; Bekkers et al. 2013Pnly a few nore recent studies have looked at
the impacts omnother dimension of food securitc 0 n s u focE accaddy

evaluating the reduceddtal caloricconsumption undetifferent mitigation strategies



(Hasegawa, Fujimori, Shin, et al. 2015; Havlik et al. 2015; Golub et al..2013)
particular,Golub et al(2013)examinathe impactof carbon pricee n consumer s o
calorie consumption, howevawjthout specifying specificlimate targetsHavlik et al.
(2015)looks at the change raloric intake under a stringent climate target,dmés not
take into account the impaat climate mitigatioronc 0 n s u esenonsicoonditions
For developing countries, in particular, mitigation is expected to compromise economic
development and poxty reduction by replacing cheap fossil fuel energy with the more
expensive renewablédakob et al. 2014; Jakob and Steckel 2014; Barbier 2B&#)
exampleHussein, Hertel, and Golub (201f8)ds that a terrestrial carbon sequestration
policy will raise poverty in the majority of 14 developing countri&gassessing not
only the combined but also individual impacts of food price andwmecchange from
climate mitigation orcaloric energyntake, Hasegawak-ujimori, Shin, et al(2015)finds
thatreduction in calorie consumpti@epends more strongly amcome changeaused
by mitigationcost

Moreover,all of these analysdecusontotal caloric intakes the key measure of
consumer s 0 Tdtabalodic irdakes as svell as the associateetric ofpeople at
risk of hungeii who consume below certain calorie threshbls beenvidely adopted
to assesbongterm change in food securifarry et al. 2004; Rosenzweig and Parry
1994; Schmidhuber and Tubiello 200&)though calorie consumption depends on both
food price and incomét is very inelastic to price chang@s a resultwhen food prices
rise,the poor are mre than often to maintain caloric energy intékesl at the expenses
of diet diversity,nutritional qualityandthe consumption of other goofBrinkman et al.

2010; Campbel |l ardJdiffe.2012 Uoll€sse, K2<s,SaodBoem 2003;
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lannotti et al. 2012)Therefore existing studiesend tounderestimate the change in
consumer s6 wel | theempacygorchloric itakeawithoat tonsrdeyring
increasedood expenditures.

Finally, previous analyses have more focused on the comparison of impacts
between climate change and climate mitigatlut examined limited climate policy
instrumentsTwo of the most recent studies find lower calorie consumption under
scenariosvith stringent climate targetsompared tahosewith climate chage impacts
on crop yields, but botbonclude that it is necessary to mitighezausenany climate
change impacten agriculture are uncertan difficult to model(Havlik et al. 2015;
Hasegawa, Fujimori, Shin, et al. 2015herefore given the overall benefits of mitigation
by avoidingnegative climate impacts on itiple dimensions of food securityheeler
and von Braun 2013; Schmidhuber and Tubiello 208%at has been missing in the
literature is anoresolid andimportant comparisohetweeralternate climate policy
designsDifferent policies have different implications on land use pattangsmitigation
costs, and the associatgftanges in globalroducermprices vary largely undelifferent
policy structuregCalvin et al. 2013; Reilly et al. 2012; Wise et al. 20@930,
depending on specific policy rige adopted, regional econontiatcomes can vary
largely fromthe globalaveragen terms of mitigation costd&Edenhofer et al. 2010;
Hohne, den Elzen, and Escalante 2013; Luderer et al. 2012; Raupach et al. 2014; Tavoni
et al. 2015; van Ruijven et al. 2012ombined, themplications on food consumptions
depend on whickectors and country gupswill face the carbon tagGolub et al. 2013)

Therefore, more research is neededdok atthese dynamics and perspectives

thathave not been explored byisting studies and that could alter the results. My



research builds most directly on the wofkHasegawa, Fujimori, Shin, et §2015)
Like that research, my disgationexplores hovthetwo channels that climate mitigation
may affect food availability and accésshanging food prices by altering land use
patterns and changing income by affecting economic growth due to abatement costs
However,my analysiss different in three important ways

Firstitl ooks at the change i n c,oaakitom®r sd st
the widely adoptetbtal caloric intakein the context of IA model©ne sebf indicators
that has been well established in the empines¢arch community of food security is
closely related to household food expenditure @&daes et al. 2013Household food
budget share has been referred aftimeg e | 6 s ¢ o0 e rhdvas mvemsatytwith whi ¢ h
income(Houthakker 1957)Also, the FAO has adopi¢he share of food expenditure by
the poor as one food access indicator to compare across r{g#d014) These food
expenditure related indicatoisoweverhavebeenmostlyexplored empirically, but not
with respect to longerm projectionsTherefore, lg developinga set of new metrec
based on staple food budget share and total caloric intake, my dissexxatios the use
of IA modelsto increase insights into the drigeof longterm food availability and
access

Secondmy dissertatiocomparedetween a set of thredternate climate
mitigation poliges for achieving a stringent climate targdtese policies are designed to
be illustrativeto understand the potenitigsks associated with specific policy
instrumentsin particular, the policiegary with respect to whether or not and how land

use change emissions are managdéds extends the analysis lifasegawa, Fujimori,



Shin, et al(2015)that only focuses on mitigation in the energy systeiuding the use
of bioenergy

Third, | employ a different modeling framework frofasegawa, Fujimori, Shin,
et al.(2015) Not only the two core modal took are quite differenth generalwith
respect to model structures, representation of the enemgulage and land use sectors,
baseline assumptions, asd forth but also my analysis takes differeppaoaches to: (1)
estimate future consumer food prices, (2)
economic conditions due to mitigation costs, and (3) compare the impacts between the
two channels through which mitigation policy may affect food avaiifpland access
Using different methods is mainly to help us investigate whether the insights from
previous studies are robust, instead of making a judgement of which one ishbetéer.
detailedinformationregarding methodological compariscen be foad in Sectionl.3

andChapter 2

1.3. Methodologyoverview

The main objective of my dissertation to expltre complexXeedbacks between
energy, agriculture, and largystemsletermines that an integeat approacior meeting
both the climate goal and multiple dimensions of food secisritgeded, antherefore
one of thdntegrated Assessment (IA) modélthe Global Change Assessment Model
(GCAM) T is adopted

Food securityas we discussed in thedening,is an intrinsically
multidimensional and multifaceted issue. Different approaches have been taken to

address different component of this complex issue at different |€nedsset literature



focuses on the micrlevel food access and utilizatioy bsing empirical approach based
on household survey data, which has been closely tied to nutrition and human health
(Bhargava 2014; Bashir and Schilizzi 2013; lannotti et al. 204®)ther set of Igrature
qualitatively assesses the stability dimengBraun 2009; Alexandratos 2008; von Braun
and Tadesse2; Trostle etla2011;Jensen and Anderson 20,1d) combined with
micro-level data, explores the shoun impact of a system shock on other dimensions of
food securityBakhshoodeh 2010; lannotti and Robles 2011; Md&rtevel et al. 2012)

My dissertation, insteads in line withthe set of food security literatutieat use
IA models or agreeconomic models to assess lgegn trends of the mea-level food
availability and accessibility across the gldbescher et al. 2005; Hasegawa, Fujimori,
Takahashi, et al. 2015; Parry et al. 2004; Rosenzweig and Parry 1994; Schmidhuber and
Tubiello 2007) Although the temporal and spatial scopes of the modeling tool average
micro-level inequality and shoterm voktilities, the IA modeling approach is able to
provide insights of the lonterm trends along a wide range of uncertain futures.
Furthermore, using the 1A model allows me to explore the complex interactions between
the climate, economic, energy, land wma] agricultural systems within an integrated
framework.

In particular, | use GCAM 4,2a global Integrated Assessment (IA) model that
links the economic, energy, land use, water, and climate systems in a single, integrated
framework. It is a market eqibrium modeli prices for all markets adjust until supply
anddemandareequaa nd r uns t hr o ubgttomup tefrésentatiGrCoftMed s
global agriculture and lardse system is fully integrated with socioeconodrigers and

the energy systenthelink between energy and agriculture/land use sectors through
9



bioenergy allows us to explore the impacts of policies that price energy system emissions
on agricultural productiorAlso, thefeature of fullyintegrated land use system in GCAM
allows me to eplore the impacts of differemiolicy approaches to manatggrestrial
emissionn agricultural productiorifo answer my research questiorss bottomup
landsystem and the land udecisionmaking dynamic is one of theainadvantages of
GCAM, compareo other IA modelsincluding the AIM/CGEmodelused inHasegawa,
Fujimori, Shin, et al(2015)

To assestong-term food availability and accedsbegin withthe GCAM to
project futurecalorieconsumption and global market prices for staple commoditider
alternategpopulation and economic growth trajectories and clienaitigation strategie$
then estimate regional consumer prices along with future global market prices from
GCAM and apostestimatednetricbasedot onsumer s6 staple food
total caloric intakeChapter Zxgains each component and step of the modeling
framework.

Although the IA model approach, and GCAM in particular, has many strengths to
answer my research questions, there are also several limitations witbdkeéng
framework With respect to the IA mads overall, they are designed to assess-teng
trends but not system volatilities, and regional/national averages but nehwahbntry
inequalities. Both are important components to understand different dimensions of food
security.

With respect to GAM in particular, this version does not include a demand
response to price changes for crops or substitution between different food commodities

(Kyle et al. 2011). Also, differences in regional diet composition are assumed to reflect
10
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regional preferenceand the share of individual commodities in the shares of individual
food crops or animal commodities are fixed at the 2010 levels (Kyle et al. 2011). On the
other hand, GCAM is very flexible to switch the production between crops, and has
completely free lpbal trade of agricultural commodities. Specifically, because of this
free global trade, price of an agricultural commodity from GCAM is cleared at the single
global market equilibrium. By contrast, many general equilibrium (GE) models, like the
AIM/CGE model used irHasegawa, Fujimori, Shin, et §015) differentiate dmestic
and imported commodities and thus also generate regional prices by adjusting tariffs for
imports.Given the trade function in GCAM take a different approach éstimate future
regional consumer pricel is based oralternate assumptiomgongwith thesingle
global market pricérom GCAM, by usingempirical relationshipwith historical data
Moreover compared to the AIM/CGE modé&hDPin GCAM is exogenously
determined and thudoes not captureither the impact of mitigation coststbe
feedlacks to agricultural incomeud to changing food priceso asseseimpactof
mitigation costs on food availability and access by changing economic conditions, | take
atwos t e p Gekngexperimenthatinvolvesadjusing GDP offlinewith abatement
costs Finally, | conduct a decomposition analysis of the metric to distinguisimpacts
betweerthe two channels of effectschanging food prices and changing inconvhile
Hasegawa, Fujimori, Shin, et 015)compares between runs with and without land
competition with bioenergy to achieve ambitious climate mitigatosummarythese
different approachefsom earlierstudiesare takerbecause | try to explomew

perspective of food availability and accessdernewconditions, by using different

11



modeling tool that has advantages to explore the land system ¢&gdliih climate

mitigation.

1.4. Dissertation structure

The rest of my dissertation starts with the development of the metric of food
availability and access (FAALhapter 2 first reviews existing metrics that have been
adopted for longerm assessment usii®y models or agreeconomic models, by
discussing their strengths and weaknesses, and identifies that it is challenging to find an
appropriate metric that can be assessed using IA models. It then graposametric of
FAA with two main componest Specfically, the metrids defined as the fraction of
GDP per capitapent on staple food weighted by total caloric intdke metric is then
compared with another widely adopted metric from FAO using historical data.tNext,
modeling framework to estimateng-term FAAIn introduced including the core
modeling tooli GCAM, theadjustment of5DP with abatement costs, testimates of
consumption and global market prices of staple food along with socioeconomic
development and policy scenarisgh GCAM, theestimates of regional consumer psce
based on empirical relationship with the global market price from GCAM using historical
data, and the presentation of the base year FAA conditions using the methods developed
above.

Chapter Juns a series of experimis to better understand the metric and test its
robustness. It exploré®w variations of th&einteracting drivers will affect longerm

regional FAA.Specifically, t looks atthree dimensions of uncertainty: population and

12



economic growth, the evolutioof regional consumer prices, and shocks to global prices,
such as those caused by drought.

Chapter 4oresents the core results to answer my research questions that under
what policy conditions we need to be concerned about the unintended consequences to
FAA from climate mitigation, by using the set of new metric and methods developed in
Chapter 21t extends previous analysis to explore a range of alternative climate policy
instruments, including carbon price on the energy system emisdmresoron terestrial
emissionsas well, or withtwo levels of natural land protection in each regibm.
understandhe underlying causeg not only investigatethe combinedbut alsothe
separate effects of the two chanrieshanging food prices due to land usenpetition
and changing income due to abatement do#itsough whichglobal climate policiesnay
impact regional FAA.

Chapter Siscusses thpolicy implicationsspecificto climate policies in the land
use sector. Results from Chapter 4 are applieddonmland use policiewith respect to
how to minimize or avoidhe potential unintended outcomesftmd availability and
accessvith more carefully desiged policies Chapter 5 focuses on the land use policies
in practiceat both international and natiainevel such aghe Reduce Emissions from
Deforestation and forestdgradation(REDD), and national policies witeveralkcase
countriesincludingBrazil, Indonesia and a few African countries

Finally, Chapter 6 concluddgst with arecapof thekeyresuls that answer my
research questions. It then discuds®aderpolicy implicationsbeyond land use
policies, such as measures timproveagriculture and food systems while limiting

cropland expansigrsuch asustainablegricultural intensificatin, food chain resilience,
13



as well agslemandside managemerfResearcltaveats, contributi@andfuture research

directionsare discussed in the end
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Chapter 2. Assesdood availability and accessith a new metric (FAA)

Food security is an intrinsically multidimgional and multifaceted issue. The
Food and Agriculture Organization (FAO) of United Nations categorizes food security
with four key dimensions: availability, access, utilization, and stalffi&O, IFAD, and
WFP 2012) These four dimensions are often conceptualized as a pathway that can be
traced from the mactkevel physical availability tohte micrelevel food access and
utilization with stability being the ability to achieve these three dimensions as a function
of time (Jones et al. 2013; Barrett 2010)

Given thecomplexityof food availability and accessibilityt is challenging to
find a metricto be examined using IA models. This chapter first reviews a number of
indicators that have beavidely adopted folong-term assessments, by discussing their
strengths and weaknesses. Based on the review of existing metrics diévietopsa new
metric d food availability and access, FAAs well as a set of methodspostestimate
the metric usig outputs from one of tHategrated Assessmefif\) modeli the Global

ChangeAssessmentlodel (GCAM)

2.1. Existing metrics for longerm assessment

A diverse set of tools and models, includiAgandagreeconomic mode|have
been employetb explorelongterm trends of the macilevel food availability and
accessibility across the gloffeischer et al. 2005; Hasegawa, Fujimori, Takahashi, et al.
2015; Parry et al. 2004; Rosenzweig and Parry 1994; Schmidhuber and Tubiello 2007)
IA and agreeconomic modelare able to investigatee effects ofnultiple uncertain and
interactingdrivers such as population, economic growth, and climate changjéfenent
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aspects of food security. Given the complexity and multiple dimensions of food security,
a number of indicators have been adopsedh agotal caloric consumptiomutritional
status, and international food pricbg using model outputs either directly or witbst
estimationtechniquegvan Dijk and Meijerink 2014)However, there are limitations in
terms ofusing these indicators assess lonterm food availability and access

It is very common to look at total calorict@ke or metrics that are based on total
caloric intake, such as prevalence of undernourishment (Pothe aumber of people at
risk of hungerwhich is defined and calculated th® population whose total caloric
consumption is below certain national ¢ishold in the IA modeling commnity
(Hasegawa, Fujimori, Takahashi, et al. 2015; Parry et al. 2004; Parry, Rosenzweig, and
Livermore 2005; Fischer et al. 2005; Rosen et al. 2014; Schmidhuber and Tubiello 2007)
Another exampl®f the total caloridbased indicatoiis child malnutritionwhich is
estimatedusing anempirical relationship with average catoavailability (Nelson et al.
2010) Although total caloric intake and thetal caloriebasel measures magapture the
impact of changing income on food access, they may not well capture the impact of
changingfood priceecause cal orie demand-bangare i nel as:
likely further reduced by increased food expenditures. Risiogd prices tend to increase
food expenditures as well as pove(ityanic and Martin 2008; Ivanic, Martin, and Zaman
2012)

Total calorie intakés unresponsiveo price changelecause of two maicauses.
First, because demand for food is relatively price inelé&ndreyeva, Long, and
Brownell 2010; Geen et al. 2013higher prices or large price shocks, such as those

caused by severe drought, may cause small changes in consumption level but large
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increassin food expenditure anidrge declines invelfare of the poofde Hoyos and
Medvedev 2011; Ivanic, Martin, and Zaman 2013)condincreasing prices may
decrease nutritional quality instead of total calorie intake, as consumers try to maintain
the level of energy consumption at the expense of dietary divéisitgen and Miller
2010) While there is evidence that higher prices do cause some reduction in total calorie
intake particularly for households with higher baseline calorie inlak@otti and Robles
2011) households with low baseline caloric consumptidhe most food insecuiieare
less likely to reduce total energy, but rather shift consumption toward staple
commodities, with assodied declines in nutritional qualifBrinkman et al. 2010;
Campbell et al. 2010; D6Souza and Jol i ffe
lannotti et al. 2012)Perhaps countentuitively, rising prices for staple commodities can
increase both the share of calories from, and total consumption of, $&idesias
2003) Maintaining total calorie consumption in the face of rising staple prices requires
shifting consumption away from, still comparatively more expensive, animal ard non
staple crop foosl

Some other studies examine global and regional producer prices that are directly
generated from 1A or agreconomic models. For examplenamber of global leading
agraeconomic modelexploredfuture global foogroduction, demand, and resulting
prices across different socioeconomic and climate changactsscenariogNelson and
Shively 2014; von Lampe et al. 2014#) this exercisechanges in world food prices due
to increasing population and incomvere different both in magnitude and sign and
highlydepenénton model s& as s ump tovemansrates\arelother he vyi e

features of the food systefWalin et al. 2014)The effect olong-term climate change
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impacts on crop yieldsesulted in consistently highesorld pricescompared to the
reference scenario without climate impaatsossall participatingmodels(Nelson et al.
2014) More recent studies extend the analysis by including a broader range of
socioeconomic scenarios afiiid the same resuftHavlik et al. 2015; Wiebe et al. 2015)
Other factors also cause higlmices, includingesource competition with bioenergy
(Lotze-Campen et al. 2014and strong mitigation polies that cover lardse change
emissiongHavlik et al. 2015)

The food priceestimatsin these studieareeither globamarketcleaing prices
or regional producer priceslowever, understanding food accesguires information of
the market pricefaced byconsumerswhile produceprices arenly one componeruf
consumer priced here can be large variability in consumer prices across countries.
These differences atie tofactors like income levetransportation costs, exchange
rates, producer and consumer subsidies, trade restriamh®ther policy interventions
(Bakhshoodeh 201@awe and Maltsoglou 2018rown and Kshirsagar 2015; Dawe et
al. 2015)

As far as we discussed, both total caloric intake and global and regional producer
prices have some limitations in assessingtarg food availability and access. In the
next sections, develop a new mat that incorporates the staple food budget share and
total caloric intake, busing outputs fronGCAM and taking into account consumer food
prices,incomeand average caloric intake the regional level.

2.2. A newmetric of FAAwith two components

One sedf indicators that has been well established in the empirical research community

of food security, but not in the 1A modeling framework, is closely related to household
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food expenditure dat@ones et al. 2013and the household food budget share has been
referredasthengel 6s coefficient, wh(Hauthakkeoves i nv
1957) Also, the FAO also adopts the share of food expenditure by the poor as one food
access indicator to compare across natfpA®© 2014) Therefore, the proposed metric
incorporates both the staple food budget share and total caloric intake.

ThemeasurgFAA, or the consumption adjusted staple expenditure as % of average

income is defined as the shepf GDP per capita spent on staple food commodities,

weighted byrelativetotal caloricintake The mathematical expressisnshown in

Equationl:
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Equationl
Where:

"00 Op; = food availability and access of regioim yeart under scenarie
0 rr i = consumption per capita of staple commodity regionr in yeart under scenarie
0 ki i = consumer food price of staple commoditf regionr in yeart under scenarie

‘Onr = GDP per capita of regianin yeart under scenarie (as indicative of the average
income)

'O i = daily caloric energy consumption per capita of regiamtimet

O = dalily caloric energy consumption per capita of US in 2010 (3542 kcal/capita/day;
this is the GCAM baseline value calibrated with the FAO historical data)

The proposedhetricis the product of two parts. The first part reflatis average share
of income spenbn staple foosl in a regionA large fractiorcan occur when income is
low, consumption is high, and/or prices are hidiocus on staple food commoditjes

includingcorn, rice, wheat, other grains, and roots and tubetsonly becausstaples
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tend to be the maienergy sources for the pobut also considering théte share of
dietaryconsumption of staple goodsan indicator ofutritional statusTherefore, the

first part captures both a nutritional and economic component of food aat#sssame
level of total caloric intake, high consumption of staples is an indicator of low nutritional
quality, and low levels of economic access occur when a high shisneoaieis used to
purchase staplek fact, once energy intake is sufficient, consumption of staples tends to
decrease as income increases, so these measures reinforce each other.

The second part of the metric comparesrédggonalaverage daily total catie intaketo a
reference valu@United Statesn 2010) Total calorie consumption reflects availability of
food as well as basic nutritional stataadvariesacross regiong-or consisteny with

the expenditure piecHe regional valués placed as #ndenominatorsothat lower

caloric consumptiogenerates a higher value and indicates lower food availal#iiy

as the product of the two piecdsgher values ofhe metric signalvorse FAA

conditions

We compareur metric FAAwith anFAO indicatorof food access, tharevalence of
undernourishmenFAO, IFAD, and WFP 2014 usingrealcountrylevel data from 2003
to 2008 Thegenerakrends indistributionand magnitud@cross countrieare consistent
between the metrigéigure2.1). Both identifySubSaharan Africasthe worst, while
slightly disagree about several countries in ASiae FAO metric deperstbn income
levelanddistributionthatmore closely link to povertyand total caloric intake, and thus
indicates similar food access conditions in the poor Asian and African reGionBAA

metric, by also accourmg for regional variability of consumer priceshows better food
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access in the poor Asian countries, suggesting that consumers in these countries may face

lower staple food prices than consumers in the poor Africa.

& ‘f‘f“ R

Toar

Consumption adjusted staple expenditure as % @ Prevalence of undernourishment
average income % of population
below | 1-2 25 5-10 10-15 15-20 above 20 below 5 5-10 10-20 20-30 30-35 35-40 above 40
(a) (b)

Figure2.1 Foodavailabilityand accesby country with historical data, average 2608
Reflected in: &) ourFAAmetric of consumption adjusted staple expendiuas % of average
income; andl) FAO metric of prevalee of undernourishment

2.3.Model longtermFAA
With the proposed metric, | empltlye Global Change Assessment Model
(GCAM 4.2) to explore the impacts of mitigation on regional FAA under a set of
scenariosbytaking into account alternate climatelicy designs and socioeconomic
pathways, the effects of both changing income and food gdrm@sclimate mitigation
regional variability of consumer pricesnd the resulted change in both staple food

budget share and total caloric intakbe modeling frameworlsishown m Figure2.2.
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Figure2.2 Modeling framework

In the next subsectionsekplan each of the key componentstite modeling
framework First,the core modeng tool, GCAM, isintroducel, and how it estimates
changes in food consumption agidbal prices along different expectationspafpulation
and GDP growthSecondatwo-st e p 6 s mo d e |thattaffes mte @ceount thee n t
effect ofincome changes due abatement costs preseneéd Third, the effects ofand

use competitiofirom climate mitigation omglobal market prices describedFourth the
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empirical relationships to model futuregional consumer pricedgth the global market
prices from GCAM &e developed using historical data. And finally, the regional FAA

conditions in the base year are presented using theeptistation process
2.3.1. The Global Change Assessment Model (GCAM)

The Global Change Assessment Model (GCA&4)artial equilibrium modehat
links the economic, energy, land use, water, and climate systems in a single, integrated
frameworK. It has been extensively applied in climate research to examine the effects of
different mitigation strategies as well as climate change im@etsin, Clarke, Key,
van Ruijven, et al. 2012; Thomson et al. 2011; Wise et al. 2009; Nelson et al. 2014,
Kriegler et al. 2013)GCAM captures interactions between improvementeéhnology
andproductivity over time, demand changes due to increasiogenougopulationand
income levels, and the resultigipbalmarketclearing price®f primary and secondary
energy, agricultural and forest produttisough 210Gt a fiveyear interval

The agricultural sector is composed of 12 globally traded crop commodities and
five animal product commaodities. Yields in each land use region are calibrated to historic
data, with regionally specific rates of yield improvement (Wise and Calvin 2011; Kyle et
al. 2011). There are a total of 283 agriculture and land useegidns in GCAM
comprised of 32 geopolitical regions, overlaid with 18 Agoological Zones (Calvin et
al. 2014). Each of the 283 land use regions is comprised ofifplémd use typeis12
crops pasture, forest, grassland, shfahd, other arable land, and biassi that are

fully integrated into the economic system, as well agkogenous categories of tundra,

I More documentationsan be foundat https://wiki.umd.edu/gcam
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rock/ice/desert, and urbaand. The decision of land usebiased orthe relative
profitability amongalternativeusegCalvin et al. 2013)

Under different population and economic growth scenarios, both regional
consumption and global prices will change in&C Total food demand is directly
driven by both population and income levels. All else equal, more people will require
more food. Similarly, higher incomes will result in higher demand, particularly for
consumers with currently very low income and constizngevels. In these scenarios,
crop yields improve at exogenous, regionalhecific rates that are consistent with the
FAO forecasts (Kyle et al. 2011), so increased demand, either from higher income or
larger populations, will cause agricultural protioic to expand into less productive land,
decreasing average yields and increasing global prices.

2.3.2. Modelincome change witabatement costa GCAM

As GDP are exogenously decided in GCAM, in order to investigate the effect of
changing income (GDP per cagjitdue to abatement costs on FA&pnduct a twe
stepds mod e |tdadjgst treexogenasusiydecidded@DP.

Specifically, n the first rurof each policy scenaridobtain regional abatement
costs in each fivgear interval periodyhich, as disassed, are affected by both the
policy tool and socioeconomic pathwdayCAM simulates th@ptimal carbon price and
emission pathwasto reach the climate targeith eachalternative policy too(Figure
Al5andFigure AL6in Appendicey and the associated regional abatement costs are
measured in term of the area under marginal abatement cost.curves

| thencalculate thenew GDPtrajectories through 2108y subtracting theriginal

GDP by abatement casin each periodffline. Theseadjusted new GDP growth
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trajectoresare next translateidto equivalent labor productivity growth pathveato be

used as exogenous inpin the second run of the policy scenaribse secondun
repeats the f i r s tandpolicpdesgn ®© reack the climrate farget h wa y
Theoretically, with the adjusted GDP per capita, both food demand and global market
prices will be affected in the second run, and thus the impact of changingginic@mo

abatement costs is incorporated.
2.3.3. Model food price change with land use competition in GCAM

G C A M0 s-usk systahincludesl8 land use typeis12 cropspasture, forest,
grassland, shruland, other arable land, and hiass that are fully integated into the
economic system, as well as #seogenous categories of tundra, rock/ice/desert, and
urban &nd. The decision of land usebiased orthe relativeprofitability among
alternativeuseg(Calvin et al. 2013)The feature of fullyintegrated land use system in
GCAM allowsmeto explore the impacts of policies that protect natural land or value
land u® change emissions on agricultural production. Moreover, the link between energy
and agriculture/land use sectors through bioenergy ahosts explore the impacts of
policies that tax energy system emissions on agricultural production.

The agricultural sctor iInGCAM captures interactions between improvements in
agricultural productivity over time, demand changes due to increasing population and
income levels, and the resulting mark#taring pricest the global leveMWe define this
market equilibriunprice as global producer price, in differentiatingm the regional
consumer prices that we will post estimaath increased demand, either from higher
income or larger populations, agricultural productemdsto expand into less productive

land, deceasing average y@s$ and increasing global prices, which, however, may be
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offset by the regionally specific rates of yield improven(&ise and Calvin 2011; Kyle

et al. ©11) However, when the available land for agriculture is limited or reduced due to
the expansion of other more profitable competing use, the cost of food production is thus
increased, so is the global producer price, until the agricultural product beoone
profitable. Therefore, with thedopted climate target and alternative policy instruments

in our scenarios, theelative profitability of forest and bioener@two mitigation options

T increases, which may restrain agricultural expansion or epércescrop production.

As food demand keeps growing, global food price raises so to compete with the land use

type for mitigation.

2.3.4. Estimate regional consumer prices based on empirical relatisnship

Many IA models, including GCAM, estimatgobal markefclearing(van Dijk
and Meijerink 2014pr domestic producer mesthat includeregionaltransport cost
functions(Havlik et al. 2015; Biewald et al. 201%jowever, neither global nor domestic
producer priceprovideaccurate estimates of consumer prigebence food
expendituregBrown et al. 2012)Using producer prices wibothunderestimate
Cc 0 n s u me expedditdres and obscuregional variability in consumer pricds. this
section,| developtwo empiricalmodelsto estimateegional consumer priceas a
function ofglobal market priceand other factors.

2.3.4.1. Alternative assumptions of regional consumer prices in 2050

Differences between consumer prices and producer prices, also called price or

distribution magins, are caused by costs along the food supply ¢teamagricultural

productionto food processing and distribution sect{®snith 1992) Theseother costs
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are larger in higher income countrigglamopoulos 2008) the price of producing crops
represents a smaller share of consumer food prices as income increases. This difference
in margin between ritand poor countries is important when producer price shocks: the
passthrough to consumer price will have a larger proportional effect in laveeme
regions.Moreover, consumer prices will also be affected by other cospegific
factors such as tmasportation costs, exchange rates, producer and consumer subsidies,
trade restrictions and other policy interventigBakhshoodeh 201@awe and
Maltsoglou 2014Brown and Kshirsagar 2015; Dawe et al. 2015)

To estimatdutureregional consumer pricelsdevelopempirical relationships
with variables such asthéni t ed St at esd pr o dlabalmarketpr i ces
price9, regional foodsupply, and incom The choice of variables was determined by
theoryi these variables represent known correlated of consumer pracesdata
availability, both historic and model outputhis approach is nentended to be a
structural analysis afonsumer food pricebutto use historical correlations estimate
long-term consumer prices in a simple and straightforward way.

Moreover,| exploreuncertaity aroundhow regional consumer prices may
change over timby employing two models that represent different possitays of
price evolvement in 2050. Consumer prices are influenced by many factors, some of
which may interact (e.g., income level and institutions) and there may be unobservable,
unchanging countrevel characteristicd'he two methods are developeddsn two
alternativeassumptions about the change of these regional characteristics except for

income Table2.1).
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Table2.1 Two scenarios of changes in regionatsamer pricg over time

Main assumptions
The segmented Regional consumer prices will change with the global mark
market prices, the average food supply, and the average income le
(Equation2) (GDP per cdta), regional fixed effects persist.
The integrated Countryspecific characteristics will be negligibéend regional
market differences are only due tthe relative labor costs (GDP per
(Equation3) capita).

60 1 1 JY®HO 1 d onHwEy I W EOOBOON | QQOHH & QQi
Equation2 ¢ the segmented market
60 1 1 JY®O 1 WEODTLON
Equation3 ¢ the integrated market

Where:

6 0 Regional consumer price of staple commodity i

"y'8 0= US producer price of staple commodity i, as a proxy fogkbleal equilibrium price
[ O oI i food supply per capita of staple commodity i

"00 i & GDP per capita

I QQ0o & a " QQCAM region fixedffects variables

2.3.4.2. Data

| build separate models feach of thdive staple commoditiessing historical
data fromseveral different sources: (1) domestic consumer food prices from the
International Labor Organization October INnQUIBABORSTA Internet 2014)(2) the
United Statesd producer prices (FAOSTAWT t he Fo
2014b) (3) national food supply from the FAO food balance shE&8©STAT 2014a)
(4) population from the United Natioiignited Nations 2012)and (5) GDP in PPP from
the Penn World Table (PWT7.[0he Penn World Table 2012)he availablelata set

covers the time period 0of 1985200 08. The Uni ted Statesd prod
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as a proxy of thglobalmarket prices in order to be consistent with GCAM calibration of
the base year global equilibrium priqés/le et al. 2011)

Most of the original data are reported at the national or subnational level, and this
section explains how theslata are processed and aggregated to the 32 GCAM regions,
using consistent methods by which agriculture and secomomic base year data are
calibrated in GCAMKYyle et al. 2011)

ILO consumer price data are collected from individual national authorities and
combined with little harmonization. It reports food psde local currency at either
national or subnational level from 1985 to 2008. The first step to clean the ILO data is to
calculate the national price when more than one observations are reported in each
countryyear.l takethe simple average of all reped numbers to make it consistent
across all countries given the extremely low availability of subnational data in certain
regions. However, it may create bias when subnational consumer prices are not
representative, especially when r@presentative precdata are averaged for the single
country regions in GCAM. For example, in the case of China, all of the five reported
subnational observations come from cities, which are likely to overestimate national
consumer food prices. One possible solution isstothe incomaveighted national
average for China. This adjustment, however, may have to be performed orbg-case
case basis for other countries, depending on the nature of bias from reported observations
as well as data availability at the subnationa¢leTo make it simple and transparent, we
did not make any subnational adjustment.

The second step is to harmonize currencies. National prices in nominal local

currency are first converted to nominal US dollar by applying the International Monetary
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Fund(IMF) based exchange rafesnd then adjustments are made in the case of change
of currency or hyperinflation occurred during the time period of 1985 to*2a08

finally, all prices are transformed to constant 2005 US dollar by applying the GDP
deflators reported by the US Bureau of Economic Anaty3ike same deflators are used
for converting US producer prices and national GDP that are originally reported in
nominal dollar to the constant 2005 US dollar.

The third step is to harmonize the foteihns covered by different sources. Both
the ILO consumer food price database and the FAO food balance sheets cover a long list
of food items, of which we focus on 5 categories, including corn, rice, wheat, other
grains, and roots and tubers. The harmogimethod between GCAM commodities and
FAO definition of food items can be foundHKtyle et al.(2011) andTable2.2 shows
what are available in the ILO database and how they pair with the GCAM commodities
as well as FAO food items.

Table2.2 List of GCAM commodities and ILO and FAO foodsitem

GCAM commaodity ILO food item FAO food item
Corn Corn (maize), flour Maize
Corn (maize), whole grain
Rice Rice, long grain Rice (Paddy Equileant)
Wheat Wheat flour, white Wheat
Wheat flour, whole
Other Grain Sorghum Barley
Cereals, other
Millet

2 Data source: Ae National Accounts Main Aggregates Databaketed Nations Statistics Division
http://unstats.un.org/unsd/snaama/dllist.asp In this database, the IMF reported market exchange rates
are first selected, andther IMF rates (official rates or principal ratesg usedvhen market ratesre not
available

3 Conversion rates between the old and new currencies can bedfa
http://faostat.fao.org/site/564/default.aspx

4Table 1.1.9. Implicit Price Deflators for Gross Domestic Product.
http://www.bea.gov/iTable/iTable.cfm?ReqID=9&step=1#reqid=9&step=1&isuri=1
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Oats

Rye
Sorghum
Root & Tuber Cassava Cassava
Potatoes Potatoes
Sweet potatoes Sweet potatoes
Yams Yams

Roots, Other

For corn and wheat, ILO provides consumer prices of two different products
under each commodity respectively. However, we cannot further differentiate the two
products on the FAO side, and both the US producer prices and consumption data are
reported for oa item only. Thusl, decide to use the consumer price of corn flour to
approximate the consumer price of corn given higher data availability between the two
corn producty and similarly use the consumer price of white wheat flour to approximate
the consmer price of wheat. For other grains, the ILO price data are only available for
one itemi sorghum, and thus the consumer price of other grains is approximated by the
consumer price of sorghum. On the other hand, the US producer price of other grains is
the productioaveighted average of the producer prices of five food items list under the
commodity category barley, millet, oats, rye and sorghum. For roots and tubers, both
ILO and FAO cover four main food iteriscassava, potatoes, sweet potatoes, antsy
Therefore] use the consumptieweighted average to estimate consumer price of roots

and tubers, and the productiareighted average to estimate producer price.

5> Except for India, Indonesia and Pakistan, all of whichiagdescountry regions in GCAM but only have

the prices of whole grain corn reported. To reduce missing data at the regional level, we instead use the
prices of whole grain corn for the three countries. We also tried estimating the corn flour prices for the
three countries using a simple linear relationship between the prices of the two products based on data of
countries where two prices are available. But the estimates are not comparable to the prices of other
food commodities in the three countries.
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In the fourth step, a countpanel data set is built combining data from different
sour@s in a consistent way, including consumer prices and total consumption of staple
commodities, as well as total GDP and totghydation | then aggregate national data to
the 31 GCAM region$&: regional consumer prices are consumptiarighted averagef
national pricesand regional per capita consumption of staples and regional per capita
GDP are generated using regional total population dividing total consumption and total
GDP respectively.

It should be noticed, however, only the countear observabns that have no
missing value for all variables in that year are included in regional aggregation. For
example, consumer prices of corn are available for only three Eastern African céuntries
in 1985, and thus not only the regional corn price buttaksd regional GDP, population
and corn consumption are based on the thre
the consumer prices that constrain the number of observations included for regional
aggregation. The magnitude of missing data acreassyis another drawback of the ILO
data, especially for countries where national data collection is insufficient. The problem
can be modated when aggregating to the r@hional level as the proportion of missing
data is reduced substantially, but regiblbias may exist when a few countries dominate

the data in certain yearfable2.3 provides descriptive statistics at the regional level.

6 Exduding Taiwan that has no agricultural data.
" They areBurundi Comorosand Rwanda
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Table2.3 Descriptive sttistics for the aggregated regional data

Variable N % of Mean Description Unit Data
(31*24=744) missing  (std. dev) source
CP Corn 417 43.95% 1.19 Regional 2005US$/kg ILO
(1.05 consumer price
Rice 662 11.02% 1.21 of each grain
(0.91 staple
Wheat 654 12.10% 0.80 commodities
(0.54)
Other 140 81.18% 0.81
Grain (0.69
R&T 679 8.74% 0.73
(0.69
US.PP Corn 24 0% 0.12 US producer 2005US$/kg FAO
(0.03) price of each
Rice 24 0% 0.2 grain staple
(0.06) commodities
Wheat 24 0% 0.16
(0.09
Other 24 0% 0.12
Grain (0.02)
R&T 24 0% 0.17
(0.02)
supply.pcap Corn 744 0% 25.12 Per capita kg/capita FAO
(30.11) consumption of
Rice 744 0% 33.37 each grain
(39.98) staple
Wheat 744 0% 76.04 commodities
(49.11)
Other 744 0% 9.97
Grain (13.77)
R&T 744 0% 62.62
(41.48)
GDP.pcap 732 1.61% 10574.01 Per capita GDP 2005US$/capita PWT7.1/
(11190.35) (in PPP) UN
GCAM Corn 26 16.13% n/a GCAM regions n/a n/a
region (excl. Taiwan)
dummies Rice 31 0.00%
Wheat 31 0.00%
Other 14 54.84%
Grain
R&T 31 0.00%
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2.3.4.3. Regression results

Table2.4, each column for one individual staple commodity, shows the OLS
estimates of theegmented market mod@&imilarly, Table2.5 lists the OLS results dahe
integrated market model. Axpected, regional consumer prices tend to positively related
with gl obal market prices (as indicative
per capita, bubhegatively related with average staple food supply. All estimates of the
region dummies are compared to the consumer prices in Australia and New Zealand, and
a missing value indicates that historical consumer price data are not available for that
staple conmodity in that region.

Table2.4 OLS estimates of treegmented markeinodel (with robust error)

Corn Rice Wheat OtherGain Root_Tiber
Intercept -0.66 0.77 1.26*** -1.20 -0.62
(1.34) (061 (0.34) 1.75) (053)
US.PP 1.91 2.27*** 2.08*** 4.18** 1.58***
(2.01 (0.29 (022 (1.46 (044)
In(supply.pcap -0.12* -0.20 *** -0.27 *** 0.4 -0.27 ***
(0.06) (0.03) (0.05) (0.09 (0.05)
In(GDP.pcap 0.38** 0.04 0.09** 035* 0.26***
(0.14) (0.06) (0.M3) (0.16) (0.05)
GCAM regional dummies (compared to Australia_NZ):
USA n/a 012+ -0.59 *** n/a -0.24 *
(0.06) (0.06) (0.11)
Africa_Eastern -1.11* -043* -0.67 **  -1.06 0.16
(0.57) (0.21) (0.18) (0.81) (0.20)
Africa_Northern -1.18 * -0.40 ** -0.47 **  -0.51 -0.16
(0.48) (0.15) (0.12) (0.44) (0.14)
Africa_Southern -1.17 * -0.25 -0.51 *** 1,69 *** 0.40 *
(0.55) (0.20) (0.14) (0.46) (0.20)
Africa_Western -0.83 0.07 -0.43 ** -1.37 * 0.57 **
(0.51) (0.20) (0.15) (0.68) (0.22)
Brazil -1.82 *** -0.03 -0.60 ***  n/a -0.17
(0.31) (0.11) (0.08) (0.14)
Canada n/a 0.88*** 0.02 n/a -0.52 ***
(011 (0.07) (0.11)
Central America and Caribbean -1.36 *** 0.12 -0.57 ***  -1.44* 0.09
(0.312) (0.15) (0.07) (0.57) (0.16)
Central Asia -1.64 *** -0.37 ** -0.40 ***  nla -0.26
(0.40) (0.14) (0.11) (0.14)
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China -1.96 *** -0.39* -0.78 **  nla -0.25

(0.40) (018 (0.11) (0.16)
EU12 -2.01 *** -0.44 *** -0.62 ***  -1.62 *** -0.53 ***
(0.32) (0.09) (0.07) (0.39) (0.11)
EU15 -1.32 *** 0.76*** -0.30 ***  n/a -0.21
(0.27) (0.06) (0.07) (0.11)
Europe_Eastern -1.76 *** -044 ** -0.60 *** n/a -0.20
(0.412) (0.15) (0.09) (0.14)
Europe_Non_EU -0.63 0.52 *** -0.18 n/a -0.48 ***
(0.32) (013 (0.10) (0.12)
Euopean_FTA 1.57 *** 1.25%** 0.14 n/a -0.10
(0.46) (0.13 (0.07) (0.11)
India -1.92 *** -0.14 -0.90 ***  -1.69 ** -0.45 **
(0.43) (0.19) (0.11) (0.57) (0.16)
Indonesia -1.67 *** -0.12 -1.09 **  nla -0.33 %
(0.43) (0.16) (0.10) (0.15)
Japan n/a 3.56*** 0.47 *** n/a 1.87 ***
(0.23 (0.08) (0.16)
Mexico -1.96 *** -0.18 -0.66 ***  -1.97 *** -0.21
(0.35) (0.11) (0.07) (0.34) (0.14)
Middle East -1.17 ** 037 ** -0.35***  -0.52 -0.43 ***
(0.45) (0.12) (0.08) (0.75) (0.12)
Pakistan -1.91 **=* -0.33 * -0.72 ***  nla -0.62 **=*
(0.40) (0.16) (0.12) (0.16)
Russia n/a -0.49*** -0.62 **  nla -0.39 **
(0.11) (0.08) (0.12)
South Africa -0.53 0.21 -0.29 ** -1.48 *** -0.26
(0.47) (0.11) (0.09) (0.41) (0.13)
South America_Northern -1.69 *** -0.26 * -0.45 *** -0.58 -0.16
(0.38) (0.12) (0.08) (0.55) (0.13)
South America_Southern -1.39 *** 0.01 -0.15 -1.89 *** -0.18
(0.35) (0.11) (0.08) (0.49) (0.13)
South Asia -0.57 -0.08 -0.96 **  nla -0.33
(0.39) (019 (0.11) (0.17)
South Korea n/a 1.52%** -0.74 *** n/a 0.28
(0.10) (0.06) (0.15)
Southeast Asia -0.35 -0.12 -0.39 ***  -1.20 -0.36 **
(0.26) (0.14) (0.09) (0.71) (0.14)
Argentina -1.58 *** 0.40** -0.47 **  nla -0.27 *
(0.28) (013 (0.09) (0.12)
Colombia -1.43 *** -0.15 -0.77 **  nla -0.05
(0.36) (0.112) (0.10) (0.13)
Num. obs. 417 662 654 139 679
Adj. R"2 0.75 0.85 0.76 0.56 0.82

Note: std.dewvith robust errois reported in (); significant level: *** p<0.001, ** p<0.01, * p<0.05
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Table2.5 OLS egmates of the converging model (with robust error)

Corn Rice Wheat OtherGain Root_Tiber
Intercept -3.75 *** -3.51 *** -1.02*** -2.32 *** -2.07 ***
(0.50 (0.2 (0.16) (0.48 0.23
US.PP 2.83 2.08 *** 2.10 *** 5.51 ** 1.86 *
(1.72) (0.45) (0.40) (2.03) (0.87)
In(GDP.pcap 0.55** 0.49** * 0.17 *** 0.32 *** 0.29***
(0.05) (0.8) (0. (0.05 (0.02
Num. obs. 417 662 654 139 679
Adj. R"2 0.33 0.39 0.22 0.24 0.26

Note: robust std.dev is reported in (); significant let®{:p<0.001, ** p<0.01, * p<0.05

Besides, | also test other model specifications, such as using linear and quadratic
of the independent variables, as well as including a net trade variable, calculated by
export minus import. Since GCAM does not modelérildws among regions, our
choice of trade related variables is limited to net trade that can be calculated as the
difference between total domestic supply and demand. Net trade is not significant in any
model specification, probably indicating that thewection between global market
prices and regional consumer prices is not dependent on trade, and there might be a signal

effect of the global market prices to regions even not participating international trade.

2.3.5. RegionalFAA conditiorsin the base year

By using the methods developed in secdBi4 this section presents the regional
FAA conditions in the base year of 2010 as an illustration based on the outputs from
GCAM. The twoempiricalmodels provide different insights abdth have some
advantages and disadvantages.

For the2010estimatesthesegmented markabodel reveals greater regional
inequalityin consumer prices and FAA thandoestheintegrated markanhodel Figure

2.3), and is closer to what have seen in recent histagufe2.1). TheFAA indicates
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thatin Eastern andlVestern Africaa person who consumes average total calorie and
average staple food and eaaveragancome gpend almost a quarter bis/herincome

on staple foodand15to 20percentn Southern Africafigure2.3a). These levels of
consumption adjustestaple food expenditure correspond to about 239 million
undernourgshed people, or 30 percent on average, in&almran Africa in 201(FAO
2010) In comparisonAsia and the Pacific regions on average have about 16 percent
undernourished population in 20@AO 2010) Correspondingo FAA, the

consumption adjustedaple expenditure is aboli® to 15percent for people at the

regionalaverage in South Asia, and all other Asian regions below 5 pefagot€2.3a).

(a) Segmented marke (b) Integrated market

Consumptionadjusted staple expenditure as % of average income

below | 1-2 2-5 5-10 10-15 15-20 above 20

Figure2.3 Foodavailabilityand accessonditions in 2010
By using the regional esumer prices estimated witha) thesegmented markeinodel; @) the
integrated markeimodel.

The integrated market model, on the other hand, is developed to address the
uncertainty of the persistence of regional fixed effects to 2050. It assumes that the fixed

effects will be negligible in 2050 and regional variability in consumer prices wilingecl
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In reality, what we may see is a combination of some degree of convergence with some
fixed-effects still in place. For example, many of the subsidies or high inventories in
some Asian countries that have historic#dg to lowdomestic prices may beme more

and more expensive to maintafarcing consumer prices upwardther characteristics,
such as geographic or natural resource limitations though, are less likely to entirely

disappear even in the lomgn.

38



Chapter 3. FAA under different future scenarios

This chapteaims to better understand tmetric of food availability and access
FAA, by running a series of tests aus alternate expectations of the futurdbQ
Specifically, it exploreshe sensitivity of FAAto three dimensiongopulation and
ecanomic growth the evolution of regional consumer prices, and shocks to global
producer prices, such as those caused by drought.

First, the impact of population and economic growthicwd consumption and
globalmarketprices for staple commoditiese exporedalongfive alternative
population and economic trajectorias defined by the Shared Socioeconomic Pathways
(SSPsY O6 Nei | | .Setondathe.sengit@itie8 gf changes in regional consumer
pricesis exploredby using thewo empiricalmodelsthat are developed in secti@rB.4
reflectingdifferent way in which regional consuen prices may evolve along with global
prices in 2050Finally, the impacts of rising food prices caused by factors beyond
population and economic growth is evaluatedrizyeasingglobal produceprices for

staple commodities iB050by 100, 200 and 300 percent

3.1. Scenario designs
| use a set of 20 scenarios to explore three uncertain dimensions in this analysis:
future population and economic growth (five scenarios), evolution of regional consumer
prices (two models), and the poti&al impact of higher and more variable global prices

(three sensitivities). Each of the dimensions is described in more detail below.
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3.1.1. The Shared Socioeconomic Pathways

The Shared Socioeconomic Pathways (S$Psdvide five alternative population
and GIP trajectories at the national levielse these five development pathwags
inputs into GCAMto investigate how food demand, food pricasid ultimately ouFAA
metric,respond to the uncertainties of regional population and income growth.

Future econmic and demographic ewdion is uncertainparticularly for the
poorest regions. The SSPs are designed to explore a wide range of reference pathways
that are independent from climate change impacts or new climate pti@iean be
employed consistentlyy different research grougKriegler et al. 2012)The five SSPs
are defined with both quantitative indicat¢@&DP, population, and other demographic
development variabl@¢snd qualitative storylines that furth@escribe alternative
pathways along which the world may evolveD 6 Ne i | | . Fotexample, 201 3)
guantitatively, SSP1 has relativeligh GDPgrowth (with an increasing equality across
regions)and low population growth{gure3.1), while its qualitative storylindescribes
a worldof sustainale dewelopment withmore rapid and environmental friendly
technological changeseduced dependency on fossil fudlgh land productivity, and
effective institutions at all levels O6 Ne i | | .le dontrastSSP32%ibtures p world
in fragmentatiorand inequality witHow GDP and high population growtkigure3.1)
andslow technological changesdtand productivity improvement, strongly constrained

global tradeand weak international institutions O6 Nei | | . et al . 2015)
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Figure3.1 GDP and Population by SSP grouped into the 32 regions defined in GCAM
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When implementing these development pathways in GClAMIly employ the
two quantitative componentsGDP and population all other &sumptions remain at the
core model settingwith no adjustment for the qualitati&SP storylined. use this
design to explore the direct effects of population and economic goowEAA, although
this method does not capture the likely correlations éetwsocioeconomic change and
technological and institutional chandésr instance crop yield rates would likely
improve more rapidly under high, rather than low, economic growth scenarios). Many of
theotherparameters ithe SSP narratives have the pditrto affect food pricethatcan

be explored in further research.
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3.1.2. Uncertainty of future consumer prices

The uncertainty with respect to how regional consumer prices may evolve to 2050
is explored by using thisvo empiricalmodelsdeveloped in sectiol.3.4with different
assumptions about regional consumer prices as a functglobafl market priceand
other factors. Both models are applied with each population and GDP trajectory from
individual SSPs, and the underlyingsamptions about global market framework is not

designed to be reconciled with the qualitative SSP storyline.

3.1.3. The higher global prices scenarios

Theset of scenarios that only look at the first two dimensiodi$ferent
population and GDP trajectories,dcadifferent ways that consumer prices may change
is definedas the reference scenarios. The final dimensighexdnalysis is to explore
FAA under set of scenarios that are illustrative of factors, other than population and GDP
growth, which may caudegher global prices, such akanges in regional crop yields
under longterm climate changer abrupt production shockhie to droughtl call the set
of scenarios that also include the last dimension as the higher global price scenarios.

In the higher glbal price scenario$,increase the referengéobal pricesn 2050
of all five staple commodities at the same timelBQ percent200 percent, and 300
percent The same increase rates are applied to all crops so as not to artificially emphasize
effects n one region over another due to differences in staple diets across regions.
Further, increasing prices for all commodities will limit substitution across staples, which
| do not model in this exercise. In reality, however, all staples would not be ulyiform

impacted. For example, international rice prices tend to be more volatile, due in part to
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smaller and more concentrated maskas well adesssubstitutionwith other stapleor

manymajorrice consunng regiong/Anderson and Martin 2007)

Asdiscussed, the effects of the producer price increases are not result in the same

level of increases in consumer pricegedo different price marginsdstion2.3.4. When
transmitting the global price increases to regi@ossumer prices using either the
segmented or integrated market motie, pasghrough ratesary across regions and
staple commoditieswith the highest pagfirough rates in loweincome regions. This is
consistent wittempirical evidencéBelke and Dreger 201Dawe 2008; Leibtag 2009;
Brown et al. 2012)

3.2.Results and discussion

3.2.1. FAA conditionin 2050 under the reference scenarios

Along all SSP popuaition and GDP trajectori&sAA improves for almostalll
regions from 2010 to 205Figure3.2 andFigure. AL in Appendices However,we do

observdifferences acrospopulation and GDP growtbcenariosUnder the high GDP

and | ow population trajectories of SSP1,

expenditurs arebelow 5 percent of the average GIDR205Q Less improvement is
found with the low GDP and high poputat trajectories under SSP&specially in the

poor regions

8 Focus the discussion of our results on SSPs 1 and 3, as these represent two particularly diverse scenarios.

Results for thether SSPs can be found in the Appendices
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(c) SSP3, segmente (d) SSP3, integrate:

Consumption adjusted staple expenditure as % of average income

below | 1-2 2-5 5-10 10-15 15-20 above 20

Figure3.2 FAAconditionsin 205Q references

Under alternative population and GDP trajectories and different assumptions of regional
consumerprice changes(a) SSP1 and tleegmented markeinodel; p) SSP1 and thategrated
marketmodel; €) SSP3 and tleegmented markemodel; @) SSP3 and thategrated market
model.

The relationship between consumer and producer prices affects both theeabso
level of the metric and the distribution of improvemenEMA across regions. For
instance,éss improvement iseenin South Asian 2050 with consumer prices derived
from the assumption of weilhtegrated global markets than in one where regional
differences in prices persist through ruentury. In the former case, deAA metric

shows South Asia to be comparable to-Salharan Africa in 2050; while in the later,
44



SubSaharan Africa remains the woilSBA condition Figure3.2). However, in the
reference scenarios, improvement in FAA through 46506bustacrosshe range of
sensitivities that tested.

The FAA metric derives from several interacting factors. To explore the relative
impacts of each factor,conduct alecomposition analysigigure3.3 showsthat the
positive effectof income growtthave a larger impact on the metric thanrbgative
effectsof rising stapleexpenditures that are mainly caused Ising consumer pricefn
all reference scenarios, the GDP per capita incsedsefaster padtan consumer prices
and contributethe most of the improvementsBAA in almostall regions, even under
the low economic growth projections defined in S§H8ure3.3). The only exceptions
are Pakistan and Mexico with the integrated market framework: if the 2010 regional
variability of consumer prices does not persist through 2050, staple prneaisly wheat
in Pakstan and corn in Mexicbrise faster than income under SSP3, leading to declines

in FAA in these two regiong-(gure3.3b).
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
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(b) SSP3integrated markanodel, refeence

Figure3.3 Decomposition of changes WAAconditionby region, SSP3, references

Fomthe 2010 segmented market model baselioe2050 undelSSP3 population and GDP
trajectories with different assumptios of regional consumer price changég thesegmented
marketmodel; p) theintegrated markeimodel.

Rising consumer staple food prices are due primarily to factors other than rising
producer prices. Food demand increases dgeowing population an@GDP across all
SSP trajectoriesvhich forcesagricultual exparsionto less productive landut
combined with increasing crop yieldgpbal producer price; GCAM riseonly slightly
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from 2010 to 2050Kigure. A2 in Appendices However,as incomes increase, there is a
corresponding increase fmice margis. At the regional levelconsumer priceshay
increase by as much as six times, dependingssamptions ofithersegmented or
integrated global mark&t 209 (Figure. A3 in Appendicey

In most cases, consumer prices rise from 2010 to 2050, which wéaéndn
some othecaseshowever, the move from a segmented market in 2010 to an integrated
market in 2050 will bwerregional consumer pricesd certainstaples which improves
FAA. Underthe SSP3DP and population trajectories and the assumption of an
integrated global market, even with increases in consumptionetqiahditures onther
grains decline in EasteAfrica, corn expenditures decline Western Africaand South
Asia, and expendituresn rice decline in JaparHigure3.3b). Thus, in some regiorhe
elimination of regional price distortionesombined with risig incomes and continued
improvement in yieldsnayreduce theonsumer pricesf staple food.

In an analysis of food security using the SSPs in the AIM IA méthdegawa,
Fujimori, Takahashi, et a(2015)found decreasing numbers of undernourished people in
all butSSE. Thar finding of arising number of undernourished peoplé&SSP3
demongtates the key role of populatiogrowthin their measure of food access
(Hasegawa, Fujimori, Takahashi, et al. 20T%iis result emphasizes the need to
understad the drivers of a result in any metric. In fact, | also find that in an SSP3
trajectory with a segmented market framework, more people live in regions where
consumption adjusted average staple expenditures exceed 10 percent of GDP per cap in
2050 than irR010 regardless of the improvement in FAA, due to rapid population growth

(Figure. A in Appendicey
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3.2.2. FAA conditionin 2050 under higher global prices

The analysis in sectioB2.1explored longterm trends in global producer prices
caused by population and GDP growth. Howelager increasein global producer
pricesare likely to be observeas a result of drivers beyond population and GDP growth,
such as longerm yield impacts srm climate chang@Nelson et al. 2014 )production
shocks due tox¢reme weather even(Rorter et al. 2014and land competitionbetween
food andbioenergy(Lotze-Campen et al. 201470 explore how these may imp&®&A,
| conducted sensitivity analyses with increases in the gl@f@l producer pricesf all
five staple commodities together by 100, 200 and 300 percent

| find that higher staple prices may reduce or eliminatg#nesin FAA due to
economic growth in same cased, even observe worsen&®A compared tdhe 2010
level (Figure3.4). For examplein the integrated market framework under a 200%
increase in global producer prices, rising staple expenditures becoeethang income
growth under SSP3 iBouthern AfricaSouth Asia, Southeast Asia, India, Indonesia,
Pakistan, Mexicoand several othefgigure3.4). Different magnitudes aflobal price
increase tell a consistent story, with less damagé\to in the 100 percent increase
scenario and worsening compared to 2010 in more regions in the 300 percent increase

scenario.
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Change of consumption adjusted staple expenditure as % of avergeincome

from 2010 to 2050
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Figure3.4 Decomposition of changes FAAcondition by regionSSP3, 200% global price shock
Fom the 2010segmented markemnodelbaselineto 2050under SSP3 population and GDP
trajectories and the integrated market assumptions of regional consumer price cheides
200 percent increases gfobalproduceprices

The negative impacts of larger incresseglobal producer prices depends on the
expectation of future economic conditioAdl. regions are less impacted under the high
GDP and low population growth in SERcross the range of global price sensitivities that

| tested Figure3.5). On the other hand, thegh population low GDP growth in SSP3
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causesSub-Saharan Africa to bmuchmore negatively affecteloly higher gldal

producer pricesThe poor are more vulnerable to adverse shocks.

(c) SSP3, segmente (d) SSP3, integrate:

Consumpton adjusted staple expenditure as % of average income
below | 1-2 2-5 5-10 10-15 15-20 above 20
Figure3.5 FAAconditions in 2050, 200% global price shock
Under alternativepopulation and GDP trajectoriesd different assumptions @onsumer price

changes(a) SSP1 ariie segmented markemnodel; (b) SSP1 and tireegrated markeimodel;
(c) SSP3 and tteegmented marketnodel; (d) SSP3 and tiegrated markeimodel.

As in the reference scenarios, assumptions about the developimegional
consumer price also affeEAA, and the impacts are different across regiéns
instanceseveraregionsin Asiashow worsene#AA when consumer prices follow an

integrated market pattern, while S8aharan Africa show the opposffégure3.5).
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Changing from the segmented to the integrated market frameveonkerging consumer

pricesmay result from removal dbod subsidies, trade restrictions, high inventories, and

other policy interventions thatliekeptdomestic consumer prices low historically

(Anderson and Martin 2007; Dawe 200B)suggests thalthough open trade may help

lower stapleexpendituregor certainregionsp pen trade may al so incr
exposure ttnarmful situation such as international price shocks. However, policies that

isolate domestic markets, such as trade réising, alsotend to intensify price volatilities

in the global marketyith negative impacts on net import¢Rutten, Shutes, and

Meijerink 2013; Abbott 2011)

Finally, regional outcomes alstepend on which staple crop experiences high
global prices. Given the same percentage increase in global prices of all staple
commodities, major consumers of rice tend to experience the largest increase in staple
expenditureskigure6 shows worsening of thHeAA in several Asiamegionscompared
to 2010 when global prices increase by 200 percent in an integrated global market under
SSP3These larger impacts on staple expenditured=#u& of the major rice consumers
are mainly because of two reasons. First, majorcecesumers are mostly from Asia,
who are likely to be poor. Second, rice dominates the staple diet in these regions, and
people heavily rely on rice as staple food hadefew substitute in their diets.

By contrastany other crop does not dominate the staple diet of such large poor
population as rice does in Asia. For instameajorconsumers of wheasuch as those in
Western Europe and North Amerjeae relatively wealthyOn the other hangboor
consumers of wheasuch as those in Africéend to have a more diverse diet for staples

It is probably unlikely that all staple crops altogether experience the same level of global
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price shocks as in our experimeand thereby having a more diverse sagiet
consumersire able to switch to other cereals when wheat price getsihglggests that
a more diverse staple dietlps ease the price spikepacts. As a result, if global price
shocks hit individual crop separately, rice consumers tend tmbemegatively
impacted. However, | do observe that increases in wheat expenditures in Pakistan and
corn expenditures in Mexico cause worseR&d compared to 2010 in these two
regions Figure3.4). As discussed igection4.1, FAA decline in these two regions under
the reference scenarios as well due to large increases of consumer prices with the change
from a segment market in 2010 to an integrated market in 2050.

Moreover,recent histrical observationshowglobal price of ricecanincrease as
twice as much of corn, wheat, and other grdunsng the same time perigdon Braun
and Tadesse 2012 fact, kecause of smaller and marencentrated global market, as
well as smaller substitution effects for major consumers, international prices for rice tend
to be much more volatile than for those other cer@aigderson and Martin 2007y hat

being said, the associated impauoisy be even larger for rice consumers.

3.2.3. Compare the stories witbrior studies

This chapteassesssthe impacts of changing populatiddDP, food pries, and
their interactions, on the proposeettric, FAA, of long-term food availability and
accessSeverakey findings are consistent with existing research that demonstrates the
robustness of the proposed metric of FAA.

First, ontinued regional inequality IRAA. Absent changes in policy or

governance that are not captured by the model, regions thathealesvest-AA today,
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SubSaharamfrica and, under certain circumstances, South Asia, are likely to remain
worst in 2050Second, Bhough regionkinequality may persistmproveld FAA

conditionsin almostall regionsare foundn the range of populatiomd GDPpathways
defined in the SSPand different assumptions of the development of regional consumer
prices This is because average income increases in all regions even under the most
pessimistic SSP projections, dogseline yield improvements causepttdood prices to
increase more slowly than inconmfcross the scenarios | tested, higher demand due to
population and GB growth do not worsen FAA. This is because: (a) although
production is expanded tess productive lands to meet increasing demamdspre on
food prices can be counteracted by improved yields at all agricultural lands; and (b)
economic growth improves FAA directly, and in our scenarios, this positive effect almost
always outweighs its negative effect on prices and food expenditures.

Third, FAA worsens only when price increases outpace the growth of indome.
other wordsijf regionalFAA declines compared to 2010, food prices must increase
beyond what is expected in demand under assumptions for yield improvements and total
production For instanceyncertaintyin food pricescan cause large changed=#®A, in
some casesegatinghe gaindue toeconomic development in poor regioibere are
several conditions beyond population and GDP growth that could lead to higher prices on
bothproducer and consumer sigesch as climate changeade, andnstitutions

With respect to climate change, agricultural production and food supply are
expected to be negatively impacted by climate change, due to factors suchtasnong
changes in tengrature and precipitation patterns, more frequent and intense extreme

weather events, resource competition with bioenergy andusadbased mitigation.
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With respect to agriculture trade, climate change has the potential to affect
agricultural trade pattas as longerm impacton crop yieldsare not expected to be
evenly distributed. Low latitude regions, such as-Saharan Africa and South Asia,
tend to be the most vulnerable to yield log$@®x et al. 2012; Rosenzweig et al. 2013;
von Lampe et al. 2014, Porter et al. 2QX8gusing ptential changes in agricultural trade
flows, switching exporters to importers, or increasing dependence on imports

With respect to intuitional factors, such as price distortions and trade barriers,
there tend to be large and uneven impacts on regionaliner prices angAA across
regions. These policy interventions are intended to lower consumer prices and protect
consumersd6 food access in major producing
for importing countries and intensify global marketatility (Rutten, Shutes, and
Meijerink 2013; Headey 2011; Abbott 2011)

Moreover, there may also be interactions between all these factors. For example,
changing production and trade patterns may further affect institutions. It may become
increasingly expensive to maintain high inventogegrovide subsidies to protect
domestic consumerso food access. It may al
incentives to i mplement export restriction
importing countries.

In conclude, kof these key staesfrom this chapteare consistent with existing
literature that assess lotgrm food securityalong alternate expectations of the future, by
using other metricdt confirms that the conclusions of the other studies are robust under

different methodsrad metrics explored here
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Chapter 4. Impacts on FAA from alternative climate policy designs

One of the key messagigem Chapter 3s that uncertainty in food prices caused
by drivers beyond population and GDP growth can largely impact food availability and
accessClimate mitigation policiegould be one of such drivers, by promotthg
expansion of bioenerggnd forests, and causiimgcreases of food production costs due to
competition of land, water, and other natural resouiMeseover, alternative climate
mitigation policy designs may affect FAA by influencing incomes.

This chapter therefore evaluates FAA on a regional level in 2050 for different
climate policy designs using the set of metric and methods developed in Chapter 2. Under
the endof-century 450 pmn CO2 concentration target, three groups of different climate
and landuse policy structures are tested, altmg alternative population and economic
trajectories as envisioned by t88Ps

4.1.Policy scenarios

| explore four different policy options in emgrand land use sectors to meet a
string climate target, by comparing the impamsegional FAA between these policy
scenarios. Besidebalso explore the uncertainty population and GDP growthith two
alternative trajectoes as defined in the SSBRAd SSP3Table4.1).

Table4.1 Socioeconomic and policycenarios

: sectors subject to level of natural climate sodoeconomic
scenario name : . ) :
carbon price land protection target information

SSPRefNoCC NoPolicy none NoTarget
SSPU50fict energy none
SSPHU50Afict-prot90 energy 90% in each region 450 ppm CO2 SSP1
SSP#U50-fict-prot99 energy 99% in each region concentration
SSPHU50-uct energy and land use none
SSPRefNoCC NoPolicy none NoTarget
SSPRA50fict energy none 450 ppm CO2 SSP3
SSP3150fict-prot90 energy 90% in each region concentration
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SSP3150fict-prot99 energy 99% in each region
SSP3150-uct energy and land use none

In the first three policy scenarios, a global carbon price is placed on fossil fuel and
industrial emissions from the energy system (FFICT), with three different levels of land
use restrictions: zero percent, 90 percent or 99 percent of natural land in tecB2f
GCAM regions are protected, or in other words, removed from economic competition in
GCAM. The land use policies explored heretect all natural land, instead of only
focusing on foresti.e. REDD), because studies have shown that in additiors$oolo
biodiversity,agriculture expansion to other types of natural land also accounts for a large
portion of emission leakag€Bopp et al. 2014)n the fourth policy scenario, the carbon
price is equally implemented on terrestrial emissions from the land use sector (UCT),
adding an incentive to natural carbon stocks.

Thesepolicy instrumentsre rather illustrative than pragmatic: both are
straightforward to implement in the modeling framework, but are subject to many
practical challenges in reality, such as the complexity of monitoring, report and validation
(MRV) for terrestrial carbon priog. However, it is valuable of doing the policy
experiments, which informs policy making about the worst unintended outcomes to food
availability and access when moving towards either direction.

Foreach of the foudifferent policy designs, both abatenhensts and land use
patterns will change. All of the four policy scenarios are to meet the 450 ppm CO2
centration target by the end of the century. Also, a 550 ppm target is explored as

sensitivity analysis, provided in t#gpendices
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In addition,| usetwo alternativepopulation and GDP trajectorias defined in the
SSP4o explore the uncertaintparticularly for the poorest regigns future economic
and demographic evolutioBpecifically, the SSP1 world haslativelyrapid GDP
growth with an ingeasing quality across regiongndslow population growthwhile by
contrast, the future world pictured in SSP3 is uholerGDP and high population growth
with fragmentatiorandinequality ( O6 Ne i | | . With difeetent populatloB gnd
GDP growth trajectories, both energy and food demand as well as the global equilibrium
prices will crange, and so will CO2 emissions and the amount to mitigate that affect
abatement costs. Moreovéo not reconcile population and GDP growth with other
gualitative storylines associated with each 8% further deste future world along
challenges omitigation and adaptatohn O6 Nei | | . et al . 2015)

Two reference scenarios are also included as the hypothetical badeleeof
the scearios include potential climate change impacts. In other worgdanalysis focus
on the cogtof specificmitigation strategy without discussing theverallbenefits of
mitigationi the avoided or reduced climate change impacts on crop )ietits
production, and other damages

4.2.Results and discussions

In this section] first show and compare regional FAA in 2050 under alternative
socioeconomic and policy scenarios to identify policy conditions that generate
unintended outcomes to regional FA#dthenl explain what is the main driver of FAA
change under each policy scenadainderstand why certain policies tend to have larger

impacts on FAA than others, by conducting the LMDI decomposition analysis.
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4.2.1. Impacts orregionalFAA between policy instruemts

Although the same enaff-century climate targetan be meby implementinga
number of differenpolicy instruments, regional FAA may look very different between
these policy optionthat! tested Policy either strictly restrictend use EFICT-Pro®99)
or pricesterrestrial carboemissiongUCT) tendsto have larger impacts on FAA
205Q especially under rapid population and slow GDP grqWiture4.1). By contrast
compared to the reference scenario wuthclimate change~{gure AL7 in Appendice}
the impact on FAAy pricing fossil fuel and industrial emissions aloREICT) is
minimal, followed by the moderate land use restriction poliylCT-Prot90) The se of
regional FAA maps under the 550 ppm target tells a consistent story and is provided in
the supplementary materidigure AL8in Appendices

When comparing across regiolsjlbSaharan Africa tereto remain aithe worst
FAA condition in D50 across all tested scenaribsyever if combined withrapid
population and slow GDP growtktress on FAA will increase for South Asia, India,
Pakistan, and Indonesia when terrestrial emissions are priced (UCT), arites fu
extended to several other regions in Central Asia, Northern Africa, and South America
only when 99% of natural land are protected (FFRZ®t99). Overall, poor regioresse
moresensitive to both the socioeconomic development uncertainty and the ohoic
policy tool toreach the stringent climate targetiled evel oped countri eso
to be impacted by mitigation policies and are robust to the range of sensitivities that

explored(Figure4.1).
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Figure 4.1 FAAconditionsin 2050with climate targetby SSRand policy
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4.2.2. Land use patterns drivefigrences in FAA between policies
To explain why certain policies tend to have larger impacts on FAA and why
caetain regionso H#Alook atéhe cordribdionaffedcle driveeta ,
the FAA change, by conducting a LMDBécomposition analysisfocus on the poorest
regions whose FAA in 2050 are most affected by mitigation.
Figure4.2 shows that increas@st h e s e coesgmptoradjusted staple
expenditure as a percentage of average GDP (FAA) from the reference scenario are
almost all driven by increased staple expenditures, whilehtaege in FAAcaused by
decrease@DP per capita and total caloric intake is negligiblerther comparing the
second run of each policy scenario with the first run, the combined effects of several
other factorsassociated with reduc&DP per capitd including averagetaple food
demand, global market prices and the transmission to regional consumer peicgso
be minimal as well.
It suggests that between the two main channels of changing income due to
abatement costs and changing food prices due to land use tmmpghpacts on the
poor regionsd FAA by mitigation are mainly
explain the betweep ol i cy di fference of i mpacts on th
variation of land use patterns between alternative policg @adl the associated changes

in global market prices of staple food.
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Figure4.2 Decomposition of changes in FA¥% selected regioand policy

Increased consumpticadjusted staple expenditures as % of GigPcapita in 2050 caused by
the change in each variable

Between the policy instruments testeéirst look at the effect of pricing carbon
emissions in different sectorbhis largely alters the relative profitability of each
competing use of land betes agriculture, biomass and foréSalvin et al. 2013)For
examplethe UCT equally valueterrestrial cebon emissionand thus increases the
profitability of afforestation Therefore, substantial forest area expansion is observed
worldwide from 2010 to 205@Figure A20in Appendice} In contrast, the FFICT only
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prices the energy system CO2 emissions, making biomass production more profitable
than forest. When natural land are not protected, deforestation and biomass area
expansion are observed to reach the same climate teigetg A20in Appendices
However, the competition between bioenergy and forest has different implications on
agriculture: the global market prices of staple food largely increase under the UCT but
stay nearly unchanged from the reference scenaria timel&FICT Figure AL9in
Appendice} It suggests that there is enough arable land to meet both the bioenergy
demand for stringent climate target and the increasing food demand to feed more people
(Calvin et al. 2013gven with the rapid population growth under SSP3. By contrast, the
UCT tends to bring a more intens@d use competition between forest and food
production.

Next, | look at the effect of land use restriction with different stringencies. Land
use restrictions, on one hand, further reduce the total area available for economic
competition between agricutal and mitigation activities (either afforestation or biomass
production); however, on the other hand, by sustaining natural forest, reduce bioenergy
demand and thus the land for biomass production to reach the climate Fagget £20
in Appendicels The combined effect on agriculture is that global market prices of staple
food are driven up from the price level under FFICT algnigure AL9 in Appendices
Moreover, wha keeping 90% of natural land from economic competition, the associated
increases in global market prices are not sensitive to food demand driven by alternative
population and GDP growth trajectories between SSP1 and SSP3. However, when
enlarging the protgednatural area to 99%, price increases are substantially higher under

SSP3 than under SSP1, indicating that the remaining arable land is approaching its
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capacity limit to accommodate the food demand in 2050 driven by rapid population
growth. In other wads, it becomes much more sensitive to socioeconomic development
uncertainties when supply constraint is high.

4.2.3. Economic and didiactorsdrive regional differences in FAA

In addition to food prices, the impacts of each policy on regional FAA depend on
regional economic conditions and diet preferen&ast, with regards to economic
conditionswhen increases in global market prices due to land use competition are further
transmitted to regional consumer priciéa® poorregions, SukSaharan Africa, for
exanple,tend to experience higher percentage chamgensumer pricef-igure4.3).
Such inequality of consumer price increases is further enlarged under bigbal
producer prices (FFIGProt99) accompanied witlapid population growth under SSP3.
Moreover, with already higher percentage consumer price increase, the lowest economic
condition in SubSahara Africa further leads to the largest increase in consumption

adjusted staple expenditure as % of average inGoworsened FAAIigure4.2).
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Figure4.3 Change in regional consumer prices of staple commodities in 2050
Fom the reference scenario without climate change origation, by policy instrument and SSP

Second, with regards to diet preference, there is a large regional variation in terms
of the composition of the increased staple expenditkigsre4.2): all of the three Sub
Saharan African regions are most affected by the largest increase in roots and tubers
expenditures, but also by other grain and corn expenditures, while the increased rice
expenditures account for most of the FAA change in South Asia and India, and the
increased wheat expenditures drive the FAA change in Pakistan. Moreover, diet variation
explains whythe risk of valuing terrestrial emissiondT) is more concentrated on the
poor in SubSaharan Africa, who are the main consumers of roots and tdihers.
percentage change in regional consumer prices of roots and tubers are substantially

higher than other staple commaodities in 2050 only when pricing terrestrial emissions
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(UCT). Therefore, under the UCT, main consumers of roots and tubers tend to be more
hurtthan consumers of other staples. By contrast, price increases are comparable across
staple commodities undstrict landuse restrictiorpolicies, affectinga broader range of
regions.

The reason that UCT tends to affect roots and tubers more tharstaghlercrops
is that afforestation will mainlgccur in the tropics (i.e. StBahara Africa and Brazil),
which has unique implication to the production of roots and tubers. Specifically, UCT
encourage afforestation and reforestation mainly in the tregiese forests generate
higher profits compared to agricultural products, or in other words, crop yields are
relatively low. Accordingly, crop lands are shifted from low (i.e. Salhara Africa and
Brazil) to moderate and high latitude regions (i.e. Chirththe United Stateglrigure
A21in Appendicesyvherein general agricultural production tends to be more profitable
than afforestation. However, this shift of crop lands from tropical to temperate regions
under LCT considerably reduce the production of rootd @mers in Susaharan
Africa. By contrast, the rest staple commodities are mainly produced in other regions and
thus are less affected.

Given these unique features of the production and consumptiontsfand
tubersthe risk of valuing terrestrial emissiond@T) is more concentrated on the poor in
SubSaharan Africa, whilstrict landuse restrictiompolicy (FFICT-Prot99) affects a
broader range of regionsrom a global perspective, it tends to bestrcosteffective
when carbon stocks locate in tropical regions and food production in temperate regions
(Johnson et al. 2014; West et al. 2010; Foley et al. 20&1i¢h can be achieved under

the UCT, assuming efééive global trade of agricultural products. This glebade
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competing use of land may help ease the pressure on staple food prices, except for roots
and tubers, compared to the strict regien@le land use restriction policy. It should be
noticed globamarket prices under the UCT tend to have a quick jump when policy starts
in 2020 but will be taken over by tisgrict land conservation poligFFICT-Prot99
around 2030 to 2040 in most cases. That being kaidy observe worse FAA condition
under the T in the first one or two decades of policy implementation, but after that,
regional FAA condition are worse under 8tact land conservation policy (FFICT
Prot99)

From a regional perspective, however, the UCT tends to be particularly
problematictoSokSa har an Af r2050. SuSaharamArica lost the majority
of theircrop land compared tihe referenceRigure A21in Appendicespndimports
almost all its poduction of roots and tubers froGhina(Figure A24in Appendice}
substantially lowering average yield and driving up global market price of roots and
tubers. Under GCAM6s assumption of free ag
change in trade flogy and the main consumer of roots and tubevko are in Sub
Saharan Africa and podrwill heavily rely on imports for staples. This, in reality, may
not happen because arguably roots-and tube
Saharan Africa due teelf-supply and local production; with increasing reliance on
imports, particularly with costs of trade, it is more likely to substitute with other staples,
which is not modeled here.

Finally, one issue that influences land use and therefore FAA is bgyanken
implemented with carbon capture and storage (BioCCS). Studies have shown tira,

hand, BioCCS, as a negative emission technolisgyitical to meet stringent climate
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targets; however, on the other hand, the reliance onspdsad deploymeérmf BioCCS

is highly uncertain in terms of economic, environmental and technological constraints
(Edmonds et al. 2013; Humpendder et al. 2014; varrdfuat al. 2013Smith et al.

2015) Therefore, to make sure our results are robust even in absence GiRBlida@n

off this mitigation technology option in GCAM for each policy scenario as a sensitivity
test.l find thatglobal market priceslightly increase without BioCCS compared to the
full technology scenarios, becausere forest areneeded to meet ¢éhsamelimate
target(Figure A25in Appendices Howeverthis change has minimal impacts on

regionalFAA.

4.2.4. Results omparel with prior studies

This chapteexaminea theadditionalrisksto regional FAAassociateavith
alternative mitigation strategiegiven the overall benefits of reducing climate change
impacts.Building on previous work that unpacks multiple channels through which
mitigation may affect food availability and access, | find that between thehmvmels
of changingGDP per capita due to abatement casid changing food pricehie to
competing use of landmpacts ot h e pg-Aloareélmost all driven byhe latter.

This result is opposite to prior finding that reduced caloric consumption more
strongly depends on changing income due to mitigation fdatsegawa, Fujimori, Shin,
et al. 2015)Variations with respect to the meling tool, design of policy scenarios, and
the metric of food availability access are the main reasons that leadttary findings.
First, GCAM has exogenously determined GDP, and the income change is taken into

account by adjusting GDP with abatemeasts that are calculated as the area below
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marginal abatement cost curves. By contrast, the modeling tool employasbgawa,
Fujimori, Shin, et al(2015)takes into account all consumption losses through the
economy associated with abatement cé&tsondHasegawa, Fujimori, Shin, et al.
(2015)only look at one policy design that induces tbenpeting use of land between
biomass and agulture, which has only moderate impacts on food prices. By contrast, |
also examine policies that protect or vahatural carbon stocksaising food prices to
much higher levelsThird, the adopted metric iHasegawa, Fujimori, Shin, et §2015)
based on total caloric intake is very irresponsive to price change,stdyle food
budget share, one component of the metric of Féirectly reflects the impacts of
increased food prices on consumerso6 food e
Moreover, my analysiextends previous analyses by focusingl@comparison
between alternative climapmlicy instruments. find that: (1) with alternativeolicy
instruments to achieve the same stringent climate target, policies thakeitberage
bioenergy expansion whikgrictly restricting laneliseor encourage largecale
afforestation bypricing terrestrial carbon emissiotend tohave larger impacts on the
p o or 0 s2) whieAhe va(iation of impacts on FAA between policy instruments are
mainly affected by the variation of land use patterns, the regional variation of FAA
impacts tends to beigien by regional economic condition and diet preference of staple
food; and(3) strict landuse restrictiompolicies affects a broader range of developing
countries; whereathe risk of valuing terrestrial emissions (UCT) is more concentrated
on the poorn SubSaharan Africa by substantially replacing their cropland with forests

and affecting the production of roots and tubers
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Chapter 5. Lessons for land use policy making

Chapter 4indsthatthere should be concerns with the unintended outcomes to
long-term food awilability and accestor the poorassociated with ambitious climate
mitigation, especially under two policy conditiongolicies thastrictly limit bioenergy,
agricultural or othecommercial activitie$rom any existing natural lanat policies that
value terrestrial emissionat the same price as energy system emissiath. tigpes of
policies have the potential to largely raise foodgsibyintensifying land use
competitions

The land use sector @scritical component of any pathway to avoidinggierous
climate changelt has large potentials to reduce GHG emissions at low costs mainly
through the prevention of land use change emissions and carbon sequgSnaiiioret
al. 2014) Resultsfrom Chapter 4re highly releant for making effective policies to
mitigate terrestrial emissionklany policy recommendations have recognized the
potential pressure on forests from measures to improve food s€€uxidy2016) few
considered the other side of the story that aggressive land policies under ambitious
climate mitigation may also risk food availability and access for the pbereforejn
this chapter, | discuss how my reseafphtaking into account the poteaitrisks to food
availability and access, is relevant to climate policy making specifically in the land use
sector.This chapteanswerghe last research questidtiow should we design climate
policies so that the sideffects on food availability and aess can beninimized or
avoided?t draws policy implications both for the international mechanism and for

selected individual regions and countries.
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5.1. Tradeoffs of policiesin thecomplexland use system

The land system is important and complex. It ptes food, fibre and fuel, as
well as many ecosystem servi¢ésley et al. 2005)All these different purposdmve to
be met with the finite land on our plan@iobal landscape have been transformed
substantially by human activities, driven by socioeconomic and institutional change
(Lambin and Meyfroidt 2011; Turner, Lambin, and Reenberg 2007; Foley et al. 2005;
Reenberg and Seto 201&urthermore, competition for land is expected to be
exempified for meeting increasing demand of food, energy, and terrestrial carbon storage
in the 2% century(Johnson et al. 2014; Foley et 2011; Thomson et al. 2018mith et
al. 2013)

Themulti-function andcomplexity of land use system determitiest licy
measurs targetingone objectivare likely to have feedbacks to other purposes
(Bustamante et al. 2014)his is demonstratedor examplepy the results from Chapter
4: climatepoliciesthat target omeducingterrestrial emissiongenerate unintended
consequences longterm food availability and accefs the poorthrough the complex
land systemBesidesthere areéradeoffs ofdifferentpolicy instruments with respeai t
affecting other functions of the langiséem, such asatural carbon storagad
ecosystem servicdse. biodiversity and soilvater conservation

Table5.1 provides several examples of ihgpactson multiple functions of the
land systenbetween airnate climate policy designsthe land use, landse change and
forestry (LULUCF) sector while pricing carbon emissions from the energy system. A
good outcome is indicated by the color of green, a bad outcanwidated byed, and

the median case isdicated by yellow
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Table5.1 Tradeoffs ofalternate policiesfor meetingmultiple objectives

Objectives

Food availability and

Ecosystem services
(i.e. bodiversity,

Policy Carbon storage

. access watershed
Instrumentsin ,
LUILCE protection)
None No additional impact REGEEE! Wiy Diminished

deforestation

Full natural land
protection

Large impacts over
long-term and
increasing total
demand

Sustained in natural
forests

Conserve current
natural ecosystem

Pridng terrestrial
carbon

Large impacts
depending on initial
implementation

Increased with
afforestation

Uncertain with new
plantation

First, with respect to food availability and accessghout any land policy, there is

little impact on FAA (greenBut when combined witlfull natural land protectign

preventing any agriculture or biomass land expansion beyond existing commercial land,

impacts or-AA are largeand affect a larger group of developing counfrespecially

under high food demandiden by raid population growtlfred).Instead, pricing

terrestrialcarbonhas more flexibility toshift land use around the globe to meet

increasing food demand. However, pricing terrestrial catieods to abruptly impact

FAA as soon as the policy is implemented anore focus on the most foatsecure

SubSaharan Africa (red). Because of the timing differences, from a development

perspective, it is unclear which policy imposégherr i s k

Second, with respect tmrbon storagenitigating landuse change emissions is

t

o the

competitive from an economic stand point of view and play a key role for meeting

ambitious climate goals.rieing the energy system emissions without any laolcty
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tends tadecrease forest coverage and thusa lot of pressurem the energy system to
mitigate (red). Wherombined withfull natural land protectigrcarbon stocks are

sustained in existing natural system, and thus lower the pressures to mitigate through the
energy system (yellowEqually pricing terrestrial emissnsencouragetargescale
afforestation, and thustringent climate targets can be achieved with much less pressures
on the energy syste(areer).

Third, with respect to protecting the ecosystem services, without explicit policy
interventions with landse, expansions of cropland and biomass production cause
deforestation around the globe and lose the associated ecosystem servicesl(tadyl
conservation sustains all the current landscapes and ecosystems (yellow), while the price
mechanismn the LULUCF sectofurther encourage lareggcale
afforestation/reforestation in the tropics, but the impacts on biodiversity depends on how
the policy will be implemented in local contexts (yellow). For example, if the price
mechanism only values carbon stocksnay negatively impact forest structure and
composition creates conflicts with biodivers{Butz and Redford 2009)

Althoughmitigating terrestrial emissions éssential for meeig amlitious
climate goalsspecific policy instrumerfor achieving the climate goatay have
disadvantagefr meetingsomeothersocietalgoals Tradeoffs of altenative policy
tools in the LUIUCF sector needs to be evaluated against the multifunctionlaisof t
sector in providing food, energy, and ecological servisascessful mitigation policies
need to consider how to address these multiple competing(§waitth et al. 2014)The
next sections in this chapter will review amdorm existing climate policies in the

LULUCF sector
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5.2. Reducing Emissions from Deforestation and Forest Degrad®i6DD)

5.2.1. Review REDD and REDD+

The United Nations Reducing Emissions from Deforestation and Forest
Degradation (REDD) Programme has been adbgitgce 2008 as the main international
policy mechanism focusing on land uduse change and forestry (LUICF)
activitiesin developing countries. The main objective is to incentivize a large amount of
low-cost emissions reductions in the land uséos€Strassburg et al. 2009)he
enhanced version, referred as the REDD+, also sugpstes conservation, sustainle
management of foresthie enhancement of carbon stocks as well as other forestry
activities at national level&JNFCCC 2014)

REDD isdesigneds a resultbasedinandng mechanismby certifying carbon
credits and receiving payments for each ton of carbon dioxide saved or removed from the
atmophere(Brown 2013) It builds uporand tries to improvéhe design ofClean
Develgpment Mechanisrafforestation or reforestatiqg€DM A/R) projects whichhas
been unsuccessfdle to financial, administrative and governance constréiiismas et
al. 2010) There have been a numbémmcertainties and challenges in terms of designi
and implementing the REDD (aREDD+as wel), such as difficulties of monitoring,
report and verification (MRV{Herold and Skutsch 201Ijotential carbon leakage
(Golub et al. 2009; Harvey, Dickson, and Kormos 20fidancing constraints without
ambitiousinternationaklimate goalgLubowski and Rose 2013; Angelsen et al. 2012)

and so forth.
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The advanced version, REDD+, has learned lessons from both the CDM and
REDD (Lederer 2011; Angelsen and Rudel 2013; Angelsen et al. 2042)of the key
advanced feature of REDD+ is to extend the main objective of REDD from mitigating
carbon emissions only to other social and development bemebisding payments for
the mutiple services that forests can providagelsen et al. 2012For example,
although there are large potentials to achieve botlclthete and mdiversity goals
through REDD(Harvey, Dickson, and Kormos 2010; Strassburgl.€2009) if
increasing carbon stocks wesiagled out as the main incentive, certain activities may
impact forest structure and composition as well as biodiveitiz and Redford 2009;
Obersteiner, Bottcher, and Yamagata 2010)

This improvement is highly relevant to address the poteotaflict of interests
betweerachieving a global climate goal and goals for local commungigsh as poverty
alleviation(Sunderlinet al. 2008)livelihood benefit{Chhatre and Agrawal 200%nd
agriculture productiofAngelsen 2010)With policy targets beyond terrestrial emission
reductions, aumber of REDD+ initiatives involve capacity buildiregtablishingand
securingcommunity forest rightsas well asengagingelevant stakeholders such as
indigenous peoplesas pars$ of thewholestrategyUNFCCC 2016) Manyempirical
evidences suggest thegcureproperty rights to local communities anegeneral
associated withoth lower deforestation ratasd béter livelihood outcomegStevens et
al. 2014; Sunderlin et al. 2014; Pagdee, Kim, and Daugherty 2006; Duchelle et al. 2014;

Resosudarmo et al. 2014; Naughitreves and Wendland 2014)
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5.2.2. Implications tocREDD+ designand implementation

To date, the scope &EDD+ is far from realizing lagyamount of emission
reductions, and thus tipetentialimpactson food availability and accef®m landuse
based mitigatin asobservedn Chapter 4 are unlikely to occur yet. Although the
successful i mpl ementation and full reali za
reductions depends on many technical, institutional, and political challenges, the absence
of an ambitiousnternational climate agreemastcritical (Angelsen et al. 2012)

Therefore as the international ambitioarfclimate mitigation enhances and
funding sourcefor REDD+increase witltarbon financingwhether theREDD+ will
generate unintended outcomeddod availability and accegsr the pootbecomes
uncertain To minimize the potential sideffects, | make two policy recommendations:
first, land policy making at the national level should evaluate specific contexts and stages
and adopt combination oflifferentinstrumentsand second, emissions from the land
system shouldontinue tdbe managed through a separate mechanism from the energy
sysem emissions.

Although the resultbased financing mechanism is established at the international
level, the participated developing countries of REDD+ are responsible for developing
national strategies or action plans to implement the REDD+ initiatives]lipyaking
into account national and subnational circumstafidé-CCC 2016) Existing national
strategies oftemombine severglolicy approaches, including forestnservation
livelihood support, resuktbased economic incentives, and so f¢8hnderlin and Sills

2012)
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Based on the results from Chapter 4, two of the policy approaatesiral land
conservation and terrestriehrbonpricing, if implemented across wide ranging of
countries and very strictly, we have to be concerned with the food availability and access
issue for the pooGiven the multifunction of the land system, full natural land
protection will leave little space for any increasing demand of food and energy crops to
be metbeyond existing commercial land, and thus the potential to enhance total
production solely depends on the improvement of producti@e advantage of
terrestral carborpricing overfull land protection, as observed in Chapter 4, is the
flexibility to find the most productive land for agricultural activities, which helps
moderate the rise in production costs and food prices to meet increasing food demand
from larger and wealthier population.

More importantly choice of policy instruments magrgely depend on specific
contexts and stageSurrently most REDD+ initiatives are designed to stop and avoid
deforestation in deeloping countries compared to theb uessagu s u, avhiob can be
achieved domestically through either land conservation politgragstrial carbon
pricing, or the combination of the twin practiceremote forestsanbe passively
protected with the help of conservation policigile pricing terrestrial emissions, or the
resultsbased payment mechanism, is more effective in preventing deforestation in the
frontier areags communities are more likely to receive assistaffoggelsen and Rudel
2013)

With respect taninimizing theunexpected consequencegdod availability and
accessit is also favorabl¢o take the combined approach to avoid deforestation

according to specificontextsIn frontier forests, flexibility otheeconomic incentive
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prevents the least productive land from agricultural expansion, increasing the food
production gain to carbon loss€mn the other handarge andemote areas, such as
many tropical forestwith rich biodiversity have much higher opportunity costs for
agricultural expansion, and thus the economic selection of the most productitendsd
to havelittle contribution to lower food prices due ltmw accessibility Instead providing
economic incetives may leado higher clearing rates for remote forestth newy
developednfrastructuregPfaff et al. 2014; Angelsen and Rudel 2013)

Althoughterrestrial arbon pricing hasore flexibility in providing multiple
services through the land systewhen terrestrial emissiomasevaluedequaly to the
energy system emissioniarge scale afforestation will be achieved by replacing existing
cropland particularlyin the tropical developing countridsoss of crop land, especially
for the poor regions, will alsoreatefood availability and acces®ncerns

This suggests that the carbon price of terrestrial emissions should not be linked to
the pice of energy syem emissiongutat a lower level wherdeforestation is
prevented without sacrificing food availability and access for the poor. That said,
although emission reductions in the LUCF sector are cosiffective,due to the multi
function of the land syste, the energy sectavill have to take on a larger share of
emission reductions than what would h&weendetermined solely based on marginal
abatement costés an increasing number agtional and regional carbon markets have
emerged or been proposed,igsion reductions from the LULCF sectoare usuallynot
directly covered but instead used as an offset mechanism. Moving foeltaaijgh itis
costeffective tofully link the LULUCF sector and the energy systei@a single carbon

price,given the criical role of the land system in providing food, emissions from the
78



LULUCEF sector shouldontinue to benanaged through a separate mechapiikm the
REDD+. Emissions from the energy system are controlled separately thratlginc

taxes or carbon marketshich simplyprovides the financial sorces to avoid

deforestation and increase natural carbon stocks. The scale of afforestation should be
evaluatechgainstationalcontexts angbriorities, including food security concerimit

rather nobased on the steffective global mitigation.

5.3. Countrycase analyses

Section5.2.2discussed in general how to select different land policy instruments
based on specificationaland subnationalircumstancesThis section appliethe
recommadationto several country casesthe tropicspy discussing the key drivers of
deforestation, theitULUCF targets, activities, and policig@ne of the most important
features that has emerged in recent international climate policy regime is toetédarth
of national approach, including the already discussed REDD+ and the Intended
Nationally Determined Contributions (INDCs) under the Paris agreemieistnational
approach provides an opportunity at the early stagmderstand different national
contexts as well as policy tools

With respect to specific national contextsamgresearch effortkave been made
trying to understanthekey driversof tropical deforestation, witmcreaing number of
case studies completed in various local cont@lsments and MilneGulland 2015;
Hosonuma et al. 2012; Kaimowitz and Angelsen 2008; Pagdee, Kim, and Daugherty
2006) In particular, conversion to agricultural land has been one of the key drivers of

deforestation in deVeping countries since the 1990s, either dominated by-sogke
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commercial agriculture in South America or by subsistence agriculture #s&hdran
Africa (FAO 2016) | thus look at Brazil andountries in the Congo Basin and West
Africa as a comparison in the following country case analysis.

The first country casthatl look at isBrazil, where LULUCF has beeiits largest
GHG emissiorsource During the last decagd®razil has achiead signifcant reduction
of deforestation in the Amazdiscobar 2015)which was previously driven by cropland
for soy and cattle pastur@depstad et al. 2009) he launclsof severakritical
conservatiorpolicies,the Action Plan for the Prevention and Control of Deforestation in
the Legal Amazon (PPCDANM) 2004 and a series Bresiential decrees and
resolutions durin@0072008 havecortributedto the slowdownof deforestation rata
addition to theeffect ofdecreasinggricultural products international markets
(Assuncéo, e Gandour, and Rocha 20ARo0, Brazil has perforrad as a pionegrlayer
in the REDD/REDD+ initiativesthrough a number of national strategies and pilot
REDD+ project{Moutinho et al. 2014 Given these progressdédrazilo s | thaD C
pledgedo eliminate unlawful deforestation by 2030 aredtore 12 million hectares of
forest seems less ambitious and redundant with previous tgEggebar 2015)

By pursuing aggressive land protection programs, Byazil | and pol i cy
depends morstronglyon the conservation approadtisis arguably an effective toot
protecting large trpical forests under the pressure form lasgale commercial
agriculture taking into account the impacts on food availability and acsghe one
hand, tropical forests are rich reservoirs of biodiversity, and thus full protection generate
other benets beyond natural carbon stocks. On the other hand, deforestation has been

mainly driven by the large soy and cattle industries for expeticch does not direlgt
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link to food availability and access concerns for the pdare importantlygiven the
larg e i n dhiglsacaess t snarkets and assets as wel@acityto adjust preventing
the expansion of largecale commercial agriculture into tropidatest is likely to
encourag@ewinvestmensin technology to improve productivityand thus bendf
rather than damaghie business.

Giventhe successful story in Braziwhether itcan be copied to countriestime
SubSaharan AfricdSSA)is, howeveruncertain This is because of tlozitical
distinctions in terms of forest features, deforestapiatterns and drivers, as well as food
security concerndVith respect to forestshte Congo Basin in the
second largestinforests area, after the Amazawhile forests in East and West Africa
are dry and more scatter@dayaux et al. 2013)Iherefore, forests protection can be
more effective in countrieground the Congo Basisych as the Democratic Republic of
the Congo (DRCG)where forests are large and isolated

With respect to deforestation, the SSA forestsrallhave experienced distinctive
deforestation pattern compared to other tropical forests, with lower clearing rates and
mainly caused byubsistence agricultu{®udel et al. 2013However, because of the
small and more densely populated forgétest Africa and Madagascar exhibit a much
higher deforestation rate than the Congo Bédiayaux et al. 2013)Compared to
remote forestdrontier forests with more dense population face greater pressure from
increasing food demand and economic development, both of which have been mainly
supportedy smaltscale agriculture in many SSA countr{€udel et al. 2013)

Therefore, land policies with economic incentives tend to be more favorable than the
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traditional conservation approach, which has the potential to provide anctioerfop
thelivelihoodsto these rural people

With respect to food securitynlike Brazil, manySSAcountries aramong the
worl dés most f ood chalemestorfeedthdastgowifgace gr eat
populationand have stronger tendency towaundsanizationTherefore price of
terrestrial carbon is particularly sensitive for SSA countries, given theimphigtity in
achieving food securitfor anticipated rapid population growtBecause of low
economic conditions and tivellnerability in glolal agriculture trade, SSA countries
cannot heavily depend on imports for staple food, and thus canntusiis existing
cropland.Under modesterrestrial carbon pricingpolicies with economic incentivemt
onlyenhancesmab c al e f ar meimcedse prodyetavity onteyistirtg crop land
through various measures, but atedps find the most productive land for agriculture

while sustaining or even restoring forests
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Chapter 6. Conclusions

Through theabovechapters of my dissertationekploredhow different designs
of climate policiesnight generate unintended consequenceedgnal food availability
and access (FAAp 2050. Chapter 2 introduced my modeling fio@CAM, andthe
development and modeling methods of a mestric of FAA Chapter 3 testtFAA
against a series of alternate expectations of the future to better understand the metric and
its robustness. Chapter 4 presented and discussed the core results of the research
regarding the impacts on FAA from alternate climate policy designs. CHappplied
the key results to existing policy making in the LWWCF sector, by reviewing both the
international mechanism of REDD+ and selected country cases.

In this concludingchaptery | first summarize the key findings by answering the set
of researclgyuestions asked in Chaptertienl discusshemore genergbolicy
implications,research contributionand caveatsand finally, this chapter finalizegith

future researchotentials
6.1. Answers to my research questions

To answer thaeries of questiorssked in Chapter 1, | extended the use of 1A
models to assess lotgrmfood availability and access by developing a new metric of
FAA that consists of b o shareandtotal calorcinmk@®. st apl
First, | find that under specific oy designs, we need to be concerned about the
adverse sideffects on FAA from ambitious climate mitigation. Moreover, the impacts
on FAA will likely be concentrated in already fragile low income countfd®pter 3

also tells usncreasing food demardle to population and economic grovalbnedoes
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not worsen FAA throughout 2050, because economic growth dominates FAA
improvements in all region§AA only worsens if price increase outpace economic
growth. Such conditions include uncertain price chacgesed byactors such as
change in market framework and extreme weather events under climate.change
However, another potential cause that is not texted with the scenarios is little or negative
economic growth, where food prices are likely to rise witheasing demand from larger
population, faster than economic growth.

Secondwe should be concerned with the unintended outcomes touf@Ar two
policy conditiondrom meeting stringent climate targ€ne is the policiethat
encourage bioenergy expamsion existing commercial land through very strict land use
restrictions, and the other is the policies that encourage$agde afforestation by
pricing terrestrial emissions equally to the energy system emis8iotispolicies impact
FAA by changing dod prices due to competing use of laimdother words, impacts on
FAA largely depend on the policy instrument to mitigate terrestrial emissions. The two
policies impact FAA by altering land use patterns between competinglireefrmer
imposes the higkst FAA risks to a broader range of developing regions in 2050,
especially when remainingpmmercialand approaches the capacity limits to meet high
food demand under rapid population growithe latter, with the flexibility to shiftand
use activities @und the globe, has lower pressure on staple foizes than the regional
allocatedand conservation policie$herefore, sound climate policies can address the
potentialriskson FAA by planning land conservation to maximize global benefits rather

thanallocate the restrictions equally by regiélowever, terrestrial carbon pricing
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substantially affects the production of roots and tubers, which is particular problematic to
SubSaharan Africa, the magonsumer of roots and tubers.

Third, to minimize oravoidthe sideeffectson FAA for the poordeveloping
countries can achieve domestic deforestation reduction through either land conservation
policy or economic incentives, or the combination of bdépending on specific
contexts and stagels particuhr, in frontier forests, flexibility of economic incentives
help find the most productive land for agricultural activities, increasing the food
production gain to carbon or biodiversity losses. By contrast, large and remote forests can
be passively proteet with the help of conservation policies, because the economic
selection of the most productive land has little contribution to lower food prices due to
little accessibility Moreover, to awid largescale loss ofroplandthe carbon price of
terrestrialemissions should not be linked to the price of energy system emidsidrad a
lower level where deforestation is prevented without sacrificing food availability and
access for the pooAlthough it is costeffective to fully link the LULUCF sector arttie
energy system via a single carbon price, given the critical role of the land system in
providing food, emissions from the LULUCF sector should be managed through a
separate mechanism.

A more general policy discussion, not limited to the faaded migation

policies, is provided in the following section.

6.2. Policy implicationsin the agriculture sector

Given mmplexity ofthe land systenhoth the land conservation policy and

resultsbased payments with terrestrial carbon pricing are likely generatettnded
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outcomes tdood availability and acces€hapter 5 discusses in details that a carefully
designed landbased mitigation policy, likely a combination of the tagproaches
depending on specific contextsan help minimize the sieffects.

Howeve, a broader range of measures are also important in terms of alleviating
the pressures on lameétween competing use for carbon stocks and agricultural
production In general, this section will discuss frdour perspectiveadaptation,
agricultural prodativity, trade liberalizationand demangidemanagement

First,adaptation is particularly important in the agriculture sector and through the
entire value chain of the food system, due to their high sensitivity to small changes in the
climate(Porter et al. 2014 Many adaptatiomeasuresre notonly effectivenearterm
responses to climate changgt also to a broad scope of pressures. In particular, through
risk management, technology transfer and adaptive capacity building to poor farmers,
adaptation practices can generate multiple benefiteahproduction, livelihood and
rural developmenfCooper et al. 2008; Twomlow et al. 20@¢8wden et al. 2007}or
instance, because more than 70 percent of agriculture is rgiRdgdr et al. 2014)
many adaptation practices target on water management, such as increasing access to
irrigation, more efficient rainfall harvest, employing water conservation technologies, and
so on(Twomlow et al. 2008)Adaptation is not only about teduce negtive effectof
climate change but also éxploit possible positive effec{®lesen et al. 2011Jor
example, introducing new crops that are more suitable to changing local climate,
increasing diversification of production, and adjusting planting and sowieg dhiead

to crop yield benefit¢Porter et b 2014)
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Secondywith respect to agriculture productivityn one hand, it is necessary to
meet future higher food demand on existing rather than expanded agricultural areas; on
the other hand, howevancrease in crop yields alone does not reduceveti#td area
expansior(Phalan et al. 2011; EWERS et al. 2009; Rudel et al. 2009; MATSON and
VITOUSEK 2006) but more than often encourages forest clearing because of higher
profits from the agricultural activitigg\ngelsen 2010; Kaimowitz and Angelsen 2008)
Therefore, approaches known as sustainable intesisdficare increasingly proposed. It
refers to a process that increases agricultural products with a reduction in emission
intensity or resource intensity to address the potential-tsHddetween intensification
and environmental goals, like GHG emissieductions in the agriculture sec{@ilman
et al 2011; Garnett et al. 2018mith 2013; Godfray et al. 2010)

Sustainable intensification may be carried out in different ways, such as using
advanced technologies or improved resource management practices, and the best
practices are highlgiependent on national or local contef@arnett et al. 2013; Godfray
et al. 2010)For example, irrigation technologies may have large potentials to improve
productivityin Sub-Saharamfrica (Svendsen, Ewing, and Msangi 2008pwever,
increasing water scarcity may constrain the ability of Africa to switdh tae-fed
farming systento theirrigated farming systerCooper et al. 2008As a result, other
options that increase water use efficiency with imprbresource management tend to
have better performance in S8aharan Africa, such asil-water conservation at the
rain-fed systemg¢Barron et al. 2015; Love et al. 200@nhdprivate irrigation systemand
small reservoirs for communal irrigatig8amakande, $eanje, and Manzungu 2004;

Barron et al. 2015; Inocencio et al. 2007)
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Third, in the context of an increasingly globalized world, food insecurity in one

place can be either resolved or exaggerated by global market 4Gumifsay et al.

2010) Policy interventions, such as price distortions and trade barriers, are intended to

| ower consumer pri ces andmgporexdoring tountriesn s u me r
however, these policiestensify price volatilities in the global markeid negatively

impact the net importe(®utten, Shutes, and Meijerink 2013; Abbott 20 Driculture

trade liberalization removemestidood subsidies, trade restrictions, and ofhaicy

interventions that have tried to isolate domestic consumer prices from the fluctuations in
global market pricefAnderson and Martin 2007; Dawe 2008)though open trade may

help lower staplexpendituresor certain regionsppen trade may also increasenso

ot her s 6 Iarmbubsguatioresuch as international price shocks.

Agriculture trade liberalization also transforms global landscape unevenly across
regions. Increased agricultural trade have shown opposite outcomes in different
developing coumtes. It has triggered substantial deforestation and other environment
costs in the tropics due to strong growth in agricultural ex8dismitz et al. 2014)
Transportation infrastructures increase market access, but during the early stage of road
development may incentivize deforestation. In contrasshiffing from net exporters to
net importers of agricultural producteveral othedeveloping countries in Asia and
South America haveecently achieved a simultaneous increase in food production and
forest cover(Lambin and Meyfroidt 2011)

Fourth, demandgide policies have large potentials to reduce food insecurity.
About onethird of agricultural production is currently wasted aldimg food chain

(FAO, IFAD, and WFP 2015Reducing food waste therefore has large potentials to
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benefit both mitigation and food secur{ymith et al. 2013; Foley et al. 201 hpwever,
guantitative estimates are few and tend to be highly uncé8miith et al. 2014)
Besides, changing consumption preference and consuming kb&s ehergy intensive

products help enhance resource and emission effici&nker et al. 2010Q)

6.3. Research contributi@n

The significance of my dissation is illustrated fronoth the literature and
policy perspectives. In regard to the literatafédong-termassessment ébod
availability and accessny dissertation make amportantmethodological contribution
by developing a set of nemvetrics andnethods to advance the understanding ofdong
term FAA with its many diverse, uncertain and interacting drivers. In particular, the
metric of FAA identifies the potential traadfs between caloric energy adequacy and
poverty reduction for the poor, usingh e pr oxi es of consumerdéds s
and total caloric intake.

My dissertatioralso contributes ttheliteratureof integrated assessment of
climate mitigation and mujple dimensions of food security, by evaluating and
comparing the impastbetween changing food prices and changing income. By
incorporating a measure of consumersé food
associated with changing food prices due to competing land use than previous analysis.

With respect to policy discussipmy dissertation informs effective climate
policy-making about the eompacts on other development goals, which provides another
criterion for evaluating and designing climate polickgoiding dangerous climate

change hateaturedas one of the Sustaibl@ Development Goals (SDGs) on the newly
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adopted global development agenda towards 208ded Nations General Asséty
2015) Meeting thdong-term climate goais intimately connected with many of the other
non-climate SDGs that address various dimensions of human wellbeing, such as ending
poverty and hunger, improving human health, ensuring universal access tm moder
energy, and so fortfUnited Nations General Assembly 201f) particular, my
dissertation provides additional armation to policy makers, by evaluating the
unintended consequences of alternative climate policy designs to food availability and
access that are closely related to the hunger eradicating SDG.

Moreover, my dissertation explores the critical rol¢hef and systenmn both
achieving the climate target and providing food, energy and other products and services.
It informs policy making that how we manage our finite land to fulfill multiple objectives
efficiently is fundamental. Both the land conservatiod tamrestrial carbon pricing
policies contribute to meeting ambitious climate goals, but tend to generate unintended
social consequences through the complex land use system. Therefore, policies to mitigate
terrestrial emissions need to be accompanied méhsures that enhance poverty
reduction, agricultural productivity and food system resilience to moderate the side

effects on food availability and access.

6.4.Caveats

There areseveraimportant issues or interactions that are not modeled in my
research, with in general does not compromise the key conclusions of my dissertation,

but requires some additional explanation when interpreting the results
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First of all, | have emphasized several times throughout my dissertation that
climate chang@mpacts on croypields are not modeled. Modeling climate change
impacts involves large uncertainty and is beyond the scope of my dissertation. Instead, |
focus on comparing the unintended consequences of alternative mitigation policies,
acknowledging their overall benefibf avoiding dangerous climate change impacts.

Secondwhen employing alternative population and GDP trajectories as defined
in the SSPs, | did not adjust other parameters or assumptions in the SSP narratives that
are potentially correlated with alternat economic growth. For example, the rate of
agricultural productivity improvement, especially for the poor regions, is more rapid
under the high (SSP1) than the low GDP growth scenario (SSP3). As a result, FAA
variations between the SSPs tend to be w@stienated.

Third, the currenversion of GCAMassumes ndemand response to price change
for crops(Kyle et al. 2011)It does not clainzero price elasticityn reality, but rather
creates a bonding case, where food price increases would madesatedy a
reduction in food deman@Vise et al. 2014)and people will meet their incortkiven
total calorie level no matter what. Such a strong assumption is more likely to be true for
those that consume inadequate energy, whddvather spend more than decrease
consumption. These people would end up with less available income for other goods,
corresponding to increased poverty for sustained caloric intake. As observed and
interpreted in essay three, increased food prices negyens, the poor in particular, in
opposite directions along these two dimensions of FAA, indicating-ttigeln regard
to food demand, GCAM also assumes thatshares of individual food crops or animal

commodities are fixed at the 2010 levielseflect regional preferencéKyle et al. 2011)
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Therefore, the ioreased diet diversity along with economic growth is not captured, which
tends to overestimate future demand of st a
developing countries.

Fourth GCAM assumeéree global tradef agricultural commodities. This
assunption may to have strong implications to global and local food prices, particularly
with changing land use patterns. For instance, the universal carbon tax might replace the
majority of cropland in the tropics with forests, indicating that people therdavié to
heavily rely on imports in 2050. However, for those poor {ieéted countries, such as
in SubSaharan Africa, transportation costs may generate large uncertainty to their ability
to access to global market and benefit from global trade.

Fifth, compared tahe general equilibrium (GE) model, GCAM does capture the
feedbacks to agricultural income with increased food prices for farm houséhathe
individual level, households that are net sellers of food tend to benefit from the rising
food priees(lvanic and Martin 2008)Similarly at the aggregate level, higher food prices
tend to benefit the net food exporting countries while hurt the net food imgdiso,
over the longrun, increased food prices may encourage investment in agricultural
productivity, which moderates price incregdagelsen 2010)On average, however,
these positive feedbacks are unlikiyoffset the negative effects of increases in food
expendituregCororaton and Timilsina 2012; Golub et al. 2048)thout taking into
account these feedbacks, my analysis explores the worst case scenarios for those net food

buyers.
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6.5. Future rese&h

For future research, there are a number of subjects or directions that could be
pursued to further advance the understanding of these complex interactions between
climate policies and multiple dimensions of food security.

First, architecture of intertianal climatepolicy has shifted from the highly
centralized Kyoto regime to the most recent bottgmParis approach with the Intended
Nationally Determined Contributions (INDCs). Climate policy making has been
increasingly focusing on the national andb-®ational contexts, motivations and
challenges. Therefore, further research may focus on individual countries to evaluate the
co-impacts of their INDCs as well as other national policies on national specific
development priorities.

Second, food availaliy and access estimatd at the regional average, and thus
overlooks the witkin regioricountryinequality, which may be particularly important for
certain countriesTherefore, further research may talki account withircountryregion
inequaity and develop new methods that incorporidte national/regionalistributionof
income and food consumptionstead ofusing theaverage.

Third, with the improvement of food demand modeling in GCAM to capture price
elasticity and the substitution effectarther research may developw metricso look at
all food expenditurethat also takénto account change in nutrition quality and diversity.
While staple food tend to be most relevant to the poorest, change in diet composition is

more relevant to fastedeloping countries.
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Appendices

(e) SSP5, segmente () SSP5, integratec

Consumption adjusted staple expenditure as % of average income in 2050

below | 1-2 2-5 5-10 10-15 15-20 above 20

FigureAl Food availability and accessnditions in 2050, references

Underalternative population and GDP trajectories and different assumptions of regional

consumer price changeé) SSPand thesegmented markeinodel; (b) SSPand theintegrated

marketmodel; €) SSP4nd thesegmented markeinodel; d) SSP4nd theintegrated market

model, (e) SSPand thesegmented markemodel; ) SSPand theintegrated markeimodel.
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(e) Estimated consumer prices of roots and tubers

Figure 8 Estimated consumer prices: (a) corn, (b) rice, (c) wheat, (d) other grains, and (e)
roots and tubersby region with thesegmened andintegrated markeimodel, under population
and GDP projections of SSP1 and S3p32050
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Figure A Total regional population in each FAA category in 2010 and, Dy58SPsegmented
market model
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(e) 300%, segmente (f) 300%, integrated

Consumption adjusted staple expenditure as % of average income in 2050

below 1 1-2 2-5 5-10 10-15 15-20 above 20

Figure A FAA conditiongn 2050, SSP1

With different levels of global price increase and different assumptions of regional consumer
price changes: (a)00% increase and the segmented manketdel; (b)100% increases aritle
integrated markeimodel; (c) 200% increases atite segmented marketnodel, (d) 200%
increases anthe integrated markemodel;(e) 300% increases arile segmented market
model (f) 300% increases aritle integrated marketnodel
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(e) 300%segmented (f) 300%, integrated

Consumption adjusted staple expenditure as % of average income in 2050

below 1 1-2 2-5 5-10 10-15 15-20 above 20

Figure & FAA conditiongn 2050, SSP2

With different levels of global price increase and different assumptions of regional consumer
price changes: (a)00% increase and the segmented marnketdel; (b)100% increases aritle
integrated markeimodel;(c) 200% incre&s andthe segmented marketodel, (d) 200%
increases anthe integrated marketnodel;(e) 300% increases artde segmented market
model (f) 300% increases aritle integrated marketnodel
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(b) 100%, integrated

=

e
7

(e) 300%, segmente () 300%, integrated

Consumption adjustedtaple expenditure as % of average income in 2050

below 1 1-2 2-5 5-10 10-15 15-20 above 20

Figure A FAA conditiongn 2050,SSP3

With different levels of global price increase and different assumptions of regional consumer
price changes: (a)00% increase and the segmented marnketdel; (b)100% increases aritle
integrated markeimodel;(c) 200% increases attte segmented miket model, (d) 200%
increases anthe integrated marketnodel;(e) 300% increases artde segmented market
model (f) 300% increases aritle integrated marketnodel
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(e) 300%, segmente (f) 300%, integrated

Consumption adjusted staple expenditure as % of average income in 2050

below 1 1-2 2-5 5-10 10-15 15-20 above 20

Figure 8 FAA conditiongn 2050, SSP4

With different levels of global price increase and different assumptions of regional consumer
price changes: (a)00% increase and the segmented marnketdel; (b)100% increases aritle
integrated markeimodel;(c) 200% increases attte segmented marketodel, (d) 200%
increases anthe integrated marketnodel;(e) 300% increases artde segmented market
model (f) 300% increases aritle integrated marketnodel
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(e) 300%, segmente (f) 300%, integrated

Consumption adjusted staple expenditure as % of average income in 2050

below 1 1-2 2-5 5-10 10-15 15-20 above 20

Figure ® FAA conditiongn 2050, SSP5

With different levels of global pricedrease and different assumptions of regional consumer
price changes: (a)00% increase and the segmented marnketdel; (b)100% increases aritle
integrated markeimodel;(c) 200% increases attte segmented marketodel, (d) 200%
increases anthe integraed marketmodel;(e) 300% increases artde segmented market
model (f) 300% increases aritle integrated marketnodel
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
H GDP per capita M total calorie intake B expenditures of corn
M expenditures of rice M expenditures of wheat B expenditures of OtherGrain

m expenditures of Root_Tuber o net effects
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(a) SSP1, segmented, reference
(b) SSP1, integrated, reference
Figure A0 Decomposition of changes FAAconditionby regionreference SSP1
Fomthe 2010 segmented market model baselioe2050 undelSSP1 population and GDP

trajectories with different assumptions of regional consumer price chan@g@shesegmented
market model; p) theintegrated maket model.
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050

B expenditures of corn
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B GDP per capita
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(@) 100%, segmented, SSP1
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050

B expenditures of corn
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(b) 200%, segmented, SSP1
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
m GDP per capita M total calorie intake B expenditures of corn
B expenditures of rice B expenditures of wheat B expenditures of OtherGrain
m expenditures of Root_Tuber o net effects
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(c) 300%, segmented, SSP1

FigureAll Decomposition of changes FAAconditionby region.global price shocks, SSP1
Fromthe 2010 segmented market modeaselineto 2050SSP1 population and GDP trajectories
and the segmented market assumptions of regional consumer price chaitedifferent

levels of globapriceincrease: (a) 100%:; (b) 200%; and (c) 300%
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
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(@) 100%, integrated, SSP1
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050

B expenditures of corn
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(b) 200%, intgrated, SSP1
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
m GDP per capita M total calorie intake B expenditures of corn
B expenditures of rice B expenditures of wheat B expenditures of OtherGrain
m expenditures of Root_Tuber o net effects
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(c) 300%, integrated, SSP1

Figure A2 Decomposition of changes FAAconditionby region.global price shocks, SSP1
Fromthe 2010 segmented market model baseline2050SSP1 population and GDP trajectories
and the integrated market assumptions of regional consumer price chanijeglifferent levels

of globalpriceincrease: (a) 100%; (b) 200%; and (c) 300%
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(@) 100%, segmented, B%
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Change of consumption adjusted staple expenditure as % of averge income

from 2010 to 2050
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(b) 200%, segmented, SSP3
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(c) 300%, segmented, SSP3

Figure A3Decomposition of changes FAAconditionby region,global price shocks, SSP3
Fromthe 2010 segmented market model baseline2050SSP3 population and GDP trajectories
and the segmented market assumptions of regional consumee mtangesvith different

levels of globapriceincrease: (a) 100%:; (b) 200%; and (c) 300%
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