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Abstract

Geographic Disparities in Future Global Food Security

Hanna Helander

Meeting the food demands of a growing population is one of the
currently most critical issues for the world community. Additionally,
negative impacts of climate change on agriculture are expected in
some densely populated regions of developing economies. In this
thesis, I examine spatial patterns of future impacts of population
development and climate change on food security and how these 
impacts correlate with current patterns of food security and poverty.
I aim to assess the global spatial patterns of food insecurity, 
concerning the current situation and future prognosis, to quantify
the impact of population development and climate change on food
security, and to examine to what extent poverty can explain spatial 
patterns. 

To identify spatial patterns, I performed a multiple correlation 
analysis. The aggregated impact estimate of population development 
and climate change was calculated by adding their respective national 
predictions. The explanatory power of poverty was evaluated using 
regression models which contained population development 
predictions and current food security as functions of poverty rate. 
Based on the my results and a literature review I discuss the future 
geographic disparities of food security and the corresponding 
consequences for combating hunger.

My results show that global geographic disparities are likely to
increase substantially, mainly because population, and in turn food
demand, will increase strongly in sub-Saharan Africa, the region with
the highest decline of resources in relation to population. Impacts
of climate change show a similar geographic pattern where food
insecure regions will be affected the most. I found that poverty is a
significant explanatory variable for both population growth and food
security. The literature review support causality between variables,
which places poverty at the core of food security issues. Poverty
causes both a barrier to access food markets and population growth,
which ultimately decrease food availability. In order to reach zero
hunger for the coming generations, there is an urgent need to
redistribute resources, change direction in agriculture practices and
implement extensive political measures that carefully consider both
local and global contexts.
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Sammanfattning

I detta examensarbete undersöks rumsliga mönster av effekterna av befolkningsutveckling och

klimatförändringar  på  den  framtida  livsmedelsförsörjningen.  Effekternas  korrelation  med

nuvarande geografiska mönster av osäker livsmedelsförsörjning och fattigdom ger indikatorer

på hur geografiska skillnader kommer att utvecklas. Uppsatsen utgår från tre frågeställningar:

1) Hur ser de globala rumsliga mönstren av den nuvarande situationen och framtida prognoser

av  osäker  livsmedelsförsörjning  ut?  2)  Hur  stor  effekt  har  befolkningsutvecklingen  och

klimatförändringarna  på  matsäkerheten?  3)  I  vilken  utsträckning  kan  fattigdom förklara  de

rumsliga mönstren? Baserat på resultaten och på en litteraturgenomgång diskuteras de framtida

geografiska skillnaderna i osäker livsmedelsförsörjning och dess konsekvenser för att bekämpa

hungern.

Rumsliga  mönster  identifieras  med  hjälp  av  en  multipel  korrelationsanalys  mellan

framtidsprognoser av befolkningsutvecklingen och klimatförändringarnas effekter, nuvarande

fattigdomsnivåer, mattillgång och undernäringsnivåer. För att skatta den sammanlagda effekten

av befolkningsutvecklingen och klimatförändringar  på framtida mattillgång, summerades de

beräknade effekterna för varje land. Förklaringsgraden av fattigdom utvärderades med hjälp av

regressionsmodeller  av befolkningsutvecklingen och nuvarande livsmedelsförsörjningen som

modellerades som funktioner av fattigdom.

Resultatet visar att de globala geografiska skillnaderna kommer att öka kraftigt, främst på grund

av att befolkningen, och i sin tur efterfrågan på livsmedel, kommer att öka kraftigt i Afrika

söder  om Sahara,  den  region  som redan  idag  har  störst  brist  på  resurser  i  förhållande  till

befolkning. Konsekvenserna av klimatförändringarna visar ett liknande geografisk mönster och

drabbar livsmedelsotrygga områden hårdare. Fattigdom utgör en betydande förklaringsvariabel

både för befolkningstillväxt och för en tryggad livsmedelsförsörjning. Litteraturgenomgången

visar  på  ett  orsakssamband  mellan  variablerna,  vilket  placerar  fattigdomen  i  centrum  för

matsäkerhetsfrågor. Fattigdom är både ett hinder för att få tillgång till livsmedelsmarknader och

en pådrivande faktor för befolkningstillväxt, vilket i förlängningen minskar tillgången på föda

per person.

För att kommande generationer ska leva helt utan hunger, är vi i ett akut behov av att omfördela

ekonomiska resurser och naturresurser. Ett paradigmskifte i jordbruksmetoder är nödvändigt för

den miljömässiga hållbarheten, liksom omfattande politiska åtgärder som noga överväger både

lokala och globala sammanhang.
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Abreviations

CC Climate Change

CFS Committee on World Food Security

CIA Central Intelligence Agency

EIC Economist Intelligence Unit

FAO Food and Agriculture Organization of the United Nations

GCM General Circulation Model

GNP Gross National Product

GIS Geographic Information Systems

IFAD International Fund for Agricultural Development

IPCC Intergovernmental Panel on Climate Change

SDG Sustainable Development Goal

WCED World Commission on Environment and Development

WFP World Food Programme
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Glossary and Definitions

Food security “When all people, at all times, have physical, social and 
economic access to sufficient, safe and nutritious food 
that meets their dietary needs and food preferences for an
active and healthy life.” (Wald & Hill, 2016)

Food insecurity “When people lack secure access to sufficient amounts 
of safe and nutritious food for normal growth and 
development and an active and healthy life“ (FAO et al., 
2015).

Food supply The total amount of food commodities available for 
human consumption (FAO, 2016).

Food supply per capita Food supply expressed as the per person dietary energy 
on a daily basis.

Food balance The relation between food supply and food demand.

Poverty People living off less than US$ 1.90 a day (The World 
Bank, 2016).

Sustainable development “Development that meets the needs of the present 
without compromising the ability of future generations to
meet their own needs” (WCED, 1987).

Undernourishment “A state, lasting for at least one year, of inability to 
acquire enough food, defined as a level of food intake 
insufficient to meet dietary energy requirements” (FAO 
et al., 2015).

Undernutrition “The outcome of undernourishment, and/or poor 
absorption and/or poor biological use of nutrients 
consumed as a result of repeated infectious disease. It 
includes being underweight for one’s age, too short for 
one’s age, dangerously thin for one’s height and deficient
in vitamins and minerals” (FAO et al., 2015).

Hunger Is used as synonymous to undernourishment in this 
report.
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1. Introduction

Even today, about 800 million people worldwide are undernourished (FAO, IFAD &
WFP, 2015; Steffen, et. al., 2001). As one of the biggest current global issues, food
insecurity is addressed by international institutions such as the United Nations (UN)
and the Worlds Health Organization (WHO). It is at the core of the newly adapted
Sustainable Development Goals, where the second goal is to achieve zero hunger by
2030 (UN, 2016).

Meeting the demands of a growing population is one of the currently most critical
issues for the world community (FAO et al., 2015; Wijkman & Rockström, 2012).
Additionally,  negative  impacts  of  climate  change  on  agriculture  are  particularly
expected  in  some densely  populated  regions  of  developing  economies  (Atkins  &
Bowler, 2001). Many studies have identified the geographical patterns of the impacts
of climate change and its consequences for human welfare (Atkins & Bowler, 2001;
HLPE, 2012; FAO, IFAD, & WFP, 2015; Glaser, 2006; Knox, Hess, Daccache, &
Wheeler, 2012, Samson, J., Berteaux, D. , McGill, 2011). Agriculture is among the
areas relied on by the food supply which is most affected by climate change (Cline,
2007, Rockström & Wijkman, 2012).

It is well known that there are geographic disparities when it comes to food security.
The  vast  majority  of  the  hungry  live  in  countries  of  developing  economies  and
particularly in sub-Saharan Africa (FAO et al., 2015; HLPE, 2012). Previous research
indicates that climate change will have particularly strong negative impacts in regions
that are already food insecure (Knox, Hess, Daccache, & Wheeler, 2012; Samson, J.,
Berteaux, D. , McGill, 2011; Wijkman & Rockström, 2012; Cline, 2007, FAO, 2016,
HLPE,  2012).  Moreover,  the  population  development  of  the  yearly  additional  78
million people to feed are expected to be almost exclusively concentrated to low-
income countries  (Wijkman  & Rockström,  2012;  Atkins  & Bowler,  2001;  HLPE,
2012).  This  implies  that  the  spatial  disparities  of  food  security  are  expected  to
increase and that developing regions are meeting increased challenges in feeding the
population, while the already well nourished populations will be less affected by the
global change in demography and climate.  These geographic patterns might imply
that the regions which are already food insecure will face the biggest challenges in the
future. 

Eradicating  hunger,  however,  is  not  only  a  question  of  making sure  that  there  is
enough food available (availability), but also a question about assuring the access to
food (accessability).  The main cause of undernourishment is not lack of food, but
inability  to  buy  (FAO,  2014a).  Therefore,  the  issue  of  food  security  covers  both
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physical aspects such as the production of food and socio-economic aspects to access
it. This is why food security as a concept require an interdisciplinary approach.

Recent research investigating the impacts of climate change on agriculture and human
well-being calls for a systematic and interdisciplinary approach. Kang, Khan, and Ma,
(2009) call for systematic evaluations of food security that integrate population, crop
production, climate change and water availability. Samson (2011) suggests a more
thorough  examinations  of  the  inter-relations  between  climate,  production  and
distribution of food resources, and the density distribution and vulnerability of human
populations.  Wijkman  and  Rockström  (2012)  underscore  the  need  of  a  more
integrated scientific approach, such as solution orientated projects relating population
development to potential yield levels and planetary boundaries. 

This project aims to contribute to the call of integrating different stress factors  and
putting them on  a geographic display. By linking population development and the
impact of climate change on agricultural productivity, poverty and food insecurity, it
quantitatively  studies  the  inter-relations  between  climate,  population  density  and
socio-economic  vulnerability.  The  impact  of  population  development  and  climate
change on food availability is related to the socio-economic aspect and underlying
reasons,  where  poverty  is  of  crucial  importance.  A geographic  approach on these
inter-relations builds the foundation for this thesis, which examines the prospects of
geographic disparities in global food security. 

1.1 Aim and research questions

The  aim of  this  study  is  to  investigate  the  global  spatial  patterns  in  future  food
insecurity. It focuses on the impacts of population development and climate change
and their relation to present spatial patterns of food insecurity and poverty. 

The overarching question is:

How will global spatial patterns of food insecurity evolve over the coming 60 years,
taking into account the impacts of climate change, population development and socio-
economic prerequisites and which implications does it have for combating hunger? 

The study is  divided into three parts.  Firstly,  I  will  detect  critical  spatial  patterns
concerning  food  insecurity.  Secondly,  I  will  estimate  the  aggregated  impact  of
population development and climate change on food security.  Lastly, will examine
the explanatory power of poverty for the detected patterns. These three parts can be
formulated in the following research questions:

1) What are the global spatial patterns of food insecurity, concerning the current
situation, predicted population development and predicted impacts of climate
change?
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2) How do the impacts of population development and climate change on global
food security aggregate and how do these estimates influence the prospects of
meeting the future food demand?

3) To which extent can poverty explain spatial patterns of food insecurity and
population growth?

Based on patterns and causalities identified by answering these questions, I aim to
draw conclusions about the prospects of future food security in order to answer my
overarching question.

1.2 Disposition

The research questions are based on a literature review, which is presented in chapter
2. The literature review serves, however, several purposes. It starts by positioning the
study in the broader field of food studies. Thereafter, the state of global food security
and  its  future  challenges  are  critically  analysed.  This  provides  a  framework  to
interpret  the  statistical  outcome  of  the  spatial  patterns  and  support  the  causality
analysis. It includes investigating underlying reasons as well as measures to combat
hunger, in order to support the discussion addressing the overarching question. The
third section explains the developing of prognoses for the impact of climate change on
agriculture, which also aims to support the interpretation and evaluation of results.
Lastly, the literature review highlights the spatial patterns of the outlined factors and
further motivates the presented research questions.

The literature review is followed by the methodology chapter where the data and the
statistical analyses are presented. Each of the three statistical methods focuses on one
research  question.  However,  the  different  methods  are  inter-linked  and  provide
complementary information to support each other and the overarching conclusions.

In chapter 4 the results are presented. This chapter consists of maps which visualise
the  spatial  distribution,  correlation  coefficients  which  measure  the  strength  of
tendencies  and  regression  models  which  visualise  the  relation  between  variables.
Chapter 5 discusses the results and its uncertainties and is structured corresponding to
the  research  questions.  Supported by the  literature  review,  the implications  of  the
findings  and  possible  measures  are  discussed.  Lastly,  chapter  6  summarises  the
overall conclusions that can be drawn from this study. 
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2. Literature review
There are many aspects influencing our ability to feed the future global population.
Two significant aspects are the spatial impacts of climate change on agriculture and
the  population  growth in  these  regions.  However,  vulnerability  to  food insecurity
arises from both biophysical and socio-economic reasons (HLPE, 2012). 

This section aims to provide a picture of food security and food studies in order to
position  this  study within  the  broader  field  of  research,  as  well  as  to  provide  an
analysis of the global food situation.

2.1 Positioning this study in the broader field of food studies 

Food studies might involve everything from agriculture, climate and trade to cooking
and cultural habits. Because of that it can, and has been, studied by many disciplines
and  from  different  approaches  and  epistemological  perspectives.  Within  social
sciences, this includes historical, cultural, sociological and post-modern approaches;
food has  been  studied  by  disciplines  such as  economy,  geography,  sociology  and
geopolitics, to mention only a few (Atkins & Bowler, 2001). Within natural sciences,
land use, technology development, water, fertilisation, agricultural and nutrition have
all been subjects of study (Wijkman & Rockström, 2012). Given the extent of areas
and  approaches,  there  is  a  need  to  position  the  study  in  this  broader  context  of
research.

Among others, Atkins and Bowler (2001), Glaser (2006) and Wijkman and Rockström
(2012) name the relationship between the growing population and our ability to feed it
one of the most important current global issues. When addressing this challenge, the
different approaches of food studies lead to different analyses. Social scientists and
economists  tend  to  emphasise  the  human  ability  to  adaptation  and  flexibility.  In
contrast,  natural  scientists  rather  focus  on  the  ecological  mechanisms,  ecosystem
balances  in  the natural  environment  (Atkins  and Bowler,  2001),  or,  with growing
interest, the limited natural resources and what Steffen et al. (2015) would call the
planetary boundaries.

The  agricultural  scientist  Lester  Brown  (2013) is  one  of  the  skeptics  about  our
possibilities to feed the future population. He is in good company when arguing that
the modern farming system in many aspects is unsustainable, particularly because of
the  intensive  use  of  limited  resources  and  agro-chemical  pollution.  In  the  1990s,
shifting  weather  patterns  and flooding  of  arable  coastal  land  by  rising  sea  levels
created awareness of the impacts of climate change on agriculture, which was added
to  Brown’s  case.  Already in  the  90s,  Brown’s  supporters  put  forward  that  global
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warming and environmental  changes  will  particularly affect  agriculture in  densely
populated parts of the developing world (Atkins and Bowler 2001). During the last
decades, climate change has gained increasing public attention and a number of well-
recognised reports have spotlighted the consequences of climate change for human
civilisation (Glaser, 2014).  

The interdisciplinary approach of this study addresses the environmental limitations in
relation to human needs by adapting a physical availability approach on the future
predictions.  However,  it  puts  these  predictions  into  a  socio-economic  context  to
capture social aspects, addressing the access to food. The limited natural resources
and the planetary boundaries form a point of departure for the analysis of implications
and measurements.

This approach implies, however, that a number of relevant factors cannot be covered.
Consumption of food is influenced by ecological, economic and social differences
also within countries. Education, class and region of residence influence the access to
food (Andersson Djurfeldt, 2015), as do sex, income and ethnicity (Eicher-Miller et al
2015). These factors, as well as the cultural role of food and the control over food,
land and food production is  not addressed in  this  thesis.  The challenging parts  of
feeding the world in accordance with cultural preferences are not covered at large, but
yet not disrespected in this study. 

2.2 Global food security and its challenges

Even though the toll of hunger and famine is declining and food security is increasing
in many countries, the global community are facing big challenges to meet the need of
the future global population (Atkins and Bowler 2001; FAO, 2014, Rockström and
Wijkmans 2012). A literature-based analysis of the state of global food security, its
problems,  challenges  and  proposed  measures  to  combat  hunger,  provides  the
foundation for this study. It considers recently published reports from internationally
recognised organisations:  Food and Agriculture Organization of the United Nations
(FAO),  International  Fund  for  Agricultural  Development (IFAD),  Committee on
World  Food Security  (CFS) and the  World Food Program  (WFP). Publications by
Atkins  and  Bowler  (2001)  and  Rockström  and  Wijkman’s  (2012)  together  with
examples from current research and publications help to contextualise the analysis
from a research perspective. This section provides a summary of the most important
conclusions from this previous research.

2.2.1  Food security

Today, almost 800 million people are undernourished of which 780 million are living
in developing regions (FAO et al., 2015). The sustainable development goals (SDGs)
have set zero hunger until 2030 as goal number two, after SDG1, to eradicate poverty.
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The term food security  originates from the global  food crisis  in  the 1970s (FAO,
2003).  It  is  a  flexible  concept  that  has  been  modified  over  time,  reflecting  the
reconstructions of official thinking on food security (FAO 2003). Drawing from the
current definition of food security adapted by both CFS and FAO, the socio-economic
aspect is central:

“Food security exists when all people, at all times, have physical, social and economic
access  to  sufficient,  safe  and nutritious  food that  meets  their  dietary  needs  and food
preferences for an active and healthy life...” (CFS, 2015)

They adapt four pillars of food security: availability, access, utilization and stability,
and stress that the nutritional dimension of the concept (CFS, 2015; FAO et al., 2015).

The multifaceted concept of food security calls for a more holistic approach on food
issues, where physical aspects of food production and its potential, as well as social
and economic aspects of human access, should be included. Ironically, the majority of
the world’s hungry population are farmers, farmworkers or pastoralists (FAO, 2015).
Furthermore, the main cause of undernourishment is not lack of food, but inability to
buy, as FAO (2014) concludes. Atkins and Bowler (2001) also show a remarkably
clear correlation between calorie intake and GNP per capita. 

In this thesis, food security is assessed in terms of the availability and accessibility of
food.  Two  of  several  indicators  suggested  by  FAO  are  used  (FAO  et  al.,  2015).
Prevalence of undernourishment measures  accessibility and food supply per capita is
used to measure availability.

To assess food supply per capita and its relation to food insecurity, this study adapts
the  main  reference  concepts  used  by  FAO  (2014b):  the  minimum dietary  energy
requirement (MDER) and the average dietary energy requirement (ADER). Dietary
energy requirements depend on the individual’s age, sex, stature and physical activity
level. The minimum requirement (MDER) marks the limit to undernourishment and
the average requirement (AGER) is a proper normative reference. Since demography
differs,  country-based  data  is  given  as  weighted  averages.  The  average  reference
values for developed countries, developing countries and for sub-Saharan Africa are
given in table 1.

Table 1: Minimum dietary energy requirement (MDER) and average dietary
energy requirement (ADER) in kcal. 

ADER MDER

Developing countries 2300 1820

- sub-Saharan Africa 2170 1740

Developed countries 2510 1940
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Policymakers  are  convinced  that  food  security  must  be  reached,  but  there  is  no
prognosis in policy-making documents for the prospects to reach that. The prospects
to reach global food security and the measures needed to maintain food security in a
long term are partly controversial, as I will point out in the following sections.

2.2.2  Population growth

The challenge to reach food security is indeed a difficult task, not least because of the
population increase. According to the UN projections of the world population, it will
increase from the current 7.4 billion to somewhere between 8.1 and 10.6 billion by
2050 (Wijkman & Rockström, 2012). The estimate of medium fertility is 9.7 billion
by 2050 and 10.8 billion in 2080, implying a global population increase of 47% until
2080 (United Nations,  2015).  Of the  additional  3.4 billion  people  until  2080,  2.3
billion are expected in sub-Saharan Africa  (UN, 2015).  The current growth of the
world population is about 78 million people a year, all of whom should be entitled to
nutritious food and decent welfare. Hence, the great challenge is to provide not only
the approximately three billion people living in abject poverty today, but also the two
to three billion new citizens who will be born during the next forty years, with access
to  energy  and  necessary  resources  to  help  rise  living  standard  (Wijkman  &
Rockström, 2012). 

As early as in 1994, at the UN conference on population issues in Cairo, the close
inter-linkages  between  measures  to  reduce  population  growth,  reduce  poverty,
improve welfare and reduce environmental degradation were discussed. The strong
inverse  correlation  between  birth  rates  and  living  standards  was  particularly
acknowledged (Wijkman & Rockström, 2012). Atkins and Bowler (2001) explain the
relationship  between  poverty,  hunger  and  population  growth  partly  with  a  class-
divided agrarian system, bringing wealth for one group of the global population and
poverty for another. Poverty induces hunger and big families, whereas wealth leads to
sufficient diets and small families. Big families imply high population growth, which
in turn reinforces the loop and increases the risk of poverty. 

There is a consensus about the relationship between poverty and birth rates and the
influence of poverty on birth rates is supported by particularly dependency theorists.
However,  the  highest  population  growth  is  likely  to  occure  in  the  demographic
transition phase of high birth rates but low death rates, which tend to come when
living standards increase from a situation of both high birth rates and death rates
(Mallick  et  al  2005).  Another  suggested  driving  factor  inducing  big  families  is
patriarchy (Atkins & Bowler, 2001; Wijkman & Rockström, 2012). They state poverty
as the primary cause of high birth rates, but put forward that the general status of
women in society plays a major role. Moreover, a rapid population increase makes it
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extremely  difficult  to  keep  up  with  services  in  terms  of  schools,  healthcare  and
infrastructure,  which  in  turn  hampers  the  ability  to  lift  people  out  of  poverty
(Wijkman & Rockström, 2012).

Global overall birth rates have indeed declined from about 5 children per woman in
1950s  to  2.6  in  2010  (Wijkman  &  Rockström,  2012).  This  is  an  important  step
forward  for  global  welfare  and  wellbeing.  Exceptions  are  mainly  found  in  south
Saharan Africa and the Arab world, where many of the poor countries are lagging far
behind (Wijkman & Rockström, 2012). The highest birth rates are found in Niger,
Mali, Uganda, Zambia, Burundi, Burkina Faso and Mali in that order. In most African
countries, as well as in Afghanistan, East Timor, Iraq, Yemen, Jordan and Solomon
Islands are the birtrates over 25 per thousand inhabitants a year  (CIA, 2016). These
countries with rapidly increasing populations are likely to face a growing demand for
food. 

2.2.3 The multiple challenges of agriculture

Food production fundamentally  depends on our ecosystems and natural  resources.
Therefore,  a  vision  of  a  sustainable  production  is  inevitable  when  addressing  the
needs of future generations. Many research groups address the challenges of finding
synergies  between  food supply  and  a  sustainable  management  of  ecosystems and
limited natural resources (Wijkman & Rockström, 2012, FAO 2014a). Glaser (2006)
summarises  this  as  one  of  the  most  important  future  tasks:  assuring  the  food
production  and  stabilisation  of  the  world  population  with  a  rising  prosperity  and
respect for ecosystems and its services. This challenge is recognised by the Food and
Agriculture Organization of the United Nations (FAO, 2014a) and the Committee on
World Food Security (HLPE, 2012). In respect to this  task,  FAO (2014a) predicts
multiple and interacting pressures on global agriculture over the coming 35 years. In
conformance  with  the  medium  fertility  estimate  from  the  UN,  they  expect  a  30
percent increase in the global population until 2050 and estimate that the global food
production until then will need to increase by 60 percent, and in developing regions
by 100 percent, to provide for the projected population (FAO, 2014a). Furthermore,
the FAO report identifies significant pressures such as intensifying competition for
increasingly scarce land, water and energy resources, and changed preconditions due
to climate change (FAO, 2014a).

During  the  green  revolution  in  the  mid  twentieth  century,  yields  increased
significantly by means of increased irrigation and high levels of chemical inputs. In
only 25 years, the cereal yields in South Asia increased by more than 50 percent and
the  global  agricultural  production tripled within 50 years,  with only a  12 percent
increase of cultivated land. It  can be argued that agricultural  intensification saved
millions of hectares of forests from conversion to farm land and avoided the release of
an estimated 590 billion tons of carbon dioxide into the atmosphere. Nevertheless, the
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FAO reports are consistent in calling the current trajectory of growth in agricultural
production  unsustainable  (FAO  2014a,  2015).  Current  climate  and  sustainability
research agrees that the current agricultural methods of industrialised agriculture have
devastating consequences (FAO et al., 2015; Wijkman & Rockström, 2012).

Without  a  significant  change of  course,  several  highly  problematic  trends  will  be
exacerbated (FAO, 2014a; Wijkman & Rockström, 2012). Firstly, our global access to
arable  land  is  decreasing.  According  to  FAO  (2014a),  there  is  little  scope  for
expansion of the agricultural area. They estimate that 80 percent of the additional food
required by 2050 will need to come from already cultivated land. A considerable part
of the arable land is degraded by erosion,  compaction or pollution of soils  (FAO,
2014a).  This is  confirmed by Rockström and Wijkman (2011),  who stress that an
expansion  of  agricultural  land  risks  to  threat  carbon  binding  forests  and  to
compromise other fundamental ecosystem services. Secondly, the use of fresh water
in agriculture is unsustainable. The inefficient use of water for irrigation affects the
entire fresh water cycle, reduces river flows, degrades wildlife habitats and has caused
salinisation on 20 percent of the global irrigated land area. The inappropriate use of
fertilisers and pesticides that are spread into rivers, lakes and coastal areas has caused
water pollution (FAO, 2014a). The increasing competition of water resources and the
escalating water pollution cause the death of five million people worldwide every
year, according to conservative estimates (Stålgren, 2006). Furthermore, the industrial
revolution of agriculture has resulted in falling water tables (Wijkman & Rockström,
2012). Thirdly, the biodiversity, which is essential for productivity and adaptability of
species and for the sustainability of agriculture, is decreasing at an alarming pace.
This  is  mainly  due  to  deforestation,  pollution  and  depletion  of  wetlands  and
overfishing and trawling in the oceans. It is estimated that about 75 percent of the
genetic diversity of crops has already been lost (FAO, 2014a). 

Additionally, agriculture is estimated to contribute to about 12 percent of the global
anthropogenic greenhouse gas emissions1 (Smith et al., 2014). Adding forestry and in
particular  deforestation  it  consitute  the  direct  cause  of  about  25  percent  of  the
greenhouse  gas  emissions  (FAO,  2014a;  Smith  et  al.,  2014), and  is  thereby  a
significant contributor to climate change. The reverse impact of climate change on
agriculture is also extensively addressed by FAO and will be discussed in the next
chapter.

1 Non-CO2 GHG emissions from agriculture are estimated to 5.2 – 5.8 GtCO2 eq / yr (in 2010), added 
another 0.4 – 0.6 GtCO2 eq / yr from agricultural use in machinery it sums up to 5.6-6.4 GtCO2 eq / yr 
(Smith et al., 2014), which is 11-13 % of the global anthropogenic emissions of 49 GtCO2 eq / yr in 
2010 (IPCC, 2014). The CO2 emitted is considered neutral, being associated to annual cycles of 
photosynthesis (Smith et al., 2014). 
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2.2.4 Measures to combat hunger

The different causes of hunger and famine need to be addressed on a structural level
and measures in several areas are required. Combating poverty, decreasing birth rates,
increasing agricultural productivity and protecting the ecosystems are some of many
necessary measures.

Measures to stabilise population are of critical importance. Wijkman and Rockström
(2012) even suggest that such measures should be included in climate policies. They
give  particular  weight  to  the  expansion  of  reproductive  health,  including  family
planning, and an increased school attendance of girls. However, they argue, that the
improvement of access to modern energy is  of equal importance.  Additionally,  an
increased  status  of  women  would  diminish  the  patriarchal  structures and  enable
women to take control over their own bodies, which would in turn decrease birth rates
(Atkins & Bowler, 2001; Wijkman & Rockström, 2012).

The fundamental challenge of providing for more people with the same amount of
resources requires an examination of the whole food system. Food usage is shown to
be inefficient: one third is wasted and one third is fed to livestock. As a result of high
consumption of resource intensive meat and dairy products in some regions, 30–50%
of  global  cereal  production  is  fed  to  livestock  (Tscharntke  et  al.,  2012).  This
inefficiency in energy use could be reduced by a change to more vegetarian and vegan
diets. Big amounts of food are being discarded during transport and in homes, which
mostly occurs in the same regions as the ones with high meat and dairy consumption
(Atkins & Bowler, 2001).  In North American and European homes, the amount of
edible  food  thrown  away  is  estimated  at  almost  30  per  cent  of  the  total  food
consumption (Atkins & Bowler, 2001; Wijkman & Rockström, 2012). In developing
countries, 40% of the losses occur at post-harvest and processing levels. Improving
post-harvest technologies (in particular for smallholders) can improve use efficiency
(Tscharntke  et  al.,  2012).  Without  measures  to  decrease  food  losses,  production
increase make less difference on food security. The limited global resources make
efficiency  of  water,  energy  and  land  use  increasingly  important  when  population
grow.

International organisations supporting policy-makers clearly acknowledge the uneven
distribution of resources and conclude that measures to combat hunger must focus on
the most vulnerable groups, namely poor, rural populations and small scale farmers
(FAO et al.,  2015).  The measures  should aim to improve the livelihoods of those
groups, enhance the productivity and incomes and strengthen local markets (FAO,
2014a, 2015; FAO et al., 2015).  

How these  groups are  best  addressed is  disputed.  In  particular,  there  is  diverging
views on the role of international trade. Many commentators suggest that openness to
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international trade markets contributes to economic growth and can be beneficial for
poverty reduction and food security  (FAO, 2003). On the other hand, FAO (2003)
points  out  that  reseachers  should  be  careful  with  assuming  causality.  Many
economies that show a statistical correlation often started to develop with a protected
market before the liberalisation of trade. They also stress that the potential benefits
from a trade liberalisation are not guaranteed and are likely to impact different groups
differently, which is why it will not necessarily improve food security of all groups
within society. In particular, there are likely to be significant differences between the
impacts on small scale and commercial farmers (FAO, 2003). 

Chen (2014) argues that the critical  issue regarding trade liberalisation,  is that the
international  agricultural  market  is  distorted  because  of  EU  and  US  agricultural
subsidies. The farmers in Europe and the US receive economic support that enable
them to  produce  cheaper  food  and  to  out-compete  other  producers  on  the  global
market. He means that there is of great importance to reduce subsidies in the EU and
the US and that a new regime must be developed that is more oriented towards food
security (Chen, 2014).

FAO (2003) recognises the uneven distribution of economic resources in terms of
agricultural  subsidies. They argue that some of the agricultural  subsidies currently
given to farmers in the OECD countries needs to be transferred to net importers of
food and agriculture in the developing world. Nevertheless, they strongly question the
common assertion that subsidies in the OECD countries are hurting the economy in
the  least  developed  countries.  FAO  (2003)  argues  that  removal  of  agricultural
subsidies  would  increase  efficiency,  which  conforms  with  Atkins  and  Bowler
(2001) who state that removed subsidies would decrease surpluses.

To what extent the small scale farmers support trade liberalisation can be questioned.
The global peasant and farmer alliance, La Via Campesina, put forth the concept of
food sovereignty that include ”the right of nations and peoples to control their own
food  systems,  including  their  own  markets,  production  modes,  food  culture  and
environments”(Wittman, 2011) It addresses the global power relationsships and turns
against the current structure where ”powerful” nations dump the prices and thereby
drive local farmers out of business (Rosset, 2008). By focusing on traditional peasant
farming for the local society without having to compete for resources or on a market
with international big scale companies, food sovereignty connects international and
local aspects (Wald & Hill, 2016).

Even though increased efficiency in resource use and strengthened local economies
are crucial, they alone are far from sufficient. Wijkman and Rockström (2012) state
that to meet the need of present and future population, nothing less than a second
green revolution is needed. They suggest a comprehensive evaluation of the multi-
functionality of agriculture. Innovative as well as traditional sustainable agricultural
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methods and ‘know-how’ are needed (Wijkman & Rockström, 2012).  Tscharntke et
al.,  (2012) support  this  case  when  stressing  the  necessity  of  an  agroecological
intensification that sustains ecosystem services, and maintain biodiversity. They argue
that this is particuarly possible on small and diversified farms, which moreover show
a greater productivity per area than large monocultures do (Tscharntke et al., 2012).
The importance of efficient land and water use has also been promoted through the
water–energy–food nexus  (Biggs  et  al.,  2015;  Leck,  Conway,  Bradshaw,  & Rees,
2015). Biggs et  al.  (2015) adapt a social and equality perspective on resource use
when arguing that  water,  energy and food security  are  key elements  for  reducing
poverty and ensuring resources for improving livelihoods in an equitable way. They
suggest a concept of environmental livelihood security, which integrates these aspects
(Biggs et al., 2015).

One main objective of sustainable agricultural methods is to develop multi-functional
landscapes (Wijkman & Rockström, 2012), or as the research program on water, land
and  ecosystems  at  CGIAR call  it:  an  integrated  approach  to  natural  resource
management.  They  aim  to  develop,  adapt  and  use  tools  to  improve  agricultural
intensification and landscape management of biodiversity, soils and water  (WLE at
CGIAR, 2014). Wijkman and Rockström (2011) suggest that through avoidance of
ploughing, agricultural landscapes could be a carbon sink instead of a big contributor
to increased carbon dioxide in the atmosphere. At the same time, that would imply a
more  sustainable  use  of  soils  and  avoid  erosion.  Another  recurring  theme  is  the
importance  of  improved  water  management.  Today,  roughly  70%  of  the  world’s
freshwater  withdrawals  are  used  in  agriculture  (Brown  &  Matlock,  2011) and
overexploitation  of  water  resources  is  a  major  problem  in  water  scarce  areas
(Wijkman & Rockström, 2012). In Africa, however, over 95% of the agriculture is
rain-fed and water scarcity is mainly a problem of lack of infrastructure  (Turner &
Rijsberman, 2006). Improvements such as small-scale protective irrigation systems
could reduce the extensive water loss, particularly caused by rainwater evaporation,
and sustain food production even in years when drought would typically wipe out
agriculture  altogether  (Wijkman  &  Rockström,  2012).  Wijkman  and  Rockström
(2012) stress the importance of increasing water scarcity and argue that crop water
productivity must improve significantly. Singh suggest that a change of crops might
be  needed  in  some  regions  because  of  warmer  and  drier  conditions  imposed  by
climate  change  (Singh,  2009).  Lastly,  Wijkman  and  Rockström (2012)  suggest  a
“revolution in the management of nutrients” and improved soil management. There is
more and more evidence  that organic farming, even on a  large scale, can provide the
same amount of nutrients in crop production as conventional agricultural methods –
for instance through smart crop rotation using legumes that capture nitrogen from the
air and transform it to organic nitrogen in the soil. 
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2.3 Climate change impact on food production

Because  of  the  complexity  and  the  many  uncertainties  in  a  projection  of  climate
change  impact  on  agriculture,  and  thereby  on  food  production,  this  section  is
dedicated  to  give  a  short  background  and  briefly  explain  how  projections  are
developed and which assumptions are taken for the projections used in this study.

A large number of research groups have focused on estimating the climate change
impact  on  crop  productivity  (Challinor  et  al.,  2014;  Cline,  2007;  Singh,  2009;
Teixeira,  Fischer,  Velthuizen,  H.,  & Walter,  2013).  It  is  clear  that  estimating  the
impacts of climate change requires many well founded assumptions and judgmental
weighting of factors. The climate dependent crop productivity projections derive from
both  climate  models  and  crop  productivity  models.  The  climate  models  estimate
climate data based on chosen scenarios and the crop productivity models apply the
climate  variables  generated  from the  climate  model  (Cline,  2007;  Teixeira  et  al.,
2013). Each part of the models is based on knowledge about physical processes or
statistical linkages (Cline, 2007). Which variables should be included and how they
should be weighted is partly controversial (Cline, 2007; Singh, 2009). This study uses
projections that derive from a synthesis of estimates made by Cline (2007), whose
basis will be shortly presented and motivated throughout this section. 

2.3.1 Climate change Projections

Climate change projections are generally developed from global circulation models
(GCM),  which  are  adapted  by  the  Intergovernmental  Panel  of  Climate  Change
(IPCC),  the  main  international  body  providing  policymakers  with  scientific
assessment reports about climate change and its implications, risks and options for
adaptation  and  mitigation  (IPCC,  2013).  Their  prognoses  on  climate  modelling
scenarios  are  based  on  storylines  of  the  future  development,  taking  into  account
demography, economy,  technology, agriculture and land use (IPCC, 2000). They are
normative models describing consequences based on certain assumptions about the
future.  Cline  (2007)  uses  scenario  SRES  A2  with  the  aim  to  adapt  a  realistic
intermediate path. This conforms to this thesis, which does not assume any significant
global political or economic changes. 

The IPCC (2000) describes the storyline of the A2 scenario family as a heterogeneous
world based on self-reliance and diversity of local cultures. The economy is primarily
regionally oriented. Technological change and per capita economic growth are slower
and  more  fragmented  than  in  other  storylines.  The  A2  scenario  family,  however,
assumes a relatively high population growth of 15 billion by 2100, still presuming a
stabilisation of the population size for most regions. It falls below the long-term UN
High  1998  projection  of  18  billion  (IPCC,  2000) but  above  the  UN  medium
projections of 11 billion by 2100 (UN, 2015), which are used in this study.  
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2.3.2 Crop productivity and climate

Due  to  the  many  factors  and  inter-linkages  of  factors  that  are  influencing  the
metabolism of a plant, it is indeed a difficult task to anticipate the impacts of changes
in  the  different  climate  aspects.  The  metabolism differs  greatly  between  different
crops,  and  limits  to  grow  depend  on  the  current  climatic  conditions  and  needs.
Climate and environmental factors to consider include atmospheric CO2, temperature,
precipitation, and soils.

Cline (2007) lists natural carbon fertilisation as one of the key issues when estimating
the impacts of climate change on agriculture. There seems to be a consensus that crop
species  are  directly  affected  by  increased  atmospheric  CO2,  however  the
consequences  and  the  magnitude  are  being  disputed.  Singh  (2009)  argues  that
increased  atmospheric  CO2 changes  the  physical  plant  structures  of  the  nitrogen
balance and, in turn, affects growth, yields, tolerance to drought and susceptibility to
pests  and herbivores.  Thus,  crop responses  vary with region,  environment  and,  in
particular,  with plant species (Singh, 2009).  Singh (2009) thinks that  crops would
generally benefit from doubling of the atmospheric CO2, but how great this benefit is
depends on the species. It is important to take confounding effects mentioned into
account. 

Cline (2007) uses estimates based on free air concentration enrichment for 550 ppm
of  carbon concentration,  from which  he  makes  a  weighted  estimate  based  on the
occurrence of  the main groups of  crops.  In  the climate scenario used,  the carbon
concentration would reach 735 ppm by 2080. Given the assumption that there is a
logarithmic  relationship  between  air  concentration  and  fertilisation  effect,  Cline’s
weighted estimate for 735 ppm results to be 15%.

Temperature is a central climate factor considered by crop models.  Crops respond
negatively to high temperatures. They accelerate various aspects of plant metabolism
and can affect crops through changing the timing and rate of physiological processes
such as respiration. The interactive effects of CO2 and temperature show that crop
responses to elevated CO2 are strongly related to temperature (Singh, 2009). Singh
(2009) argues  that  it  is  currently  impossible  to  clearly  determine  the  stimulatory
effects of elevated CO2 at high temperature. Cline (2007) develop a preferred estimate
that is a synthesis of several models (both statistical and crop models), in which this
interactive effect of temperature and CO2 is not specifically addressed.

Water plays a vital role for crop productivity and climate change is one of the greatest
pressures on the hydrological cycle.  If  the water  resources are not replenished by
snow accumulation and the snowmelt process any longer, the water system will be
more vulnerable to climate changes (Kang et al., 2009). There will be severe drought
conditions in some regions and flooding in others. Drought stress, elevated CO2 and
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higher  temperature  diminish  growth,  as  does  higher  temperature  at  ambient  CO2

concentration (Singh, 2009). If water availability is reduced in the future, the water
holding capacity of the soil will be of big importance for reducing the frequency of
drought and improve the crop yield (Kang et al., 2009). 

Additionally,  climate  change  is  likely  to  increase  disease  outbreaks  and  insect
infestations,  as  well  as  affect  the  composition  of  soil  nutrients  (Singh,  2009).  In
general, little is known about the impacts of climate change on the pests and diseases
of  crops  (HLPE,  2012).  Other  factors  such  as  ultraviolet  radiation,  ozone
concentration, relative humidity and pollutants will also influence crop productivity
and the responses to other climate factors.  This is  why Singh (2009) sure enough
states, that crop models based on only CO2 and temperature, simply cannot answer
how complex changes in climate may affect crops in the future.

2.4 Geographic disparities 

It is clear that access to food is also a question of global distribution. A recent report
from FAO (2016) states that almost 800 million people suffer from hunger although
there is  enough food on the planet.  Glaser (2006) states  that  there are  big global
inequalities, particularly between the northern and southern hemisphere, and that the
impact of climate change on agriculture will reinforce the contrast. Climate change is
thereby one of several aspects that seem to shape this uneven distribution of food and
its future trends.

Knox et al. (2012) state that in regions that are already food insecure climate change
appears to be a more serious threat to crop productivity than in other regions. HLPE
(2012)  conclude  that  climate  change  will  make  it  even  harder  to  overcome  the
challenges of sustainable food supply as it reduces the productivity and harms the
livelihood of those who are already vulnerable to food insecurity. The vast majority of
the poor and other vulnerable groups are located in two regions – Sub-Saharan Africa
and South Asia – where climate change effects are likely to be stronger than in other
regions  (Challinor  et  al.,  2014;  HLPE,  2012).  Cline  also  clearly  recognises  this
uneven distribution of climate change consequences in his book Global Warming and
Agriculture:  Impact  Estimates  by  Country (2007).  He  argues  that  countries  with
developing economies, predominately located in the southern hemisphere, are already
beyond or close to the thresholds at which further warming will reduce agricultural
potential. These countries also tend to have less capacity to adapt. Additionally he
recognises the amplified negative economic impact in developing countries, since the
agriculture stands for a larger share of the economy.

In the same regions the population is increasing the most. Research show that high
fertility is closely related to poverty (Atkins & Bowler, 2001; Mallick et al., 2005). It
is estimated that there are 78 million additional mouths to feed each year and of these
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97  percent  are  in  low-income  countries.  Additionally,  food  insecure  regions  are
clearly poorer than other regions of the world (Atkins & Bowler, 2001) and poverty is
stated as a key factor to reduce hunger by FAO (2014) and HLPE (2012). Atkins and
Bowler  (2001)  state  that  Sub-Saharan  Africa  is  the  region  with  most  dwindling
resources in relation to population, which is consistent with conclusions from CFS
(2012).

From a geographic perspective on the future ability to meet the demand of food, three
essential aspects appear to coincide: 1) the population growth is expected to be greater
in  countries  of  developing  economies  (Atkins  & Bowler,  2001;  HLPE,  2012),  2)
developing  economies  and  poorer  countries  are  already  today  vulnerable  to  food
insecurity or lack sufficient access to food (HLPE, 2012; FAO et al., 2015), and 3)
many scientists predict that climate change will affect these regions harder (Challinor
et  al.,  2014;  Cline,  2007;  FAO,  2016b;  HLPE,  2012;  Knox,  Hess,  Daccache,  &
Wheeler,  2012;  Samson,  J.,  Berteaux,  D. ,  McGill,  2011;  Wijkman & Rockström,
2012).  
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3. Methodology
To investigate spatial patterns, a quantitative statistical analysis with geographically
structured data was performed. The statistical analysis is based on spatial correlations
between parameters,  aggregation of impacts and regression models.  Each of these
aims to address one of the three research questions. The methods, research questions
and interpretation are based on the literature review as illustrated in figure 1. This
chapter  will  firstly  explain  how  the  methods  are  used  to  answer  the  research
questions.  Therafter, it  presents the statistical  methods and procedures (outlined in
black in figure 1). The execution of each part is explained in one subsection, starting
with the evaluation of data and followed by one section for each analysis. 

Figure 1: The statistical methods used to answer the research questions are
shown in black. Each research question corresponds to one stage in the data
analysis. Grey elements illustrate how the different parts of the study relate to

each other to answer the research questions.
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Five  indicators  were  used  in  the  analysis  (listed  in  table  2).  For  the  future
development,  predictions  of  the impact  of  climate  change  on  agriculture and  of
population development were used. These were compared with the current situation of
food security, measured by two indicators: undernutrition rate and food supply. Food
supply reflects  the physical  existence of  food in relation to  population -  the  food
balance - but does not consider how equally the food is distributed within a country.
Undernutrition rate, however, measures the part of the population that does not have
sufficient  access  to  food.  Thus,  the  two  indicators  provide  complementary
information. They reflect the  availability and the  accessibility,  respectively (FAO et
al., 2015). The fifth indicator, current poverty rate, provide additional socio-economic
information and were used to determine underlying reasons and causalities between
parameters.

To geographically define patterns of different parameters, all data were visualised on
world  maps.  The  multiple  correlation  analysis  aims  to  statistically  detect  spatial
correlations between the parameters.

The impacts of population development and climate change on food security were
calculated based on their impact on the availability of food, i.e. the impact on the food
demand-supply relation.  On one hand, the population development until 2080 will
affect  the  demand.  On  the  other  hand,  climate  change  will  affect  the  agriculture
productivity, which in turn affects the supply of food. The aggregated impact was
calculated  by  adding  the  estimates  of  change  in  percentage  units.  To  assess  the
consequences of the aggregated impact, the correlation with today’s food security and
poverty  rates  were  evaluated.  The  choice  of  time  scale  is  a  trade  off  between
addressing long term policy-making and the increased uncertainty of the prognoses.
The  choice  of   2080  as  target  year  aims  to  capture  more  of  the  challenges  of
sustainability than what would be covered by a target year by 2030, as is the target
year of the SDGs. 

The literature review suggested that poverty affects both population development and
food insecurity. These relationships are addressed by the third research question. The
regression analysis can provide statistical support by testing the explanatory power of
poverty to explain food insecurity and population development. The research question
is addressed by combining and evaluating the causalities proposed in the literature
review with the outcome of the regression model. An illustration of regionally divided
data visualises the geographic distribution.

Based on patterns and causalities identified by these analyses and with support from
the literature review I draw conclusions about the prospects of future food security.
This answers the overarching question how global spatial patterns of food insecurity
will  evolve  over  the  coming 60 years  and its  implications  for  combating  hunger,
taking into account the impacts of climate change, population development and socio-
economic prerequisites. 
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The literature review of previous research is used for the interpretation and evaluation
of  the  statistical  analyses  and their  outcome.  The interpretation  and evaluation  of
results are made in chapter 5. The statistical analyses were performed in the software
R and  the  geographic  distribution  of  the  data  was  illustrated  using  Geographic
Information Systems (GIS). 

Given the lack of  access  to  higher  resolution data  and for  practical  purposes,  the
analysis was country-based. Data were mainly taken from UN institutions and given
as average data per country, which enables a comparison between indicators. This
could be misleading on a national level,  since the situation in different parts  of a
country  might  differ  widely.  The analysis,  however,  was made on a  global  scale,
which  reduces  the  importance  of  more  localised  determinants  within  countries.
Subsequently, country-based data is useful to detect global geographical disparities. 

3.1 Data

An overview of the studied parameters and their indicators is given in table 2. A more
detailed explanation of the data sources and data sets, as well as, how each data set
was pre-processed will follow after the evaluation and geographic visualisation of the
data sets.

Table 2: Data used for analysis.

Parameter of
interest

Indicator(s)
Unit (used in

analyses)
Source

Population
development’s impact
on food availability

Projected population
development change until

2080

 Percentage
point 

UN - DESA
(2015)

Climate change
impact on food

availability

Projected change in
agricultural yields as a

consequence of CC til 2080

Percentage
point

Cline (2007)

Occurence of food
insecurity 

Food supply Kcal/capita/day FAO (2013)

Undernourishment rate % of population
FAO, IFAD,
WFP (2015)

Poverty Poverty rate
% of population
living off less

than  $1.90 /day

The World
Bank (2011)
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In order to perform adequate statistical  tests  and to  support the interpretation,  the
distribution and the geographic coverage were evaluated. Histograms and boxplots
together with descriptive statistics such as mean, median,  variance,  maximum and
minimum values and skewness2 provided information about the distribution in each
data set. Cartographic visualisations, by projecting the data on a global map, picture
the data and its coverage. The maps showed the tendencies in the data sets, which
helped to interpret the correlation and regression analyses. The most extreme values
and  their  respective  countries  were  extracted  from each  data  set,  to  better  detect
exposed countries. 

To enable a comparative analysis, the five data sets needed to conform in terms of
country  names  and  coverage;  for  this  reason,  harmonisation  was  needed.  The
significant changes derived mostly from data sets grouping countries together, which
particularly was the case for climate change impact on agriculture. Regions that were
split into countries or other redefinitions of borders are listed in appendix A1. 

The data, how it was obtained, developed and used in this study follows in brief.  

 Population development  was taken from the latest UN population revision

from  2015,  published  by  the  population  division  of  the  Department  of
Economic and Social Affairs (DESA) (UN, 2015). The projections for each
country are given as annual estimates of total population for the years 1950 to
2100, using the projections of medium fertility. The percentage change was
calculated using the data from 2015 and 2080.

 For the impact of climate change on food production estimates were taken

from Cline (2007). Cline’s (2007) analysis applies detailed climate projections
to  various  agricultural  impact  models  from  which  he,  based  on  a
comprehensive deliberation, suggests a set of preferred estimates. One array of
these models incorporate the study’s preferred quantification of natural carbon
fertilisation, which is used in this study. A comprehensive description of the
synthesis of models is found in Cline (2007). 

In the projection smaller  countries are  grouped into regions.  To make data
conform with other data sets, these regions were split into countries and each
country was assigned the mean value for the region. See listed regions and
countries in appendix A.

2 Skewness is a rough index of the asymmetry of a distribution ranging from - ∞ to + ∞. 
Symmetric distributions like the normal distribution have a skewness of 0. See Ho & Yu 
(2015) for more details.
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 Food supply per capita was given by FAO (FAO, 2013). To limit the impact

of extreme weather events and precipitation patterns of particular years, an
average estimation for the years 1992 – 2013 was used. The data was given in
kcal/capita/day. Food refers to the total amount of the commodity available for
human  consumption.  The  data  is  based  on  production  and  trade  of  food
commodities on country level. Based on the available population estimates,
the per person dietary energy is derived and expressed on a daily basis (FAO,
2016a).

 Poverty rate data  was taken from the World Bank latest  estimations  from

2011 (The World Bank, 2011). It was given as proportion of population living
off less than $1.90 a day, i.e. poverty headcount ratio (2011 PPP).

 Undernourishment rate data was taken from ”The State of Food Insecurity

in  the  World  2015”,  published  by  FAO,  IFAD  and  WFP  (2015).
Undernourishment data is given for development countries and for developed
regions. However, rates that fall below 5% were not specified and therefore
neglected in the analysis. For developed countries, the common figure <5.0%
was given and the countries were added based on CIA’s World Factbook (CIA,
2015), adopting the value of 0. The countries considered developed countries
are listed in appendix A. 

3.2 Correlations and interdependencies in data

To address the first research question, global spatial patterns were detected through a
correlation  analysis.  Correlation  examines  common  patterns  in  two  sets  of  data
(Dormann, 2013). To get an overview over geographic patterns in the data, a multiple
correlation analysis  was performed,  which pairwise examined the rank correlation
between indicators.

Because of the skew distributions of the majority of the data sets (see skewness in
table  A10  and  A11  in  Appendix  A),  Spearman’s  rank  correlation  was  chosen  as
correlation  measure.  In  contrast  to  the  standard  method  of  Pearson’s  correlation,
which assumes normal distribution, Spearman’s rank correlation limits the influence
of extreme values and is a robust and a widely used method. Rank correlation allows
non-normal values since it ranks the data and the patterns in the rank are analysed
rather than the data values themselves. Spearman suggested evaluating the common
tendencies  using ρ,  which correspond to the standardised covariance of the ranks,
taking values between -1 and 1. The null hypothesis is ρ=0, which is tested against the
alternative  hypothesis,   ρ≠0  (Dormann,  2013).  To  interpret  the  strength  of  the
correlation  Evans  (1996) suggested  that  for  the  absolute  value  of  the  correlation,
coefficients in the range of 0.40-0.59 indicate a “moderate” correlation,  0.60-0.79 a
“strong” and 0.80-1.0 a “very strong” correlation.
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The interesting patterns and common tendencies were identified and their significance
evaluated using the p-value. The p-value, which was computed using algorithm AS 89
(see Best & Roberts, 1975), is the probability of a ρ as unusual as the one obtained (or
more extreme), given that the null hypothesis is true. A low p-value  indicates that
there is little probability that the null hypothesis is true, and in turn that the result is
significant (Crawley, 2005). 

3.3 Analysis of the aggregated impact on food security

To address the second research question, assessing aggregated impact estimates, the
projected aggregated impact of population development and impact of climate change
on agricultural productivity was calculated and its correlations with other parameters
were computed. This test shows how an aggregated impact approach might affect the
geographical disparities in the prospects to reach food security.

The aggregated impact of the projections was calculated for each country, using a
supply-demand perspective,  which I  refer to as the  food balance3.  This shows the
proportional change in relation to the current situation and does not estimate the food
insecurity  for  the  particular  country,  but  the  common  impact  of  two  estimated
prognoses. The correlation analysis helps to assess the resulting situation by looking
at common spatial patterns between the future and current situation. If the situation is
such that the demand exceeds the supply there is a lack of food.

By combining the data of the impact of climate change on crop productivity with the
predictions of national population development, the aggregate impact on food security
was estimated as in equation 1,  and given as the total  percentage change in  food
balance.

Δ food balance=
Δ populationchange

population2015

−Δ yield percentage (1)

where Δ food balance is the change in the relation between food demand and food
supply. populationchange is the change in absolute numbers between 2015 and 2080 and
the percentage change is given by dividing it with the current size of the population.
population2015. yieldpercentage is likewise the percentage change in food production due to
climate change and thereby indicates  the  potential  change in  food supply.  For  an
increased population and a negative climate change impact on food productivity, both
terms will result positive since the gap between demand and supply increases in both

3 The term is used by FAO providing food balance sheets. The food available per capita is however 
only one of several indicators of these sheets (http://www.fao.org/economic/ess/fbs/en/). I refer to the 
food per capita balance (supply-demand) when using the term.
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directions. If the climate change impact is positive and increases the food production,
parts  of  the  increased  demand  due  to  population  growth  will  be  covered  by  the
increased supply.

3.4 Linear regression and possible explanatory variables

The third research question – to which extent poverty can explain spatial patterns of
food insecurity and population growth – was studied using regression analyses. The
regression analysis is a restriction of the general correlation analysis, investigating to
which extent one variable may explain another. The regression analyses explored how
food insecurity and population growth vary with the rate of poverty. Three regression
models were developed, one for each of the response variables: undernutrition rate,
food supply per capita and population growth. This means that population growth,
food supply and undernutrition were described as functions of poverty. This function
is called a  linear prediction4.  However, if data is not normally distributed, a  link-
function can be used to relate the linear predictor to the response variable (e.g. food
supply) and still meet the model assumptions. 

Because of the interest in food insecure areas, and to facilitate the regression analysis,
the regression for population development was limited to the countries of expected
population  increase.  This  excluded  the  negative  values  and  thereby  increased  the
number of applicable distributions. 

The  regression  analysis  consisted  of  two  intertwined  parts:  1)  the  choice  of  an
adequate model structure for the data (depending on distribution and characteristics)
and 2) diagnostics of the generated model. 

3.4.1 Distributions of data and choice of model structure

The distribution of data partly depends on how data was collected. In other cases, as
when the data was calculated, an error distribution must be chosen that best matches
the characteristics of the data set. 

Undernutrition
Undernutrition rate is given as proportions. Proportional data have three properties of
importance for the data analysis: the data are strictly bounded (between 0 and 1),  the
variance  is  non-constant,  and  the  errors  are  non-normal.  These  properties  entail
certain model requirements, which were met by using an appropriate  link-function
adopted by a generalised linear model with a binomial error structure. The choice of
distribution is further explained appendix D. 

4 f(x) = a + bx, were x is the explanatory variable poverty, and f(x) is the predicted value
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Food supply
The  food  supply  data  consist  of  positive,  calculated  values  that  are  not  strictly
bounded. The histogram (figure A12 in appendix A) and the skewness of 0.16 show
that the data is approximately symetric and indicates that a normal distribution might
be suitable. Normally distributed errors and constant variance were assumed. 

Population growth
The population development data describes the derivate of rates over a period of time.
After setting the negative values to 0 (in order to limit  the analysis to population
growth),  the range of  data  is  from 0 to over  600 percentage,  with a  strongly left
skewed distribution with a skewness of 0.90. The logarithm of the data was used to
approximate the data to a normal distribution. The skewness of the resulting data was
-0.73, which histogram is shown in figure A11 in appendix A. 

3.4.2 Model diagnostics and evaluation

The models were generated by using the generalised linear models in R, which find
the parameters that best fit the data, given the chosen model structure. Thereafter the
models were examined and adjusted in the following way: 

Analysis of distribution of the x-values
The density distribution of the predictor might influence the estimation of the model
parameters. Ideally, x should be uniformly distributed along the defined interval. The
poverty data used is dense for lower poverty rates and scarce with data for higher
rates. To compensate for the skewness, the square root of poverty was used when
estimating  the  models,  and  data  was  transformed  back  to  original  scale  for
visualisation. 

Analysis of dispersion
For many distributions, including the binomial distribution, there is a given relation
between  the  variance  and  the  mean.5 How  much  the  variability  differs  from  the
expected  value  given  by  the  model  is  quantified  by  dispersion.  For  the  binomial
distribution, variance increases 1:1 with the mean, meaning that dispersion is 1. If the
dispersion  in  the  data  significantly  differs  from the  expected  one,  this  should  be
adjusted  by  fitting  the  dispersion  together  with  the  model,  meaning  that  a  strict
binomial distribution is no longer assumed (Dormann, 2013). 

Distribution of errors
To  evaluate  how  well  the  “real”  distributions  of  errors  were  in  relation  to  the
theoretical  distribution  of  errors  for  the  chosen distribution,  a  QQ-Plot (Quantile-
Quantile-Plot) was done and assessed for each model.
Analysis of residuals

5 For binomial distribution the mean is  = np xx  and the variance is s2 = np(1 − p) = (1 − p).xx
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Residuals are the differences between the empirical data and the model estimate. The
response residuals for a regression model of normal distributed data6 are  y − ŷ.  For
binomial  distributed  data  the  response  residuals  are  not  as  useful  since  they  will
increase for an increase of y. To standardise the measure, Studentized residuals are a
recommended  method;  the  formula  is  given  in  equation  4  in  appendix  D.  The
residuals should be randomly distributed around zero along the ŷ on the link-scale and
were therefore plotted and evaluated (Dormann, 2013). 

Analysis of influential points
To determine  whether  there  are  some particular  data  points  that  had  significantly
greater influence on the estimation of the model, outliers can be determined and the
regression can be recalculated excluding the outliers. The influential data points were
determined using Cook’s distance and the so called hat-Value7 (Dormann, 2013). The
determination of influential points and their influence on the model was evaluated for
all three models.

Measuring the degree of fit
To determine how much of the total variation in undernutrition rate, food supply and
population growth can be explained by poverty, the r-square (r²)8 was calculated. The
r-square is the fraction of the total variation of the data that can be explained by the
regression (Crawley, 2005).

As for the case of correlation validation, the significance was evaluated, using the p-
value. The null hypothesis is that poverty has no explanatory power and the p-value
tells us the probability of a result as unusual as the one obtained or a more extreme,
given that  the null  hypothesis  of  no explanatory power  were true.  A low p-value
(p<0.05) indicates that the explanatory coefficient is significant (Crawley, 2005).

Visualisation
The estimated models were transformed back to the original scale and plotted together
with the data points. Data points were size-adjusted according to countries’ current
and predicted population sizes. To visualise spatial patterns, the points were coloured
by regions. The division of regions is based on the (UN Statistics Division, 2016).

6 Meaning that  y ~ N (μ = ax + b, σ)

7 The hat-matrix H analytically measures the data point’s influence on the fitted value ŷ: H = X ( XT X)-

1 XT, were X is the predictor matrix (for this case a vector).

8 R2 = 
SSR
SST

 where SSR is the variation in data that can be explained by theregression and SST the 

total variation in the data.
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4. Results

The result  section is divided into four parts.  In section 4.1, critical  areas for each
parameter are identidied through visualisation of data on maps. The distribution of the
data also provides an understandig of the data sets for the further analysis. The second
section presents the multiple correlation analysis, highlighting the most interresting
outcomes for the study. The third section estimates the aggrgated impact of population
development and climate change. The fourth and last section presents the outcome of
the regression analyses and scatter plots illustrate regional differents.

4.1 Data evaluation

In  this  section  the  different  parameters  and  their  geographical  and  statistical
distribution  are  presented. Descriptive  statistics  such as  scope  and tendencies  are
summarised, whereas complementary graphs and tables can be found in appendix A. 

4.1.1 Projection of future impacts on food insecurity

The  population  development  data  covers  233  countries  with  expected  population
development between - 46 percentage points and 666 percentage points between 2015
and 2080. Half of the data consist of values between 6 percentage points decrease (1st

quantile)  and  90  percentage  points  increase  (3rd  quantile)  with  a  median  at  27
percentage points. This implies a strong left skewness (2.02) and that the most deviant
values are found in the positive direction. The skewness of the data is shown by the
histogram, the boxplot and the descriptive statistics, which are all found in appendix
A.

Figure 2 shows a map of the global population development. There is a clear hot spot
in Africa and a relatively moderate increase in the Middle East.  Table 3 on page 28
lists the ten countries with the highest predictions, which are all African countries. A
few countries notably stand out with significantly higher predictions than the others:
Niger  has  the  highest  prediction  of  666  percentage  points  followed  by  Zambia,
Angola,  Burundi  and  Tanzania  with  prediction  between  385  and  342  percentage
points  increase. 

The data of the predicted impact of climate change on agricultural productivity covers
134  countries  after  the  splitting  of  the  regions.  The  original  data  set  covered  85
countries  or  regions.  The  data  extends  over  a  smaller  range  of  values  than  the
population development:  from a decrease of yields of 54 percentage points to an
increase of 28, until 2080. The impact of climate change data has less extreme values
than  the  population  development  predictions.  The  distribution  density  is  highest
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around  zero  and  when  predictions  become  more  negative,  the  density  gradually
decreases. The density distribution did not change significantly with the splitting of
regions  into  countries.  Histogram,  boxplot  and  descriptive  statistics  are  found  in
appendix A. 

Figure 2: Predicted population development, percentage change between 2015 and
2080.

Figure 3: Predicted impact of climate change on agricultural productivity for 2070-
2090.
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The impact of climate change on agriculture productivity is projected on a map in
figure  3 on page 26. The negative impact is expected to be the highest in Africa.
Southern  Asia  and  South  and  Middle  America  will  also  be  negatively  affected,
whereas northern countries are expected to benefit from the change in climate with up
to 28 percentage points increase of yields.

In table 4 the most affected countries and regions are listed. It shows that in equatorial
Africa  the  estimated  impact  reaches  -54  percentage  points,  followed  by  Sudan,
Senegal and other African countries. For parts of South America, estimations reach 34
percentage  points  decrease.  Thereafter  follow  Iraq,  Zambia,  Cuba,  Myanmar  and
Marocco.nAccording to used predictions, the population development forms a more
determining factor for future food balace than the impact of climate change. 

Table 3: Countries with the
highest expectation of population
growth 2015-2080 according to

UN (2015) predictions.

Table 4: Countries and regions with
the highest impact of climate change

on agricultural productivity according
to predictions by Cline (2007).

Population Development Impact of Climate Change

Country (pp) Country/region  (pp)

1 Niger 666 1
other equatorial

Africa
-54.1

2 Zambia 385 2 Sudan -49.5

3 Angola 346 3 Senegal -44.7

4 Burundi 342 4
other southern

Africa
-38.9

5 Tanzania 342 5
other South

America
-34.4

6 Mali 332 6 Iraq -32.2

7 Somalia 330 7 Zambia -31

8 Uganda 329 8 Cuba -30.2

9
Dem. Republic of

the Congo
315 9 Myanmar -30.1

10 Malawi 313 10 Morocco -29.9
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4.1.2 Food insecurity

The two indicators for food insecurity – food supply and undernourishment – were
given  for  180 and  147  countries  respectively.  Food supply  per  capita  consists  of
values between 1557 and 3764 kcal per capita and day. Food supply is fairly normally
distributed with mean and median at about 2700 kcal per capita per day. Figure 4
shows the global distribution of food.

North America, Brazil and Argentina, Europe, Russia and Australia are far above the
suggested  normative  reference  of  daily  energy  requirement  (ADER),  which  is  on
average 2500 kcal/capita in developed countries (figure  4). In contrast, as shown in
table  5 on  page  31,  several  countries  in  sub-Saharan  Africa  have  a  food  supply
between the minimum requirements (of 1740 kcal/capita/day as an average for sub-
Saharan Africa) and the average energy requirement (of  2170  kcal/capita/day as an
average for sub-Saharan Africa).

Figure 4: Food supply per capita (kcal/capita/day).

Undernutrition  rates,  were  given  for  147  countries,  which  includes  the  group  of
developed countries given the general figure of less than 5 percent. The data range
from zero to 53 percent, and the distribution is naturally more dense for lower values.
The highest values are found in  Haiti (53 percent), Zambia and the Central African
Republic (48 percent), Namibia and North Korea (42 percent), as is shown in table 6
on page 31. Figure 5 shows the undernutrition rates on a map.
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Figure 5: Undernutrition rates (% of national population).

The two food insecurity indicators show a similar pattern: a predominance of African
countries among the critical values (see table 5 and 6). Five out of ten most critical
values for both of the two food insecurity indicators are found in African countries.
The two data  sets  are  lacking values  for  the  Democratic  Republic  of  the  Congo,
Somalia and Libya. Africa is followed by parts of the Middle East and South Asia,
including Afghanistan and Tajikistan. This tendency is most distinctive for the food
supply indicator. Mongolia and most Andean countries also show a food supply under
the global mean.
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Table 5: The countries with the
most critical values of food supply.

Table 6: The countries with the
most critical values of

undernourishment.

Lowest food supply Undernourishment

Country
Kcal/

capita/d
Country (%)

1 Ethiopia 1,858 1 Haiti 53.4

2 Rwanda 1,891 2 Zambia 47.8

3 Zambia 1,914 3
Central African

Republic
47.7

4 Haiti 1,921 4 Namibia 42.3

5 Afghanistan 1,938 5 North Korea 41.6

6 Chad 1,975 6 Chad 34.4

7 Angola 1,983 7 Zimbabwe 33.4

8 East Timor 1,990 8 Tajikistan 33.2

9
Central African

Republic
1,996 9 Madagascar 33

10 Tajikistan 2,007 10  Tanzania 32.1

4.1.3 Poverty

A poverty rate is given for 138 countries. Data is lacking for Northern and Western
Europe,  for  North  America,  Australia  and  New  Zealand  as  well  as for  northern
African  countries  and  the  Middle  East.  The  data  has  a  similar  distribution  as
undernutrition, however it ranges up to 82 percent. As for the other indicators, plots
and descriptive statistics are given in appendix A.

The poverty map in figure 6 shows a clear hot spot in sub-Saharan Africa. Table 7
shows that the ten countries with the biggest rate of poor population living off less
than $1.90 a day are all located in Africa. Madagascar has the highest poverty rate,
followed  by  Burundi,  the  Democratic  Republic  of  Congo  and  Malawi,  from  70
percent and above. 
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Figure 6: Poverty rates (% of national population).

Table 7: The countries with the most critical values of food supply,
undernourishment and poverty. 

Highest Poverty Rate

Country (%)

1 Madagascar 81.8

2 Burundi 77.7

3
Dem. Republic of the

Congo
77.2

4 Malawi 70.9

5 Mozambique 68.7

6 Liberia 68.6

7 Guinea-Bissau 67.1

8 Uzbekistan 66.8

9 Central African Republic 66.3

10 Zambia 64.4
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4.2 Multiple correlation analysis

As the similarities between the maps have already indicated, the multiple correlation
analysis  detected  common tendencies  in  the  data  sets.  The  correlations  provide  a
picture of global geographic patterns and quantifies the strength of interrelationships.
Together with histograms and scatter plots of each combination of data, the multiple
correlation coefficients are presented in figure 7. All correlations are significant on a
95%  confidence  interval.  The  validation,  including  p-values  and  alternative
hypotheses, is found in appendix B.

Figure 7: Scatter plots, histogram and correlation factors of all six parameters.
Below the diagonal with histograms for each parameter, the bivariate scatter plot for

each pair of parameters is shown, with the moving average in red and correlation
ellipses in black. The histogram for each parameter is shown on the diagonal. From
the left corner: population development, climate change impact (CCI), food supply

per capita, undernourishment and in the bottom right corner poverty. Above the
diagonal is Spearman’s correlation factor ρ for each pair.
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Spearman’s  correlation  factor  ρ,  shows moderate  and  strong correlations  between
several  parameters  (figure  7).  Both  population  development  and  climate  change
impact  correlate  moderately  with  food  supply  (-0.55  and  0.56)  and  with
undernourishment (0.52 and -0.43).  A strong correlation of 0.75 is shown between
population development and poverty. Impacts of climate change shows a moderate
negative correlation of 0.41 with today’s poverty rate.

The  two  food  insecurity  indicators  correlate  with  poverty.  Undernourishment  and
poverty have a  correlation of 0.57,  whereas food supply and poverty rate  show a
strong negative correlation of -0.72. This means that poverty rate strongly correlates
with both population development and food supply. 

Food  supply  and  undernutrition  strongly  correlate  (0.90).  This  confirms  that  they
partly  measure  the  same  phenomenon,  they  are  two  different  indicators  for  food
(in)security showing a similar but not identical pattern. 

Related to the first research question, the outcomes can be summarised as follows:
future  predictions  of  the  impact  of  climate  change  and  population  development
correlate with the current spatial patterns of food insecurity and of poverty. Except for
the correlation between the food security indicators, poverty is showing the strongest
correlations,  both  with  population  development  and  with  food  supply.  What  this
patterns look like geographically will be further examined in section 4.4.

4.3 Aggregated impact analysis

The aggregated impact of population development and climate change on agriculture
was calculated for each country and is visualised in the map in figure 8. 

The population development has a major influence on the aggregated impact. This is
due to its spread of data reaching from negative values to over 600 percentage points,
in comparison to the impact of climate change, which at the most extreme adapts
values of -54 percentage. The calculated aggregated impact of climate change and
population development adapts values from -51 to almost 700 percentage points, a
slightly  broader  range  than  the  population  development  alone.  The  descriptive
statistics of the aggregated impact data is presented in table C14 in appendix C. The
distribution of the data set is illustrated in figure C14 in appendix C.

Figure 8 shows the geographical pattern of the aggregated impact, which is similar to
the population development. As expected, the biggest negative impacts on future food
supply are found in sub-Saharan Africa. Considering the separated data sets forming
the  aggregated  impact,  it  is  not  surprising  that  the  ten  countries  with  the  highest
negative impacts are found in Africa (see table15 in appendix C for details). 
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Figure 8: Global aggregated impact on national food balance (percentage increase in
gap between food supply and food demand).

The outcomes of the correlation analyses for aggregated impact is found in table  8.
The very strong correlation (0.97) between the aggregated impact and the population
development and the impact of climate change on food production (-0.62), which is
not  as strong, show the influence of the different parameters.  It  confirms that  the
population  development  estimates  have  a  significantly  higher  influence  on  the
aggregated estimations.

Table 8: Correlation analysis for the aggregated impact estimates with other
parameters, showing p-values, the correlation coefficient ρ and the alternative

hypothesis of the one-sided analysis.

Variables P-value Spearman’s ρ
Alt. hypothesis
of correlation 

Aggregated 
Impact

Undernourishment 9.13E-13 0.610 greater

Food supply 0A -0.683 less

Poverty 1.32E-21 0.796 greater

Population development 0A 0.969 greater

CC Impact 5.49E-16 -0.622 less

A. Exact p-value could not be calculated due to ties
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The correlation between aggregated impact and food insecurity is stronger than the
correlation between population development and food insecurity (compare table 8 and
figure  7).  This  means  that  by  adding  climate  change  impacts  to  the  population
development,  patterns  become  stronger.  The  correlation  between  population
development and food supply of -0.55 increased to -0.68 when impact of climate
change was added. Likewise, the correlation between undernutrition and population
development, of 0.52 increases to 0.61 for the aggregated estimates. The correlation
with poverty changed from a strong correlation of 0.75 for population development, to
the very strong correlation of 0.80 for the aggregated impact.

Because  of  ties,  the  exact  p-value  could  not  be  calculated  for  two  of  the  pairs.
Therefore, zero is given as p-value for those pairs in table 3. All other p-values are far
below 0.05, showing that the correlations are of statistical significance.

Related to the second research question, the outcomes can be summarised as follows:
when the parameters are combined the magnitude of the impacts increases for some
countries. The spatial correlation with food security indicators and poverty increases
for the aggregated estimates in relation to when parameters are treated separately.
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4.4 Regression models and explanatory power of poverty

The regression analysis showed that poverty rate can explain the food supply levels to
47  percent.  As  shown  in  figure  9,  the  food  supply  regression  shows  a  clear
interrelation between poverty and food supply. There are few extreme or abnormal
data-points which are found in Africa and  countries that formerly belonged to the
Soviet Union. 

Figure 9: Food supply in relation to poverty rate. The regression model is shown in
gray with a 95% confidence interval. Countries are scaled according to population

size in 2015 (the regression is not weighted depending on a country’s population size).
The regression mainly covers developing countries. The regions are defined

according to UN’s statistical division, with the clarification that southern and eastern
Asia include Southeast Asia and small Oceanian islands, as eastern Europe include

Russia.

The  regional  division  of  the  data  demonstrates  the  overrepresentation  of  African
countries among the countries with high poverty rates and low food supply. Asian
countries  generally  have  a  higher  poverty  rate  and  lower  food supply  than  Latin
America and the Caribbean. Of the countries included, Turkey has the highest food
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supply per capita. However, North America and Western Europe are not included in
the analysis since they are not included in the data set of poverty. These regions have
however low poverty-rates and, as was shown in figure  4, high food supply which
would place them in the upper left corner of figure 9. 

The regression analysis of undernutrition showed that 30 percent of the variation of
undernutrition rates can be explained by the poverty rates. As is shown in figure 10,
the analysis shows a strong correlation between parameters, but data include more
abnormalities than was the case for the food supply model. For example, Tajikistan
has a poverty rate close to zero and an undernutrition rate above 30 percent, whereas
Uzbekistan has a poverty rate above 60 percent but zero undernutrition. In consistence
with previous results, the high values are prominently found in Africa. 

Figure 10: Undernutrition rate in relation to poverty rate. The regression model is
shown in gray with a 95% confidence interval. Countries are scaled according to
population size in 2015 (the regression is not weighted depending on a country’s

population size). The regression mainly covers developing countries. The regions are
defined according to UN’s statistical division, with the clarification that southern and
eastern Asia include Southeast Asia and small Oceanian islands, as eastern Europe

include Russia.
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For the population growth regression model, poverty can explain 32 percent of the
variations in population growth. Figure 11 shows the regression model and the data
with size-adjusted data points according to the predicted population size 2080. The
ability of poverty to explain population growth is prominent and there is mainly one
extreme value.  Through the analysis of the original data set we know that according
to UN estimates, Niger has an estimated population growth of over 600 percentage
points until 2080. The dispersion of the population growth is sharply increasing from
a poverty rate of 30 percent and above (figure 11).

Figure 11: Expected population growth until 2080 in relation to poverty rate in 2015.
The regression model for population growth is shown in gray with a 95% confidence

interval. Countries are scaled according to expected population size 2080 (the
regression is however not weighted). The regression mainly covers developing

countries. The regions are defined according to UN’s statistical division, with the
clarification that southern and eastern Asia include Southeast Asia and small

Oceanian islands, as eastern Europe include Russia.

The scale of the countries show the expected population size in 2080 (figure  11),
clearly demonstrating that an increasing part of the world’s population is expected to

39



be  born  in  Africa.  These  results  again  reveal  the  concentration  of  population
development to Africa  and the increasing share of the population that will live in
Africa by 2080. The population of China is expected to decrease until 2080, which is
why China is not shown in figure 11. African countries shown in the graphs (figure 9,
10 and 11)  are,  with Morocco as the only exception,  in  fact  sub-Saharan African
countries. Since data is lacking for northern Africa is it not included.

All  three  models  were  highly  significant  with  p-values  well  below  0.01,
corresponding to a confidence interval of 99 percent. The error structure of the food
supply model fitted very well to the distribution, as well as the studentized residuals,
which were randomly distributed along around zero along the ŷ on the link-scale. For
undernutrition rate and population growth, the size of deviants in the QQ-plots was
acceptable and the residuals fairly randomly distributed around zero. The analysis of
influential  points showed that  by excluding the most  influential  points,  the model
parameters did not change significantly. The complete validation outcomes, the final
model  structures  and  functions  describing  undernourishment,  food  supply  and
population growth are found in appendix D. 

In relation to the third research question, the outcomes can be summarised as follows:
in  the  regression  models  poverty  can  explain  47  percent  of  the  variation  in  food
supply,  30  percent  of  the  variation  in  undernutrition  rates  and  32  percent  of  the
variation  in  population  growth.  The  illustration  of  the  country’s  region  along  the
model estimate and its axes, disclose the concentration of many critical values to sub-
Saharan Africa, not least the population increase and its magnitude.
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5. Discussion

In this section the outcomes of the statistical analysis will be interpreted and discussed
to answer the research questions. The discussion is divided into subsections according
to the research questions addressing: 1) spatial patterns, 2) the aggregated impact of
population  development  and  climate  change,  and  3)  the  extent  to  which  poverty
explains patterns. Thereafter, based on the discussion and interpretation of the three
research questions, I draw conclusions about the prospects of future food security and
answer my overarching question about  how food insecurity  will  develop over  the
coming 60 years.

5.1 The spatial patterns of present and future food insecurity

The global spatial patterns indicate  that already food insecure regions will face the
biggest  challenges  in  the  future.  This  is  shown  by  the  correlations  between  the
predictions of impacts of climate change and population development with the poorer
and food insecure regions of today (figure 7). This can also be supported through a
comparison of the visualisations of these factors.

There is a clear concentration of critical developments on sub-Saharan Africa, which
is demonstrated by the visualisations in figure 2-6. Simultaneously, many developed
countries  with  food  supply  levels  far  above  the  normative  references  can  expect
expecting  positive  impacts  of  climate  change and no population  increase.  In  sub-
Saharan  Africa,  population  is  expected  to  grow considerably,  the  agriculture  will
suffer the most negative effects, food supply is already clearly lower than in other
regions today and many countries have very high undernutrition and poverty rates.
This overlap of hot spots between parameters is confirmed by the spatial correlations,
with poverty showing the strongest  common tendencies with the other  parameters
(figure 7).

Despite the many uncertainties resulting from the choice and the quality of the data,
the results conform with previous research. In addition to the two parameters used to
study food security in this study, there are a wide range of other possible indicators.
To get a picture as complete as possible, a well weighted synthesis covering more
aspects of food security could be more convenient. Besides the uncertainties due to
the complexity in future predictions and in particular of climate and crop metabolism,
lack  of  data  can  also  influence  the  outcome.  Data  is  lacking  for  some  African
countries,  which  could  be  of  importance  because  of  their  high  poverty  rates.  For
example,  food security data is lacking for the Democratic Republic of the Congo,
which has one of the highest poverty rates in the world.  Nevertheless, the detected
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patterns conform with other  studies from  CFS (2015),  Challinor  et  al.  (2014) and
Samson et al. (2011). The study support that the population increase is expected to be
greater in developing countries  (HLPE, 2012) and as  Knox et al.  (2012) conclude,
that the impact of climate change will affect already vulnerable and food insecure
areas the most.

The  choice  of  parameters  limits  the  possibilities  to  detect  critical  areas  for  other
drivers  of  food  insecurity.  Cline  (2007),  Knox  et  al.  (2012)  and  Wijkman  and
Rockström (2012) all  stress the importance of water  availability  and water  use in
agriculture.  Water  availability  and water  management  assessments  can be of  great
importance for the future food supply (Biggs et al., 2015; Leck et al., 2015). Northern
Africa and the Middle East have not been fully included in this study because of a
lack of data on poverty rate. This region is important, however, in particular because
of water stress and conflicts that harm societies and livelihoods in several ways.

Nevertheless, the correlations show a worrying structure, where resources and critical
aspects are spatially concentrated to some regions. There is a spatial pattern including
all tested parameters and sub-Saharan Africa is particularly affected by a confluence
of  pressure.  Therefore,  policymaking  need  to  take  the  unequal  distribution  of
resources in deep consideration when addressing food insecurity, as well as its causes
and  other  issues  of  global  justice.  In  summary,  the  results  imply  that  global
geographic disparities of food insecurity will increase over the coming 60 years.

5.2  Aggregated impact estimates 

The examination of the aggregated impact of the population development and climate
change shows that  the predictions of  population development  have a substantially
bigger  impact  on  the  food  balance  than  the  impact  of  climate  change  has  on
agriculture,  as  was shown in  section  4.3.  However,  the  impact  of  climate  change
reinforces the spatial disparities by showing similar spatial tendencies.

The magnitude of the impacts of population development and climate change on the
food balance (figure  8), in combination with the increased correlation with current
food insecure regions and poverty (table  8), indicate that the increase in geographic
disparities  will  be  substantial.  The  very  strong  correlation  of  0.8  between  the
aggregated impact and poverty is remarkable (table 8). It implies that the aggregated
impact of population growth and climate change coincides with the current poverty
rate by up to 80 percent. This is a clear indicator of increasing challenges to feed a
growing poor population with decreasing agricultural yields. 

The results about the big impact of population growth on the food balance, and in turn
on the food availability,  as well as its concentration on sub-Saharan Africa, support
previous research of Wijkman and Rockström (2012) and Atkins and Bowler (2001).
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Climate change impact shows a similar geographic pattern which conforms with the
results of  Samson et. al. (2011) and  Knox et al. (2012). Nevertheless, in relation to
other  factors,  the  impact  of  population  growth  is  severe  and  it  is  surprising  that
population  growth  is  not  at  the  core  of  all  future  food  security  discussions.  As
Wijkman and Rockström (2012) have already pointed out,  it  is  partly  a  forgotten
topic, which I will further discuss in the next section.

The analysis however, only focuses on an estimation based on food supply and food
demand. Other issues, which some social and political scientists might hold as crucial
are set aside. The unequal distribution, the control of food and the type of food is not
considered; neither are cultural  preferences. An alternative to using the concept of
food supply is for example to evaluate the more political concept of food sovereignty.
It is mostly put forward by small-scale farmers’ movements and focuses on the right
of people and countries to control their food systems, as was presented in section
2.2.4. This noiton is also supported by the environmental livelihood  concept, which
stresses the importance of adequate resources to maintain and improve a sustainable
livelihood in an equitable way (Biggs et al., 2015). However, since this thesis focuses
on the ability of the world to feed the global population within planetary boundaries,
the political solutions for control and distribution of food is more comprehensively
addressed in other studies.

As mentioned in the previous section, the predictions used are results of a big amount
of different factors and assumptions, including socioeconomic factors. Due to the lack
of  consistent  data  sets,  the assumptions  of  population  development  in  the  climate
models differ from the population development predictions used in this study. The
population growth expected in the climate scenario is higher. This means that if all
assumptions of the climate scenario become reality, my aggregated estimates are too
low. On the other hand, if the UN population development is more accurate, and this
would have been used in the estimates of impact of climate change on agriculture, the
outcome might have changed in the other direction. Even though one can surely know
that we do not know how big future climate impacts will be, well elaborated estimates
are the best chance to predict impacts and thereby to enable the adoption of necessary
measures. Therefore, such estimates are still of crucial importance.

Ultimately, the outcome of the correlation analysis conforms with the literature. The
main results are: the combined impact of climate change and population development
reinforces the correlations with current food insecurity and with poverty.

5.3 Poverty and interactions

The regression analysis provides statistical support to previous research identifying
poverty as an important factor to explain food insecurity and a significant explanatory
variable for population growth. As stated in the previous section, population growth is
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one of the most important factors for the future per capita food supply, and thereby
also for future food security.  This puts poverty reduction at  the core of efforts  to
combat hunger. 

The limitations of the regression models given by their structure forms a precondition
for the possible outcome. Other methods, for instance non-parametric models, might
show an even higher  dependency between the  variables.  Not  least  the  population
growth models are based on rough assumption on the distribution of errors. More
advanced models might explain the dependency better and increase the explanatory
power,  and at  the same time do better  in validation.  There is  also a lack of data,
limiting the interpretation of the results. This is particularly true for indices where the
data is poor, which is the case for high poverty rates. Burundi and the Democratic
Republic of the Congo have high poverty rates but food security data is lacking, as
was shown in section 4.1.2 and 4.1.3.

The statistical  correlation complies  with previous research from  Atkins  & Bowler
(2001), who found a strong correlation between GNP and food consumption. Previous
research is consistent in stating that there is a causality between poverty and food
insecurity,  primarily  because of the direct impact on the ability  to  buy  (Atkins &
Bowler, 2001; Chen, 2014; FAO et al., 2015). However, food supply might not be the
best proxy for describing food security, as it does not take into account that there is a
level of sufficient food supply. Therefore, undernutrition rates are more suitable for
measuring food insecurity. The undernutrition rate data has more extreme values and
outliers.  The  regression  analysis  of  food  supply  and  undernutrition  indicates  that
despite  similar  levels  of  poverty,  food  can  be  distributed  differently  within
populations. Nevertheless, there is a significant relation between undernutrition and
poverty. 

Previous research also established a causality between poverty and population growth
(Atkins & Bowler, 2001; Chen, 2014; Steffen et al., 2015). This system, however, has
a  certain  delay.  Even  though  several  researchers  and  reports  agree  that  high
population  development  partly  arises  from  poverty,  it  is  also  argued  that  high
population  increase  complicates  the provision of  social  services  and infrastructure
(Wijkman  &  Rockström,  2012),  which  are  basic  requirements  for  economic
development. Atkins and Bowler (2001) support a causal relationship and suggest that
population growth tends to increase poverty rate. Thereby they suggest that there is a
self-inforcing loop which keeps people stuck in poverty. The actual causality between
the several steps of the spiral and its mutual interactions are hard to evaluate with
statistical methods. Nevertheless, the statistical analysis shows a pattern that supports
a  theory  of  inter-linkages  and  this  spiral  needs  to  be  broken  by  slowing  down
population growth and combating poverty.

Even though tendencies are clear and conform with previous research, my analysis
shows examples of countries where the interrelations of poverty and foodsecurity or
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poverty and population growth do not correspond to predictions. Uzbekistan has low
undernutrition rates and low rates of population growth but a poverty rate above 60
percent. On the other hand, the neigbouring country, Taijikistan, has a low poverty
rate, but lacks food and has high undernutrition rates. The general dispersion in the
relation  between  poverty  and  undernutrition  rates  (figure  9)  shows  that  the  local
realities differ.

That  said,  to  increase  food  security,  the  structural  reinforcement  of  poverty  and
population  growth  needs  to  be  addressed.  To  slow  down  population  growth,  the
literature review suggests improving access to modern energy, strengthening the status
of  women  in  society  and improving  health  care,  including  elderly  care  and
reproductive health (section 2.2.4). How to address poverty in order to improve food
security is, however, more controversial.  There are partly conflicting views on the
consequences of subsidies in the OECD and there are clearly conflicting views on the
effects of liberalisation of trade,  as was reflected in section 2.2.4.  Despite diverse
opinions about the agricultural subsidies in the OECD, there is an agreement that they
should be reduced, but for various reasons. Chen (2014) argues that they distort the
global market, an argument rejected by FAO. Atkins and Bowler (2001) suggest that
reducing subsidies would reduce the surpluses of food and FAO states that the support
should be redirected to other countries and that it would improve the efficiency also
within OECD. Additionally, FAO stresses the importance of directing the measures to
improve the livelihood of small scale farmers, poor and other vulnerable groups. One
purposeful  measure  to  do  so  is  to  improve  access  to  land  and  water  and  other
resources for small scale farmers. How trade liberalisation affects the reduction of
poverty is disputed and depends on the local context; it is doubtful whether it would
be beneficial for the most vulnerable groups (see section 2.2.4). 

As  can  be  concluded  from  the  divergence  in  the  regression  analyses,  the  local
prerequisites to provide food for the national population differ largely. Some countries
with high increase of population will not manage to provide enough food within the
country. Moreover,  the  total  global  capacity  to  produce  food  is  limited.  The
geographic distribution of global food supply (figure  4) shows that there is room to
redistribute food commodities from Europe and the US to other countries where food
is lacking. If that is done on a trading basis, the food importing countries need to be
able to  export  other  goods in  return. That said,  according to  the  concept  of  food
sovereignty every country and people is deemed to have the right to establish its own
policies concerning its food and agriculture system. Although this study focuses on
the global scale and the global distribution of food, the measures need to adopt local
perspectives  and  take  into  account  problematic  inequality  in  political  power
structures.

Altogether, in the long run poverty is not only an aspect of food accessibility, but pre-
eminently an aspect of food availability.  This is because poverty induces population
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growth and thereby increased food demand without increasing production. No doubt,
there is  a  need to  strongly enhance production in  sub-Saharan Africa to  meet  the
increased demand.  The limited planetary production capacity  implies  that  we also
need to decrease the food surpluses in rich countries, and redistribute the resources.
There is an urgent need to redistribute both economic and natural resources. When
doing so, local contexts and global capacities need to be carefully considered. 
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6. Conclusions

In this study, a multiple correlation analysis detected spatial patterns of present and
future  food  security,  while  an  aggregated  estimate  enabled an  evaluation  of  their
combined  impact  on  spatial  patterns.  Structures  and  causalities  to  explain  those
patterns were examined trough a regression analysis, and plots and maps highlighted
the most critical regions.

The analyses of spatial patterns and of the aggregated impacts offer a critically needed
assessment of geographic disparities in future global food security. The study shows
that the geographic disparities of food security are expected to increase substantially.
Developing  regions  are  meeting  increased  problems  in  feeding  the  population,
whereas the already well nourished populations will be less affected by changes in
demography  and climate.  This  implies  that  the  already  food  insecure  regions  are
facing the biggest challenges in the future.  On the other hand, the analysis indicates
that well supplied parts of the world with no population increase have the potential to
support other parts of the world in a climate-changed future.

When  linking  several  aspects  together,  the  patterns  of  geographic  gaps  in  food
security intensify, as was shown in the aggregated impact analysis (section 4.3). The
most  distinctively  influential  aspects  of  future  food  security  were  poverty  and
population  development.  Impacts  of  climate  change  reinforce  the  geographic
disparities. Although the predicted impacts of climate change on food supply are not
as severe as the impact of population growth on the food demand, climate change
jeopardises the fundamentals of agriculture on which the food supply depends.

The crucial role of poverty for combating hunger is confirmed by the regression with
food security and population growth.  As the main cause of undernourishment is not
lack of food but inability to buy, reduced poverty would increase the accessibility to
food for the poor. On the other hand, the regression analysis indicate that reduced
poverty would slow down population growth and thereby increase the availability of
food per capita. The population development is not deterministic but depends, above
all, on the socio-economic situation in the countries with the highest fertility-rates.
The vicious circle of poverty and population growth needs to be broken.

The drastic increase of geographic disparities shows that economically stronger parts
of the world, with food surpluses, will need to support the poorer parts where lack of
food seems to increase.  This need to  be done without violating political  rights or
reinforcing  power  structures.  Simultaneously,  a  drastic  change  in  agricultural
practices is needed, that prevent the degradation of ecosystems, increase the efficiency
in the use of scarce resources and respect planetary boundaries. The literature review
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indicates that one of the most important measures is to ensure the access to adequate
resources  for  smallholder  farmers.  There  is  a  need  of  a  new  food  system  that
considers  both  local  contexts  and  the  global  preconditions,  given  by  planetary
boundaries, trade agreements, access to financial and natural resources and political
power relations. 

To further investigate the interactions between several factors on future food security
and to push policy-makers  to  take  action,  additional  socio-economic  and physical
aspects  could  be  addressed  by  future  research. These  include  the  availability  and
management of water, which is another important factor affecting food security. This
study  confirms  the  need  for  interdisciplinary  approaches,  as  suggested  by  many
scholars (Knox et al., 2012; Samson et al., 2011). Further interdisciplinary research is
needed that includes  how measures on different spatial and political  scales can be
integrated.

The increasing global  gaps in food security  are  severe.  Not only for reaching the
Sustainable Development Goals until 2030, but also for reaching zero hunger for the
coming generations, a change of direction in agriculture practices is necessary, as well
as  extensive  measures  that  carefully  consider  the  local  and  global  contexts  and
capacities.  Otherwise,  the 800 million people who are going hungry today risk to
multiply. 
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Appendix A – preprocessing and descriptive 
statistics

List of manual changes in data

Table A9: Modifications of the data in order make data sets conform and enable a
comparative analyses.

Data set Given data Changes Used as data for

Climate
Change

Scandinavia Split of
regions into

countries

Sweden, Denmark, Norway,
Finland, Iceland

Central Europe
Switzerland, Austria,

Liechtenstein, Czech Republic,
Slovakia, Hungary

Southeast
Europe

Albania, Bosnia and Herzegovina,
Bulgaria, Croatia, TFYR

Macedonia, Republic of Moldova,
Montenegro, Serbia, Slovenia

Central
America

Belize, Costa Rica, El Salvador,
Guatemala, Honduras, Nicaragua,

Panama

Other Central
Asia

Kyrgyzstan, Tajikistan,
Turkmenistan

Other
Equatorial

Africa

Gabon, Congo, Equatorial Guinea,
Central African Republic, Rwanda,

Burundi

Other Southern
Africa

Botswana, Lesotho, Mauritius,
Namibia, Seychelles, Swaziland

Other Horn of
Africa

Djibouti, Eritrea, Somalia

Other South
America

Bolivia, Guyana, Paraguay,
Suriname, Uruguay,  French

Guiana

Other West
Africa

Benin, Gambia, Guinea-Bissau,
Guinea, Liberia, Mauritania, Sierra

Leone, Togo

Undernutrition Sudan (former) Sudan

Poverty
Eritrea and

Ethiopia
Split grouped

value
Eritrea, Ethiopia

54



Definition of developed countries

Countries defined as developed countries according to CIA’s world factbook  (CIA,
2015):

Andorra,  Australia,  Austria,  Belgium,  Bermuda,  Canada,  Denmark,  Faroe  Islands,
Finland,  France,  Germany, Greece,  Holy See,  Iceland, Ireland,  Israel,  Italy,  Japan,
Liechtenstein,  Luxembourg,  Malta,  Monaco,  Netherlands,  New  Zeeland,  Norway,
Portugal,  San  Marino,  South  Africa,  Spain,  Sweden,  Switzerland,  Turkey,  United
Kingdom, United States. 

Of these countries were data for South Afrika and Turkey already given. For the rest
were data on undernutrition added with the value 0.

Descriptive statistics 

Predictions of population development and impact of climate change on 
agriculture productivity

Table A10: Descriptive statistics for projected population development 2015-2080
(%) and for predicted impact of climate change on agriculture (% change in yields)

Parameter

Population
development

2015-2080 (%)

Climate Change impact (%)

Original data Splitted regions

No. of values 233 85 134

Minimum -46 -54.1 -54.1

Median 27 -8.1 -10.6

Mean 62 -8.2 -10.2

Maximum 666 28.1 28.1

St. D 103 17.2 20.0

Variance 10620 297.5 400.9

Skewness 2.02 -0.25 -0.28
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Figure A12: Boxplots of population development data and of climate change impact
on agriculture productivity, the original data-set (Cline 2006) and after splitting

regions into countries.

Food supply, undernutrition and poverty 

Table A11: Summary table of descriptive statistics for food supply, undernutrition and
poverty

Parameter Food Supply Undernutrition Poverty

No. of values 180 147.0 138.0

Minimum 1557 0.0 0.0

Median 2702.8 6.2 10.0

Mean 2710.6 9.7 19.5

Maximum 3764.0 53.4 81.8

St. Deviation 476.4 12.3 22.5

Variance 226958.6 150.2 507.5

Skewness 0.16 1.33 1.07
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Figure A13: Boxplots of food supply data/capita, undernutrition rate and poverty
rate.
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Appendix B – Multiple Correlation analysis
Table A5 shows the results  of correlation combinations  for poverty rate.  The null
hypothesis  for  all  tests  was  that  correlation  is  zero,  which  was  tested  against  the
alternative hypothesis: either a positive or a negative correlation. For the correlation
poverty  and  food  supply  a  negative  correlation  do  imply  a  positive  correlation
between poverty and food scarcity. As well as a negative correlation between  poverty
rate and impact of climate change on agriculture imply that “poorer” countries will be
more negatively affected by climate change.

Table B12: Correlation analysis for poverty showing p-values, the correlation
coefficient ρ and the alternative hypothesis of the one-sided analysis.

Variable one Variable two P-value Spearman’s ρ
Alt hypothesis

of corr

Poverty

Undernourishment 2.08E-09 0.566 greater

Food Supply 1.41E-19 -0.717 less

Population Dev. 2.02E-23 0.748 greater

CC Impact 2.78E-05 -0.407 less

The  correlation  combinations  for  the  projections  of  population  development  and
impact of climate change on agricultural production are shown in table A6. Because
of ties the exact p-value could not be calculated, why zero is given as p-value for two
correlation tests.

Table B13: Correlation analysis between the projected impacts on food security and
the current situation.

Variable one Variable two P-value Spearman’s ρ
Alt hypothesis

of corr

  Population
Dev.

CC Impact 3.451e-08 -0.445 less

Undernourishment 7.00E-12 0.521 greater

Food Supply 0A -0.548 less

CC Impact 
Undernourishment 1.54E-06 -0.430 less

Food Supply 3.93E-12 0.563 greater

A. Exact p-value could not be calculated due to ties

All p-values are far below 0.05 showing that correlations are statistical significance
on a 95% confidence interval. 
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Appendix C – Aggregated impact estimates

Table C14: Descriptive statistics for the  Aggregated Impact Analysis

Parameter Value (%)

No. of values 134

Minimum -51

Median 46

Mean 94

Maximum 691

Standard Deviation 130

Variance 17023

Figure C14: Histogram and boxplot over the distribution of data in the
generated data-set for aggregated impact of population developmant and

climate change on food insecurity.
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Table C15: The ten countries with the highest projection of aggregated impact on
food insecurity

Country Value

1 Niger 690.53

2 Zambia 416.15

3 Burundi 396.45

4 Angola 360.72

5 Mali 357.4

6  Tanzania 354.59

7 Senegal 340.54

8 Congo 337.26

9 Malawi 334.49

10 Somalia 334.36
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Appendix D – Regression analysis

Properties of proportional data

Proportion data have three properties of importance for the data analysis: 1) the data
are strictly bounded (between 0 and 1), 2) the variance is non-constant, and 3) errors
are non-normal.

The strictly bounded data has implications for the kind of function fitted and for the
distribution of residuals around it. Inherent in the properties of proportional data, the
variance  is  as  greatest  when  the  probability  of  “success”  is  close  to  0.5  (if  the
probability is 0 or 1, the variance would be zero, and it increases with the mean up to
a  maximum  which  is  one  half).  Hence,  the  variance  mean  relationship  to  the
probability is humped, rather than constant as assumed for normal distributed data
(Crawley, 2005).

The distribution of errors (the difference between the data and the model estimate) are
for  a  classical  test  assumed to be normal  distributed.  This  cannot  be the case by
proportions, since they are bounded below and above. Regardless how big a negative
residual is at a high predicted value ŷ, the positive residual cannot be bigger than 1-ŷ
and and using the same logic, a negative residual for a low predicted ŷ cannot be
bigger than ŷ to stay within the boundaries of possible values (Crawley, 2005). 

Based on these properties of the data and the issues it causes (boundedness, the non-
constant  variance  and  the  non-Normal  errors),  a  generalized  linear  model  with  a
binomial error structure was used. By using the link-function logit, the model fulfill
the requirements given by those issues (Crawley, 2005). 

Link functions

The logit function is  given by equation 2 and shown in Figure D15.  The predicted
value is obtained by transforming the value emerging from the linear predictor, f(x),
to the original scale using the reverse function, g(f(x)). The reverse function to logit is
shown in equation 3.

y '=log(
y

1− y
) (2)

g( f (x))=
e f (x)

1+ef (x)
(3)
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Figure  D15  shows  the  logit and  identity  functions  of  x  for  binomial  and  normal
distributed data respectively. 

Figure D15: The link-functions ‘logit’ and ‘identity’ that define the relations
between the link scale (g(x)) and the measured values x.

Diagnostics

Studentized residuals

rSD=
( y− ŷ)√(d i)

√Φ̂ (1−hi)
(4)

Final estimated models

The resulting transformations, distributions and link-function used are shown in table
D16.

Table D16: Transformations and assumptions of distributions used by estimating
parameters for the linear predictor f(x).

Response variable
for modeling

Explanatory
variable for

modeling

Data structure Used
distribution

family

Link-
function

Undernourishment

√ poverty

Proportion (%) Quasi-binomial logit

Food Supply amount Normal identity

log (population
increase)

positive
proportional

change

Normal identity
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Model formulas

The corresponding functions for the models is reflected in their respective inverse
function  of  the  link-function  or  data-transformation.  The  model  describing
undernourishment is given in equation 5, for food supply is the final model given in
equation 6 and for population growth does the model look like in equation 7.

ŷ=
e−3.033+0.246 x2

1+e−3.033+ 0.246 x2 (5)

ŷ=2909.58−100.23 x2 (6)

ŷ=e2.95074+0.27652 x2

(7)

x is poverty and ŷ the response value.

Print outs in r

Undernutrition 

Call:

glm(formula = yu ~ x, family = "quasibinomial")

Deviance Residuals: 
     Min        1Q    Median        3Q       Max  
-0.78357  -0.32326  -0.03606   0.15372   0.73849  

Coefficients:
            Estimate Std. Error t value  Pr(>|t|)    
(Intercept) -3.03287    0.22699 -13.361  < 2e-16 ***
x            0.24587    0.03927    6.261   1.28e-08 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

(Dispersion parameter for quasibinomial family taken to be 0.0934101)

    Null deviance: 13.2095  on 91  degrees of freedom
Residual deviance:  9.2598  on 90  degrees of freedom
  (182 observations deleted due to missingness)
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Food supply 

Call:
glm(formula = fs ~ x, family = "gaussian")

Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-683.92  -231.39    15.72   174.95   822.22  

Coefficients:
            Estimate Std. Error t value Pr(>|t|)    
(Intercept)  2909.58      44.12   65.945   <2e-16 ***
x            -100.23      10.04   -9.986   <2e-16 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

(Dispersion parameter for gaussian family taken to be 81749.69)

    Null deviance: 17307431  on 113  degrees of freedom
Residual deviance:  9155966  on 112  degrees of freedom
  (160 observations deleted due to missingness)

Population increase

Call:
glm(formula = yp ~ x, family = "gaussian")

Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-4.1225  -0.5308   0.2806   0.6336   1.5891  

Coefficients:
            Estimate Std. Error t value Pr(>|t|)    
(Intercept)  2.95074     0.22237   13.270  < 2e-16 ***
x            0.27652     0.04307   6.421  6.67e-09 ***
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

(Dispersion parameter for gaussian family taken to be 1.109223)

    Null deviance: 143.344  on 89  degrees of freedom
Residual deviance:  97.612  on 88  degrees of freedom
  (184 observations deleted due to missingness)
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Model evaluation

Analysis of distribution of the predictor (x-value)

Figure D16: Distribution of explanatory variables, before square-rot transformation
(left) and after the transformation (right)

Because of the uneven distribution of the original data-set of poverty the square-rot of
the data was used for trhe regression. That reduces the risk that extreme values have a
very  strong  influence  on  the  model  (Dormann).  In  figure  D16  is  the  original
distribution  to  the  left  and  the  used  distribution  to  the  right.  Ideal  would  the
explanatory variable uniformly distributed to have the same data density  over the
whole interval, after the transformation is the data however significantly more evenly
distributed.

Evaluation of distribution and residuals

The graphics for evaluation of error distribution and residuals are in figure D17. The
evaluation of the undernutrition model shows that the distribution of errors conform
reasonably  well  with  the  theoretical  distribution  as  shown  in  the  QQ-plot.  The
distribution of residuals seems fairly random distributed around zero, although they
are slightly bigger in the positive direction. 

The food supply model conforms well with the assumptions of normal distribution
which is shown in by the histogram and the QQ-plot of error distribution that follows
the theoretical values well.  The residual distribution is fairly random around zero,
showing residuals between -2.5 to 3. 

For  the  population  growth  model,  the  assumption  of  normal  distribution  for  the
logarithm  of  population  growth  is  less  evident.  The  QQ-plot  shows  minor
abnormalities  in  the  start  and  end  of  the  data-serie.  The  residuals  plot  shows
somewhat greater negative residuals than positive with some extreme value under -4. 
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Figure D17: Graphics for evaluation of distribution and residuals of the three
regression models: undernourishment rates (first row), food supply (second row) and
population growth (third row) as functions of national poverty rate. The left column

shows histograms of data. For undernourishment  rates were a quasi-binomial
distribution assumed (top left), for food supply was a normal distribution assumed
(middle) and for population growth (bottom left) was the logaritmic values used for
model estimations with the assumption of  normal distribution. The second column

shows the QQ-plots of studentized residuals for each model, where the distribution of
residuals for the data is  plotted in relation to the theoretical distribution for the

chosen dsitribution. The last column shows the studentized residuals along the ŷ on
the link-scale.
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Analysis of influential points 

Undernourishment

From the cook’s distance test  was eight point identified as particularly influential,
namely indexes: 104, 139, 145, 146, 165, 167, 239 and 261. Without influential points
is the model summarised as follows:

Call:

glm(formula = yuMinus ~ x, family = "quasibinomial")

Deviance Residuals: 
     Min        1Q    Median        3Q       Max  
-0.71142  -0.30523  -0.03421   0.16273   0.63067  

Coefficients:
            Estimate Std. Error t value Pr(>|t|)    
(Intercept) -3.25907    0.23658  -13.78  < 2e-16 ***
x            0.28700    0.04316    6.65 3.03e-09 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

The  model  still  shows  on  a  significant  positive  trend  and  the  coefficients  have
changed insignificantly: the intercept  a  from -3.03287 to -3.25907 and the slope,  b
from  0.24587 to 0.28700. 

Food supply

Also for this model was eight points identified by using Cooks distance and the hat-
values. The indexes greatly spanned over the same indexes. The indexes were: 139,
145, 146, 161, 162, 165, 239 and 248.  Without those countries the model looks like
follows: 

Call:
glm(formula = fsMinus ~ x, family = "gaussian")

Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-542.74  -229.93    13.33   175.58   493.19  

Coefficients:
            Estimate Std. Error t value Pr(>|t|)    
(Intercept) 2902.647     41.785   69.47   <2e-16 ***
x            -99.248      9.855  -10.07   <2e-16 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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The  model  still  shows  on a  significant   negative  trend  and the  coefficients  have
changed insignificantly: the intercept  a  from 2909.58 to 2902.647 and the slope,  b
from  -100.23 to -99.248. 

Population increase

For this model were three points identified as influential by Cook’s distance and the
hat-values. The indexes were: 145, 205 and 260.  Without those countries the model
would have looked like the following:

Call:
glm(formula = ypMinus ~ x, family = "gaussian")

Deviance Residuals: 
    Min       1Q   Median       3Q      Max  
-2.4346  -0.5137   0.2977   0.6077   1.5334  

Coefficients:
            Estimate Std. Error t value Pr(>|t|)    
(Intercept)  3.06273    0.20058  15.269  < 2e-16 ***
x            0.26859    0.03917   6.857 1.06e-09 ***
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

 
Nor for this model did the influential points change the overall regression model. The
intercept changed from  2.95074 to  3.06273 and the slope from  0.27652 to  0.26859. 

From this step of the analysis it was concluded that the identified trends are not found
due to a smaller amount of particularly influential data-point. 
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