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Abstract Food security and agricultural-based livelihoods of smallholder farmers
are under threat due to climate change and political conflicts. However, quality firm
data is needed to assess the damages on food security to suggest appropriate adaptive
measures. This chapter gives an overview about the climate change, agricultural
productivity, and food security. It firstly provides detailed information about agri-
cultural sector contributions to the climate change with information about water and
agriculture footprint. Similarly, the reasons for the declined agricultural productivity
and loss of biodiversity were discussed with possible solutions. Results depicted that
without adaptations, genetic improvement, and CO2 fertilization, every 1 �C rise in
temperature could reduce yields of wheat (6.0%), rice (3.2%), maize (7.4%), and
soybean (3.1%). Afterward, linkage with sustainable agriculture and food security
was elaborated. Furthermore, detail about global food security was presented
followed by the scenario of food security in Pakistan. The impact of climate change
on food security was established through different climatic drivers, e.g., ENSO
(El Niño–Southern Oscillation) and SOI (Southern Oscillation Index). These drivers
are responsible for the climatic extreme events; hence, earlier prediction of these
drivers could help to design appropriate adoptive measures for the agriculture sector,
and they could be considered as early warning tool for the risk managements.
Afterward, simulation analysis between climate change and rainfed wheat yield
was presented, which confirms that climate change is affecting crop production
and food security. Hence, adaptive measures, such as improved impact assessments
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through modeling, efficient production technologies, changes in sowing windows,
precision and smart farming, modernization of water supply and irrigation systems,
conservation tillage, inputs and management adjustments, and improved short- and
long-term climate prediction, cluster-based agriculture transformation with connec-
tions with policy makers could be good adaptation options to ensure food security.
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2.1 Introduction

Climate change and variability are major causes of declined agricultural productivity
across the globe. Agriculture in future will face multiple challenges that include the
production of more food and fiber for billions of populations and higher production
of feedstocks for bioenergy production. Generally, we think that the major threats to
the environment are greenhouse gases (GHGs) coming from different anthropogenic
activities, not food needed for our breakfast, lunch, and dinner. But the truth is food
will be the biggest dangers to the planet Earth. Agriculture is contributing a lot to
GHG emissions as compared to buses, cars, trucks, trains, and airplanes (Fig. 2.1).
Methane (CH4) mainly comes from cattle and rice farms, while oxides of nitrogen
are coming from fertilized fields. Higher emissions of carbon dioxide (CO2) are due
to cutting of rain forest to clear land that can be further used to raise animal and grow
crops (Crippa et al. 2021; Poore and Nemecek 2018; Lynch et al. 2021). Similarly,
farming is using a lot of water, and it pollutes nearby water bodies and underground
water via runoff from manure and fertilizers. Water footprint of agriculture is
increasing day by day, and it is using 70% of existing freshwater as shown in
Fig. 2.2. Water footprint is further divided into blue (consumption of ground and
surface water), green (use of rainwater), and gray (water use in the dilution of
pollutants). In future, climate change will result to the further increase in water
footprint from north to south as irrigation demands will rise from 6% to 16%
(Elbeltagi et al. 2020). Decrease in green water footprint was estimated due to
change in precipitation (Yeşilköy and Şaylan 2021). Among crops, rice is the
crop, which have a higher water footprint, and simulated outcome of study reported
that blue water footprint in rice will increase as compared to green water footprint
(Zheng et al. 2020). Gray and green water footprint in Amazon for soybean have
been increased by 268% and 304%, respectively, in 2050, if current soybean
expansion and intensification will remained as such (Miguel Ayala et al. 2016).
Thus, in future, efficient water resource management (e.g., reduction of evapotrans-
piration and crop water use, and optimal fertilizer application) is necessary to ensure
food security under changing climate.

Agriculture is also the main cause of accelerated loss of biodiversity (Dudley and
Alexander 2017). In future, agriculture will pose more threat to the environment, as
we must feed two billion more mouth (>9 billion) to feed by mid-century (Fig. 2.3).
The countries with the highest population will need more meat, eggs, and dairy,
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Fig. 2.1 Global greenhouse gas emissions from food system



which will boost pressure to grow more crops like corn and soybean to feed animals.
Hence, with this population growth and diet habits, we must double the amounts of
crops production by mid-century. Furthermore, debates among conventional agri-
culture/global commerce and local food systems/organic farms to address the global
food challenge have been polarized. Both are right in their point of views, as
conventional agriculture talks more about higher food production through the
applications of modern tools while organic farming produces quality food with
higher benefits to the small-scale farmers and ecosystems. Jonathan Foley asked a
question from team of experts, and it has been published in National Geographic
magazine. The question was how world can double food availability by minimizing
the environmental harm (https://www.nationalgeographic.com/foodfeatures/
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Fig. 2.2 The global water footprint

https://www.nationalgeographic.com/foodfeatures/feeding-9-billion/


feeding-9-billion/). Jonathan Foley and team of scientist proposed a five-step mech-
anism to solve the world’s food dilemma, which they got after analyzing a huge
amount of data on agriculture and environment. It includes the following: (i) Freeze
agriculture footprint (stop deforestation for crop production). (ii) Grow more on
farms we have got. (iii) Use resources more efficiently. (iv) Shift diets. (v) And
reduce waste. Agriculture footprint has caused the loss of whole ecosystems across
the globe, e.g., prairies of North America and the Atlantic Forest of Brazil and
tropical forests (Fig. 2.4) (Litskas et al. 2020). Converting tropical forest to agricul-
ture was one of the most damaging acts to the environment by human beings,
although it does not contribute a lot to global food security (Fig. 2.5). Reducing
yield gaps and increasing yield on less productive areas could bring global food
security and that needs to be opted by all researchers across the globe. Yield gap
could be minimized by identifying yield-limiting factors, designing crop ideotypes,
opting high-tech precision farming systems, as well as approaches from organic
farming (Rong et al. 2021; Senapati and Semenov 2019). Similarly, using resources
more efficiently through commercial and organic farming can improve soil health,
conserve water, and build up nutrients. Shift in diets from livestock to crops could
help to feed 9 billion population by 2050 as well as it can minimize agriculture
footprint. Waste minimization is another very good option suggested by Jonathan
Foley to ensure food security, as 50% of total food weights and 25% of global food
calories have been lost before it should be consumed. These proposed five steps
could help to double the world’s food supply, cut the environmental impact of global
agriculture, and ensure food security. Furthermore, the next sections in this chapter
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Fig. 2.3 Trend of world population

https://www.nationalgeographic.com/foodfeatures/feeding-9-billion/


Fig. 2.4 Global agriculture footprint. (Source: Roger LeB. Hooke, University of Maine. Maps,
source: Global Landscapes Initiative, Institute on the Environment, University of Minnesota)
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will be about agricultural productivity, food security, and its linkage with climate
change.
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2.2 Agricultural Productivity

Output per unit of inputs is called productivity. It is one of closely watched economic
performance indicator as it contributes to a healthy economy. Agriculture is an
important economic sector for most of the countries, but its output growth as
compared to other sectors of economy is not same. This is because of differential
response to the inputs used in agriculture sector and their interactions with climatic
variables. Similarly, productivity in agriculture is also linked with investments in
research and development, extension, education, and infrastructure. Dharmasiri
(2012) defined agricultural productivity (AP) as the output per unit of input, and it
has two measures: (i) partial measure of productivity (output per unit of a single
input) and (ii) total measure of productivity (output in response to all inputs). Partial
measure of productivity is generally easy to use because of the availability of data.
Agricultural productivity is a good indicator to see the gap in output, e.g., yield gap.
The global yield of major crops has been presented in Fig. 2.6, which shows a big
gap in the crop yield among countries due to a number of different reasons. It
includes land degradation (soil fertility, soil erosion, soil salinity, and waterlogging),
climatic extremes (extreme temperature, drought, Flood), poor irrigation water
management, agronomic, technological, socioeconomic, and institutional con-
straints. In Pakistan, the major factors, which contribute a lot to AP, include fertilizer
consumption, seed, and credit distribution as concluded by Rehman et al. (2019).
Increase in AP is a good option to solve the issue of food crisis, but it has been
stalled. The growth rate of major grain crops is about 1% per year, which is lower
than the population growth. Since increase in cultivated area is not a possibility to
fulfill the future needs of growing population; thus, the only option is increase in
AP. However, there are no silver bullet solutions, but AP could be increased by
opting options like (i) water availability, (ii) education for farmers, (iii) credit
availability, (iv) land reforms, (v) transport and marketing, (vi) policies, (vii) mar-
kets and agribusiness, and (viii) outreach programs to disseminate new research
findings. Furthermore, new approaches to facilitate small-scale farmers in develop-
ing countries are instruments to guarantee food security. AP and yield gaps for the
major crops in Pakistan have been presented in Table 2.1.

2.3 Food Security

Food security exists when “all people, at all times, have physical and economic access
to sufficient, safe, and nutritious food that meets their dietary needs and food prefer-
ences for an active and healthy life” (Shaw 2007). This definition gives rise to the four
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Fig. 2.6 Yield of major crops across the world



dimensions of food security: availability of food, accessibility (economically and
physically), utilization (the way it is used and assimilated by the human body), and
stability of these three dimensions. According to the United Nations, food security can
be defined as physical, social, and economic access to food by all people at all times to
sufficient, safe, and nutritious food to meet their dietary needs according to their food
preferences for an active and healthy life. Under current international scenario, food
security is becoming a formidable challenge. In a developed world, most attention is
given to biofuel production, and it is using huge quantities of grain, e.g., 50 million
tons of maize is used to produce biofuel products (Veljković et al. 2018; Schwietzke
et al. 2009). Similarly, increased used of corn grain to produce ethanol is altering the
landscape and ecosystem services (Landis et al. 2008). Food security is also on stake
due to climate change, increased prices of food grain, and livestock product which has
been further aggravated by continuous rise in fuel prices. The cascading effects of
climate change on food security have been shown in Fig. 2.7. The earlier world was
striving hard to meet the Millennium Development Goals (MDGs) to reduce hunger
and poverty to half by 2015 but unable to achieve the UN target. There were eight
MDGs with less attention to environmental sustainability (Lomazzi et al. 2014). In Rio
+20 conference, MDGs were replaced with the Sustainable Development Goals
(SDGs) (Fig. 2.8) with the objectives to end poverty and protect the planet with
peace and prosperity for all till 2030 (Fukuda-Parr 2016). Zero hunger (SDG2) was the
top priority of the SDGs to ensure food security by 2030. SDG2 was further divided
into SDG2.1 (end hunger and access to food), SDG2.2 (end malnutrition), and
SDG2.3 (doubling of agricultural productivity and income of small-scale farmers)
(UN 2018). Laborde et al. (2016) reported 11 billion USD per year will be required to
end hunger by 2030, while Schmidhuber et al. (2011) and the FAO and UNICEF
(2014) estimated 50.2 billion USD by 2025. Different interventions were
recommended by previous studies to uplift agriculture and small-scale farmers to
achieve SDG2 and ensure food security (Gil et al. 2019). These include investment in
rural infrastructure and value chains, easy access to market, credit transfer programs,
farm insurance, good governance, gender equality, and connection with research,
development, and extension services (Ton et al. 2013; Atukunda et al. 2021). Fur-
thermore, Bizikova et al. (2020) identified five different types of interventions (three
single and two multiples) that can have significant impacts on food security. Single
intervention was input subsidy, extension, and value chains, while multiple interven-
tions include input subsidy-food voucher and input subsidy-extension.
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Table 2.1 Yield gap for major crops in Pakistan

Crops
World average (t ha�1)
(Source: FAOSTAT)

Pakistan average (t ha�1) (Source: Pakistan
Economic Survey, Ministry of Finance)

Yield
gap

Wheat 8 2.84 5.16

Rice 6.5 2.51 3.99

Maize 10 4.75 5.25

Cotton 3 0.68 2.32

Sugarcane 112 64 48
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Fig. 2.7 Cascading effects of climate change on food security and nutrition. (Source: FAO)

2.3.1 Sustainable Agriculture and Food Security

Agriculture can be the cause and solution for the climate change, but sustainable
agriculture (SA) has the potential to mitigate climate change and ensure food
security. SA includes ecological and sustainable intensification, organic farming,
integrated farming, climate smart and precision agriculture, vertical farming, and



permaculture. Arora (2018) suggested integration of innovative biotechnology and
bioengineering techniques with traditional biological methods to achieve goals of
food security and sustainability. Similarly, mycorrhizal fungi and beneficial
microbes could help to enhance food production by countering biotic and abiotic
stresses. They also play vital roles in efficient utilization of resources, mineral
solubilization, production of growth regulators, nitrogen fixation, recycling of
organic matter, and restoration of degraded soil (Salwan and Sharma 2022). Spiertz
(2009) reviewed about nitrogen and SA and concluded that for SA and food security,
nitrogen supply should be matched with N demand in spatiotemporal scale, not only
for single crops but also for all crops in rotation to have higher agronomic nitrogen
use efficiency. Similarly, the role of biofertilizers in SA was discussed by Rehman
et al. (2022), while Hussain et al. (2022) reported biochar a critical input and game
changer for SA. Furthermore, nuclear techniques as proposed by the IAEA (Inter-
national Atomic Energy Agency) and FAO could help to improve the food produc-
tion from farm to fork and bring sustainability in agriculture.
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Fig. 2.8 The 17 Sustainable Development Goals (SDGs). (Source: UNDP)

2.3.2 Global Food Security

The world is at a critical juncture as reported in the FAO report of the State of Food
Security and Nutrition in the World 2021 (FAO 2021). At present, the world is in
chaos as it is committed earlier to end hunger, food insecurity, and malnutrition by
2030. This is mainly because of climate variability and extreme climate events,
COVID-19 pandemic, and economic slowdown. Hence, the pathway toward SDG2
became steeper. Hunger level in the world is on rise, and it has been climbing to
9.9% in 2020 as around 720–811 million people faced hunger in 2020 (Fig. 2.9).
Bold actions are needed to address the major drivers of food insecurity and



malnutrition. More than half of the world population who are affected due to hunger
lives in Asia as shown in Fig. 2.10. More than 30% of the world population has been
affected due to moderate or severe food insecurity since the past 6 years (Fig. 2.11)
and healthy diets are out of reach for billions of people. The COVID-19 pandemic
has shown severe impact on the world economy (Afesorgbor et al. 2022). To
end hunger and malnutrition, the way forward is transformation in the food system
with greater resilience to major drivers, e.g., climate variability and extremes,
conflicts, and economic slowdown. Six pathways were suggested for food system
transformation to ensure food security and nutritive food for all. It includes
(i) promotion of integrated policies (Humanitarian-Development-Peacekeeping) in
affected areas, (ii) augmenting climate resilience across food systems, (iii) increasing
resilience of most affected to economic hardship, (iv) lowering the cost of nutrition
foods by improving food supply chains, (v) reducing poverty and inequalities, and

42 M. Ahmed et al.

Fig. 2.9 The prevalence and number of undernourished people in the world. (Source: FAO 2021)

Fig. 2.10 Hunger prevalence among continents. (Source: FAO 2021)



(vi) improving food environments and change in dietary habits to have more positive
impacts to health and environment. Furthermore, van Dijk and Meijerink (2014)
presented different drivers of food and nutrition security, which include climate
change, population growth, income growth, food demand, dietary habits, and tech-
nical change. These drivers could be used to design integrated approach for the
global food security (Fig. 2.12). However, these drivers may vary from country to
country as elaborated in Fig. 2.13. High level of panel of experts (HLPE) on world
food security have given new dimensions to ensure food security (HLPE 2019,
2020). Furthermore, relationship between different drivers, food systems, and food
security have been presented in Fig. 2.14, which shows that these drivers have
impacts on diet attributes (e.g., quantity, quality, diversity, safety, and adequacy)
as well as on nutrition and health. The drivers, which have a major contribution to
recent hunger and slowdown in progress, are given in dark blue boxes. Similarly,
Fig. 2.14 elaborates circular feedback loops (e.g., increase in the consumption of
unhealthy food due to economic crisis resulted toward higher emissions of GHGs)
that can generate higher impacts with time. Hence, food environments have a
negative relationship with food security and nutrition. Similarly, the recent
COVID-19 pandemic has given a devastating blow to global food security and
nutrition with multiple impacts on food systems (Fig. 2.15).
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Fig. 2.11 Global food insecurity (moderate or severe) in the past 6 years. (Source: FAO 2021)

2.3.3 Food Security in Pakistan

Pakistan is committed to divert all possible efforts and resources for increasing food
production and ensuring that people at large have access to food at affordable prices.



Pakistan agriculture sector contributes 19.2% to GDP with an employment share of
38.5%. Over 65–70% of Pakistan population depends upon agriculture sector for its
livelihood. It is the engine of national economic growth and poverty reduction.
However, the growth rate in this sector is on declining trend. This is mainly because
of shrinkage of arable land, climate variability and climate change, water scarcity,
and higher population shift from rural to urban areas. Government have
implemented different agricultural policies to improve farm productivity through
untapped productivity potential of crop and livestock subsectors. It includes intro-
duction of agri-input regime and agriculture transformation plan. However, Pakistan
is still a net food-importing country with high level of food insecurity that includes
lack of food availability and high population growth. The other reason includes
small land holdings (32% less than 1 hectare and 24% less than 2 hectare) that is not
permitting to enhance farm productivity or incomes beyond a certain limit (Bashir
et al. 2013; Abdullah et al. 2019). Data from different sources depicted that daily
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Fig. 2.12 Drivers of food/nutrition security across globe. (Modified from van Dijk and Meijerink
2014)
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Fig. 2.13 Food security drivers across the globe

Fig. 2.14 Relationship between different drivers, food systems, and food security. (Source: FAO
2021)



average availability of calories per person in Pakistan is lower by 10% and 26%
relative to the average in developing and developed counties, respectively (Hameed
et al. 2021). Pakistan has been trying to maintain the 2350 calories per person per
day since the early 1990s from a level of 1754 calories per person per day in 1961.
The average per capita availability of calories during 2015–2016 was 2473 kcal
day�1, which exceeds the minimum energy requirements (Shabnam et al. 2021).
However, a higher rate of malnutrition was observed due to low nutritional intake
(IFPRI 2016). In Pakistan, around half of the caloric needs are met through cereals
only. Wheat and rice are the staple food crops, and shortfalls in production adversely
affect both food security and national economy. Wheat production (2020–2021) was
27.3 million tons, which was 8.1% higher than the last year. However, still Pakistan
has to import 3 million tons to build strategic reserves, a euphemistic indicator of
local shortage. Factors which are responsible for the food insecurity in Pakistan are
(i) small land holdings, (ii) technological constraints to achieve productivity poten-
tial in farming system and climate change perspective, (iii) land and soil health
degradation, (iv) deteriorating irrigation and drainage system, (v) poorly regulated
markets, (vi) lack of mechanization and skilled farm labor, and (vii) ineffective
research-extension linkages. Per capita availability of food items in Pakistan from
2002 to 2007 have been shown in Table 2.2, while food security and related
indicators for some years have also been given (Table 2.3), which shows that proper
measures are needed to end hunger and malnutrition in Pakistan. Crop productivity
scenario to ensure food security in Pakistan is presented in Table 2.4.

46 M. Ahmed et al.

Fig. 2.15 Time series analysis of annual change in number of undernourished due to COVID
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Table 2.2 Per capita availability of food items

Items Unit 2002 2003 2004 2005 2006 2007

Wheat Kg 114.7 112.0 116.3 115.8 123.2 127.0

Rice Kg 13.9 17.2 16.8 17.6 10.0 16.6

Other grains Kg 11.1 11.1 11.6 11.5 17.0 16.0

Pulses Kg 7.02 5.8 8.00 6.8 7.9 7.2

Edible oils Kg 11.5 11.9 11.5 11.7 12.9 13.1

Fruits and veg. Kg 80.5 83.3 87.5 82.9 77.9 77.6

Sugar Kg 30.3 30.8 30.5 30.7 34.8 32.2

Milk Lit. 83.1 83.8 85.9 85.9 90.3 94.2

Meat Kg 21.3 21.3 21.5 21.0 21.8 23.3

Eggs Doz. 4.5 4.5 4.6 4.6 4.8 5.0

Table 2.3 Food security and related indicators

Indicators 1996 2001 2005 2008

Average per person dietary energy supply (Kcal) 2522 2706 2381 2529

Food production index – 100 92 111

Cereal supply per person (all food grains) (Kg) 180 203 174 191

Animal protein supply per person (gram) per day 67.3 71.7 – 46.3

Value of gross investment in agriculture (mil US $) 51.5 45.1 22.8 33.3

Food price index (2000–2001 100) 82.9 100 111.7 169.5

Index of variability of food production (1999–2000 100) – 91 95 111

Consumer price index 72.5 100 106.7 155.7

Table 2.4 Crop productivity scenario to ensure food security in Pakistan

Scenarios

Average (tons/hectare)

Wheat Cotton Rice Maize Sugarcane

Productivity at research stations 6.5 l4.6 8.0 12.5 189.0

Productivity at progressive farmers 5.5 3.5 4.8 7.5 106.7

National average productivity 2.6 2.0 2.1 3.5 48.9

% gap between progressive farmer and national
average

52.5 41.3 58.9 53.6 54.2

% gap between potential and national average 59.8 55.3 73.5 72.1 74.1

2.4 Climate Change and Food Security: Impacts

Food security is the topmost challenge of the twenty-first century, but it has been
threatened by the climate change. However, ensuring food security is an important
task to feed billions in future by sustaining stressed environmental resources (Lal
2005). Magadza (2000) reported more severe impacts of climate change on food
security, water, and human health for African countries. Kang et al. (2009) reviewed
that uncertainty in food production has been increased due to climate change.
Climate change is increasing the intensity and frequency of extreme events across



the globe, which resulted to the disasters in livestock, crops, and food production and
supply sectors (Hallegatte et al. 2007; Dastagir 2015). Climate change and variabil-
ity resulted to the depletion in water resources and declined agricultural productivity
(Fatima et al. 2022; Arunrat et al. 2022; Yeşilköy and Şaylan 2021). Similarly, it has
been well-documented that global temperature at the end of the twenty-first century
may increase by 1.4–5.8 �C, which will reduce freshwater and agricultural crop yield
and ultimately leads toward the issue of food security (Misra 2014). Furthermore,
variation in crop productivity due to climate change have been listed in Table 2.5.
Climate change impacts are now visible in the form of growing deserts, more
occurrence of floods, heat waves and droughts. These climate extremes cause
reduction in crop yields, food shortages, and increase in food inflation. Hence, to
protect different crops and production systems from the damaging effect of climate
change, most of the recent studies are focused on the climate impacts and adaptation
strategies (Naz et al. 2022; Ahmad et al. 2019; Hoogenboom et al. 2017; Li et al.
2015; Asseng et al. 2015; Araya et al. 2015; White et al. 2011). Crop growth models
have been significantly used to study the impacts of climate change and furthermore
in the designing of adaptation strategies (Tui et al. 2021; Kapur et al. 2019; Dubey
and Sharma 2018; Hussain et al. 2018; Mohanty et al. 2012; Akponikpè et al. 2010;
Pearson et al. 2008). Simulation models are good tools to study climate impacts and
addressed them in a risk management context (both food security and climate
change). Similarly, assessing both impacts and adaptations through modeling will
help to increase our understanding of climate processes and food production. Thus,
understanding the link between food requirements and climate variability is impor-
tant to design appropriate future sustainable food production options.
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Table 2.5 Crop productivity variation and climate change

Variation Causes

Variation from field to field on the same farm under the same
management
Variation from farm to farm even on similar soil and area
Variation from year to year on the same site, soil, and similar
management

Soil and microenvironment
Agro-management
Weather and climate
variability

2.4.1 Climate Factors Affecting Food Security

Different direct and indirect climate factors are affecting food security. Direct factor
changes crop biodynamism, and it includes carbon dioxide (CO2), temperature,
rainfall, solar radiation, frost, fog, and smog. Elevated CO2 has shown positive
effect (fertilization effect) on crop production and water use efficiency but affected
negatively the produce quality (Varga et al. 2015; Sulieman et al. 2015; Fitzgerald
et al. 2016; O’Leary et al. 2015; Erbs et al. 2015; Manderscheid et al. 2015). The
nutritional quality of produce is at stake under elevated CO2, as in C3 plants higher
CO2 concentrations resulted to the production of more carbohydrates and less
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minerals (zinc and iron) (Ebi and Loladze 2019). Higher CO2 is directly affecting
crops’ nutritional quality by decreasing protein and mineral concentration by 5–15%
and B vitamins by 30% (Loladze 2014; Myers et al. 2014; Zhu et al. 2018).
Reduction in grain nitrogen due to elevated CO2 is shown in Fig. 2.16. Loladze
(2002) reported declined essential element to carbon ratio, which could intensify the
problem of micronutrient malnutrition in future. Furthermore, micronutrient defi-
ciencies will cause higher disease burden than food insecurity. However, legume
plants have shown more positive response to elevated CO2 due to increased nitrogen
fixation (Hikosaka et al. 2011). C4 crops, although get less benefits from elevated
CO2 as carbon uptake in these plants, is saturated at ambient CO2 levels, so no
carbon dilution occurs with no effect on protein and micronutrients levels (von
Caemmerer and Furbank 2003). Hence, C4 crops have great potential to fulfill
nutritional needs of human beings under changing climate as they have good
adaptability to warm and dry climates. But to have full potential of C4 crops under
future changing climate, complete understanding and linkage between mineral
nutrition and C4 photosynthesis is needed (Jobe et al. 2020). Rise in temperature
is another important limiting factor, which is affecting food security at global scale.
Recent temperature anomalies generated by the NASA (the National Aeronautics
and Space Administration) have clearly shown that global surface temperature have
increased by +1 �C in almost every month (Fig. 2.17). The climate spiral (designed
by climate scientist Ed Hawkins from NASA) has been widely distributed during
Rio de Janeiro Olympics to show clearly how important it is to address the issue of
climate change (https://svs.gsfc.nasa.gov/4975). Increased temperature is the major
reason of reduced crop yield and poor quality, as higher temperature decreases water
use efficiency, crop growth period, photosynthesis, and yield (Ahmad et al. 2019;
Urban et al. 2018; Mäkinen et al. 2018; Lizaso et al. 2018; Prasad and Jagadish
2015). Zhao et al. (2017) investigated the impacts of temperature on yields of four
crops, i.e., wheat, rice, maize, and soybean, using published work, where they have
used different analytical techniques (e.g., field warming experiments, regression, and
global grid-based and local point-based models). Results depicted that without
adaptations, genetic improvement, and CO2 fertilization, every 1 �C rise in temper-
ature could reduce yields of wheat (6.0%), rice (3.2%), maize (7.4%), and soybean
(3.1%). Iizumi et al. (2017) studied the responses of crop yield growth to
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Fig. 2.16 Grain nitrogen in
response to elevated CO2
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temperature and concluded that intensive mitigation is needed in low-income coun-
tries to improve food security and prevents damage to major crops. The map of
global temperature changes for the year 2020 in comparison to baseline period
(1951–1980) showed that across the globe there is significant increase in temperature
(Fig. 2.18). The dramatic increase is more in far northern latitudes. CO2 concentra-
tion, temperature, rainfall, and solar radiation changes will interactively effect crop
productivity and ultimately food security. However, indirect factors of climate
change which affect crop existence and food security include water resources,
floods, soil degradation, drought spells, pest, and diseases.
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Fig. 2.17 Monthly global surface temperatures from 1980 to 2021. (Modified from NASA)

Fig. 2.18 Global temperature anomalies (�C) from 1880 to 2020 (higher than normal temperature
¼ red and lower than normal temperature ¼ blue and normal temperature ¼ average over thirty
years baseline period 1951–1980). (Source: NASA’s Scientific Visualization Studio)
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2.4.2 Climate Change Extreme Events

Climate change is visible in the form of different extreme events happening across
the globe in recent decades. Intensification of weather extremes is important facets of
climate change (Jentsch et al. 2007). It includes extreme heat wave (>49.6 �C
temperature in Canada on June 29), Hurricane Ida, European summer flood, and
flooding in China, July 2021: Earth’s warmest month in recorded history and melting
of glaciers. These extreme events are causing disasters in vulnerable communities
and ecosystems (Mal et al. 2017, 2018). Changes in global precipitation is one of the
clear indicators because of global warming. Some parts of the world (mainly
northern latitudes) are experiencing increased precipitation, whereas other regions
will experience decreased precipitation (Fig. 2.19). Hence, understanding of climate
extremes is important to design disaster risk reduction mechanism.

2.4.3 Understanding Climate Change Extreme Events
to Ensure Food Security

Understating of climate change is important to ensure food security. Climate change
has already threatened agriculture, food production, and food security. Hence,
understanding of climate extreme is the first step to design adaptation strategies.
Different climatic drivers could be used to understand the future climatic changes.
ENSO (El Niño–Southern Oscillation) is the topmost driver which has been used to
predict future climatic changes before time (Lee et al. 2021; Thirumalai et al. 2017;
Tack and Ubilava 2015; Woli et al. 2015). ENSO changes the global atmospheric

Fig. 2.19 Potential worldwide precipitation changes



circulation, which results to the change in precipitation and temperature across the
globe. Prediction of ENSO arrival in advance is helpful to understand future weather
and climate. ENSO has three states or phases, i.e., (i) El Niño (warming of ocean
surface or above-average sea-surface temperatures (SST)), (ii) La Niña (cooling of
ocean surface or below average SST), and (iii) neutral (neither El Niño or La Niña)
(Fig. 2.20). Hence, process-based seasonal forecasting using ENSO could be the
most practical way of designing risk management options for dealing with both
climate variability and climate change (Davey et al. 2014; Singh et al. 2022).
Similarly, prediction of regional heat waves over the South Asian region, particu-
larly over Pakistan, could help to design adaptation options for agriculture sector
(Rashid et al. 2022). Wangchen and Dorji (2022) examined the potential impact of
agrometeorology initiative for climate change adaptation and food security in Bhu-
tan. Study reported that food security challenges will be further aggravated due to the
changing climate. Hence, adaptation is necessary to enhance food security. They
suggested the use of agromet decision support system to generate and disseminate
information to the stakeholders so that they can plan accordingly. Similarly, infor-
mation can also be used to manage smart irrigation system and development of pest
forecasting system. Thus, the overall enhancement of food security is possible
through the establishment of early warning system using climatological information.
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Fig. 2.20 Neutral, La Niña, and El Niño three phases of ENSO (El Niño–Southern Oscillation).
(Source: NOAA)



van Ogtrop et al. (2014) developed a time-lagged relationship between SSTs and
rainfall periods and provided forecast system for the rainfed agriculture. The impact
of climate change events (El Niño and La Niña) on rainfed wheat production has
been presented in Table 2.6. Variability in yield data during different cropping year
was due to variability in rainfall, which has strong connections with ENSO and SOI
phases. Therefore, ENSO can be used as an early warning tool for the risk manage-
ments in different sectors of life (e.g., agriculture sector) as reported in previously
published work (Ludescher et al. 2014; Rashid et al. 2022; Lee et al. 2021;
Thirumalai et al. 2017; Tack and Ubilava 2015; Woli et al. 2015). Similarly,
rainwater dynamics for rainfed agriculture could be accurately modeled by making
teleconnections with climatic drivers like SST and pressure (Ahmed et al. 2014).
Long-term rainfall data for rainfed area of Pakistan, i.e., Islamabad, shows a slight
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Fig. 2.20 (continued)



decreasing trend in winter rainfall while increasing trends in the occurrence of
summer rainfall (Fig. 2.21). Similarly, rainfall intensity in the month of July has
increased overtime (Fig. 2.22), which shows the importance of monsoon rainfall.
Hence, simulation models provide the way to focus on risks and responses of food
system in relation to climate.
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Table 2.6 Effects of climate events on rainfed wheat production

Cropping 

Year Yield (Kg/ha) % change Climate events 

SOI Phase 

(July) 

1999-00 1319 -25 
Drought Year  (Weak La 

Niña) 
4 

2000-01 534 -70 

Drought +Terminal heat 

stress (Non El Niño 

drought) 

5 

2001-02 717 -59 

Drought +Terminal heat 

stress (Non El  Niño 

drought) 

5 

2002-03 1310 -25 
Drought Year (Moderate  

El  Niño) 
5 

2003-04 1321 -25 
Terminal heat stress 

(Non El  Niño drought) 
4 

2004-05 1730 -1 (Weak El  Niño) 1 

2005-06 1354 -23 
Terminal heat stress 

(Non El  Niño drought) 
5 

2006-07 1755 = 

Bumper Year as 

Benchmark  (Moderate  

El  Niño) 

5 

2007-08 1205 -31 

Frost +Terminal heat 

stress  (Moderate La 

Niña) 

3 

2008-09 1290 
-31 

Drought Year  (Weak La 

Niña) 
5 

2009-10 1276 
-26 

Drought & Moderate  El  

Niño 
4 

2010-11 1375 -27 Strong La Niña 4 

2011-12 1357 -22 Moderate La Niña 4 

2012-13 1398 
-23 

Heat stress without El  

Niño 
2 

2013-14 1412 -20 - 5 

2014-15 1363 -20 Weak El  Niño 1 

2015-16 1376 -22 Very Strong El  Niño 5 

2016-17 1486 -22 Weak Lanina 4 

2017-18 1425 -15 Weak Lanina 4 

2018-19 1403 -19 Weak El  Niño 1 

2019-20 1433 -20 - 4 

2020-21 1487 -18 Moderate La Niña 4 
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Fig. 2.21 Long-term rainfall pattern in Islamabad during summer (kharif) and winter (rabi)
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The strength of El Niño and La Niña events can be further gauged by using the
Southern Oscillation Index (SOI), which is the measure of the strength of the Walker
circulation (ENSO’s atmospheric buddy) (Fig. 2.23). The SOI measures the differ-
ence in air pressure between Tahiti and Darwin. The phases of the SOI were defined
by Stone et al. (1996), who used cluster analysis to group 2-month pairs of the SOI
from 1882 to 1991 into five clusters as phases. The phases are as follows: Phase
1, consistently negative; Phase 2, consistently positive; Phase 3, falling; Phase

Fig. 2.23 The Walker circulation showing negative and positive SOI. (Source: NOAA)



4, rising; and Phase 5, consistently near zero (Fig. 2.24). Stone et al. (1996) reported
that accurate prediction of ENSO is helpful to accurately predict the global rainfall
variations, which can be further used to manage agricultural production, reduce
risks, and maximize profits. Furthermore, the SOI provides a good basis for rainfall
forecasting with accuracy of 2 months which is helpful for key management
decisions (Cobon and Toombs 2013).
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Fig. 2.24 Five clusters of SOI. (Source: Stone et al. 1996)

2.4.4 Climate Change and Rainfed Wheat Production:
Simulation Study

The Agricultural Production Systems Simulator (APSIM) was calibrated and eval-
uated for wheat genotypes in rainfed region of Pakistan (Table 2.7), which shows
close association with the field observed yield data. Furthermore, simulation study
was conducted to study the impact of rise in temperature and elevated CO2 on
rainfed wheat. Results showed that rise in temperature resulted to the reduction in the
days to maturity, but this effect was compensated by the elevated CO2, which
resulted to the higher grain yield (Table 2.8). Guoju et al. (2005) studied the
interactive effect of rise in temperature and elevated CO2 on wheat yield and
reported similar outcome. However, when temperature increase was 1.8 �C, then
wheat yield was reduced. They suggested supplemental irrigation as an adaptation
strategy to minimize the loss of yield. Similarly, variability in temperature during
wheat growing season is shown in Fig. 2.25, which confirms that climate is chang-
ing, and adaptation options are need of time. Growing degree day or heat unit is the
best indicator to monitor temperature response on crop phenology. Temperature
requirement of wheat (thermal times/degree days) under normal conditions have
been given in Table 2.9. However, with the rise in temperature, availability of heat
unit during different phenological stages will be changed (Fatima et al. 2020; Ahmad
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et al. 2019). Relationship between wheat critical growth stages and degree days
utilized and rainfall received has been elaborated in Fig. 2.26. Kapur et al. (2019)
reviewed the impact of climate change and CO2 on wheat yield. They reported
around 25% increase in wheat yield with a twofold increase in CO2 concentration.
However, this increase due to elevated CO2 was offset by the temperature rise of
3 �C. Hence, they suggested application of proper irrigation management techniques
to coup the future water stress. Hernandez-Ochoa et al. (2018) quantified the impact
of future climate change on wheat production and reported reduction in yield.
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Table 2.7 Simulation of different wheat genotypes yield (kg ha�1)

Genotypes Measured Simulated Bias t Regression equation r2

Mean SD Mean SD

Wafaq-2001 3245 485 3177 444 68 0.36 S 0.88M + 324.3 0.92

Chakwal-97 3056 542 3017 464 39 0.19 S 0.83M + 473.5 0.94

NR-55 2729 466 2729 483 0.2 0.001 S 1.02M 61.73 0.98

NR-232 3062 524 3067 462 5 0.02 S 0.83M + 528.5 0.88

R-234 3184 485 3180 417 3 0.02 S 0.60M + 1273 0.49

Margalla-99 2938 559 3067 455 129 0.54 S 0.69M + 1028 0.73

Table 2.8 Simulation of
impact of climate change on
wheat crop parameters

Variables Baseline 2020 2050

1990 0.9 �C 1.8 �C
CO2 concentration 360 ppm

Maturity days 183 180 175

Grain yield (Kg ha�1) 4090 4425 4397

Grain (number/spike) 28 30 30

Grain weight (mg) 34 37 39

CO2 concentration 500 ppm

Maturity days 183 180 175

Grain yield (Kg ha�1) 4090 4781 4781

Grain (number/spike) 28 30 29

Grain weight (mg) 34 38 30

2.4.5 Changing Planting Window: Adaptation Option
for Enhancing Food Security

Change in planting window can be a good option to adapt to climate change for
enhanced crop productivity and improved food security. Different crops and varie-
ties can give variable yield for different combinations with ENSO phenomenon of
climate. The response of wheat crop under different plating windows has been
shown in Fig. 2.27. It is clearly visible that delayed sowing resulted to the earlier
anthesis and maturity with reduction in grain yield (Fig. 2.28). Furthermore, the



impact of SOI phases on wheat yield was simulated, which showed that planting
after mid-November (PW3 and PW4) was vulnerable to climatic fluctuation
governed by SOI phase in July (Figs. 2.29 and 2.30). Moreover, different wheat
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Fig. 2.25 Temperature variability during wheat growing season



varieties responded differently to SOI phase (Fig. 2.31). Similar to our recommen-
dations, Ali et al. (2022) suggested change in planting date as suitable adaptation
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Table 2.9 Temperature requirement of wheat (thermal times/degree days)

At normal seeding depth, thermal time required for germination 65 �Cd
After emergence, the crop takes up to 450 �Cd to reach anthesis

The duration of grain filling is cultivar specific and varies between 500 and 800 �Cd
From sowing to maturity, wheat crop generally requires thermal time between 1350 and 1450 �Cd

Fig. 2.26 Wheat critical growth stages and degree days utilized (a) and rainfall received (b)
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option to minimize the potential impact of climate change. Similarly, the productiv-
ity of rainfed crops could be improved by opting an optimal timing for sowing
(Tsegay et al. 2015). Sadras et al. (2015) reported sowing date trials as an effective,
practical, inexpensive, and reliable screening method for crop adaptation to high
temperature stress. Additionally, He et al. (2015) indicated that later sowing dates
and new cultivars with longer thermal time could be helpful to have sustainable crop
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Fig. 2.29 Simulated yield variations in relation to sowing time partitioned against the prevailing
SOI phase in July
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Fig. 2.30 The impact of SOI phases on wheat yield
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yield under future rise in temperature. Sowing date as an adaptation to climate
warming was studied by different researchers, and they reported sowing date as an
important management tool to ensure food security by minimizing yield losses (Naz
et al. 2022; Ding et al. 2015; Ahmad et al. 2019; Fletcher et al. 2019; Matthews et al.
1997).
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2.5 Potential Options to Manage Food Security and Climate
Change

Different measures can be used to manage the issue of food security and climate
change. It includes bringing new areas under crops, using improved crop variety or
species, and adoption of improved production technologies (e.g., changes in sowing
windows, precision and smart farming, modernization of water supply and irrigation
systems, inputs and management adjustments, and tillage). Similarly, improved
short- and long-term climate prediction can help to identify vulnerabilities of present
agricultural systems to climate extremes, which can be used to minimize risk.
Furthermore, robustness of new farming strategies to meet the challenges of food
security and climate change could be modeled for policy makers. Hence, advanced
strategies to ensure food security could be tested accurately through models. More-
over, networking among different research groups and stations is very crucial to
design national adaptation plan to mitigate climate change. Similarly, interactive



communication can bring research results to different stakeholders (e.g., policy
makers and farmers) that could solve the issue of food insecurity. Furthermore, the
yield gap in the agricultural commodities could be minimized by cluster develop-
ment initiative started by the planning commission of Pakistan with the name Cluster
Development-Based Agriculture Transformation (CDBAT)-Vision 2025. Different
food security programs already going on in Pakistan are listed below:
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• Agriculture transformation plan, which includes first- and second-generation
interventions. The focus of first-generation interventions is bridging the yield.

• Crop Maximization Programme (costing Rs 8 billions) covering 1,020 villages in
four provinces, AJK and FATA/NA, with the objectives to (i) enhance crop
productivity of small farmers; (ii) support them to start income-generating activ-
ities of livestock, fisheries, on sustainable basis; and (iii) create required systems
for value addition of crop and livestock produce coupled with improved market
linkages.

• The National Oilseed Development and Commercial Production Program to
increase the production of oilseeds in the country to reduce the import bill.

• Two projects of 3.0 billion rupees for livestock farming to enhance community-
driven milk and dairy production and increase red meat production.

• The Prime Minister’s special initiatives to enhance productivity of livestock
through the provision of extension services at farmers’ doorsteps.

• For the promotion of commercialization in the livestock sector, two private
sector-led companies, namely, “Livestock and Dairy Development Board
(LDDB)” and “Pakistan Dairy Company (PDC)” have been established.

• To boost the overall production of crops and improve water use efficiency a mega
On-Farm Water Management program has been started, with a cost of Rs. 66.0
billion to renovate 87,000 watercourses.

• Program for the promotion of high efficiency irrigation system, including drip and
sprinkler.

• High-value crop production especially horticulture sector.
• The Wheat Maximization Program being launched at a cost of Rs.1.5 billion to

increase the production of wheat.
• The Prime Minister’s Special Initiative for White Revolution is being launched

with an allocation of Rs. 500.0 million for increasing the milk production in the
country.

• In line with the Prime Minister’s 100-day program National Commercial Seed
Production Program.

• Social safety nets are being strengthened, and the government has launched a new
Bachat Card Scheme and Income Support Program for the poorest.
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2.6 Conclusion

Ensuring food security is very important to feed billions in future, and it is only
possible by understanding the impacts of different drivers on food system through
different innovative techniques. After impact assessments, different adaptation
options, e.g., early warning systems, water management, changes in sowing dates,
choice of cultivar, and diversification of agricultural systems could be opted to
minimize the devastating effects of climate change. However, the implementation
of these adaptive measures in third world countries is a big concern, which is mainly
due to lack of coordination between researchers, policy makers, and farmers. Hence,
policy and institutional reforms are necessary to implement appropriate adaptive
measures. Similarly, policy makers should understand the complex war of hunger,
which has been increased due to climate change shocks. Thus, it should be handled
carefully so that solution to the food insecurity could be implemented on a ground
scale with true pace. Integration of climate predictions with policies could help to
adapt food systems to climate change impacts, thus minimizing vulnerability and
food insecurity.

References

Abdullah ZD, Shah T, Ali S, Ahmad W, Din IU, Ilyas A (2019) Factors affecting household food
security in rural northern hinterland of Pakistan. J Saudi Soc Agric Sci 18(2):201–210. https://
doi.org/10.1016/j.jssas.2017.05.003

Afesorgbor SK, van Bergeijk PAG, Demena BA (2022) COVID-19 and the threat to globalization:
an optimistic note. In: Papyrakis E (ed) COVID-19 and international development. Springer,
Cham, pp 29–44. https://doi.org/10.1007/978-3-030-82339-9_3

Ahmad S, Abbas G, Ahmed M, Fatima Z, Anjum MA, Rasul G, Khan MA, Hoogenboom G (2019)
Climate warming and management impact on the change of phenology of the rice-wheat
cropping system in Punjab, Pakistan. Field Crop Res 230:46–61. https://doi.org/10.1016/j.fcr.
2018.10.008

AhmedM, Fayyaz Ul H, Van Ogtrop FF (2014) Can models help to forecast rainwater dynamics for
rainfed ecosystem? Weather Clim Extremes 5–6:48–55. https://doi.org/10.1016/j.wace.2014.
07.001

Akponikpè PBI, Gérard B, Michels K, Bielders C (2010) Use of the APSIM model in long term
simulation to support decision making regarding nitrogen management for pearl millet in the
Sahel. Eur J Agron 32(2):144–154. https://doi.org/10.1016/j.eja.2009.09.005

Ali MGM, Ahmed M, Ibrahim MM, El Baroudy AA, Ali EF, Shokr MS, Aldosari AA, Majrashi A,
Kheir AMS (2022) Optimizing sowing window, cultivar choice, and plant density to boost
maize yield under RCP8.5 climate scenario of CMIP5. Int J Biometeorol. https://doi.org/10.
1007/s00484-022-02253-x

Araya A, Hoogenboom G, Luedeling E, Hadgu KM, Kisekka I, Martorano LG (2015) Assessment
of maize growth and yield using crop models under present and future climate in southwestern
Ethiopia. Agric For Meteorol 214–215:252–265. https://doi.org/10.1016/j.agrformet.2015.
08.259

https://doi.org/10.1016/j.jssas.2017.05.003
https://doi.org/10.1016/j.jssas.2017.05.003
https://doi.org/10.1007/978-3-030-82339-9_3
https://doi.org/10.1016/j.fcr.2018.10.008
https://doi.org/10.1016/j.fcr.2018.10.008
https://doi.org/10.1016/j.wace.2014.07.001
https://doi.org/10.1016/j.wace.2014.07.001
https://doi.org/10.1016/j.eja.2009.09.005
https://doi.org/10.1007/s00484-022-02253-x
https://doi.org/10.1007/s00484-022-02253-x
https://doi.org/10.1016/j.agrformet.2015.08.259
https://doi.org/10.1016/j.agrformet.2015.08.259


66 M. Ahmed et al.

Arora NK (2018) Agricultural sustainability and food security. Environ Sustain 1(3):217–219.
https://doi.org/10.1007/s42398-018-00032-2

Arunrat N, Sereenonchai S, Chaowiwat W, Wang C (2022) Climate change impact on major crop
yield and water footprint under CMIP6 climate projections in repeated drought and flood areas
in Thailand. Sci Total Environ 807:150741. https://doi.org/10.1016/j.scitotenv.2021.150741

Asseng S, Ewert F, Martre P, Rotter RP, Lobell DB, Cammarano D, Kimball BA, Ottman MJ, Wall
GW, White JW, Reynolds MP, Alderman PD, Prasad PVV, Aggarwal PK, Anothai J, Basso B,
Biernath C, Challinor AJ, De Sanctis G, Doltra J, Fereres E, Garcia-Vila M, Gayler S,
Hoogenboom G, Hunt LA, Izaurralde RC, Jabloun M, Jones CD, Kersebaum KC, Koehler
AK, Muller C, Naresh Kumar S, Nendel C, O’Leary G, Olesen JE, Palosuo T, Priesack E, Eyshi
Rezaei E, Ruane AC, Semenov MA, Shcherbak I, Stockle C, Stratonovitch P, Streck T, Supit I,
Tao F, Thorburn PJ, Waha K, Wang E, Wallach D, Wolf J, Zhao Z, Zhu Y (2015) Rising
temperatures reduce global wheat production. Nature Clim Change 5(2):143–147. https://doi.
org/10.1038/nclimate2470. http://www.nature.com/nclimate/journal/v5/n2/abs/nclimate2470.
html#supplementary-information

Atukunda P, Eide WB, Kardel KR, Iversen PO, Westerberg AC (2021) Unlocking the potential for
achievement of the UN Sustainable Development Goal 2 – ‘Zero Hunger’ – in Africa: targets,
strategies, synergies and challenges. Food. Nutr Res 65. https://doi.org/10.29219/fnr.v65.7686

Bashir M, Schilizzi S, Pandit R (2013) Impact of socio-economic characteristics of rural households
on food security: the case of the Punjab, Pakistan. JAPS 23(2):611–618

Bizikova L, Jungcurt S, McDougal K, Tyler S (2020) How can agricultural interventions enhance
contribution to food security and SDG 2.1? Global. Food Secur 26:100450. https://doi.org/10.
1016/j.gfs.2020.100450

Cobon DH, Toombs NR (2013) Forecasting rainfall based on the Southern Oscillation Index phases
at longer lead-times in Australia. Rangeland J 35(4):373–383. https://doi.org/10.1071/RJ12105

Crippa M, Solazzo E, Guizzardi D, Monforti-Ferrario F, Tubiello FN, Leip A (2021) Food systems
are responsible for a third of global anthropogenic GHG emissions. Nature Food 2(3):198–209.
https://doi.org/10.1038/s43016-021-00225-9

Dastagir MR (2015) Modeling recent climate change induced extreme events in Bangladesh: a
review. Weather Clim Extremes 7:49–60. https://doi.org/10.1016/j.wace.2014.10.003

Davey MK, Brookshaw A, Ineson S (2014) The probability of the impact of ENSO on precipitation
and near-surface temperature. Clim Risk Manag 1:5–24. https://doi.org/10.1016/j.crm.2013.
12.002

Decision Support System for Agrotechnology Transfer (DSSAT) Version 4.7 (2017). https://
DSSAT.net

Dharmasiri LM (2012) Measuring agricultural productivity using the average productivity index
(API). Sri Lanka J Adv Soc Stud 1(2):25–44

Ding DY, Feng H, Zhao Y, He JQ, Zou YF, Jin JM (2015) Modifying winter wheat sowing date as
an adaptation to climate change on the Loess plateau. Agron J. https://doi.org/10.2134/agronj15.
0262

Dubey SK, Sharma D (2018) Assessment of climate change impact on yield of major crops in the
Banas River Basin, India. Sci Total Environ 635:10–19. https://doi.org/10.1016/j.scitotenv.
2018.03.343

Dudley N, Alexander S (2017) Agriculture and biodiversity: a review. Biodiversity 18(2-3):45–49
Ebi KL, Loladze I (2019) Elevated atmospheric CO2 concentrations and climate change will affect

our food’s quality and quantity. Lancet Planet Health 3(7):e283–e284. https://doi.org/10.1016/
S2542-5196(19)30108-1

Elbeltagi A, Aslam MR, Malik A, Mehdinejadiani B, Srivastava A, Bhatia AS, Deng J (2020) The
impact of climate changes on the water footprint of wheat and maize production in the Nile
Delta, Egypt. Sci Total Environ 743:140770. https://doi.org/10.1016/j.scitotenv.2020.140770

Erbs M, Manderscheid R, Jansen G, Seddig S, Wroblewitz S, Hüther L, Schenderlein A, Wieser H,
Dänicke S, Weigel H-J (2015) Elevated CO2 (FACE) affects food and feed quality of cereals
(Wheat, Barley, Maize): interactions with N and water supply. Procedia Environ Sci 29:57–58.
https://doi.org/10.1016/j.proenv.2015.07.155

https://doi.org/10.1007/s42398-018-00032-2
https://doi.org/10.1016/j.scitotenv.2021.150741
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1038/nclimate2470
http://www.nature.com/nclimate/journal/v5/n2/abs/nclimate2470.html#supplementary-information
http://www.nature.com/nclimate/journal/v5/n2/abs/nclimate2470.html#supplementary-information
https://doi.org/10.29219/fnr.v65.7686
https://doi.org/10.1016/j.gfs.2020.100450
https://doi.org/10.1016/j.gfs.2020.100450
https://doi.org/10.1071/RJ12105
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1016/j.wace.2014.10.003
https://doi.org/10.1016/j.crm.2013.12.002
https://doi.org/10.1016/j.crm.2013.12.002
https://dssat.net
https://dssat.net
https://doi.org/10.2134/agronj15.0262
https://doi.org/10.2134/agronj15.0262
https://doi.org/10.1016/j.scitotenv.2018.03.343
https://doi.org/10.1016/j.scitotenv.2018.03.343
https://doi.org/10.1016/S2542-5196(19)30108-1
https://doi.org/10.1016/S2542-5196(19)30108-1
https://doi.org/10.1016/j.scitotenv.2020.140770
https://doi.org/10.1016/j.proenv.2015.07.155


2 Climate Change, Agricultural Productivity, and Food Security 67

FAO I, UNICEF (2014) WFP, and WHO 2018. The State of Food Security and Nutrition in the
World 2018. Building climate resilience for food security and nutrition. Rome

FAO I, UNICEF, WFP and WHO (2021) The State of Food Security and Nutrition in the World
2021. Transforming food systems for food security, improved nutrition and affordable healthy
diets for all. FAO, Rome. https://doi.org/10.4060/cb4474en

Fatima Z, Ahmed M, Hussain M, Abbas G, Ul-Allah S, Ahmad S, Ahmed N, Ali MA, Sarwar G,
Haque E, Iqbal P, Hussain S (2020) The fingerprints of climate warming on cereal crops
phenology and adaptation options. Sci Rep 10(1):18013. https://doi.org/10.1038/s41598-020-
74740-3

Fatima Z, Naz S, Iqbal P, Khan A, Ullah H, Abbas G, AhmedM, Mubeen M, Ahmad S (2022) Field
crops and climate change. In: Jatoi WN, Mubeen M, Ahmad A, Cheema MA, Lin Z, Hashmi
MZ (eds) Building climate resilience in agriculture: theory, practice and future perspective.
Springer, Cham, pp 83–94. https://doi.org/10.1007/978-3-030-79408-8_6

Fitzgerald GJ, Tausz M, O’Leary G, Mollah MR, Tausz-Posch S, Seneweera S, Mock I, Löw M,
Partington DL, McNeil D, Norton RM (2016) Elevated atmospheric [CO2] can dramatically
increase wheat yields in semi-arid environments and buffer against heat waves. Glob Chang
Biol 22(6):2269–2284. https://doi.org/10.1111/gcb.13263

Fletcher A, Ogden G, Sharma D (2019) Mixing it up – wheat cultivar mixtures can increase yield
and buffer the risk of flowering too early or too late. Eur J Agron 103:90–97. https://doi.org/10.
1016/j.eja.2018.12.001

Fukuda-Parr S (2016) From the Millennium Development Goals to the Sustainable Development
Goals: shifts in purpose, concept, and politics of global goal setting for development. Gend Dev
24(1):43–52. https://doi.org/10.1080/13552074.2016.1145895

Gil JDB, Reidsma P, Giller K, Todman L, Whitmore A, van Ittersum M (2019) Sustainable
development goal 2: improved targets and indicators for agriculture and food security. Ambio
48(7):685–698. https://doi.org/10.1007/s13280-018-1101-4

Guoju X, Weixiang L, Qiang X, Zhaojun S, Jing W (2005) Effects of temperature increase and
elevated CO2 concentration, with supplemental irrigation, on the yield of rain-fed spring wheat
in a semiarid region of China. Agric Water Manag 74(3):243–255. https://doi.org/10.1016/j.
agwat.2004.11.006

Hallegatte S, Hourcade J-C, Dumas P (2007) Why economic dynamics matter in assessing climate
change damages: Illustration on extreme events. Ecol Econ 62(2):330–340. https://doi.org/10.
1016/j.ecolecon.2006.06.006

Hameed A, Padda IUH, Salam A (2021) Analysis of food and nutrition security in Pakistan: a
contribution to zero hunger policies. Sarhad J Agric 37(3)

He L, Asseng S, Zhao G, Wu D, Yang X, Zhuang W, Jin N, Yu Q (2015) Impacts of recent climate
warming, cultivar changes, and crop management on winter wheat phenology across the Loess
Plateau of China. Agric For Meteorol 200:135–143. https://doi.org/10.1016/j.agrformet.2014.
09.011

Hernandez-Ochoa IM, Asseng S, Kassie BT, Xiong W, Robertson R, Luz Pequeno DN, Sonder K,
Reynolds M, Babar MA, Molero Milan A, Hoogenboom G (2018) Climate change impact on
Mexico wheat production. Agric For Meteorol 263:373–387. https://doi.org/10.1016/j.
agrformet.2018.09.008

Hikosaka K, Kinugasa T, Oikawa S, Onoda Y, Hirose T (2011) Effects of elevated CO2 concen-
tration on seed production in C3 annual plants. J Exp Bot 62(4):1523–1530. https://doi.org/10.
1093/jxb/erq401

HLPE (2019) Agroecological and other innovative approaches for sustainable agriculture and food
systems that enhance food security and nutrition. High Level Panel of Experts on Food Security
and Nutrition of the Committee on World Food Security, Rome

HLPE HLPoEoFSaN (2020) Food security and nutrition: building a global narrative towards 2030.
Rome. Available at www.fao.org/3/ca9731en/ca9731en.pdf

https://doi.org/10.4060/cb4474en
https://doi.org/10.1038/s41598-020-74740-3
https://doi.org/10.1038/s41598-020-74740-3
https://doi.org/10.1007/978-3-030-79408-8_6
https://doi.org/10.1111/gcb.13263
https://doi.org/10.1016/j.eja.2018.12.001
https://doi.org/10.1016/j.eja.2018.12.001
https://doi.org/10.1080/13552074.2016.1145895
https://doi.org/10.1007/s13280-018-1101-4
https://doi.org/10.1016/j.agwat.2004.11.006
https://doi.org/10.1016/j.agwat.2004.11.006
https://doi.org/10.1016/j.ecolecon.2006.06.006
https://doi.org/10.1016/j.ecolecon.2006.06.006
https://doi.org/10.1016/j.agrformet.2014.09.011
https://doi.org/10.1016/j.agrformet.2014.09.011
https://doi.org/10.1016/j.agrformet.2018.09.008
https://doi.org/10.1016/j.agrformet.2018.09.008
https://doi.org/10.1093/jxb/erq401
https://doi.org/10.1093/jxb/erq401
http://www.fao.org/3/ca9731en/ca9731en.pdf


68 M. Ahmed et al.

Hoogenboom G, Porter CH, Shelia V, Boote KJ, Singh U, White JW, Hunt LA, Ogoshi R, Lizaso
JL, Koo J, Asseng S, Singels A, Moreno LP, Jones JW (2017) Decision support system for
agrotechnology transfer (DSSAT) version 4.7. DSSAT Foundation, Gainesville, Florida, USA

Hussain J, Khaliq T, Ahmad A, Akhtar J (2018) Performance of four crop model for simulations of
wheat phenology, leaf growth, biomass and yield across planting dates. PLoS One 13(6):
e0197546. https://doi.org/10.1371/journal.pone.0197546

Hussain MM, Mohy-Ud-Din W, Younas F, Niazi NK, Bibi I, Yang X, Rasheed F, Farooqi ZUR
(2022) Biochar: a game changer for sustainable agriculture. In: Bandh SA (ed) Sustainable
agriculture: technical progressions and transitions. Springer, Cham, pp 143–157. https://doi.org/
10.1007/978-3-030-83066-3_8

IFPRI (2016) Global nutrition report 2016: from promise to impact: ending malnutrition by 2030.
International Food Policy Research Institute, Washington, DC

Iizumi T, Furuya J, Shen Z, Kim W, Okada M, Fujimori S, Hasegawa T, Nishimori M (2017)
Responses of crop yield growth to global temperature and socioeconomic changes. Sci Rep 7(1):
7800. https://doi.org/10.1038/s41598-017-08214-4

Jentsch A, Kreyling J, Beierkuhnlein C (2007) A new generation of climate-change experiments:
events, not trends. Front Ecol Environ 5(7):365–374. https://doi.org/10.1890/1540-9295(2007)
5[365:ANGOCE]2.0.CO;2

Jobe TO, Rahimzadeh Karvansara P, Zenzen I, Kopriva S (2020) Ensuring nutritious food under
elevated CO2 conditions: a case for improved C4 crops. Front Plant Sci 11. https://doi.org/10.
3389/fpls.2020.01267

Kang Y, Khan S, Ma X (2009) Climate change impacts on crop yield, crop water productivity and
food security – a review. Prog Nat Sci 19(12):1665–1674. https://doi.org/10.1016/j.pnsc.2009.
08.001

Kapur B, Aydın M, Yano T, Koç M, Barutçular C (2019) Interactive effects of elevated CO2 and
climate change on wheat production in the Mediterranean region. In: Watanabe T, Kapur S,
Aydın M, Kanber R, Akça E (eds) Climate change impacts on basin agro-ecosystems. Springer,
Cham, pp 245–268. https://doi.org/10.1007/978-3-030-01036-2_12

Laborde D, Bizikova L, Lallemant T, Smaller C (2016) Ending hunger: what would it cost? IISD
and IFPRI, Winnipeg

Lal R (2005) Climate change, soil carbon dynamics, and global food security. Climate change and
global food security. CRC Press, Boca Raton

Landis DA, Gardiner MM, van der Werf W, Swinton SM (2008) Increasing corn for biofuel
production reduces biocontrol services in agricultural landscapes. Proc Natl Acad Sci
105(51):20552–20557. https://doi.org/10.1073/pnas.0804951106

Lee J, Planton YY, Gleckler PJ, Sperber KR, Guilyardi E, Wittenberg AT, McPhaden MJ, Pallotta
G (2021) Robust evaluation of ENSO in climate models: how many ensemble members are
needed? Geophys Res Lett 48(20):e2021GL095041. https://doi.org/10.1029/2021GL095041

Li ZT, Yang JY, Drury CF, Hoogenboom G (2015) Evaluation of the DSSAT-CSM for simulating
yield and soil organic C and N of a long-term maize and wheat rotation experiment in the Loess
Plateau of Northwestern China. Agric Syst 135:90–104. https://doi.org/10.1016/j.agsy.2014.
12.006

Litskas VD, Platis DP, Anagnostopoulos CD, Tsaboula AC, Menexes GC, Kalburtji KL,
Stavrinides MC, Mamolos AP (2020) Chapter 3 – climate change and agriculture: carbon
footprint estimation for agricultural products and labeling for emissions mitigation. In:
Betoret N, Betoret E (eds) Sustainability of the food system. Academic, Amsterdam, pp
33–49. https://doi.org/10.1016/B978-0-12-818293-2.00003-3

Lizaso JI, Ruiz-Ramos M, Rodríguez L, Gabaldon-Leal C, Oliveira JA, Lorite IJ, Sánchez D,
García E, Rodríguez A (2018) Impact of high temperatures in maize: phenology and yield
components. Field Crop Res 216:129–140. https://doi.org/10.1016/j.fcr.2017.11.013

Loladze I (2002) Rising atmospheric CO2 and human nutrition: toward globally imbalanced plant
stoichiometry? Trends Ecol Evol 17(10):457–461. https://doi.org/10.1016/S0169-5347(02)
02587-9

https://doi.org/10.1371/journal.pone.0197546
https://doi.org/10.1007/978-3-030-83066-3_8
https://doi.org/10.1007/978-3-030-83066-3_8
https://doi.org/10.1038/s41598-017-08214-4
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.3389/fpls.2020.01267
https://doi.org/10.3389/fpls.2020.01267
https://doi.org/10.1016/j.pnsc.2009.08.001
https://doi.org/10.1016/j.pnsc.2009.08.001
https://doi.org/10.1007/978-3-030-01036-2_12
https://doi.org/10.1073/pnas.0804951106
https://doi.org/10.1029/2021GL095041
https://doi.org/10.1016/j.agsy.2014.12.006
https://doi.org/10.1016/j.agsy.2014.12.006
https://doi.org/10.1016/B978-0-12-818293-2.00003-3
https://doi.org/10.1016/j.fcr.2017.11.013
https://doi.org/10.1016/S0169-5347(02)02587-9
https://doi.org/10.1016/S0169-5347(02)02587-9


2 Climate Change, Agricultural Productivity, and Food Security 69

Loladze I (2014) Hidden shift of the ionome of plants exposed to elevated CO2 depletes minerals at
the base of human nutrition. elife 3:e02245

Lomazzi M, Borisch B, Laaser U (2014) The Millennium Development Goals: experiences,
achievements and what’s next. Glob Health Action 7(1):23695. https://doi.org/10.3402/gha.
v7.23695

Ludescher J, Gozolchiani A, Bogachev MI, Bunde A, Havlin S, Schellnhuber HJ (2014) Very early
warning of next El Niño. Proc Natl Acad Sci 111(6):2064–2066. https://doi.org/10.1073/pnas.
1323058111

Lynch J, Cain M, Frame D, Pierrehumbert R (2021) Agriculture’s contribution to climate change
and role in mitigation is distinct from predominantly fossil CO2-emitting sectors. Front Sustain
Food Syst 4. https://doi.org/10.3389/fsufs.2020.518039

Magadza CH (2000) Climate change impacts and human settlements in Africa: prospects for
adaptation. Environ Monit Assess 61(1):193–205

Mäkinen H, Kaseva J, Trnka M, Balek J, Kersebaum KC, Nendel C, Gobin A, Olesen JE, Bindi M,
Ferrise R, Moriondo M, Rodríguez A, Ruiz-Ramos M, Takáč J, Bezák P, Ventrella D, Ruget F,
Capellades G, Kahiluoto H (2018) Sensitivity of European wheat to extreme weather. Field
Crop Res 222:209–217. https://doi.org/10.1016/j.fcr.2017.11.008

Mal S, Singh RB, Huggel C (2017) Climate change, extreme events and disaster risk reduction:
towards sustainable development goals. Springer, Cham

Mal S, Singh RB, Huggel C, Grover A (2018) Introducing linkages between climate change,
extreme events, and disaster risk reduction. In: Mal S, Singh RB, Huggel C (eds) Climate
change, extreme events and disaster risk reduction: towards sustainable development goals.
Springer, Cham, pp 1–14. https://doi.org/10.1007/978-3-319-56469-2_1

Manderscheid R, Sickora J, Dier M, Erbs M, Weigel H-J (2015) Interactive effects of CO2

enrichment and N fertilization on N-acquisition, -remobilization and grain protein concentration
in wheat. Procedia Environ Sci 29:88. https://doi.org/10.1016/j.proenv.2015.07.173

Matthews RB, Kropff MJ, Horie T, Bachelet D (1997) Simulating the impact of climate change on
rice production in Asia and evaluating options for adaptation. Agric Syst 54(3):399–425. https://
doi.org/10.1016/S0308-521X(95)00060-I

Miguel Ayala L, van Eupen M, Zhang G, Pérez-Soba M, Martorano LG, Lisboa LS, Beltrao NE
(2016) Impact of agricultural expansion on water footprint in the Amazon under climate change
scenarios. Sci Total Environ 569-570:1159–1173. https://doi.org/10.1016/j.scitotenv.2016.
06.191

Misra AK (2014) Climate change and challenges of water and food security. Int J Sustain Built
Environ 3(1):153–165. https://doi.org/10.1016/j.ijsbe.2014.04.006

Mohanty M, Probert ME, Reddy KS, Dalal RC, Mishra AK, Subba Rao A, Singh M, Menzies NW
(2012) Simulating soybean–wheat cropping system: APSIM model parameterization and vali-
dation. Agric Ecosyst Environ 152:68–78. https://doi.org/10.1016/j.agee.2012.02.013

Myers SS, Zanobetti A, Kloog I, Huybers P, Leakey AD, Bloom AJ, Carlisle E, Dietterich LH,
Fitzgerald G, Hasegawa T, Holbrook NM, Nelson RL, Ottman MJ, Raboy V, Sakai H, Sartor
KA, Schwartz J, Seneweera S, Tausz M, Usui Y (2014) Increasing CO2 threatens human
nutrition. Nature 510(7503):139–142. https://doi.org/10.1038/nature13179

Naz S, Ahmad S, Abbas G, Fatima Z, Hussain S, Ahmed M, Khan MA, Khan A, Fahad S,
Nasim W, Ercisli S, Wilkerson CJ, Hoogenboom G (2022) Modeling the impact of climate
warming on potato phenology. Eur J Agron 132:126404. https://doi.org/10.1016/j.eja.2021.
126404

O’Leary GJ, Christy B, Nuttall J, Huth N, Cammarano D, Stöckle C, Basso B, Shcherbak I,
Fitzgerald G, Luo Q, Farre-Codina I, Palta J, Asseng S (2015) Response of wheat growth,
grain yield and water use to elevated CO2 under a Free-Air CO2 Enrichment (FACE) experiment
and modelling in a semi-arid environment. Glob Chang Biol 21(7):2670–2686. https://doi.org/
10.1111/gcb.12830

https://doi.org/10.3402/gha.v7.23695
https://doi.org/10.3402/gha.v7.23695
https://doi.org/10.1073/pnas.1323058111
https://doi.org/10.1073/pnas.1323058111
https://doi.org/10.3389/fsufs.2020.518039
https://doi.org/10.1016/j.fcr.2017.11.008
https://doi.org/10.1007/978-3-319-56469-2_1
https://doi.org/10.1016/j.proenv.2015.07.173
https://doi.org/10.1016/S0308-521X(95)00060-I
https://doi.org/10.1016/S0308-521X(95)00060-I
https://doi.org/10.1016/j.scitotenv.2016.06.191
https://doi.org/10.1016/j.scitotenv.2016.06.191
https://doi.org/10.1016/j.ijsbe.2014.04.006
https://doi.org/10.1016/j.agee.2012.02.013
https://doi.org/10.1038/nature13179
https://doi.org/10.1016/j.eja.2021.126404
https://doi.org/10.1016/j.eja.2021.126404
https://doi.org/10.1111/gcb.12830
https://doi.org/10.1111/gcb.12830


70 M. Ahmed et al.

Pearson CJ, Bucknell D, Laughlin GP (2008) Modelling crop productivity and variability for policy
and impacts of climate change in eastern Canada. Environ Model Softw 23(12):1345–1355.
https://doi.org/10.1016/j.envsoft.2008.02.008

Poore J, Nemecek T (2018) Reducing food’s environmental impacts through producers and
consumers. Science 360(6392):987–992. https://doi.org/10.1126/science.aaq0216

Prasad PVV, Jagadish SVK (2015) Field crops and the fear of heat stress – opportunities, challenges
and future directions. Procedia Environ Sci 29:36–37. https://doi.org/10.1016/j.proenv.2015.
07.144

Rashid IU, Abid MA, Almazroui M, Kucharski F, Hanif M, Ali S, Ismail M (2022) Early summer
surface air temperature variability over Pakistan and the role of El Niño–Southern Oscillation
teleconnections. Int J Climatol. https://doi.org/10.1002/joc.7560

Rehman A, Chandio AA, Hussain I, Jingdong L (2019) Fertilizer consumption, water availability
and credit distribution: major factors affecting agricultural productivity in Pakistan. J Saudi Soc
Agric Sci 18(3):269–274. https://doi.org/10.1016/j.jssas.2017.08.002

Rehman IU, Islam T, Wani AH, Rashid I, Sheergojri IA, Bandh MM, Rehman S (2022)
Biofertilizers: the role in sustainable agriculture. In: Bandh SA (ed) Sustainable agriculture:
technical progressions and transitions. Springer, Cham, pp 25–38. https://doi.org/10.1007/978-
3-030-83066-3_2

Rong L-b, Gong K-y, Duan F-y, Li S-k, Zhao M, He J, Zhou W-b, Yu Q (2021) Yield gap and
resource utilization efficiency of three major food crops in the world – a review. J Integr Agric
20(2):349–362. https://doi.org/10.1016/S2095-3119(20)63555-9

Sadras VO, Vadez V, Purushothaman R, Lake L, Marrou H (2015) Unscrambling confounded
effects of sowing date trials to screen for crop adaptation to high temperature. Field Crop Res
177:1–8. https://doi.org/10.1016/j.fcr.2015.02.024

Salwan R, Sharma V (2022) Chapter 19 – plant beneficial microbes in mitigating the nutrient
cycling for sustainable agriculture and food security. In: Kumar V, Srivastava AK, Suprasanna P
(eds) Plant nutrition and food security in the era of climate change. Academic, London, pp
483–512. https://doi.org/10.1016/B978-0-12-822916-3.00010-X

Schmidhuber J, Bruinsma J, Prakash A (2011) Investing towards a world free of hunger: lowering
vulnerability and enhancing resilience. In: Safeguarding food security in volatile global markets.
FAO, Rome, pp 543–569

Schwietzke S, Kim Y, Ximenes E, Mosier N, Ladisch M (2009) Ethanol production from maize. In:
Kriz AL, Larkins BA (eds) Molecular genetic approaches to maize improvement. Springer,
Berlin/Heidelberg, pp 347–364. https://doi.org/10.1007/978-3-540-68922-5_23

Senapati N, Semenov MA (2019) Assessing yield gap in high productive countries by designing
wheat ideotypes. Sci Rep 9(1):5516. https://doi.org/10.1038/s41598-019-40981-0

Shabnam N, Ashraf MA, Laar RA, Ashraf R (2021) Increased household income improves nutrient
consumption in Pakistan: a cross-sectional study. Front Nutr 8:672754. https://doi.org/10.3389/
fnut.2021.672754

Shaw DJ (2007) World Food Summit, 1996. In: World food security: Springer, pp 347–360
Singh J, Ashfaq M, Skinner CB, Anderson WB, Mishra V, Singh D (2022) Enhanced risk of

concurrent regional droughts with increased ENSO variability and warming. Nat Clim Chang
12(2):163–170. https://doi.org/10.1038/s41558-021-01276-3

Spiertz JHJ (2009) Nitrogen, sustainable agriculture and food security: a review. In: Lichtfouse E,
Navarrete M, Debaeke P, Véronique S, Alberola C (eds) Sustainable agriculture. Springer,
Dordrecht, pp 635–651. https://doi.org/10.1007/978-90-481-2666-8_39

Stone RC, Hammer GL, Marcussen T (1996) Prediction of global rainfall probabilities using phases
of the Southern Oscillation Index. Nature 384(6606):252–255. https://doi.org/10.1038/
384252a0

Sulieman S, Thao N, Tran L-S (2015) Does elevated CO2 provide real benefits for N2-fixing
leguminous symbioses? In: Sulieman S, Tran L-SP (eds) Legume nitrogen fixation in a changing
environment. Springer, New York, pp 89–112. https://doi.org/10.1007/978-3-319-06212-9_5

https://doi.org/10.1016/j.envsoft.2008.02.008
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1016/j.proenv.2015.07.144
https://doi.org/10.1016/j.proenv.2015.07.144
https://doi.org/10.1002/joc.7560
https://doi.org/10.1016/j.jssas.2017.08.002
https://doi.org/10.1007/978-3-030-83066-3_2
https://doi.org/10.1007/978-3-030-83066-3_2
https://doi.org/10.1016/S2095-3119(20)63555-9
https://doi.org/10.1016/j.fcr.2015.02.024
https://doi.org/10.1016/B978-0-12-822916-3.00010-X
https://doi.org/10.1007/978-3-540-68922-5_23
https://doi.org/10.1038/s41598-019-40981-0
https://doi.org/10.3389/fnut.2021.672754
https://doi.org/10.3389/fnut.2021.672754
https://doi.org/10.1038/s41558-021-01276-3
https://doi.org/10.1007/978-90-481-2666-8_39
https://doi.org/10.1038/384252a0
https://doi.org/10.1038/384252a0
https://doi.org/10.1007/978-3-319-06212-9_5


2 Climate Change, Agricultural Productivity, and Food Security 71

Tack JB, Ubilava D (2015) Climate and agricultural risk: measuring the effect of ENSO on
U.S. crop insurance. Agric Econ. https://doi.org/10.1111/agec.12154

Thirumalai K, DiNezio PN, Okumura Y, Deser C (2017) Extreme temperatures in Southeast Asia
caused by El Niño and worsened by global warming. Nat Commun 8(1):15531. https://doi.org/
10.1038/ncomms15531

Ton G, de Grip K, Klerkx L, Rau M, Douma M, Friis-Hansen E, Triomphe B, Waters-Bayer A,
Wongtschowski M (2013) Effectiveness of innovation grants to smallholder agricultural pro-
ducers: an explorative systematic review. EPPI-Centre, Social Science Research Unit, Institute
of Education

Tsegay A, Vanuytrecht E, Abrha B, Deckers J, Gebrehiwot K, Raes D (2015) Sowing and irrigation
strategies for improving rainfed tef (Eragrostis tef (Zucc.) Trotter) production in the water scarce
Tigray region, Ethiopia. Agric Water Manag 150:81–91. https://doi.org/10.1016/j.agwat.2014.
11.014

Tui SH-K, Descheemaeker K, Valdivia RO, Masikati P, Sisito G, Moyo EN, Crespo O, Ruane AC,
Rosenzweig C (2021) Climate change impacts and adaptation for dryland farming systems in
Zimbabwe: a stakeholder-driven integrated multi-model assessment. Clim Chang 168(1):10.
https://doi.org/10.1007/s10584-021-03151-8

UN (2018) Sustainable Development Goal 2. Sustainable Development Knowledge Platform.
United Nations. https://sdgs.un.org/goals/goal2. Accessed 27 Feb 2022

Urban O, Hlaváčová M, Klem K, Novotná K, Rapantová B, Smutná P, Horáková V, Hlavinka P,
Škarpa P, Trnka M (2018) Combined effects of drought and high temperature on photosynthetic
characteristics in four winter wheat genotypes. Field Crop Res 223:137–149. https://doi.org/10.
1016/j.fcr.2018.02.029

van Dijk M, Meijerink GW (2014) A review of global food security scenario and assessment
studies: results, gaps and research priorities. Glob Food Secur 3(3):227–238. https://doi.org/10.
1016/j.gfs.2014.09.004

van Ogtrop F, Ahmad M, Moeller C (2014) Principal components of sea surface temperatures as
predictors of seasonal rainfall in rainfed wheat growing areas of Pakistan. Meteorol Appl 21(2):
431–443. https://doi.org/10.1002/met.1429

Varga B, Bencze S, Balla K, Veisz O (2015) Effects of the elevated atmospheric CO2 concentration
on the water use efficiency of winter wheat. Procedia Environ Sci 29:180–181. https://doi.org/
10.1016/j.proenv.2015.07.249

Veljković VB, Biberdžić MO, Banković-Ilić IB, Djalović IG, Tasić MB, Nježić ZB, Stamenković
OS (2018) Biodiesel production from corn oil: a review. Renew Sust Energ Rev 91:531–548.
https://doi.org/10.1016/j.rser.2018.04.024

von Caemmerer S, Furbank RT (2003) The C4 pathway: an efficient CO2 pump. Photosynth Res
77(2–3):191–207. https://doi.org/10.1023/a:1025830019591

Wangchen T, Dorji T (2022) Examining the potential impacts of agro-meteorology initiatives for
climate change adaptation and food security in Bhutan. In: Poshiwa X, Ravindra Chary G (eds)
Climate change adaptations in dryland agriculture in semi-arid areas. Springer, Singapore, pp
19–32. https://doi.org/10.1007/978-981-16-7861-5_2

White JW, Hoogenboom G, Kimball BA, Wall GW (2011) Methodologies for simulating impacts
of climate change on crop production. Field Crop Res 124(3):357–368. https://doi.org/10.1016/
j.fcr.2011.07.001

Woli P, Ortiz BV, Johnson J, Hoogenboom G (2015) El Niño–Southern oscillation effects on winter
wheat in the southeastern United States. Agron J. https://doi.org/10.2134/agronj14.0651

Yeşilköy S, Şaylan L (2021) Yields and water footprints of sunflower and winter wheat under
different climate projections. J Clean Prod 298:126780. https://doi.org/10.1016/j.jclepro.2021.
126780

Zhao C, Liu B, Piao S, Wang X, Lobell DB, Huang Y, Huang M, Yao Y, Bassu S, Ciais P, Durand
J-L, Elliott J, Ewert F, Janssens IA, Li T, Lin E, Liu Q, Martre P, Müller C, Peng S, Peñuelas J,
Ruane AC, Wallach D, Wang T, Wu D, Liu Z, Zhu Y, Zhu Z, Asseng S (2017) Temperature
increase reduces global yields of major crops in four independent estimates. Proc Natl Acad Sci
114(35):9326–9331. https://doi.org/10.1073/pnas.1701762114

https://doi.org/10.1111/agec.12154
https://doi.org/10.1038/ncomms15531
https://doi.org/10.1038/ncomms15531
https://doi.org/10.1016/j.agwat.2014.11.014
https://doi.org/10.1016/j.agwat.2014.11.014
https://doi.org/10.1007/s10584-021-03151-8
https://sdgs.un.org/goals/goal2
https://doi.org/10.1016/j.fcr.2018.02.029
https://doi.org/10.1016/j.fcr.2018.02.029
https://doi.org/10.1016/j.gfs.2014.09.004
https://doi.org/10.1016/j.gfs.2014.09.004
https://doi.org/10.1002/met.1429
https://doi.org/10.1016/j.proenv.2015.07.249
https://doi.org/10.1016/j.proenv.2015.07.249
https://doi.org/10.1016/j.rser.2018.04.024
https://doi.org/10.1023/a:1025830019591
https://doi.org/10.1007/978-981-16-7861-5_2
https://doi.org/10.1016/j.fcr.2011.07.001
https://doi.org/10.1016/j.fcr.2011.07.001
https://doi.org/10.2134/agronj14.0651
https://doi.org/10.1016/j.jclepro.2021.126780
https://doi.org/10.1016/j.jclepro.2021.126780
https://doi.org/10.1073/pnas.1701762114


72 M. Ahmed et al.

Zheng J, Wang W, Ding Y, Liu G, Xing W, Cao X, Chen D (2020) Assessment of climate change
impact on the water footprint in rice production: historical simulation and future projections at
two representative rice cropping sites of China. Sci Total Environ 709:136190. https://doi.org/
10.1016/j.scitotenv.2019.136190

Zhu C, Kobayashi K, Loladze I, Zhu J, Jiang Q, Xu X, Liu G, Seneweera S, Ebi KL,
Drewnowski A, Fukagawa NK, Ziska LH (2018) Carbon dioxide (CO2) levels this century
will alter the protein, micronutrients, and vitamin content of rice grains with potential health
consequences for the poorest rice-dependent countries. Sci Adv 4(5):eaaq1012. https://doi.org/
10.1126/sciadv.aaq1012

https://doi.org/10.1016/j.scitotenv.2019.136190
https://doi.org/10.1016/j.scitotenv.2019.136190
https://doi.org/10.1126/sciadv.aaq1012
https://doi.org/10.1126/sciadv.aaq1012

	Chapter 2: Climate Change, Agricultural Productivity, and Food Security
	2.1 Introduction
	2.2 Agricultural Productivity
	2.3 Food Security
	2.3.1 Sustainable Agriculture and Food Security
	2.3.2 Global Food Security
	2.3.3 Food Security in Pakistan

	2.4 Climate Change and Food Security: Impacts
	2.4.1 Climate Factors Affecting Food Security
	2.4.2 Climate Change Extreme Events
	2.4.3 Understanding Climate Change Extreme Events to Ensure Food Security
	2.4.4 Climate Change and Rainfed Wheat Production: Simulation Study
	2.4.5 Changing Planting Window: Adaptation Option for Enhancing Food Security

	2.5 Potential Options to Manage Food Security and Climate Change
	2.6 Conclusion
	References




