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  Pref ace    

 Climate change is one of the burning issues in all fi elds of life starting from social 
sciences and going to the applied sciences. Climate vulnerability threatens global 
climatic cycles and world food production systems, thus affecting the life of people. 
Most of the world is exposed to the effects of climatic change due to extreme vari-
ability in temperature and rainfall. Climate change is the defi ning issue of time and 
the extreme case scenario of climate change is very horrible. Future generations 
might curse us if we will not address this issue in the appropriate way. The Paris 
Climate Agreement (COP21) is one of the efforts to mitigate climate change in 
which an agreement has been signed to bring global temperature increase well 
below 2 °C (3.6 °F) and to pursue efforts to limit to 1.5 °C, but this requires its 
accurate implementation. Similarly, balance between sources and sinks of green-
house gases (GHGs) is necessary to reduce the risks related to climate change. Risk 
reduction interventions represent a major avenue for responding to both existing 
rise in temperature, carbon dioxide, greenhouse gases, and fl ood and drought haz-
ards and the increases likely to emerge as a consequence of climate change. 
However, despite the big risk of climate change, the world has done practically 
nothing to address this risk. The only reason is that climate change threat is a threat 
to future generations, so today’s actions will benefi t only the future generations and 
not us. Similarly, most of the adaptation actions which can reduce emissions are 
very expensive. Since climate change impacts are irreversible, therefore, we have to 
take actions to avoid serious climate change. 

 The economic development of countries depends upon the climate-sensitive sec-
tor (CSS) that is agriculture which is the backbone of most of the developing coun-
tries. Similarly, agriculture is the main sector which might help to reduce poverty 
since it was earlier reported that a proportion of people living less than $1.25/day 
had dropped. Therefore, to eradicate hunger and poverty, it is imperative to focus 
concentration toward agriculture sector especially in the context of climate change. 
The world is ecologically more fragile due to multiple climate stresses, and their 
effects are more on the nature-dependent sector, i.e., agriculture; therefore, the need 
for mitigation and adaptation is necessary for this sector. This sector has direct link 
with the poorest peoples; thus, their vulnerability to future climatic extremes would 
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be more open. The developing countries agriculture would be affected by severe 
desertifi cation, fl oods, drought, rising temperature, and extreme events as reported 
by the Intergovernmental Panel for Climate Change. Therefore, climate change and 
population growth may threaten food security which would necessitate coordinated 
efforts to ensure food security on long-term basis. Since agriculture impacts more 
on the world compared to anything else, therefore, transformation in agriculture is 
essential to ensure yield sustainability, to reduce the impacts of climate extremes 
and to build a resilient system according to the changing climate. This resilient sys-
tem will ultimately reduce the impact of climate change on agriculture. Agriculture 
depends upon the calamities of nature; if climate is favorable, it would lead to good 
crop yield thus ensuring food security. However, in the context of climate change, 
the issue of food security will be more highlighted because of the dependency of a 
maximum population on agriculture. Since climate change is affecting the agricul-
ture sector at maximum, therefore, adaptation approaches need to be considered for 
the survival of the agriculture sector. These approaches include empirical (use of 
past data to study the impact of climate change), mechanistic crop modeling 
approaches (use of crop models like APSIM, DSSAT, EPIC, etc., to build climate 
scenarios (temperature, rainfall and CO 2 , and different crop responses under these 
climatic factors)), and niche-based approaches or agroecological zoning approaches 
(use of global models like GCM to study climatic parameters of climatic 
adaptations). 

 In this book, we tried to present the impact of climate variability on different 
agricultural crops using different approaches which can help to redesign our agri-
cultural management operations and cropping systems. Crop responses like acceler-
ated life cycle, skipping of phenological stages, reduced leaf area and duration, 
inhibition of metabolism (photosynthesis and respiration), and impaired reproduc-
tive growth might be seen under different kinds of climatic stresses. The design of 
new adaptive genotypes in response to these climatic stresses might include the 
study of QTL (quantitative trait loci) traits and physiological and genetic options. 
Multilocation testing approaches using empirical models could be used to study the 
response of genotypes under contrasting environments (genotypes x environments 
interactions) which could be helpful for breeders and researchers. The dissection of 
yield into its physiological components and understanding of stress-adaptive traits 
(deeper roots, canopy cooling, transpiration effi ciency, and delayed senescence) 
may be the best options to adapt under the changing climate. Therefore, this book is 
helping to give understanding about the impact of climate variability and further 
adaptations and mitigation strategies. The fi rst two chapters of the book focus on 
GHG emissions from different sectors across the globe. Chapter   1     suggested mitiga-
tion techniques that include the use of bioenergy crops, fertilizer and manure man-
agement, conservation tillage, crop rotations, cover crops and cropping intensity, 
irrigation, erosion control, management of drained wetlands, lime amendments, 
residue management, biochar, and biotechnology. Chapter   2     explains the source of 
livestock-related emissions. Chapter   3     covers the impact of climate variability on 
crop production in sub-Saharan Africa. Being a region with high climate vulnerabil-
ity, the quantifi cation and understanding of the extent and rate of impact of climate 
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variability on crop productivity are highly essential. In Chap.   4    , the fate of N was 
discussed for wheat crop using the Agricultural Production Systems Simulator 
(APSIM) cropping system model. It is shown how the APSIM model successfully 
explains the nitrogen use effi ciency in wheat crop. Climate variability impact on 
rice production is covered in Chap.   5    , and phenotype relationships through QTL 
analysis in a recombinant inbred population are all discussed in Chap.   6    . Chapter   7     
explains the crop water productivity (CWP) using the soil and water assessment tool 
(SWAT) model. Chapter   8     discusses the effects of abiotic stress in crop production 
since abiotic stresses already represent one of the key factors limiting worldwide 
crop production. Chapter   9     covers the impacts of drought on cereal crops under the 
changing climate. This chapter summarizes different aspects of crop breeding for 
drought tolerance and analyzes how conventional breeding, genetics, biotechnology 
tools, microarrays, MAS, QTL, bioinformatics and transgenic crops as well as min-
eral nutrients, and plant growth regulations can participate to advancing the eman-
cipation of drought-resistant rice and maize cultivars. Chapter   10     covers wheat 
physiological response under drought. Drought was considered responsible for the 
enhanced production of proline and epicuticular wax, reduced stomatal conduc-
tance, high stomatal resistance, and low photosynthetic and transpiration rate in 
genotypes as a mechanism to bear the harsh conditions. Chapter   11     discusses the 
silvopastoral systems as the best agroecological practice for resilient production 
systems under dryland and drought conditions. Climate change impacts on wheat 
production in Europe are discussed in Chap.   12    . The authors suggested that the 
identifi cation of the best adoption strategy to the wide variation in future climate 
will be a vital option to sustain crop productivity. 

 Chapter   13     presented climate change impacts and adaptation options for coping 
with future climate by individual farm fi elds in the Wami River sub-basin in 
Tanzania. Climatic variability impact on wheat-based cropping systems of South 
Asia is discussed in Chap.   14    . Chapter   13     provides the fate of phosphorus under the 
changing climate and its dynamics study using modeling approaches, since global 
climate change and its impact on crop production are a major issue. Therefore, 
future climate change impacts on wheat yield in Pakistan, especially in the rain-fed 
region of Potohar, are discussed in Chap.   16    . Finally, Chap.   17     provides an overview 
of bioinformatics as an interdisciplinary science emerging from the interaction of 
computer, statistics, biology, and mathematics to analyze genome arrangement and 
contents and biological sequence data and predict the structure and function of mac-
romolecules that are used in interpreting and decoding plant genome. Overall, it 
should be possible to cover about one chapter in 2–3 h of lecture. Therefore, it is the 
appropriate book for universities and public libraries to develop understanding 
about climate variability. At last, we are immensely grateful to the contributing 
authors and acknowledge and appreciate the comments by Stewart Higgins in the 
preparation of the manuscript.  

  Pullman, Washington, DC, USA     Mukhtar     Ahmed     
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Abstract  A comprehensive overview of greenhouse gas (GHG) emissions of from 
different sectors across the globe is provide in this chapter. Particular attention is 
given to agriculture, forestry, and other land use (AFOLU). Since agricultural activ-
ities (cultivation of crops, management activities and rearing of livestock) result in 
production and emissions of GHG, quantification of GHG and its mitigation is 
addressed in this chapter. The suggested mitigation techniques include the use of 
bioenergy crops, fertilizer and manure management, conservation tillage, crop rota-
tions, cover crops and cropping intensity, irrigation, erosion control, management of 
drained wetlands, lime amendments, residue management, biochar and biotechnol-
ogy. Furthermore, quantification of GHG emissions is discussed using different pro-
cess based models. These models could further be used as decision support tools 
under different scenarios to mitigate GHG emissions if calibrated and validated 
effectively.
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2

1.1  �Introduction

Combustion and extensive use of fossil fuels results in the emission of greenhouse 
gases (GHGs) which contribute to the greenhouse effect. The fundamental phenom-
enon of greenhouse effect is based upon absorption and transmission of energy, 
depending upon its wavelength. High temperature bodies such as sun generally emit 
radiation which is of short wavelength and cooler bodies like earth emit long wave-
length radiation. Longer wavelength radiation is called infrared radiation. Infrared 
radiation is not as harmful according to Planks Quantum theory of radiation energy 
is inversely proportional to wavelength (ʎ) and directly proportional to frequency 
(v) i.e. E = hv where v = c/ʎ. However, short wavelength radiation easily passes 
through glass then after striking colder bodies such it is transmitted back at a longer 
wavelength, which is blocked by the glass resulting in an increased temperature 
under the glass. This phenomenon is largely used in the greenhouse industry to let 
solar radiation in and block longer wavelength radiation to increase inside tempera-
ture for plant growth even if the outside temperature is too low to grow plants. Some 
atmospheric gases have the same property and maintain earth’s temperature at a 
certain level. These gasses are called GHGs, and they include carbon dioxide (CO2), 
methane (CH4), water vapor and oxides of nitrogen (NOX). However, due to inten-
sive use of fossil fuels, industrialization, deforestation and mechanization in agri-
culture the amount of these GHGs, particularly CO2, has increased significantly 
resulting in global warming. The Global Warming Potential (GWP) is used as a 
measure of the global warming impacts of different GHGs. It is measure of how 
much energy the emission of one ton of gas will absorb in a particular time period 
in comparison to one ton of CO2. The larger the GWP, the greater will be the impact 
of that gas in comparison to CO2 over a given time period, i.e., 100 years. GWP 
allows policy makers to compare emissions and design reduction strategies. Since 
CO2 is used as reference it has GWP of 1 while methane (CH4) GWP is 28–36, 
nitrous Oxide (N2O) has a GWP 265–298. High GWP gases, called fluorinated 
gases, have GWPs in range of the thousands or tens of thousands.

Carbon dioxide is the chief GHG emitted through human activities. The emis-
sion of CO2 has increased significantly due to deforestation which resulted in an 
alteration of the carbon cycle. Since forests are a main sink for CO2, their destruc-
tion results in increased atmospheric CO2 (NRC 2010). The increase of carbon 
dioxide in the atmosphere is due to the burning of fossil fuels. Methane (CH4) is the 
second dominant GHG emitted by human activities. The main source of methane is 
raising of livestock, rice paddies and bacterial action on landfills and wastes. The 
petrochemical industry and coal mines are also big contributors of methane. In gen-
eral 35 % of the methane emissions are natural, and 65 % are due to human activi-
ties. Nitrous oxide (N2O), another GHG, is naturally present in the atmosphere due 
to the N-cycle but it also comes from human activities such as agriculture, transpor-
tation, and industry (EPA 2010). Nitrous oxide is the main precursor of ozone 
depletion. Nitrous oxide emissions from natural lands is 55 % of global N2O emis-
sions. Kim et al. (2013) concluded that nitrous oxide emissions from natural land is 
lowerer than from agricultural land. Fluorinated gases are the longest lasting and 
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most potent GHGs destroying ozone layer. GHG emission is now a critical topic due 
to its devastating effect on different sectors of life, which also results in global 
warming (Kennedy et al. 2009).

The countries that emited the highest amount of GHG include China (23 %), 
USA (19 %), the European Union (13 %), India (6 %), the Russian Federation (6 %), 
Japan (4 %), and Canada (2 %) while other countries produced 28 % (IPCC 2007). 
Global GHG emissions and sinks are related mainly to land use change. The maxi-
mum emission of CO2 globally is due to deforestation, particularly in Africa, Asia, 
and South America. According to Houghton et al. (2012) net flux of carbon from 
land use and land cover change (LULCC) accounted for 12.5 % of anthropogenic 
carbon emissions. Hergoualc’h and Verchot (2014) studied land use change in 
Southeast Asia where tropical peat swamp forests are located. These forests act as 
global carbon stores but due to their intensive degradation and conversion to agri-
cultural lands GHG emission in the region have increased significantly. The major 
driver of environmental change and increased GHG emissions is land use 
change(LUC) (Turner et  al. 2007; Lambin and Meyfroidt 2011; IPCC 2013). 
Similarly, it leads to alteration in soil organic carbon and changes in biodiversity 
(Sala et al. 2000). Therefore, there is a dire need to mitigate the impact of LUC 
through utilization of renewable energy technologies. Similarly, in order to mini-
mize GHG emissions from land use change, quantification of the direct impact of 
land use change on GHG emissions is important in order to design adaptation strate-
gies. Meta-analysis is a robust statistical method of identifying trends and patterns 
in the effects of LUC on GHG emissions. Similarly, different approaches like basic 
estimation equations, models, field measurements, inference and a hybrid equation 
approach could be used used to estimate GHG emission (IPCC 2013). Harris et al. 
2015. used meta-analysis to quantify the impact of LUC on GHG emissions. 
Greenhouse gas (GHG) emission factors for iLUC are proposed for inclusion into 
carbon footprints (CF) of biofuels (NRC 2010). LCA is a good tool for quantifying 
environmental impacts throughout the life cycle of a product. LCA, when applied to 
agriculture or forestry products, can include upstream (extraction and production of 
material inputs e.g. fuels, fertilizers) and downstream impacts (use and disposal by 
the end consumer). If we consider the LCA for a grain product it will include emis-
sions from synthetic fertilizer production and N2O emissions from fertilizer applica-
tion (upstream impacts) and emissions from grain transportation, storage, processing, 
use, and disposal (downstream impacts) (Kennedy et  al. 2009). Greenhouse gas 
fluxes from a managed ecosystem were elucidated by Paustian et al. (2006). The 
main processes involved are photosynthesis, respiration, decomposition, nitrifica-
tion, denitrification, enteric fermentation and combustion. These processes govern 
the carbon and nitrogen dynamics in soil which could be affected by physical and 
biological processes. The biological processes include microbial as well as animal 
and plant activity while physical process include combustion, leaching and runoff. 
(Fig. 1.1)

Davies-Barnard et al. (2014) concluded that land cover has a significant impact 
on climate and it is significantly affected by agricultural land use. Agricultural and 
forestry activities and land-use change are responsible for in one third of GHG 
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emissions. Agriculture is the dominant land use activity and contributes 5.1–6.1 
GtCO2-eq/year (10–12 % of total global anthropogenic emissions of GHGs). N2O 
and CH4 contributions from agriculture are 60 and 50 % respectively. However, 
these agricultural emissions can be linked to particular crop or animal products 
(IPCC 2013). The emissions produced by agriculture do not take place at the field 
level only. There can be spatial dislocation of emissions in which products of agri-
culture can be transported to another place and utilized there. Similarly, temporal 
dislocation is the decaying of crop residues over a longer period of time and its later 
utilization as fuel. The other important source of GHG emissions is the energy sec-
tor. The generation and usa of energy results in large emissions of GHGs. Generally 
more attention of GHG emissions from the energy sector has been given to energy 
production rather than energy utilization as household electric and electronic equip-
ment (e-products).

Climate change is a major threat to agriculture and food security. GHG emis-
sions from agriculture continue to rise. In order to identify opportunities for reduc-
ing emissions while addressing food security, collection of emissions data is 
necessary to design resilience and rural development goals. FAOSTAT emissions 
database could be used to estimate GHG emissions from a target regions as it is the 
most comprehensive knowledge base regarding agricultural greenhouse gas emis-
sions. According to FAOSTAT, (2015) GHG emission (CO2 equivalent) is continu-
ally increasing across the globe (Fig.  1.2). The highest emission is from the 
agriculture sector followed by land use change. Among continents, Asia is at top 
with reference to GHG emissions from agriculture followed by America (Fig. 1.2). 
Greenhouse gase emissions (CO2 equivalent) from agriculture in Annex I, non-

Fig. 1.1  Greenhouse gas emission sources/removals and processes in managed ecosystems 
(where NMVOC; non‐methane volatile organic compounds) (Source: Paustian et al. (2006)
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Annex I countries and across the globe provide different pictures in different field 
of agriculture (Figs. 1.3a and 1.3b). Generally, non-Annex I countries are higher 
producers of GHGs compared to Annex I countries. Similarly, GHG emissions by 
sectors involved in agriculture revealed that enteric fermentation contributes the 
most (40.0 %) to GHG emission while the lowest emissions reported were due to 
burning crop residues (0.5 %) (FAOSTAT, 2015) (Figs. 1.2, 1.3a and 1.3b). China is 
the top GHG emitter followed by India. The top ten GHG emitters have been shown 
in Figs. 1.4a, 1.4b, 1.4c and 1.4d based upon different sectors in agriculture and land 
use change. FAOSTAT divided GHG emissions under two categories which include 
agriculture and land use.

Fig. 1.2  Greenhouse gase (GHG) emissions from agriculture and land use change across the 
globe
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GHG emissions could be controlled or minimized by using different techniques 
including biofuel, fertilizer and manure, conservation tillage, rotations of crops, 
cover crops, cropping intensity, irrigation, erosion control, drained wetland man-
agement, lime amendments, residue management, biochar and biotechnology. 
Similarly, GHG emissions from rice based cropping systems could be minimized by 
water and residue management, organic amendments, ratoon cropping, fallow man-
agement, use of nitrification and urease inhibitors and by using different fertilizer 
placement methods and sulfur products. In case of animal production GHGs emis-
sions is mainly because of enteric fermentation, housing and manure management. 

Fig. 1.3a  Greenhouse gase (GHG) emissions (CO2 equivalent) from agriculture
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GHG emissions from enteric fermentation and housing could be modified by using 
different methods. It includes management in the feed and use of different microor-
ganism products. However, in case of manure management techniques like anaero-
bic digestion, liquid manure storage and treatment practices could be used to 
minimize or modify GHG emissions.

Forestry has considerable potential to mitigate GHG emissions through the 
sequestration and storage of forest carbon stocks. Various forestry activities have 
potential to reduce GHG emissions. According to Morgan et al. (2010) agroforestry 

Fig. 1.3b  Greenhouse gas (GHG) emissions (CO2 equivalent) from agriculture
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could contribute to carbon sequestration, GHG mitigation, and adaptation to shift-
ing climate. Land use change is the main contributor to GHG emissions, therefore, 
it needs to be managed effectively. Land use change mainly includes three direc-
tional processes – afforestation, reforestation and deforestation. The balance among 
these three processes is important to manage GHG flux. Different methods could be 
used to estimate GHG fluxes from LUC. The GHG flux linked with LUC is the sum 
of the GHG fluxes from previous land use categories plus the sum of the GHG 
fluxes related to the current land use (IPCC 2007). Equations 1 and 2 could be used 
to study annual carbon stock changes for LUC estimates as the sum of changes in 
all land use categories (Dokoohaki et al. 2016).

Fig. 1.4a  Top 10 greenhouse gase (GHG) emitters (CO2 equivalent) from agriculture
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	 D D DC C Cluc luco lucn= + 	
(1)

	
D D D D DC C C C Cluc luc fl lu cl lu gl lu wl= + + +

	
(2)

where ΔC; carbon stock change (metric tons CO2‐eq  ha−1 year−1), luc; land use 
change, o; old land use, n; new land use, fl; forest land, cl; crop land, gl; grazing 
land and wl; wetlands.

Fig. 1.4b  Top 10 greenhouse gase (GHG) emitters (CO2 equivalent) from agriculture
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The annual carbon stock exchange for a particular section e.g. management 
regime could be calculated by the following equation

	
C Cluciluc

i

n

= å D
	

(3)

where ΔCluc; carbon stock changes for a land use change and i denotes a specific 
division

Fig. 1.4c  Top 10 greenhouse gase (GHG) emitters (CO2 equivalent) from agriculture and land use 
change
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Many forest and agricultural lands have live/dead biomass carbon stocks 
(LDBCS) and soil organic carbon which acts as a good carbon store. The following 
equation (Dokoohaki et al. 2016) could be used to estimate the annual change in 
carbon stocks in dead wood due to land conversion.

	
D ¸C C C A Tdom n o on on= -( ) ×

	
(4)

where ΔCdom = annual change in carbon stocks in dead wood or litter (metric tons C 
year−1), Co = dead wood/litter stock, under the old land‐use category (metric tons C 
ha−1); Cn = dead wood/litter stock, under the new land‐use category (metric tons C 
ha−1), Aon = area undergoing conversion from old to new land‐use category (ha), 
Ton = time period of the transition from old to new land‐use category (year) (The 
default is 20 years for carbon stock increases and 1 year for carbon losses.)

Soil organic carbon stock (SOCS) is also influenced by land use change. The 
significant change in SOCS occurs due to conversion of land to crop land (Six et al. 
2000). Aalde et al. (2006) proposed a method to estimate changes in SOCS from 
mineral soils.

	
D ¸C SOC SOC CO MW Dmineral f i 2= -( )éë ùû×

	
(5)

where ΔCmineral = annual change in mineral SOCS (metric tons CO2‐eq  year−1), 
SOCf = soil organic carbon stock at the end of year 5 (metric tons C), SOCi = soil 
organic carbon stock at the beginning of year 1 (metric tons C), CO2MW = ratio of 
molecular weight of CO2 to C (44/12 dimensionless) and D = time dependence of 
stock change factors (20 years).

Simialrly, SOCS from mineral soils could be calculated by using the following 
equation (Aalde et al. 2006)

	
SOCS SOC F F F Aref lu mg i= × × × ×

	
(6)

Fig. 1.4d  Top 10 greenhouse gase (GHG) emitters (CO2 equivalent) from agriculture and land use 
change
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where SOCS = soil organic carbon stock at the beginning (SOCSi) and end of the 
5 years (SOCSf) (metric tons C), SOCref = reference soil organic carbon stock (met-
ric tons C ha−1), Flu = stock change factor for land use (dimensionless), Fmg = stock 
change factor for management (dimensionless), Fi = stock change factor for input 
(dimensionless) and A = area of land‐use change (ha).

Uncertainty analysis is an important technique to quantify the uncertainty of 
greenhouse gas (GHG) emissions from different sectors. It can help policy makers 
and farmers decide management options to minimize GHG emissions based upon 
an uncertainty range. If uncertainty for an estimate is low farmers can invest in that 
management practices as it has high probability of GHG emission reduction. A 
Monte Carlo approach is a comprehensive, sound method that could be used for 
estimating the uncertainty. Greenhouse Gas Emissions and Climate Variability: An 
Overview covers the GHG emission status by different sectors and how it could be 
mitigated by using different practices in agriculture and land use sectors. This chap-
ter reviews available methods for studying/quantifying GHG emission for accurate 
design of strategies to address the issue of climate variability.

1.2  �Greenhouse Gas Emission and Climate Variability

Climate variability is one of the burning issues in all fields from social sciences to 
the applied sciences. Climate vulnerability threatens global climatic cycles and 
world food production systems, thus affecting the lives of all people. Most of the 
world is exposed to the effects of climatic change due to extreme variability in tem-
perature and rainfall. Risk reduction represents a major avenue for responding to 
existing rise in temperature, carbon dioxide, GHGs, flood and drought hazards. 
Global warming is the greatest environmental challenge of the twenty-first century 
as it results in increased average air temperature (Gnansounou et al. 2004). Wu et al. 
(2010) concluded that cities act as heat islands and since large areas of grassland 
and forest were converted to barren land resulted in greater climate variability. The 
guiding principle to reduce climate risks is to minimize GHG emission. In recent 
decades significant changes in the atmospheric temperature have been observed. 
The global mean annual temperature at the end of the twentieth century was almost 
0.7 °C and it is likely to increase further by 1.8–6.4 °C by the end of this century 
(IPCC 2007). The warmest decade in the last 300 years was 1990–2000 with the 
increase of 0.5 °C in comparison to the baseline temperature of 1961–1990. A vari-
ety of models ranging from simple models to complex earth system models were 
used to project future warming under different representative concentration path-
ways (RCPs). The RCP includes RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5 (The 
numbers refer to the rate of energy increase per unit area at the surface of the earth, 
in watts per square meter). RCP 2.6 is the normal scenario in which a guideline was 
established to limit global warming to 2 °C (3.6 °F) above the level that existed 
before industrial times. All other scenarios reflect severe warming due to increasing 
rates of GHG emission. The scenario RCP 8.5 reflects “business as usual” in which 
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no policies are implemented to limit GHG emission. The projected increase in mean 
temperature and rise in sea level in comparison to baseline (1986–2005) are pre-
sented in Table 1.1 (Harris et al. 2015). Climate variability resulted in a change in 
the intensity and frequency of rainfall which increased flooding and soil erosion.

Crop phenology and productivity will be affected by warmer climates. Craufurd 
and Wheeler (2009) reported earlier flowering and maturity due to a rise in tempera-
ture. Moreover, increased temperature resulted in reproductive failure and yield 
reductions in many crops. Lobell et al. (2011) reported a 1.7 % reduction in maize 
yield due to exposure of maize to degree days above 30 °C. Increased night tem-
perature is another effect of GHG which could reduce crop yield. Serious effects 
have been reported for rice where an increase in night temperature from 27 °C to 
32 °C caused 90 % yield reduction (Mohammed and Tarpley 2009). Climate vari-
ability can also modify grain quality since high temperature during grain filling 
affects the protein content of wheat (Hurkman et  al. 2009). Pittock (2003) con-
cluded in their findings that the frequency of extreme events will increase due to 
global warming. Plant processes like photosynthesis will be affected by high tem-
perature which could lead to reduction in growth and yield (Calderini and Reynolds 
2000; Talukder et al. 2014; 2013; Wang et al. 2011) (Table 1.2).

A panel of the National Research Council (United States) (2010) on advancing 
the science of climate change concluded that world mean temperature was 0.8 °C 
higher during the first decade of twenty-first century compared to first decade of 
twentieth century. Moreover, they reported that most of the warming was related to 
CO2 and other GHGs which can trap heat. The energy sector is the largest contribu-
tor to climate change as it involves burning of fossil fuels (coal, oil, and natural gas). 
Similarly, the panel identified agriculture, forest clearing, and certain industrial 
activities as big contributors to climate change due to emission of GHGs. Kang and 
Banga (2013) found that climate change is a well-recognized man made global 
environmental challenge and that agriculture is significantly influenced by it. Food 
and Agriculture Organization (FAO) experts reported that each 1 °C rise in tempera-
ture would cause annual wheat yield loss of about 6 million tons. However, when 

Table 1.1  Changes in global mean surface temperature in °C and global mean sea level rise in m 
(bottom) for the two time periods shown, referenced to the baseline period 1986–2005 (The “likely 
range” gives confidence limits for a 5–95 % interval)

Climate variable
RCP 
scenario

2046–2065 2081–2100

Mean Range Mean Range

Mean temperature change (°C) RCP2.6 1 0.4–1.6 1 0.3–1.7

RCP4.5 1.4 09–2.0 1.8 1.1–2.6

RCP6.0 1.3 0.8–1.8 2.2 1.4–3.1

RCP8.5 2 1.4–2.6 3.7 2.6–4.8

Mean Range Mean Range
Mean Sea Level Rise (m) RCP2.6 0.24 0.17–0.32 0.4 0.26–0.55

RCP4.5 0.26 0.19–0.33 0.47 0.32–0.63

RCP6.0 0.25 0.18–0.32 0.48 0.33–0.63

RCP8.5 0.3 0.22–0.38 0.63 0.45–0.82
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Table 1.2  Impacts of climatic variables on crops with recommended adaptation strategies

Climatic impact Effect on crop Adaptation Reference

Increased 
temperature (0.67, 
0.53, and 0.38 °C 
decade − 1)

Change in crop life 
cycle and decreased 
yield

Adjusting the sowing 
date, converting tillage 
system and adopting 
water-saving 
technologies

Zhang et al. (2015)

 � Heat stress  � Decreased in number 
of days to mature 
(1.8 days for 2025 
and by 2.3 days for 
2050)

Shift the planting date Bao et al. (2015)

 � Increases in 
precipitation and 
CO2 
concentration

 � Soybean projected 
yield increase from 6 
to 22 % for 2025 and 
8 to 35 % for 2050 
for rainfed 
conditions.

El Niño–Southern 
Oscillation (ENSO)

Might influence 
growth, maturity, and 
yield of winter wheat

Shift planting date and 
cultivar selection

Woli et al. 2014

Temperature Modification in 
flowering time of wheat

Use longer-season 
wheat varieties and 
varieties with 
increased heat-stress 
resistance

Wang et al. 2015

Climate extremes 
(temperature and 
precipitation)

Change in rainfed crop 
yields

Irrigation Troy et al. 2015

Heat stress Reproductive growing 
duration (RGD) and 
yield

Shifts in cultivars Tao et al. 2015

Heat stress Yield losses due to 
increased frequency 
and magnitude of heat 
stress

Heat-tolerant ideotypes Stratonovitch and 
Semenov 2015

Elevated 
temperature

Alteration in the 
phenology of crops

Agronomic and 
breeding solutions

Sadras et al. 2015

Reduction of annual 
precipitation and an 
increase of air 
temperature

Shortening of growing 
season

Supplemental 
irrigation

Saadi et al. 2015

Higher temperatures Shortening of the grain 
filling period, reduce 
crop yields

Rezaei et al. 2015
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losses of all other crops were taken into consideration it might cause loss of US$ 
20  billion each year (Swaminathan and Kesavan 2012). Climate variability can 
reduce crop duration, disturb source sink relationships, increase crop respiration, 
affect survival and distribution of pest populations, accelerate nutrient mineraliza-
tion and decrease nutrient use efficiency. It can also lead to changes in the frequency 
and intensity of drought and floods (Sharma and Chauhan 2011). Overall agricul-
tural production will be significantly affected by climate variability which will 
influence food security.

1.3  �Greenhouse Gas Mitigation and Climate Change 
Adaptation

Climate change is one of the complex burning issues currently faced by the world. 
Greenhouse gases are trapping heat energy which results in global warming. It has 
been reported earlier that if GHGs are stopped completely, climate change will still 
affect future generations. Therefore, we need to show a high level of commitment to 
tackle the issue of climate change. Mitigation and adaptation are two approaches 
used to respond to climate change. Mitigation involves reducing and stabilizing the 
levels of GHGs while adaptation is adapting to climate change using different tech-
niques. Mitigation is possible by finding ways by which we can increase sinks for 
GHGs. Mainly the sinks includes forests, soil and oceans, therefore it is necessary 
to manage those resources which can absorb GHGs. According to Calvin et  al. 
(2015) around 40 % of GHG emissions are from agriculture, forestry, and other land 
use (AFOLU). Their work further elaborated that implementation of climate policy 
is necessary to minimize GHG emissions. A multi-model comparison approach was 
used to study the future trajectory of AFOLU GHG emissions with and without 
mitigation. a similar approach about the role of land for the mitigation of AFOLU 
GHG emissions was earlier reported which includes the use of bioenergy crops 
(Calvin et al. 2013). The models used were Applied Dynamic Analysis of the Global 
Economy (ADAGE) (Ross 2009.); MIT Emissions Prediction and Policy Analysis 
(EPPA) (Paltsev et al. 2005); GCAM (Global Change Assessment Model) (Calvin 
et al. 2011) and TIAM-WORLD (Loulou 2008). The results indicated larger uncer-
tainties in both present and future emissions with and without climate policy.

Bioenergy crops are the biggest potential source that could be used to minimize 
GHG emissions. Hudiburg et al. (2015) proposed perennial grasses as effective bio-
energy crops on marginal lands. They evaluated the DayCent biogeochemical model 
in their studies and concluded that the model predicted yield and GHG fluxes with 
good accuracy. They found that with the replacement of traditional corn-soybean 
rotation with native prairie, switchgrass, and Miscanthus resulted in net GHG reduc-
tions of 0.5, 1.0 and 2.0 Mg C ha−1 year−1 respectively. Since bioenergy crops have 
the potential to mitigate climate change impacts, they have been under consider-
ation for the past decade. However, these bioenergy crops could only be grown on 
marginal lands as most of the world land is occupied by major food crops. Albanito 
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et  al. (2016) reported C4 grasses (Miscanthus and switch-grass) as the potential 
bioenergy crops with the highest climate mitigation potential. These crops would 
displace 58.1 Pg of fossil fuel C equivalent (Ceq oil) if the proposed land use change 
took place. Similarly, woody energy crops (poplar, willow and Eucalyptus species) 
could displace 0.9 Pg Ceq oil under proposed land use change. The best climate miti-
gation option is the afforestation of suggested cropland which would sequester 5.8 
Pg C in biomass in the 20-year-old forest and 2.7 Pg C in soil. Croplands could not 
accumulate carbon for more than a year therefore, in order to mitigate climate 
change, agricultural lands should either be converted to forest land or bioenergy 
production (Fig. 1.5). Food security will be a big challenge in the future as the world 
population will be 9–10 billion by 2050. Therefore, bioenergy crops could not come 
at the expense of food crops. Earlier researchers accepted the potential of biomass 
energy production but according to them it was not enough to replace just a few 
percent of current fossil fuel usage. Increasing biomass energy production beyond a 
certain level might imperil food security and worsen condition of climate change 
(Field et  al. 2008). However, biomass proponents are recommending the use of 
grasslands and marginal crop lands as potential sites for bioenergy crops (Qin et al. 
2015; Slade et al. 2014). Furthermore, Qin et al. (2015) suggested Miscanthus as the 
best potential crop to mitigate GHGs emissions on marginal lands compared to 
switchgrass. Biomass and ethanol yield were higher in Miscanthus. Coyle (2007) 
concluded that different crops, e.g. corn, sugarcane, rapeseed and soybean could be 

Fig. 1.5  Carbon implications of converting cropland to forest or bioenergy crops for climate miti-
gation: a global assessment (Source: Albanito et al. 2016)
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used to produce biofuel. Energy potential from different feedstocks have been pre-
sented in Table 1.3.

Chum et al. (2011) considered bioenergy as a good renewable source for energy. 
Bioenergy can easily replace fossil fuels and minimize GHG emissions (Dornburg 
and Faaij 2005; Dornburg et al. 2008; 2010). Implementation of all these techniques 
requires identification of terrestrial ecosystems which could contribute to climate 
mitigation. Many countries have announced different targets to substitute fossil 
fuels with biofuels (Ravindranath et al. 2008). Table 1.4 shows that C4 bioenergy 
crops have higher cumulative carbon mitigation potential than SRCW. However, 
this mitigation potential changes across the continents as in Oceania, SRCW pro-
duced higher C savings than energy crops. According to Albanito et  al. (2016) 
cumulative carbon strength due to reforestation is highest in Asia, followed by 
Africa, North and Central America, South America, Oceania and Europe. However, 
on a per hectare basis C sequestration strength is higher in South America followed 
by North and Central America, Oceania, Asia, Africa and Europe. Among climatic 
regions, warm-dry climates could save 44.7 % of the C in forest followed by warm-
moist (42.6 %), cool-dry (11.3 %) and cool-moist (1.4 %) regions (Table 1.5).

Biochar also has potential to mitigate climate change by sequestering carbon. 
Biochar use improved soil fertility, reduced fertilizer inputs, GHG emissions, and 
emissions from feedstock, enhanced soil microbial life and energy generation. Its 
use also increased crop yield. (Woolf et al. 2010) reported that biochar use could 
minimize GHG emissions by 12 %. The concept of sustainable use of biochar is 
presented in Fig. 1.6 as proposed by (Woolf et al. 2010). Photosynthesis is a carbon 
reduction processes in which plants produce biomass by using atmospheric CO2. 
Residues from crops and forests were subjected to the process of pyrolysis which 
produced bio-oil, syngas, process heat and biochar (output). These outputs serve as 
a good source of energy which could minimize GHG emissions. Furthermore, bio-

Table 1.3  Energy potential from biofuel crops using current technologies and future cellulosic 
technologies

FT
FM (Mt 
year−1)

GBC 
(GJ/ton)

GBE (EJ 
year−1)

NEBR (Output/
Input)

NBE (EJ 
year−1) Refs

Corn kernel 696 8 5.8 1.25 1.2 Hill et al. 2006

Sugar cane 1324 2 2.8 8 2.4 IEA 2004

Cellulosic 
biomass

– 6 – 5.44 – Farrell et al. 2006

Soy oil 35 30 1 1.93 0.5 Worldwatch 2006

Palm oil 36 30 1.1 9 1 Worldwatch 2006

Rape oil 17 30 0.5 2.5 0.3 IEA 2004

Source: Field et al. (2008)
Where FT Feedstock type, FM Feedstock mass, GBC Gross biofuel conversion (Useful biofuel 
energy per ton of crop for conversion into biofuel (1GJ = 109  J)), GBE Gross biofuel energy 
(Product of feedstock mass and gross biofuel conversion (1EJ = 1018 J)), NEBR Net energy balance 
ratio (Ratio of the energy captured in biomass fuel to the fossil energy input) and NBE Net biofuel 
energy (Energy yield above the fossil energy invested in growing, transporting and manufacturing, 
calculated as gross biofuel energy × (net energy balance ratio −1)/net energy balance ratio)
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char could also be used to improve agricultural soils (Fig. 1.6). Roberts et al. (2009) 
suggested biochar (biomass pyrolysis) as a good source to mitigate climate change 
and minimize fossil fuel consumption. They used life cycle assessment (LCA) to 
estimate the impact of biochar on energy and climate change and concluded that 
biochar resulted in negative net GHG emissions. However, the economic viability of 
biochar production depends upon the cost of feedstocks. Similarly, a well-to-wheel 
(WTW) LCA model was developed to assess the environmental profile of liquid 
fuels through pyrolysis (Kimball 2011). Bruckman et al. 2014 reported biochar as a 
potential geoengineering method to mitigate climate change and design adaptation 
strategies. Biochar as a soil amendment can sequester C and it is a useful option to 
mitigate climate change (Hudiburg et al. 2015). Biochar stability and decomposi-
tion are the best criteria to evaluate its contribution to carbon (C) sequestration and 
climate change mitigation. (Macleod et al. 2015) reported that around 97 % of bio-
char contributes directly to C sequestration in soil. Similarly, the biochar effect on 
soil organic matter (SOM) dynamics depends upon characteristics of biochar and 

Table 1.4  Land use change C mitigation potential

Land use CR TCM CMB CSSS ALD

C4 Bioenergy crops Asia 27.62 24.06 3.56 66.07

Africa 8.58 7.69 0.89 61.23

Europe 10.86 7.74 3.12 123.21

North 
America

10.49 8.89 1.6 74.34

South 
America

10.71 9.58 1.13 58.08

Oceania 0.19 0.16 0.03 1.98

Forest Asia 3.84 2.73 1.11 94.52

Africa 1.56 1.11 0.44 42.31

Europe 0.31 0.17 0.15 9.97

North 
America

1.47 0.96 0.5 24.67

South 
America

0.74 0.41 0.34 6.27

Oceania 0.51 0.39 0.12 8.7

Short Rotation Coppice Woody 
(SRCW) crops

Asia 0.48 0.2 0.28 10.49

Africa 0.0045 0.0019 0.0026 0.35

Europe 0.92 0.52 0.41 12.54

North 
America

0.18 0.1 0.07 2.38

South 
America

0.03 0.03 0.01 0.46

Oceania 0.01 0.01 0 0.13

Source: Albanito et al. (2016)
Where CR Continental region, TCM Total C mitigated, CMB C mitigated from biomass use/incre-
ment (Pg C forest and Pg Ceq oil for bioenergy crops), CSSS C stock sequestered in soil (Pg C) and 
ALD; Agricultural land displaced (Mha)
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Table 1.5  Land use change C mitigation potential across global climatic regions

Land use CR TCM CMB CSSS ALD

C4 Bioenergy crops CD 1.69 0.84 0.85 32.47

CM 18.06 13.94 4.12 176.74

WD 0.1 0.08 0.02 2.2

WM 48.59 43.26 5.33 273.49

Forest CD 0.95 0.59 0.36 47.38

CM 0.12 0.04 0.08 2.67

WD 3.77 2.84 0.93 90.96

WM 3.6 2.3 1.3 45.44

Short Rotation Coppice Woody (SRCW) crops CD 0.42 0.06 0.36 13.53

CM 1.05 0.68 0.38 10.37

WD 0.01 0.01 0.01 0.85

WM 0.14 0.12 0.02 1.6

Source: Albanito et al. (2016)
Where CR Climate region, TCM Total C mitigated, CMB C mitigated from biomass use/increment 
(Pg C forest and Pg Ceq oil for bioenergy crops), CSSS C stock sequestered in soil (Pg C), ALD 
Agricultural land displaced (Mha), CD Cool-Dry, CM Cool-Wet, WD Warm-Dry and WM Warm 
moist

Fig. 1.6  Sustainable biochar concept (Source: Woolf et al. 2010)
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soils. Nitrous oxide (N2O), which is the main GHG coming from agricultural soil, 
could be minimized by biochar amendment (Ignaciuk 2015). All of these findings 
support the potential of biochar to be used as a climate change mitigation strategy.

1.4  �Modeling and Simulation (Models Used in GHGE 
Studies)

Quantification of GHG emissions is made possible by the use of process based 
models. These models could further be used as decision support tools under differ-
ent scenarios to mitigate GHG emissions. Models should complement field trials in 
order to have realistic assessments of bioenergy crop production on GHG emis-
sions. The results obtained from simulation studies are sufficiently authentic when 
validated with field data. Used properly, models could be used to quantify GHG 
emissions. Models used in GHG studies include CENTURY (Bennetzen et  al. 
2015), RothC (Albanito et al. 2016), EPIC (Williams 1995; Izaurralde et al. 2006), 
SOCRATES (Smith 2015), C-Farm (Calvin et al. 2015), ECOSSE (Hill et al. 2006) 
CropSyst (Stöckle et  al. 2003), ALMANAC (Agricultural Land Management 
Alternatives with Numerical Assessment Criteria) (Nayak et  al. 2015), DNDC 
(DeNitrification DeComposition) (Zhang et al. 2016), ECOSYS (Frank et al. 2015), 
HOLOS (Wei et al. 2015), DSSAT (Jones et al. 2003) and STICS (Brisson et al. 
1998; 2003). The DAYCENT process based model estimates soil organic carbon on 
daily basis. It also has the potential to simulate GHG fluxes (N2O, NOx, and CH4) 
for terrestrial ecosystems (Kalafatis et al. 2015) (Table 1.6).

Quantification of GHG emissions is the first step to design mitigation strategies 
for climate change. Beside these process based models, different publically-
accessible tools are also available which could be used to quantify GHG emissions. 
The calculators include Agri‐LCI models, C‐PLAN, Carbon Footprint Calculator, 
DNDC calculator, FarmGAS, Fieldprint Calculator and HOLOS. Similarly, among 
process based models it is essential to use those models that have low uncertainty. 
Ogle et al. (2007) reported that simulation modelling is useful to estimate C seques-
tration and to mitigate GHG emissions under different agricultural managements. 
However, these models are not accurate enough to simulate C dynamics under dif-
ferent agroecosystems which leads to uncertainty in the results. Quantification of 
uncertainty is important to confirm the accuracy of models. Uncertainty analysis 
either uses Monte Carlo Analyses or linear mixed-effects models (empirically based 
methods). Knightes and Cyterski (2005) suggested comparison between observed 
and simulated values as good criteria for the evaluation of model performance. This 
empirically based method was considered a robust estimate of uncertainty 
(Fig. 1.7a). It is in contrast with error propagation methods (Monte Carlo approach) 
in which uncertainty is quantified by probability distribution functions. It requires 
multiple results to obtain approximate confidence intervals for a model estimate 
(Fig.1.7b). Monte Carlo Analysis could not be used on CENTURY which has too 
many parameters (Ogle et al. 2007). Webster et al. (2002) concluded that evaluation 
of uncertainty was important to have accurate prediction from models.
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Table 1.6  Use of processes based models in Greenhouse Gases (GHG) studies

Models Application References

APSIM N2O fluxes Chum et al. (2011)

CropSyst Climate change, Estimate long-term soil 
organic carbon, annual N2O soil 
emissions and N balance

Farrell et al. 2006; Ogle et al. 
2003; Ipcc 2011

CENTURY Soil organic carbon (SOC) dynamics in 
wheat-corn cropping systems

Qin et al. 2015

ECOSSE Simulate soil C dynamics and GHG 
emissions

Hill et al. 2006

DSSAT Irrigation and GHG emissions, GHG 
emissions reduction potentials

Cardozo et al. 2015; Reddy 2015

DNDC and 
DayCent

Estimation of nitrous oxide Calvin et al. 2013; Loulou 2008; 
Ravindranath et al. 2008

DayCent Estimation of soil GHG using inverse 
modelling parameter estimation 
software (PEST)

Daioglou et al. 2015

DayCent Estimation of potential of switchgrass 
(Panicum virgatum L.) as bioenergy 
crop

Paltsev et al. 2005

DayCent Calibration of model using inverse 
modeling approach

Ross 2009

DayCent Studying GHG emissions under 
different cropping systems

Calvin et al. 2011

EPIC C dynamics Izaurralde et al. 2006

RothC SOC sequestration with the introduction 
of cover crops

IEA 2004

STICS Nitrate leaching, N and water dynamics Dornburg et al. 2008; Constantin 
et al. 2015

Empirically-Based Approach

Monte Carlo Approach

Model

Model
Estimate and
Confidence

Interval

Estimate and
Confidence

Interval
Uncertainty Estimator

Model Parameters

Initial Values

Model Inputs

ModelM
ea

su
re

m
en

t

Single
Result

Bias Adjusted
Result

and Variance

Repeated Draws
(N Replicates)

Multiple Results
(N Replicates)

a

b

Statistical Function

Fig. 1.7  Conceptual diagram with the key components for an uncertainty analysis using (a) an 
empirically based vs. (b) Monte Carlo approach. (Source: Ogle et al. 2007)
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1.5  �Conclusion

Greenhouse Gas Emissions and Climate Variability: An overview elaborated that in 
order to minimize GHG emissions we need to first accurately estimate GHG emis-
sion using different approaches like LCA.  Second, after quantification, different 
mitigation approaches, like changes in land use, should be adopted by considering 
different factors. Albanito et al. (2016)) suggested bioenergy cropping as the best 
mitigation strategy under a changing climate. Meanwhile biochar also has potential 
to mitigate climate change by sequestering carbon. Woolf et al. (2010) proposed the 
concept of sustainable use of biochar. Different process based models could be used 
to accurately estimate GHG emissions in response to different land management. 
These models could be finally used as decision support tools to mitigate climate 
change. However, in order to utilize these models as effective decision support 
tools, the use of uncertainty analysis is of utmost importance.
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  Abstract     We estimate greenhouse gas emissions due to the production of beef 
cattle, pork and chickens for the period 1961–2010, following IPCC guidelines 
(IPCC. 2006 IPCC guideline for national greenhouse gas inventories. In: Eggleston 
H S, Buendia L, Miwa K, Ngara T, Tanabe K (eds) IGES, Japan. Available at:   http://
www.ipcc-nggip.iges.or.jp/public/2006gl/index.html    , 2006). We fi nd that during the 
last 50 years, global greenhouse gas (GHG) emissions released from beef cattle, 
pork and chickens increased by 59 %, 89 % and 461 % respectively. In 2010, GHG 
emissions caused by beef cattle contributed 54 % of total livestock emissions; 
pork and chickens contribute to 5–1 %, respectively. In the same year, the methane 
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emissions released from beef cattle represent about 69 % of total emissions associ-
ated with that livestock category, in particular due to methane emissions from 
enteric fermentation. Although beef cattle and pork emissions increased during the 
period 1961–2010, their respective per capita emissions decreased over the time 
(−29 % and −15 %, respectively). Beef cattle, especially in developing countries, 
represent the largest source of livestock-related emissions. For this reason, dietary 
substitution of pork and chicken products with beef products might be an option for 
mitigating livestock emissions. However, this is in contrast to the global trend 
towards increased reliance on cattle.  

  Keywords     Greenhouse gas   •   Beef   •   Cattle   •   Pork   •   Chicken   •   Diet  

2.1       Introduction 

 The intensifi cation of livestock sector contributes to climate change (Stehfest et al. 
 2012 ; De Vries and De Boer  2010 ; Naylor et al.  2005 ). Direct non-CO 2  emissions 
associated with livestock sector resulting from methane (CH 4 ) and nitrous oxide 
(N 2 O) emissions. The formers are released by enteric fermentation and manure 
management whereas the latters are released by manure management and manure 
left on pasture. Although, compared with  carbon dioxide   emissions, CH 4  and N 2 O 
emissions represent a lower percentage of global GHG emissions (IPCC  2006 ), 
their global warming potentials are 21 and 310 times higher than CO 2  (EPA  2011 ). 
In other words one methane and nitrous oxide molecule contribute to climate 
change, 21 and 310 times more than one  carbon dioxide   molecule. 

 Nowadays, greenhouse gas emissions (GHG) released from livestock are an 
emerging problem for several reasons. Firstly, direct non-CO 2  emissions from live-
stock represent about 10 % of global GHG emissions (Tubiello et al.  2013 ) and 
when indirect CO 2  emissions (including fossil fuel emissions and environmental 
impact associated with the feed) are taken in account, livestock emissions cover 
about 18 % of global emissions (F.A.O et al.  2006 ). Secondly, a recent study high-
lighted that GHG emissions from livestock have increased by about 50 % in the last 
fi ve decades (E.P.A  2006 ). In particular, emissions from livestock in developing 
countries steadily increased over the time (Caro et al.  2014a ). Thirdly, the global 
population is expected to increase over the time as well as, consequently, the food 
demand (Godber and Wall  2014 ). Several papers show the growth in demand for 
livestock products, especially meat and milk and its implications in terms of envi-
ronmental impact (Alexandratos and Bruinsma  2012 ; Reay et al.  2012 ; Bustamante 
et al.  2012 ; Valin et al.  2013 ). Meat production increased by about 300 % from 1961 
to 2010, mainly due to  beef    cattle  ,  pork   and  chicken   meat demand (F.A.O  2005 ; 
F.A.O et al.  2006 ). As a consequence of this rising demand, livestock production is 
expected to double by 2050 (Garnett  2009 ; Godfray et al.  2010 ). 

 The Intergovernmental Panel on Climate Change (IPCC), has developed guide-
lines for national greenhouse gas inventories (IPCC  2006 ). Guidelines are the tool 
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for estimating emissions on a regional (and global) level. For each country, four 
sectors are assessed: Energy, Industry, Waste and  AFOLU   (such as Agriculture, 
Forestry and Other Land Use). Livestock sector is included in AFOLU sector and a 
recent study highlighted that GHG emissions released from livestock sector repre-
sent more than 50 % of total GHG emissions associated with AFOLU sector (Caro 
et al.  2014a ). Although, in scientifi c literature, IPCC approach has been subjected to 
some criticisms (Bastianoni et al.  2004 ; Caro et al.  2014b ; Davis and Caldeira 
 2010 ), IPCC guidelines provide a robust and simple accounting method for evaluat-
ing GHG emissions yearly released from regional systems. IPCC guidelines provide 
three tiers (levels of detail) for estimating GHG emissions on the basis of data avail-
ability. Because global analysis requires a large amount of data that may be unavail-
able for each country, tier 1 (basic method) is considered the more appropriate for 
global analysis (IPCC  2006 ). For livestock sector, in the last detailed IPCC tier 1 
method, default emission factors are recommended for different livestock catego-
ries. Emissions factors vary signifi cantly among these different types of livestock, 
and also depend on characteristics such as mean air annual  temperature  , geographic 
location, and level of economic development (IPCC  2006 ). Here, by using a Tier 1 
method, we estimate the non-CO 2  emissions (such as methane and nitrous oxide) 
due to production of  beef    cattle  ,  pork   and chickens for 237 countries in historical 
series, during the period 1961 and 2010. We assess the total impact of these three 
livestock categories, taking into account variation in mean annual air  temperature   
during this time period as well as the level of economic development and geo-
graphic location of each country. In particular, we focus on trend of developed and 
developing countries during the last 50 years. In discussing the results, we compare 
the different trends and we show where the livestock emissions as well as per capita 
livestock emissions increased or decreased over the time.  

2.2     Methodology 

 Tier 1 method requires data on the average number of animals in each livestock 
category. The number of  beef    cattle  ,  pork   and  chicken   for this analysis was provided 
by new FAO statistic database (F.A.O  2015 ). 

 We take into account three different livestock populations:  beef    cattle  , pigs (mar-
ket and breeding) and chickens. The equations and emission factors used in this 
paper to estimate livestock emissions in each emission category were provided by 
IPCC guidelines (IPCC  2006 ). We assume that IPCC guidelines, developed for the 
period 1990–2010, fi t also for the three previous decades. 

 According to IPCC guidelines, emissions due to  beef    cattle  ,  pork   and  chicken   are 
estimated by multiplying appropriate specifi c emission factors and activity data 
(IPCC  2006 ). In our analysis we take in account  beef    cattle  ,  pork   and  chicken   emis-
sions due to enteric fermentation, manure management and manure left on pasture. 
The three emissions sources are described below. 
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2.2.1     Enteric Fermentation 

 The process of enteric fermentation produces methane emissions (JRC  2010 ). We 
apply the default emission factors presented in the IPCC guidelines for each of the 
recommended population subgroup. We use specifi c emission factors of enteric fer-
mentation provided by IPCC ( 2006 ).  

2.2.2     Manure Management 

 Organic material and water are the primarily elements of livestock manure. Methane 
emissions from manure are mediated by anaerobic and facultative bacteria that 
decompose the organic material under anaerobic conditions (Bouwman  1996 ). The 
methane production potential of manure is also due to the ambient  temperature   and 
its management (E.P.A  2006 ). Again following the Tier 1 methodology, our analysis 
uses population data for each animal category (F.A.O  2015 ), mean annual  tempera-
ture   in each nation (NOAA  2014 ). We use specifi c emission factors associated with 
manure management provided by IPCC ( 2006 )). Urine and dung are included in our 
analysis. 

 N 2 O emissions are released from nitrifi cation and denitrifi cation of  nitrogen   
included in animal excretions (Barton and Atwater  2002 ). The production of direct 
N 2 O emissions occurs when other nitrites interact in aerobic conditions. According 
to Tier 1 (IPCC  2006 ), direct N 2 O emissions depend on total amount of N excretion 
from animals and the IPCC default factors associated with the type of manure man-
agement system. N 2 O emissions are not dependent on mean air  temperature   (Klein 
et al.  2006 ). We sum estimated N across all manure management systems and mul-
tiply by the appropriate default emission factor (IPCC  2006 ). 

 Indirect N 2 O emissions are due to volatile  nitrogen   losses (NH 3  and NO x ). The 
calculation of N volatilization from manure management systems (IPCC  2006 ) is 
obtained by multiplying the quantity of  nitrogen   released and a specifi c default fac-
tor that represent the fraction of volatilized  nitrogen  . Nitrogen is also released from 
leaching/runoff into soils that produce indirect N 2 O emissions (Meyer et al.  2002 ). 
We use a Tier 2 (IPCC  2006 ) method to estimate this source of emission.  

2.2.3     Manure Left on Pasture 

 Nitrous oxide is released from soils due to the nitrifi cation and denitrifi cation pro-
cesses (Bateman and Baggs  2005 ). In this paper we take in account the contribute 
of N 2 O direct and N 2 O indirect due to volatilization and leaching/runoff from man-
aged soils (Vogeler et al.  2011 ). The emissions due to manure applied to soils is not 
included in this paper, because those emissions are attributed to the fertilized crops 
and not the livestock which produced the manure.   
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2.3     Results 

 Figure  2.1  shows the livestock emissions trend for the principal GHGs directly pro-
duced by livestock (CH 4  and N 2 O) in different emissions categories (enteric fermen-
tation, manure management, manure left on pasture) for  cattle  ,  pork   and chickens.

   Our analysis estimates that in 2010, the GHG emissions due to  beef    cattle  ,  pork   
and chickens are 1660, 160 and 56 Mt CO 2e q respectively. In the same year, accord-
ing to Caro et al. ( 2014b )), we estimate that in overall,  beef    cattle  ,  pork   and  chicken   
represent about 60 % of total livestock emissions. 

 We fi nd that between 1961 and 2010, global GHG emissions released from  cat-
tle  ,  pork   and chickens increased by 59 %, 89 % and 461 % respectively (Fig.  2.1 ). In 
2010, the methane emissions released from  beef    cattle   represent about 69 % of total 
 beef    cattle   emissions, in particular due to enteric fermentation (66 % of total  beef   
 cattle   emissions). Even for pigs methane emissions make up the largest emission 
source, representing about 74 % of total  pork   emissions. However, for  pork  , meth-
ane is mainly due to manure management (85 % of total  pork   emissions). Chickens, 
being not ruminant, do not produce enteric fermentation as well as emissions due to 
this process. In fact, in 2010, nitrous oxide was the main greenhouse gas released 

  Fig. 2.1    Trend of global  beef    cattle   ( a ,  d ),  pork   ( b ,  e ) and chickens ( c ,  f ) greenhouse  gas   (expressed 
as equivalent CO 2 ) emissions during the period 1961–2010. ( a, b ,  c ) Emissions are subdivided into 
methane (CH 4 ) and nitrous oxide (N 2 O) and expressed in terms of CO 2  equivalents using 100-year 
GWP measures. ( d ,  e ,  f ) CO 2  equivalent emissions are subdivided into enteric fermentation, 
manure management, and manure left on pasture. In general,  greenhouse gas emissions   from live-
stock have been growing over time       
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from  chicken   (85 % of total  chicken   emissions), and CH 4  was responsible for the 
remainder (15 %). Manure management and manure left on pasture are the only 
emissions sources associated with  chicken   production (45 % and 55 % respectively 
in 2010). 

 Although,  beef    cattle   and  pork   emissions increased during the period 1961–2010 
(Fig.  2.1 ), the respective per capita emissions decreased over the time (Fig.  2.2 ). In 
particular,  beef    cattle   and  pork   emissions per capita decreased by 29 % and 15 % 
respectively. However Fig.  2.2  shows that per capita emissions due to  chicken   
strongly increased over the time (151 % during the period 1961–2010). In general, 
each person globally, releases more GHG emissions per kg of CO 2 eq due to  beef   
 cattle   than  pork   and  chicken   ones: we observe that in 2010, about 240, 23 and 8 kg 
CO 2  eq per capita are due to  beef    cattle  ,  pork   and chickens respectively (Fig.  2.2 ).

   Figure  2.3  shows that, in 2010, six countries produced 50 % of the global emis-
sions due to  beef    cattle   including (in order) Brazil (311 Mt CO 2 eq/y, 19 %), US (140 
Mt CO 2 eq/y, 8 %), China (129 Mt CO 2 eq/y, 8 %), India (109 Mt CO 2 eq/y, 7 %), 
Argentina (77 Mt CO 2 eq/y, 5.0 %) and Ethiopia (52 Mt CO 2 eq/y, 4 %). In the same 
year, three countries produced 54 % of the global emissions due to  pork   including 

  Fig. 2.2    Global  beef    cattle   ( a ),  pork   ( b ) and  chicken   ( c ) emissions per capita during the period 
1961–2010. Emissions are expressed as kilograms of equivalent CO 2  per person. While  beef    cattle   
and  pork   emissions per capita decrease over the time, chickens emissions per capita strongly 
increase from 1961 to 2010       

  Fig. 2.3    Largest ten emitters of  beef    cattle   ( a ),  pork   ( b ) and chickens ( c )  greenhouse gas emis-
sions   in 2010 (expressed as equivalent CO 2 ). In general, Brazil, US and China represent the great-
est emitters of livestock emissions in the world       

 

 

D. Caro et al.



33

(in order) China (50 Mt CO 2 eq/y, 31 %), US (29 Mt CO 2 eq/y, 18 %) and Spain (8 Mt 
CO 2 eq/y, 5 %). For chickens, six countries produced 54 % of the global emissions 
due to  beef    cattle   including (in order) China (13 Mt CO 2 eq/y, 23 %), US (4 Mt 
CO 2 eq/y, 8 %), Indonesia (4 Mt CO 2 eq/y, 7 %), Brazil (3 Mt CO 2 eq/y, 7 %), Iran (2 
Mt CO 2 eq/y, 5 %) and India (2 Mt CO 2 eq/y, 5 %).

   We fi nd that, by percentage,  beef    cattle   emissions over the period of 1961–2010 
increased the most in Congo (+929 %), Saudi Arabia (+894 %) and Gabon (+765 %), 
and decreased most in Tunisia (−89 %), Lebanon (−80 %) and Bulgaria (−73 %). 

 We fi nd that, according to Caro et al. ( 2014b ), on the average, emissions caused 
by  beef    cattle   contributed 54 % of total livestock emissions. Pork and chickens con-
tribute to 5–1 % respectively. 

 Therefore, emissions released by  beef    cattle   are substantially higher than other 
livestock categories. However, the increase was almost entirely in developing 
nations, where  beef    cattle   emissions increased by 94 % between 1961 and 2010 
(Fig.  2.4 ). In contrast,  beef    cattle   emissions in developed countries were stable over 
the period, decreasing by just 1 %. The large difference in growth of emissions from 
developed and developing countries is also observed in  pork   and chickens. Because 
of this rapid growth, developing countries produced more  chicken   emissions than 
developed countries in 2010, which was not the case in 1961 (Fig.  2.3b, d ). Pork 
emissions (Fig.  2.4 ) in 2010 were about the same in developed and developing 
countries. Another noteworthy trend is a marked decrease in livestock emissions in 
transition economies between 1992 and 2010. Over this 18-year period,  beef    cattle   
and  pork   emissions in transition economies decreased by 47 % and 83 % (4.4 % per 
year) respectively.

   Figure  2.5  decomposes the intensity of livestock emissions by primary livestock 
products, using FAO data on the masses of  beef  ,  pork   and  chicken   meat produced 
1961–2010 (F.A.O  2015 ).

   Global emission intensities generally decrease for all products over the time. 
Although emissions intensities in developing countries are consistently higher than 
in developed countries (with the noteworthy exception of  pork   in the last two 

  Fig. 2.4    Trend of  beef    cattle   ( a ),  pork   ( b ) and chickens ( c ) greenhouse  gas   (expressed as equiva-
lent CO 2 ) emissions during the period 1961–2010 in Developed and Developing countries. Global 
greenhouse gas emissions from livestock have been growing over time, primarily due to increased 
emissions from Developing countries in each type of livestock analyzed       
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decades), the developing country intensities are decreasing over the time while 
intensities in developed countries have changed very little. Between 1961 and 2010, 
the emissions intensities of  beef    cattle  ,  pork   and  chicken   meat produced in 
 developing countries have decreased by 52 %, 73 % and 67 %, respectively (Fig.  2.5 ). 
Beef production is the most emissions intensive; in 2010, the emissions intensity of 
 beef   ranged from 11 tCO 2 eq per ton of  beef   produced in the U.S. and 101 tCO 2 eq 
per ton of  beef   produced in India.  

2.4     Discussion 

 We fi nd that the GHG emissions due to  beef    cattle  ,  pork   and chickens are increasing 
globally (Fig.  2.1 ), mostly due to emissions growth in developing countries 
(Fig.  2.4 ). In contrast, GHG emissions in developed countries decrease during the 
analyzed period. Emissions per capita for  beef    cattle   and  pork   tend to decrease over 
the time, however for  chicken   they strongly increased during the period 1961–2010 
(Fig.  2.2 ). For  beef    cattle   and  pork   the decrease of both total and per capita GHG 
emissions from livestock sector reveals a decreased livestock production in devel-
oped countries during the analyzed period. Oppositely, our analysis shows that an 
increased livestock production in developing countries occurs, mainly due to 
increased population and consequent demand for livestock products. 

 Beef  cattle  , especially in developing countries, represent the largest source of 
livestock-related emissions (Fig.  2.3  according to Caro et al.  2014b ). This is due to 
both the abundance of these animals and the fact that emissions per animal are sub-
stantially higher than for other livestock categories. Looking at results obtained 
from our analysis, we conclude that dietary choices can be a strong driver of live-
stock emissions. In particular we show that  beef    cattle   meat releases more GHG 

  Fig. 2.5    Beef  cattle  ,  pork   and  chicken   emissions per ton of  beef    cattle   ( a ),  pork   ( b ) and  chicken   
( c ) meat produced during the period 1961–2010 in total ( green ), developed ( blue ) and developing 
( red ) countries. Emission intensity in developing countries is higher than developed countries 
(except for pig meat in the last two decades). Global emission intensity decreases over the time. 
Beef meat is the product associated to highest intensity. Data on production of livestock products 
is from FAOstat database (F.A.O  2015 )       
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emissions per calorie than  pork   and chickens, and much more than vegetables 
(Figs.  2.1  and  2.4 ; Engstrom et al.  2007 ). For this reason, substitution of  pork   and 
chickens for  beef   is an option for mitigating livestock emissions. This is in contrast 
to the global trend towards increased reliance on  cattle   (F.A.O  2015 ). However, pigs 
and poultry are dependent on other products (in particular grain and soy) that are 
additional sources of GHG emissions. 

 The decade of most rapid change was from 1991 to 2000 with substantial 
increases in emissions from developing countries and decreased emissions in devel-
oped countries. Since 1989, a large number of developing countries have liberalized 
their economic policies shifting from import- to export-oriented regimes (Narula 
and Dunning  2000 ). These economic processes also affected the livestock sector in 
developing countries, encouraging an increase of production and export of livestock 
products resulting in a contemporaneous growth of livestock emissions from these 
countries (Moran and Wall  2011 ). Moreover Fig.  2.5  points out that in spite of the 
livestock production is less effi cient in developing countries, their emission inten-
sity relative to the main type of meat is decreasing more rapidly than developed 
countries. Thus, international trade that exports livestock products from developing 
countries and imports these into developed countries may have two effects: fi rst, to 
increase greenhouse gas emissions and second, to increase global economic produc-
tivity (Caro et al.  2014c ; Bastianoni et al.  2014 ). 

 This study presents Tier 1 method calculations of livestock emissions from 237 
countries. However higher Tier inventory for livestock emissions are available for 
few single countries. Comparing two methods Caro et al. ( 2014a )) showed that dif-
ferent results may occur. They concluded that unlike tier 1, higher levels of detail 
refl ect the effi ciency of farming practices. However, tier 1 can capture the increased 
demand of livestock products. Moreover, Tier 1, by using generalized parameter 
values, allows a more appropriate comparison among countries because every 
nation is treated equally so that emission data can be adequately compared whereas 
higher Tiers use more specifi c national values (IPCC  2006 ). Our study shows that 
 beef    cattle  ,  pork   and  chicken   emissions have been growing rapidly in developing 
countries that have no binding commitments to reduce or limit these livestock emis-
sions. Future emissions might be reduced by the enacting measures aimed at 
increasing the effi ciency of livestock production globally and discouraging the delo-
calization of livestock production from areas with low emission intensity to areas 
with high emission intensity (Bastianoni et al.  2014 ). Our analysis could be extended 
in two different directions. First, an analysis could consider the total life cycle emis-
sions. Such an analysis would consider factors such as GHG emissions associated 
with the transportation of livestock products to market as well as land use change 
emissions. Second, an accounting could adopt a consumption-based perspective in 
which the GHG emissions are associated with the consumer of a product rather than 
the producer of a product (Caro et al.  2014c ). Another aspect that is worthy of future 
study is a potential feedback loop involving livestock emissions and increasing 
global temperatures. Increasing temperatures provoke GHG emissions from live-
stock to increase, in particular, methane emissions from manure. Thus, livestock 
emissions both contribute to and are increased by global warming.     
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  Abstract     The impact of climate variability is expected to have signifi cant impacts 
on crop production in Sub-Saharan Africa. Being a region with high climate vulner-
ability, the quantifi cation and understanding of the extent and rate of impact of cli-
mate variability on crop productivity is highly essential. Crop models have been 
used to analyze such impacts by predicting crop yields, conditions of growth, and 
suitable crop types under both current and future climatic conditions. The chapter 
examines the impact of climate variability on crop production system and analyzes 
the contribution of crop models in defi ning appropriate crop management strategies 
against the threat of high climate risk and uncertainty in sub-Saharan Africa. The 
region faces a range of climate risk that could have far-reaching implications on 
future cropping system. Uncertainties in the changing patterns of rainfall and 
 temperature pose a threat to crop production and contribute to increasing rural 
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 vulnerability and poverty in sub-Saharan Africa. Variation in inter-seasonal and 
intra-seasonal rainfall variability is considered as highly crucial in shaping the out-
come of cropping systems during the season.  

  Keywords     Vulnerability   •   Crop models   •   Cropping systems   •   Sub-Saharan Africa   • 
  Climate variability  

3.1       Introduction 

 There have been several projections of the impact of  climate variability   on crop pro-
ductions in different parts of the world with Africa seen as the continent to bear the 
brunt (FAO  2011 ). The impacts of projected climate change during the fi rst half of this 
century will severely affect the development in sub-Saharan Africa (SSA), and will 
worsen conditions of poor and vulnerable countries (Scholes and Biggs  2004 ; IPCC 
 2007a ). The agricultural sector will be hit hardest by the impact of climate change and 
variability in SSA. Nevertheless, it will continue to play a crucial role of providing an 
indispensable platform for wider economic growth to reduce poverty (DFID  2005 ). 

 Most parts of sub-Saharan Africa still remain under-developed with over 60 % of 
the population largely dependent on rainfed agricultural production for their socio- 
economic livelihood (FAO  2003 ; Yegbemey et al.  2014 ). Changes in rainfall patterns 
(i.e. late onset of rainy season, seasonal and intra-seasonal variability in terms of 
amount and duration, and non-uniform distribution in terms of space and time) and 
other relevant climatic variables (e.g.  temperature  ,  carbon dioxide   etc.) threaten 
 crop production   as well as vulnerable communities (especially the poor rural com-
munities) (Boko et al.  2007 ; Graef and Haigis  2001 ). Yield losses of up to 50 % from 
rain-fed  agriculture   occur in many parts of Africa (Fig.  3.1 ) due to changing climate 
which seriously affect  food security   and exacerbate malnutrition (IPCC  2007a ,  b ).

   Climate variability will also impact heavily on irrigated  agriculture   as storage 
dams and river channels receive low rainfall quantity (Knox et al.  2010 ). The 
Intergovernmental Panel on Climate Change (IPCC) has warned that, climate 

  Fig. 3.1    Yields of cereal crops by region in major food-defi cit countries (Source: ERS ( 2013 ), 
adapted from FAO)       
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change and variability will put more pressure on available water, access to water 
accessibility and demand which will contribute to expansion of arid and semi-arid 
lands in Africa by 5–8 % by 2080. Evidence of climate impact showed a decline in 
mean annual rainfall for the period 1960–1998 of about 4 %, 3 % and 2 % in the 
tropical rain-forest zones of West Africa, North Congo and South Congo, respec-
tively. However, Fabusoro et al. ( 2014 ) in a recent study revealed that, there has 
been a steady increment of mean monthly rainfall by 65 mm per month per decade 
from 1982 to 2010 in the sub-humid parts of Nigeria. The study also showed a simi-
lar pattern of rainfall and  temperature   in the study area with  temperature   rising at 
about 0.4 °C per month per decade in southwest Nigeria. 

 Recent climatic data shows that 2010 and 2013 recorded the warmest years in 
Africa. In extreme cases, the hottest  temperature   of 47.3 °C was recorded on the 
March 4, 2013 in Vioolsdrif, South Africa. In a related development in West Africa, 
the warmest  temperature   (43 %) ever recorded in Navrongo, Ghana occurred on 
March 6 (AGRA  2014 ). Future projection indicates a likely decrease in mean annual 
rainfall in most areas of Northern Sahara region, Mediterranean Africa, and Southern 
Africa, while a possible increase is expect in East Africa (Christensen et al.  2007 ; 
IPCC  2007a ,  b ). The IPCC forth assessment report depicts a warming experience 
greater than the global annual mean in the entire season across Africa and predicts 
a  temperature   increment of 3.3 °C by close of the twenty-fi rst Century (Christensen 
et al.  2007 ). 

 A review by Hertel and Lobell ( 2014 ) highlighted that, the capacity of farmers, 
agri-businesses and economies to adapt to changes and variability in climate will 
determine their resilience to the negative impacts these changes and/or variability 
are likely to bring. The effect of  climate variability   such as low variation in rainfall 
distribution and increasing  temperature   provides a direct causal relation between 
agricultural production and  food security  . Studies indicate that such climatic vari-
ables has the potential to impact severely on yields of crop such as maize,  wheat  , 
 rice   and other food crops in semi-arid areas across the world (Lobell et al.  2009 ). 
Rainfall quantity and distribution is single out as the most important factor which 
does not only affect crop  yield   among smallholder farmers in SSA, but directly 
impact on farm sizes, crop enterprises, sowing dates, incidence of pests, diseases 
and weeds (Yengoh et al.  2010 ). 

 Different scientists, in an effort to model the impact of  climate variability   on 
 crop production  , have used a variety of models and scales of analysis depending on 
their interests and scenarios which resulted in heterogeneity of the projections 
(Boko et al.  2007 ; Cooper et al.  2008 ). The chapter examines the impact of  climate 
variability   on  crop production   system and analyzes the contribution of  crop models   
in defi ning appropriate  crop management   strategies against the threat of high cli-
mate risk and uncertainty in Sub-Saharan Africa. 
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3.1.1     Cropping System of Sub-Saharan Africa 

 A cropping system consists of a cultivation of diverse plants, over time and land, for 
specifi c purposes including grain, fodder, fi bre, oil or other raw material, income 
and/or ecosystem services (eg soil cover to fi ght soil erosion). Diverse crops culti-
vation characterizes SSA  agriculture  , however cereal crops and tubers account for 
more than 60 % of the population’s total energy intake (Diao et al.  2012 ).  

3.1.2     Sequential  Cropping Systems   

 Sequential cropping entails cultivating two different crops on the same farmland in 
turns in the same year. This may involve one being grown during long rains and the 
other during short rains. In Mali, the introduction of sorghum cultivar for short sea-
son in sequential cropping with other short duration groundnut and cowpea cultivars 
produced substantial sorghum and legumes yields (Sedogo and Shetty  1991 ). A 
research by Sivakumar ( 1988 ) suggested that sequential cropping can potential 
improve soil productivity in Sahelian zone. Waha et al. ( 2013 ) noted that, maize 
forms the fundamental crop in all sequential  cropping systems   in Eastern Africa 
while maize –  wheat   systems are common in Southern Africa. In Western Africa, 
Ghana and Cameroon have the highest crop diversity in sequential systems of crop-
ping with groundnut as the primary crop (Fig.  3.2 ).

   The most common  cropping systems   in SSA include intercropping, sequential 
cropping and crop rotation. Intercropping is regarded as the ancient and widely 
practiced system of cropping in sub-Saharan Africa. Sequential cropping and crop 
rotation (Table  3.1 ) are also common indigenous management practices of agricul-
tural production (Waha et al.  2013 ).

3.1.3        Intercropping System 

 Intercropping is one of the traditional systems in sub-Saharan Africa. According to 
Steiner ( 1984 ) it covers over three-quarters of cultivated areas in the semi-arid trop-
ics. Norman ( 1974 ) notes that the main importance of intercropping to farmers 
includes; resource mobilization, soil conservation and maintenance, risk minimiza-
tion, fl exibility, profi t and weed control. In Sudano-Sahelian zone, growing of many 
crops in association as intercrops or mixtures is the common system of cropping 
(Bationo et al.  2003 ). According to Bationo et al. ( 2003 ), a sorghum-based cropping 
system is common in the Sudanian zone with groundnuts, maize, pearl millet, and 
cowpea as the main components. In the Sahelian region, millet-based is the crop-
ping system is common and the system has millet-cowpea and millet-groundnut as 
the cropping pattern. According to Swinton et al. ( 1984 ), over 85 % of millet 
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cultivated area in Niger is intercropped and about 50 % of sorghum planted area in 
northern Nigeria is also intercropped (Norman  1974 ). 

 The common intercropping combinations include cereal/groundnut, cereal/cow-
pea and cereal/cereal like millet/sorghum/maize and millet/sorghum/cowpea. 
Intercropping system is an advantageous system since it allows the exploitation of 
the time differences between crops and reduces the potential of competition during 
growth periods (Baker  1979 ). For example, in the millet-cowpea system of inter-
cropping, the planting of cowpea is always done in 3–4 weeks after millet (i.e. relay 
intercropping). This allows millet to effectively maximize nutrients and moisture 
use thereby signifi cantly reducing the chances of crop  yield   since there is longer 
growth duration in legumes.  

3.1.4     Crop Rotation 

 Crop rotation has a long history as one of the most productive agricultural practice 
in SSA countries. It is a practice of growing different crops on the same agricultural 
land in a regular recurring sequence season after season. Bationo et al. ( 1998 ) 

  Fig. 3.2    Major crops in selected SSA countries (Source: AGRA  2014 )       

   Table 3.1    Sequential  cropping systems   in some countries in sub-Saharan Africa   

 Country  Sequential cropping system 

 Burkina Faso  Maize –  rice  ;  Rice – rice   
 Cameroon  Wheat – maize; Maize –  wheat  ; Maize – maize; Cassava – maize 
 Ethiopia  Cassava – cowpea 
 Ghana  Cassava – cowpea 
 Kenya  Wheat – maize;  Rice – rice  ; Maize – maize; Cassava – maize 

 Cassava – cowpea; Ground – cassava; Groundnut – groundnut 
 South Africa  Wheat – maize; Maize –  wheat  ; Cassava – maize; Cassava – cowpea 
 Zimbabwe  Wheat – maize 

  Source: Waha et al. ( 2013 );   www.fao.org      
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observed increased cereal yields as a result of cereal-legume rotation in Sahelian 
region of West Africa. For example, there was an improvement in total dry matter 
production of about 3 tons/hectares for millet-cowpea rotation (Bagayoko et al. 
 1996 ; Bationo et al.  1998 ). Bationo and Mokwunye ( 1991 ) noted that in Niger, crop 
rotation system resulted in Effective Cation Exchange Capacity (ECEC), reduce 
soil PH and increased saturation of the base. According to the FAO, crop rotation is 
regarded as key strategy for conservation  agriculture   in Swaziland, Cameroon, 
Kenya and Tanzania. Table  3.2  above presents some common examples of crop 
rotation in these countries.

3.2           Quantifi cation   of Cimate  Variability   Impact 
on Cropping System 

  Overview of Responses to High Temperature, Drought, or [eCO 2 ]     The impact 
of climate variables including  temperature  , rainfall ( drought  ) and eCO 2  on  cropping 
systems   in Africa varies in different degrees and extents (Challinor et al.  2007 ; 
Sivakumar and Hatfi eld  1990 ). In Southern Mali, an annual minimum  temperature   
increase of 0.5 °C per decade was recorded over the period 1965–2005 (Traore et al. 
 2013 ), which is higher than a forecast on a global scale of 0.3 °C per decade (Abrol 
and Ingram  1997 ). Predicted increase in eCO 2  concentration will  yield   positive 
results by increasing crop  yield   since rising atmospheric CO 2  levels act like a natu-
ral carbon fertilization thereby enhancing crop growth in general terms (Drake  et al  
 1997 ). However,  climate variability   is expected to have a signifi cant impact on  agri-
culture   especially in semi-arid region where crop growth, yields and production are 
very sensitive to the climate and other environmental factors. Increasing tempera-
tures will hasten crop ontogenetic development and probably have some negative 
impacts on photosynthesis, thus obstructing the production of biomass (Kersebaum 
et al.  2009 ). Shortage of rainfall will require irrigation in today’s rain-fed agricul-
tural production systems or at least lead to prolong dry spells with decreasing yields. 
The combination of these climatic factors may also not only infl uence crop  yield   but 
also on crop quality, with the potential of affecting predominant smallholder farm-
er’s income more severely in sub-Saharan Africa.  

   Table 3.2    Examples of crop rotation in parts Africa   

 Country  Year 1  Year 2  Year 3 

 Swaziland  Maize – cowpea/lablab  Sorghum – lablab  Maize – cowpea 
 Cameroon  Sorghum – cowpea  Cotton  Sorghum – cowpea 
 Kenya  Maize – lablab  Maize – cowpea/bean  Maize – lablab 
 Tanzania  Maize – lablab  Sorghum – cowpea  Maize – lablab 

  Source:   www.fao.org      
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     (a)     High Temperature and Drought Interaction      

 High  temperature   and  drought   often occur simultaneously. In the tropics, epi-
sodes of  drought   are always aggravated both by high  temperature   and high solar 
radiation and thus  drought   is always viewed as multi-dimensional stress (DaMatta 
 2003 ). In this paper, we view  drought   as an environmental stress factor that leads to 
defi cit of water in plants which is triggered when low osmotic potential develops 
and turgor of the cell goes below its maximum value. Drought impact is not seen to 
occur suddenly but slowly develops and the longer it lasts the greater the intensity. 
The consequences of  drought   are severely pronounced at high  temperature   than low 
 temperature  . High  temperature   has the potential to rapidly slow down plant  photo-
synthetic rate   and development of leaf area, decrease shoot and grain quantity, and 
reduce water-use effi ciency. In a study of the interaction of high  temperature   and 
 drought   on  wheat   during photosynthesis and grain-fi lling by Shah and Paulsen, 
( 2003 ), they observed that the synergistic interactions showed a reduced productiv-
ity more by the combined stresses than by either stress alone, and that much of the 
effect is on photosynthetic processes.

    (i)     Impact Assessment on cropping system     

  In Africa, heat shock (high  temperature  ) and  drought   are the common stress fac-
tors that results into reduction of crop  yield   by 50 % more (Larkindale and Knight 
 2002 ; Macar and Ekmekci  2009 ; Tayyar  2010 ). According to Utrillas and Alegre 
( 1997 ), the reduction on crop  yield   always depends on severity and duration of the 
stress. When plants are subjected to  drought   and high  temperature  , it results in 
changes in plants’ osmotic potential and this leads to unavoidable stress for the 
functioning and structure of mitochondria and chloroplast. For example, in sorghum 
the induced  drought   impacts on chloroplast are; stroma distortion, reduction in 
amount of starch in chloroplast, increased swelling of chloroplast outer membrane 
and lipid droplet accumulation (Giles et al.  1976 ; Olmos et al.  2007 ; Vassileva et al. 
 2011 ). High  temperature   and  drought   lead to plant metabolism disturbance and this 
is due to increased acceleration of reaction kinetics, loosening of macromolecular 
bonds and increased fl uidity of lipid layers from bio-membranes. Further, excessive 
 temperature   results in denaturation and cellular protein aggregation, ROS over- 
production and normal transcription and translation inhibition (Larcher  1995 ; 
Krishna  2004 ). All these have implication on cropping system and  food security   at 
large. A research by Aranjuelo et al. ( 2007 ) also shows a great decrease in plant 
production as a result of elevated  drought   and  temperature  . For instance a combina-
tion of elevated  drought   and  temperature   negatively affects leaves, shoots and roots 
dry matter.

    (ii)     Impact on    Water Use Effi ciency       

  High  temperature   and  drought   is likely to cause a reduction is water use effi -
ciency, which is the ratio of crop  yield   to crop water requirement, since an already 
water stress situation will be exacerbated by an increase in evapotranspiration 
(Hertel and Lobell  2014 ) as a result of increase in  temperature  . There is increase 
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demand for crop water requirements during the dry and windy conditions than in 
humid and calm climatic conditions (Brouwer and Heibloem  1986 ). The limiting 
factor to agricultural production in most parts of sub-Saharan Africa (particularly in 
the Sahelian part of West Africa and parts of southern Africa) is inadequate soil 
moisture which contributes to reduced crop productivity (Schlesinger et al.  1990 ). 
When full crop water needs are unmet, plants respond to water defi cit through sto-
matal closure to reduce further loss of water and stress. Plant stomatal closure also 
contributes to reduction in other plant growth and phenological processes such as 
CO 2  uptake, photosynthesis and biomass production. The extent of water defi cits in 
crop can thus seriously derail crop growth, crop development and yields (Kassam 
and Smith  2001 ). Also infl uencing crop water needs is the combined effect of other 
factors including humidity, wind speed and solar radiation.

    (iii)     Impact on Agronomic Effi ciency: Yield and Yield Components     

  The plant growth and  yield   processes rely to a large extent on  temperature  . Crop 
can potentially benefi t or suffer from increase in  temperature   in terms of  yield   and 
crop water requirements. Studies have shown that increasing  temperature   contribute 
to the crop prematuration by hastening the rate of crop development. This leads to 
shortened crop life cycle and gain fi lling period resulting reduced crop  yield   and 
poor quality of grains (Adams et al.  1998 ). 

 High  temperature   and  drought   affect  crop production   in different ways as crops’ 
response to these effects of climate variables differ (Hassan and Nhemachena  2008 ; 
Hartwell et al.  1997 ). High temperatures usually cause a reduction in crop  yield   due 
to the fact that, they normally occur in conjunction with  drought   (Fisher et al.  1997 ). 
Crops are more sensitive to water scarcity ( drought  ) than to high  temperature   (Kang 
et al.  2009 ). A review by Knox et al. ( 2012 ) using General Circulation Models 
(GCM) to predict the impact of two main climate variables-  temperature   and rain-
fall showed a projected  yield   reduction of about 8 % in all crops across Africa. From 
their work, Knox et al. ( 2012 )) indicated mean  yield   reductions of 17 %, 5 %, 15 % 
and 10 % across Africa in  wheat  , maize, sorghum and millet, respectively. An 
increase in maximum  temperature   (by 0.08 °C) and dry spell ( drought  ) during the 
rainy season negatively affects cotton production in Southern Mali and this effect is 
the most important feature of  climate variability   in the area (Traore et al.,  2013 ). 
Table  3.3  gives the details of the mean  yield   reductions by sub-regions in Africa as 
reported by Knox et al. ( 2012 ).

   Table 3.3    Projected reduction in crop yields in Africa by sub-regions using GCM   

 Sub-region 
 Mean  yield   
reduction (%) 

 Signifi cant crop  yield   
variation 

 Non-signifi cant Crops  yield   
variation 

 Southern Africa  11  Maize  Wheat; Sorghum; Sugarcane 
 Central Africa  15  Maize  Wheat 
 West Africa  13  Maize  Wheat; Sorghum; Cassava 
 Sahel  11  Maize; Millet  Sorghum 

  Source: Adapted from Knox et al. ( 2012 )  

E. Sekyi-Annan et al.
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   Knox et al. ( 2012 ) also observe some increment in crop  yield   in other regions of 
Africa including Eastern Africa (0.4 %) and North Africa (0.8 %) in both  wheat   and 
maize but this was considered not signifi cant. Information on  yield   changes for  rice  , 
cassava and sugarcane were, however, found to be inconclusive, absent or contra-
dictory (Knox et al.  2012 ). According to Lobell et al. ( 2011 )  temperature   increase 
during the growing season is likely contribute to a decrease in maize  yield   by 3 % in 
Eastern and Southern Africa.

    (b)     High Temperature and [eCO   2   ] Interaction     

  Keeling and Whort ( 1991 ) noted that there is an increase in concentration of 
global atmospheric  carbon dioxide   by 30 %. Further increase in CO 2  concentration 
and other greenhouse  gases   could cause rise in global average atmospheric  tempera-
ture   by about 3–5 °C due to present day doubling of CO 2  (Grotch  1988 ; Adams et al. 
 1990 ). Therefore, combine interaction of CO 2  and high  temperature   leads to partial 
closure of stomata and increased resistance of stomata resulting in decreased tran-
spiration per unit leaf area which increase  temperature   of the leaf (Jones et al.  1985 ; 
Idso et al.  1987 ).

    (i)     Impact on    Water Use Effi ciency       

  Due to the fact that, an increase in CO 2  concentration results in a partial closure 
of stomata, doubling of CO 2  results in about 40 % decrease of water vapor through 
 stomatal conductance  . Also a decrease in  stomatal conductance   impacts plants by 
resulting into decreased leaves transpiration (Allen and Prasad  2004 ). Allen and 
Prasad ( 2004 ) further indicated that although there is a slight decrease in crop tran-
spiration under elevated CO 2 ; rise in  temperature   will increase water use. An aver-
age daily range of  temperature   of 20–40 °C could lead to increased water use by 
about fourfold (Allen and Prasad  2004 ). Elevated CO 2  concentration causes the 
stomatal effect which reduces water losses through transpiration thereby increasing 
water use effi ciency in both C 3  and C 4  plants whereas high  temperature   leads to 
increase in evapotranspiration and lower soil moisture (Hertel and Lobell  2014 ). 
However, according to Hertel and Lobell ( 2014 ), the combined effect of high  tem-
perature   and elevated CO 2  levels on soil moisture and water stress is  unknown  .

    (ii)     Impact on Agronomic Effi ciency: Yield and Yield Components     

  High  temperature   results in shortened growing period due to the fact that, crops 
attain maturity faster with increase in  temperature   than usual in the year leading to 
potential  yield   decrease (Waha et al.  2013 ). Acoording to Hertel and Lobell ( 2014 ), 
the rate of crop development increases linearly with  temperature   especially in the 
range 0–30 °C. Increase in atmospheric CO 2  concentration, however, can cause an 
increase in the productivity of plants (especially C 3  plants) (Long et al.  2006 ).

    (c)     Overview of responses to biotic stresses     

  Increasing  temperature   and elevated CO 2  concentration in the atmosphere are 
likely to make crops more vulnerable to biotic stress such as weeds invasion and pests 
and diseases damage because, weeds for example are more responsive than crops to 
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elevated CO 2  (Ziska et al.  2011  in Hertel and Lobell  2014 ). Ziska et al. ( 2011 ) stated 
in their work ‘evasive species and climate change: an agronomic perspective’ that, 
rust caused  yield   reductions in soybean and increased cost of production in Africa 
and other parts of the world including Asia, Australia and South America. They fur-
ther noted that increasing  climate variability   will probably aggravate the spread of 
biotic stresses on  crop production  . Currently an epidemic of stem rust associated with 
a strain of  wheat   is spreading in Africa, Asia and the Middle East. According to Ziska 
et al. ( 2011 ), increases in  precipitation   and wetter environments are conducive to 
stem rust establishment and therefore the incidence of  drought   could curb this spread 
but would also take a toll on crop  yield  . Ward et al. ( 1999 ) also highlighted the issue 
of Grey leaf spot ( Cercospora zeae-maydis ) in corn production becoming an epi-
demic in parts of Africa. Table  3.4  shows the response of biotic stress (pests and 
disease damage) to high  temperature   and elevated CO 2  concentration. 

3.3        Modeling and Simulation 

3.3.1     Cropping Systems Models to Understand Climatic 
Variability 

 Crop production and  food security   can be affected by the impact of  climate vari-
ability  . Using scientifi c approach to understand the extent and rate of  climate vari-
ability   impact on crop productivity has gained recognition signifi cantly.  Crop 
models   have been used to analyze such impacts by predicting crop yields, condi-
tions of growth, suitable crop types, etc. under current and future climatic condi-
tions (Donatelli et al.  2002 ; Tripathy et al.  2011 ). 

 Crop models have been used as principal tools for the assessment of climate 
change impact on crop productivity, simulating the robustness of context-specifi c 
 adaptation   strategies, simulating the effects of key drivers on  adaptation   strategies 
and describing how  cropping systems   respond to key drivers (Webber et al.  2014 ; 
UNFCCC  2012 ). 

 Webber et al. ( 2014 ) note that, when  crop models   are combined with some infor-
mation about water availability they could be useful for spatial targeting of irriga-
tion possibilities. Due to the fact that large scale  crop models   are calibrated in 

   Table 3.4    Contribution of  climate variability   to biotic stress in  crop production     

 High  temperature    Elevated CO 2  concentration 

 Invasive weeds often more climate tolerant; 
also more responsive to changes in 
 temperature   due to short juvenile period, 
long-distance dispersal 

 Invasive weeds more responsive to changes in 
elevated CO 2  concentrations due to short juvenile 
period, long-distance dispersal 

 Reduced frequency of frost will expand 
range of pests and diseases 

 Elevated CO 2  can make weed management more 
diffi cult 

  Source: Adapted from Hertel and Lobell ( 2014 )  

E. Sekyi-Annan et al.
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industrialized countries (and with parameters from that area, for that matter), it is 
important to calibrate crop growth parameters to local conditions in order to pro-
duce accurate and reliable location-specifi c results (Folberth et al.  2012 ). According 
to Webber et al. ( 2014 ), to ensure that predictions and simulated results of  crop 
models   are reliable and context-specifi c,  crop models   should be integrated with 
farmers’ knowledge and knowledge from outside the fi eld of modelers and agrono-
mists. They further noted that, farmers’ are more likely to adopt resultant  adaptation   
options if they are involve from the outset and their input incorporated. Crop  model-
ing   studies conducted in most part of SSA spelt out increase in mean  temperature  , 
elevated CO 2  concentration and increased frequency of  drought   and fl oods to be the 
key drivers of future impacts (Webber et al.  2014 ). 

 In current conditions of high  climate variability   in several parts of Sub-Saharan 
Africa, crop simulation models offer important contribution by predicting possible 
scenarios in the future so that effective agricultural management options can be 
exploited (van Ittersum et al.  2003 ; Hoogenboom  2000 ). As a decision support tool, 
models can be used to assess optimum management practices, either strategic or 
tactic, such as cultivar selection, planting dates, fertilization and pesticides usage 
for making seasonal or within-season decisions (Boote et al.  1996 ). 

 There have been a lot of studies in sub-Saharan Africa (SSA) using  crop models   
with different characteristics to determine the impact of  climate variability   and 
change on  cropping systems   which resulted in a variety of outcomes (Schlenker and 
Lobell  2010 ; Müller  2009  in Webber et al.  2014 ). Webber et al. ( 2014 ) noted that, 
what one should look out for in the choice of a crop model for effective predictions 
and simulation of  adaptation   options for a particular location are, (i) it should, at 
least, be responsive to the key drivers (climatic variables) expected to impact on the 
 cropping systems   of the region (ii) it should be able to model the principal crops, 
 cropping systems   and management strategies. Table  3.5  shows the characteristics of 
different  cropping systems   models suitable for  adaptation   studies in SSA.

   Simulation models have not fully been applied in all regions. For example in 
Kenya it has not been applied in  cropping systems   on large scale as a determination, 
prediction and forecasting tool of  cropping systems   properties/behavior like crop 
productivity and crop growth. According to Staggenborg and Vanderlip ( 2005 ), the 
use of crop simulation models helps in effi cient resource-use by scientists through 
giving an insight in responses on potential plants in cropping system alteration. 
Alva et al. ( 2010 ) indicated that crop simulation models assist as decision tools in 
improving the effi ciency of cropping system input management and environmental 
negative impacts minimization. Crop simulation models are developed to provide 
alternative options or solution in the following areas (Murthy  2004 ) such as;

    (a)     Policy management     

  This is one area where crop simulation models have been very useful. Thornton 
et al. (1997) noted that in Burkina Faso there is the use of crop simulation models 
using ground-based and satellite data to estimate production of millet for early 
warning of famine. This gives policy makers time to act on effect of food shortages 
on vulnerable population in rural and urban. They further noted that  crop models   
can assist policy makers to understand climate change effects such as effects of 
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elevated CO 2  and  temperature   and rainfall variability on development, growth and 
 yield   of crops.

    (b)     Understanding of research     

  According to Penning de Vries ( 1977 ), simulation models leads to our under-
standing of real systems and thus assist to bridge areas and knowledge levels. 
Penning de Vries ( 1977 ) further noted that due to the diverse nature of crop simula-
tion modelling there is increased effi cacy and improved direction of research 
through direct feedback. And as a result Wit and Goudriaan ( 1978 ) came up with 
BAsic CROp growth Simulator (BACROS) to be used as model reference for other 
models development.

    (c)     Agronomic management and farm decision-making     

  Crop simulation models give chance for evaluation of available one or more 
options with regard to other decision options of agronomic management such as- 
determining optimum planting date; weather risk evaluation and determining best 
choice of cultivars. Crop models also assist to predict performance of crops in areas 
where crops has never been grown or grown but not under optimal required condi-
tions. Crop models also adds value in developing countries with regards to agricul-
tural planning and regional development (Van Keulen and Wolf  1986 ).  

3.3.2     Adaptation/Mitigation to  Climate Variability   

 As  climate variability   is unprecedented it is incumbent on everybody to adapt their 
lifestyle and social systems to the variability in order to benefi t from concomitant 
positive impacts (e.g. increased rainfall, elevated CO 2 ), alleviate negative impacts 
(e.g.  drought  , high  temperature  ) that are likely to occur and cope with them thereby 
increasing the resilience of the ecosystem (IPCC  2001 ). Adaptation strategies range 
from behavioral changes (e.g. avoiding cultivation along river banks) through insti-
tutional arrangements (e.g. buffer zone policy) (Kurukulasuriya and Mendelsohn 
 2006 ) to building of physical structures (e.g. water-harvesting structures) or bring-
ing ecological changes (e.g. planting of trees for catchment protection). Although 
matters of adaption to  climate variability   are context-specifi c and thus it is mostly 
handled locally, it is sometimes necessary for an integrated and coordinated action 
at various levels (Paavola and Adger  2005 ). Adger et al. ( 2005 ) noted that climate 
change variability takes place at different scales and thus successful  adaptation   only 
depends on actions applied at various levels (Paavola and Adger  2005 ). For exam-
ple, a national level strategy may include; development of policy of climate change 
directed to vulnerable sectors with an aim of reducing poverty and sustaining  food 
security  . According to Downing et al. ( 1997 ), warrant of  adaptation   may be in a situ-
ation where climatic hazards and mean climate changes are frequent and the conse-
quences to the vulnerable populations are signifi cant. They further noted that such 
situations call for adaptive strategies which include; 
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  Anticipatory  Adaptation       This entails variety of strategies for agricultural improve-
ment such as irrigation schemes planning for areas where water availability and 
supply is uncertain. Also long life projects like construction of reservoirs, in areas 
where marginal  adaptation   cost is less to bring protection against extreme weather 
events and reduce irreversible impacts.  

  Research and Education     In a situation of limited  adaptation   to  climate variability  , 
research and education are recommended to allow development of new solutions to 
accommodate the change of climate.  

  Capacity Building Development Assistance     This entails effi cient use of informa-
tion on climate and resources to improve production, monitor water resources and 
adapt to risk of climate and reducing  vulnerability   through development, sustain-
ability,  mitigation   of  drought   and preparedness and integration of regional econo-
mies. Hassan and Nhemachena ( 2008 ) conducted a study on the determinants of 
African farmers’ strategies for adapting to climate change and highlighted some key 
strategies to insure farmers against  climate variability  . These strategies include 
diversifying crops with  drought   tolerant and/or stress resistant crops; improve effi -
cient use of available water; and promoting crop variety of same plot or different 
plots to reduce chances of complete failure. Webber et al. ( 2014 ) also assessment of 
 crop models   for climate change  adaptation   decisions in sub-Saharan Africa cata-
logued current  adaptation   strategies by farmers in the region as measures to climatic 
and non-climatic drivers as shown in the Table  3.6 .

     Institutional and Regulatory  Adaptation       Institutional and regulatory  adaptation   is 
applied in a situation where a developmental project (e.g. coastal development) 
leads to  vulnerability  /unable to guard the vulnerable. For instance irrigation water 
resources may be unreliable and reduce potential of  agriculture   due to soil saliniza-

   Table 3.6    Adaptation strategies in response to climatic and non-climatic drivers of climate change   

 Strategies for climatic drivers  Strategies for non-climatic drivers 

 Formation of farmers associations which enabled a 
range of other changes and experimentation (risk 
taking) 

 Formation of farmers associations 

 Diversifi ed  crop production    Diversifi ed  crop production   
 Investments in labor and irrigation  Investments in labor and irrigation 
 Soil conservation practices (contour tillage and 
mulching) 

 Soil conservation practices (contour 
tillage and mulching) 

 Shifting production between cropping and livestock 
keeping 

 Shifting production between cropping 
and livestock keeping 

 Reapportioning areas between crops and livestock  Reapportioning area between crops and 
livestock 

 Collective actions such as livestock holdings and 
commercialization 

 Collective actions such as livestock 
holdings and 

 Use of resilient varieties  Commercialization (esp. Vegetables) 
 Water harvesting  Increased commercial production 
 Using shorter season varieties  Water harvesting 
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tion. Example of such a situation is the irrigation project of South Chad in 1970s 
(Kolawole  1987 ).   

3.3.3     Introduction of Legume in the Cropping System 

 The intercropping of legumes with staples is increasing gaining popularity in sub- 
Saharan Africa (SSA) due to their ability to conserve soil moisture by preventing 
direct sunshine on soil surface, protect the soil against erosion and fi x  nitrogen   
resulting in soil fertility improvement. In Malawi, a research into adapting  cropping 
systems   to  climate variability   by intercropping maize with legumes was conducted. 
In a matter of 10 years after the research, this cropping system gained widespread 
adoption by 70 % of farmers in the study area due to the resultant  yield   increase, soil 
quality improvement, protection against crop losses as a result of  drought   and unre-
liable rainfall patterns (IDRC  2001 ). Woomer et al. ( 2004 ) conducted an on-farm 
experiment in West Kenya where they sought to modify the conventional maize- 
legume intercropping into a new system called the MBILI maize-legume intercrop-
ping where every other maize row is staggered by 25 cm and legumes planted in the 
resultant wider row and also maintaining a fi x maize population of 44,444 ha-1 and 
legumes population of 88,888 ha-1. When MBILI was compared to conventional 
intercropping it was realized that MBILI increased in Land Equivalent Ratio (LER) 
more than conventional intercropping. LER is a measure of the effi ciency of an 
intercrop. When LER is unity (=1), there is no additional production advantage of 
mixed culture; when LER is less than unity, there is disadvantage; and when LER is 
more than unity, there is advantage (de Wit and van den Bergh  1965 ; Willey and 
Osiru  1972 ). Thus the adoption of legume intercrop has the potential of being a key 
 adaptation   technology to  climate variability   for subsistence farming in SSA.

•     Alteration of the agricultural calendar     

 Rainfed  agriculture   which is the main source of livelihood in most part of Africa 
(especially sub-Saharan Africa) is predicted to be much affected by current and 
future  climate variability   and change (Müller et al.  2011 ). For most farmers in 
Africa the only evidence of  climate variability  /change are the changes occurring in 
rainfall pattern and increase in  temperature   (Hassan and Nhemachena  2008 ) and 
therefore, they are forced to alter their agricultural calendar (which primarily 
depends on the sowing date) to suit the prevalent rainfall pattern (Yegbemey et al. 
 2013 ). Several other studies (Nhemachena and Hassan  2007 ; Gnanglè et al.  2012 ) 
indicate that famers are changing the sowing dates. A study conducted by Yegbemey 
et al. ( 2014 ) in Northern Benin on managing the agricultural calendar as coping 
mechanism to  climate variability   using maize farming as a case study revealed that, 
84 % of respondents have adjusted their agricultural calendar to jibe with the rainy 
season. This change was mainly in terms of changes in dates of land preparation and 
sowing since all the remaining farming activities including weeding (or herbicide 
application), fertilizing and harvesting depend on the sowing date (Yegbemey et al. 
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 2014 ). According to Van Duivenbooden et al. ( 2000 ) in Waha et al. ( 2013 ), adjust-
ment of the sowing dates to match the actual commencement of the rainy season 
guarantees optimal growing conditions (i.e. enough soil moisture) and eschew crops 
from the risk of  drought   (dry spell) at crucial crop development stages resulting 
thereby enhancing  yield  . The change in sowing dates, however, lengthens the crop-
ping season since after land preparation sowing which relies on the onset of the 
rainy season might take a while longer (Yegbemey et al.  2014 ). In a related work, 
Thornton et al. ( 2006 ) found from their work ‘Mapping climate  vulnerability   and 
poverty in Africa’ that, highland of sub-Saharan Africa will experience longer crop-
ping season due to rainfall variability but on the contrary, a larger part of the region 
is likely to experience shortening of the growing season. 

 In addition to changing the sowing dates, farmers in Northern Benin adopted 
double sowing (i.e. a fi rst sowing at the onset of a major rainfall and a second sow-
ing in case of the occurrence of a dry spell after the rainfall) to safeguard  crop pro-
duction   (Yegbemey et al.  2014 ). These  adaptation   strategies are adopted in Tanzania, 
South Africa and semi-arid West Africa (O’Brien et al.  2000 ; Benhin  2006 ).

•     Adaptation through the choice of cropping system     

 Shifting agro-ecological zones in sub-Saharan Africa due to variability in cli-
mate has necessitated the adoption of  cropping systems   which are better adapted to 
 climate variability   and, thus, farmers’ decision on an appropriate cropping system 
and crop variety might be a signifi cant adaption strategy (Waha et al.  2013 ). Single 
cropping in a year is likely to suffer more from unreliable rainfall patterns than 
multiple  cropping systems   since the later eschews the risk of complete crop failure 
and stabilizes  crop production   (Francis  1986a ). In the event of low yields in the fi rst 
season, the cropping that follows (i.e. the second cropping) is likely to benefi t from 
some soil nutrients like  nitrogen   (in case of leguminous cropping in the fi rst season) 
and  phosphorus   from deep-rooted crops (Sisworo et al.  1990  and Francis  1986a  in 
Waha et al.  2013 ). In sub-Saharan Africa, cereals which include maize, sorghum, 
millet and  wheat   are normally rotated with legumes in multiple  cropping systems   
(Van Duivenbooden et al.  2000 ). Francis ( 1986b ) observed in humid East and West 
Africa that, cassava and maize-based mixed  cropping systems   are prevalent while 
millet-based mixed cropping is notable common in dry areas of East and West 
Africa.

•     Rainfall harvesting as an    adaptation     strategy     

 In consequence of the observed unreliable rainfall patterns and predicted decline 
of future  precipitation  , rainwater harvesting for supplementary irrigation is gaining 
roots in most parts of Africa as coping mechanism against recurrent  drought   
(Christensen  et al   2007 ). The storage of rainwater comes is different forms includ-
ing farm ponds, small reservoirs, dugouts, tanks, water pans etc. (Ngigi  2009 ). Farm 
ponds owned by households are widely used in Kenya and have resulted in remark-
able improvement in  crop production  , diversifi cation and enhancement of farmers’ 
income (Blank et al.  2007  and Malesu et al.  2006 ). Ngigi ( 2009 ) reports on a high 
adoption rate of rainwater harvesting with farm pond lined with ultra-violet- resistant 
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plastic (geo-membrane) in Ethiopia, where over 7600 farmers adopted over a period 
of 5 years. Zai pits are also use for water conservation in most part of Africa includ-
ing the Sahel region, West Africa (e.g. Burkina Faso), East Africa (e.g. Kenya) and 
Southern Africa (Ngigi  2003 ). Furthermore, as indicated above, rainwater  harvesting 
is widely practiced as a key water management  adaptation   strategy in response to 
both climatic and non-climatic drivers (Webber et al.  2014 )

•     Organic    agriculture     as    adaptation     strategy     

 Organic  agriculture   is a management system of production which enhances and 
promotes agro-ecosystem health which includes biodiversity, activity of soil bio-
logical and biological cycles. Through organic  agriculture   there is no exploitation of 
nutrients and hence organic matter content of the soil increases. Also there is 
increased capturing and storage of water in soils under organic  agriculture   (Niggli 
et al.  2008 ). Therefore according to IPCC ( 2007a ,  b ), production systems under 
organic  agriculture   is less subjected to adverse weather condition like water log-
ging, fl ooding and  drought  . 

 Furthermore, there is increased  adaptation   by farmers to  climate variability   
under organic  agriculture  . First, the highly diverse systems of farming under organic 
 agriculture   increase the diversity of sources of income and the fl exibility to adapt to 
effects of adverse change of climate and variability. As a result there is greater eco-
logical and economic stability through optimized balance of ecology and risk- 
spreading. Secondly, organic  agriculture   is a farming strategy with low risk and thus 
reduces the cost of inputs to farmers. This therefore, reduces risks due to adverse 
weather events or change of climate and variability in case of partial or total failure 
of crops (El-Hage Scialabba and Hattam  2002 ).   

3.4     Conclusion 

 Future change in climate is expected to have profound impacts on agricultural pro-
duction in the semi-arid region, particularly the combined impact of high rainfall 
variation culminating into increased probability of droughts and reduced crop-water 
availability, and elevated temperatures. The expectation is that climate change 
impact will modify the rate of evaporation and soil moisture storage. We set out to 
do a review on  modeling   the impact of  climate variability   on crops in Africa to 
ascertain current knowledge on  cropping systems   in the region and discover possi-
ble areas which need further research thereby contributing knowledge aimed at opti-
mizing  crop production   to improve  food security   in sub-Saharan Africa. It was clear 
that, the evidence of  climate variability   and predicted positive and negative (mostly) 
impacts on  crop production   in Africa are well established. Evidently, changes in 
global climate phenomenon and the resultant changes in climate conditions will 
drastically affect crop growth. Being the region to be most affected by current and 
future climate change and variability, Africa’s preparedness in devising  adaptation   
and  mitigation   strategies on the premises of evidence-based information is highly 

E. Sekyi-Annan et al.



61

essential. For this reason,  crop models   and climate models should be parameterized 
with local data in conjunction with farmers’ input to develop feasible, context-spe-
cifi c  adaptation   and  mitigation   strategies against climate change and variability. 
Several  adaptation   options are available to farmers in this region, but it was found 
that the widely adopted strategies (for instance, changing of agricultural calendar) 
are largely dependent on rainfall pattern. Although a lot of research has been done 
to ascertain the impacts of the most prominent agricultural-related climate variables 
(such as  temperature  ,  precipitation   and CO 2  concentration) on  crop production   in 
Africa (especially sub-Saharan Africa), there exist a gap with regards to the com-
bined effects of these variables (especially  temperature  -CO2 interaction) on crops 
in the region. High  temperature   and low rainfall ( drought  ) are the most important 
climate variables affecting  crop production   in Africa (especially sub- Saharan 
Africa).     
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  Abstract     Nitrogen is the most limiting element in the production of cereal crops 
after water hence leads plant nutrition. Since, nitrogen uptake and supply directly 
depends upon soil physical conditions, climate and plant genetic features, so N 
requirement could be varied by place to place. Crop simulation models can be com-
plementary tools in fi eld experiments to develop innovative crop management sys-
tems under continuous varying nitrogen regime. Data regarding total nitrogen, 
nitrogen uptake effi ciency, nitrogen utilization effi ciency and nitrogen utilization 
effi ciency, drymatter accumulation at three phenological stages (Three leaf, Anthesis 
and Maturity), and yield parameters (Number of tillers, Biological yield, Thousand 
grain weight, Grain yield and Harvest index) were recorded. The present study 
revealed that different nitrogen rates and application methods have signifi cant 
impact upon crop growth and development. Wheat crop responded well to nitrogen 
fertilizer. Maximum grain yield obtained for N 100  when nitrogen was applied as split 
dose. Similarly, genotypes responded signifi cantly to nitrogen fertilizers for grain 
production. Genotype NARC-2009 performed well under different nitrogen regime 
of rainfed zone of pothwar. APSIM model was parameterized using different agro-
nomic parameters (days after sowing, biomass total nitrogen, root total nitrogen, 
grain yield and grain total nitrogen). The modeled nitrogen was satisfactory com-
pared to observed nitrogen. The analysis of the modeling results depicted the strong 
dependency of the mineral nitrogen content upon plant nitrogen uptake and growth. 
By concluding APSIM model performed well under rainfed conditions of pothwar 
for modeling nitrogen use effi ciency. Modeling approaches should be adopted by 
farmers and policy makers to get maximum crop production and eliminate extra 
nitrogen losses.  

  Keywords     Wheat   •   APSIM   •   Nitrogen use effi ciency   •   Nitrogen uptake effi ciency  

4.1       Introduction 

 The anthropogenic emission of greenhouse  gases   is projected to affect  crop produc-
tion   over the globe due to climate change. A shift in cropping pattern is induced by 
 Climate change  . This shift might eliminate one crop while creating good growing 
environment for the other crops. Crop production depends different nutrients among 
which carbon, hydrogen and oxygen are taken from the soil and atmosphere while 
in most cases  nitrogen  ,  phosphorus   and potassium are artifi cially applied to the 
crops at farm level. The applied  nitrogen   could fl ows (a) into the system, (b) out of 
the system with products (grains, stem, leaves and roots), and (c) could be balanced 
and the system would be safe with respect to  nitrogen   (Oenema et al.  2003 ), whereas 
any excessive import of  nitrogen   may lead to  nitrogen   accumulation and/or towards 
gaseous  nitrogen   (e.g. N 2 , NO, N 2 O and NH 3 ) losses into the environment and to the 
hydrosphere as nitrate. Nitrogen is the most limiting element in the production of 
cereal crops after water hence leads plant nutrition (Russell  2010 ). Main grain crops 
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( wheat  , paddy and maize) utilize 1 kg of  nitrogen   to produce 68, 44 and 49 kg of 
paddy,  wheat  , and maize grain, respectively (Pathak et al.  2003 ; Janssen et al.  1990 ). 
At present a huge amount of N is being used by the world population, almost 83 
million metric tons, which is almost a 100-fold increase over the last century. For 
the production of world’s three major cereals:  rice  ,  wheat  , and maize on average 
60 % of the  nitrogen   fertilizer is used. Nitrogen availability regulates numerous 
aspects of plant growth. The resource capturing tissues (meristematic activity and 
cell extension) are expanded by the presence of  nitrogen  , as well as in their photo-
synthetic activity. It is assumed that by the end of 2050, 50–70 % grains from cereal 
crops will be required to fulfi ll the food requirement of a huge population of 9.3 
billion (Smil  2005 ). 

 Nitrogen use effi ciency (NUE) can be defi ned as  yield   harvested per unit of  nitro-
gen   applied. NUE idea delivers a numerical measure of the usefulness of plants to 
absorb and transform available N into potential  yield   under different  cropping sys-
tems  . N fertilizer is among the central inputs for cereal production (Giller  2004 ). 
Over the globe (NUE) for grain crops is nearly 33 % including  wheat   (Raun and 
Johnson  1999 ). Suitable N application rates and timing are precarious for fulfi lling 
plant requirements and enhancing NUE. Wheat is among the crops which are the 
most fertilized. Nitrogen is the most important fertilizer for  wheat   crop. High use of 
fertilizer is a great threat to ecological pollution (Abril et al.  2007 ). Crop rotation, 
soil edaphic features,  temperature  , soil water, N fertilizer rates and crop types affect 
NUE (Halvorson et al.  2002 ). Mahler et al. ( 1994 ) specifi ed necessity of efforts to 
enhance plant NUE and productivity in semi-arid situation and to improve sustain-
able farming systems in reply to continually increasing fi nancial and ecological 
stresses. Losses of N have been endorsed to the mutual effects of de-nitrifi cation, 
volatilization and leaching. Ground-water toxifi cation and other severe climatic 
problems are the result of adding a huge amount of  nitrogen   to the environment 
(Chen et al.  2010 ). Nitrate leaching into soil could be lessening by reducing rate of 
N application (Power et al.  2000 ). Urea-N when applied to soil undergoes three 
 nitrogen   transformation processes i.e. rapid hydrolysis to NH 4  +  followed by ammo-
nia volatilization (Praveen and Aggarwal  1998 ). 

 Creating new plans and conclusion making in  crop production   gradually makes 
implementation of numerous model-based decision support tools especially in the 
context of changing climatic issues. Simulation models which are used to simulate 
crop growth are generally mechanistic, i.e. these models not only try to explain 
relationship between simulated variables and parameters but also the appliance of 
the designated methods (Challinor et al.  2009 ; Porter and Semenov  2005 ). Although 
many crop growth simulation models ( crop models  ) are established and assessed at 
the fi eld scale, and the only problem was there that they were not made to simulate 
huge areas. Now a day it is a common practice to use these dynamic models in 
evaluation of agricultural impacts and alteration to climate from a fi eld to the 
national level (Parry et al.  2005 ; Rosenberg  2010 ). 

 Nitrogen use effi ciency (NUE) was assessed in 25  wheat   varieties for 2 years 
where  nitrogen   uptake effi ciency accounted for 54 % of the genotypic variation in 
NUE for  yield   and 72 % of the genotypic variation in NUE for protein. Nitrogen 
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uptake effi ciency had direct effect on NUE revealed by a path coeffi cient analysis 
(Van Sanford and MacKown  1986 ). In the early developmental stages of plant, NUE 
can be improved by providing mineral  nitrogen   to fulfi ll the partial requisite of crop 
and saving  nitrogen   for later stages before the onset of prompt crop growth (Sowers 
et al.  1994 ; López-Bellido et al.  2005 ). The  nitrogen   balance is mostly estimated by 
linking various N inputs and outputs in soil-crop systems by considering variations 
of soil mineral  nitrogen   (Sogbedji et al.  2000 ). Nitrogen loss by nitrate leakage from 
cultivated fi elds is an emerging concern as raised nitrate levels were observed in soil 
water in numerous countries (Diez et al.  2000 ). 

 Soils low in  nitrogen   content requires N management for benefi cial and sustain-
able  wheat   Bakht et al. ( 2009 ) reported that in low  nitrogen   soils  crop production   
can be enhanced by contribution of legumes, residues and by applying N fertilizers. 
Dhungana et al. ( 2006 ) conducted experiment to develop a strategy benefi cial in 
ascertaining crop technologies for future climatic conditions. 

 In a fi eld experiment on clayey soil different treatments of  nitrogen   fertilizers 
and irrigation on  wheat   crop was performed to observe and simulate plant growth 
and development, N uptake and mineral  nitrogen   division among roots, leaves, 
shoot and grains. SOILN-CROP model was used to simulate crop growth. This 
model is run by a hydrological model and it has its bases on the experiential allome-
tric functions and the light intervention concept. Growth can be reduced by fl uctua-
tion in the mineral  nitrogen   in the soil and is the principle driving force of N uptake. 
SOILN-CROP model components describing the fraction of soil mineral N acces-
sible for plant uptake had a fi rm stimulus on model behavior (Liang et al.  2016 ).  

4.2     Methodology 

 An experiment was carried out to parameterize and evaluate  APSIM   model for 
 nitrogen   use effi ciency of two  wheat   genotypes at research area of PMAS, Arid 
Agriculture University, Rawalpindi during 2010–2011 and 2011–2012. Experiment 
was laid out in accordance with four way factorial randomized complete block 
design (RCBD) with four replication. Phosphorous was applied @ 50 kg ha −1  in the 
form of single super phosphate (SSP). Individual plot size for each treatment was 6 
m × 4 m for each genotype with row spacing of 25 cm. To isolate treatments, plot to 
plot distance was maintained at 1 m and the experiment was repeated for 2 years. 

 Treatments applied were four  nitrogen   rates [T1 = Control (N0), T2 = 50 kg N 
(N50), T3 = 100 kg N (N100) and T4 = 150 kg N (N150)], two application methods 
(AM1 = Full dose of  nitrogen   at sowing and AM2 = Three equal doses (1/3rd of each 
treatment) of  nitrogen   at sowing, tillering and at fl ag leaf stage), two genotypes 
(G1 = NARC-2009 and G2 = Chakwal-50) and two environments (Y1 = 2010–2011, 
Y2 = 2011–2012). Amount of Nitrogen was determined at Zadok’s growth stages 
i.e. Zadoks et al. ( 1974 ) (Three leaf, Anthesis and at Maturity) from roots and grains 
from a randomly selected area of 0.25 m 2  from each plot. Total  nitrogen   contents 
were determined calorimetrically as prescribed by Anderson and Ingram ( 1993 ). 
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Then  nitrogen   use effi ciency,  nitrogen   uptake effi ciency,  nitrogen   utilization effi -
ciency were calculated.  Yield and yield   parameters like number of fertile tillers per 
unit area, thousand grain weight, grain  yield  , biological  yield   and harvest index 
recorded under changing climate and varying  nitrogen   regimes. The data collected 
from the fi eld experiments was used for model evaluation.  A gricultural  P roduction 
 S ystems  S imulator ( APSIM  ) model was used to parameterize and evaluate to 
increase the  nitrogen   use effi ciency based upon crop plants and soil data. APSIM- 
 wheat   is a dynamic model, software through which agricultural systems are simu-
lated (McCown et al.  1996 ). Wheat crop simulate LAI, plant biomass, grain  yield  , 
grain  nitrogen   and  nitrogen   uptake by  wheat   crop (Wang et al.  2003 ).  

4.3     Results and Discussion 

4.3.1     Nitrogen Estimation 

4.3.1.1     Total  Nitrogen   

 Nitrogen contents at three leaf stage were calculated to determine  nitrogen   uptake 
by  wheat   crop. Signifi cant variation was observed among  wheat   genotypes at vary-
ing  nitrogen   rates and application methods for both years. Highest total  nitrogen   
was calculated for treatment N 150  (5.33 kg ha −1 ) while lowest was calculated at treat-
ment N 0  (3.71 kg ha −1 ) (Table  4.1 ). There was 44 % difference between highest and 
lowest value of total  nitrogen  . The  nitrogen   application methods varied signifi cantly 
at three leaf stage for  nitrogen   uptake. Total  nitrogen   calculated in plant biomass 
was higher (4.77 kg ha −1 ) in split dose compared to full dose (4.36 kg ha −1 ) of  nitro-
gen   application. Split  nitrogen   dose application accumulated about 9 % more  nitro-
gen   than full dose. There was a considerable difference between growing years 
(2010–2011 and 2011–2012) for total  nitrogen   at three leaf stage. Higher total  nitro-
gen   was calculated during 2010–2011 (4.84 kg ha −1 ) while lower amount of  nitro-
gen   (4.26 kg ha −1 ) was calculated during 2011–2012. During 2010–2011, about 
13 % more total  nitrogen   was calculated at three leaf stage than 2011–2012. There 
was signifi cant difference among both genotypes during both years. Genotype 
NARC-2009 has taken more  nitrogen   (4.79 kg/ha) than Chakwal-50 (4.34 kg/ha). 
The interaction among treatments, doses, genotypes and years were non-signifi cant 
at three leaf stage. Considerable variation observed among  wheat   genotypes at vary-
ing  nitrogen   rates and application methods for both years at anthesis stage. Total 
 nitrogen   differed considerably at different  nitrogen   rates at anthesis stage. Treatment 
N 0  accumulated minimum  nitrogen   (14.76 kg ha −1 ) while N 150  accrued maximum 
 nitrogen   (55.55 kg ha −1 ). In split doses higher total  nitrogen   (40.39 kg ha −1 ) was 
measured than full dose  nitrogen   application method (35.25 kgha −1 ). Split dose 
application accumulated about 15 % high total  nitrogen   than full dose  nitrogen   
application method. Considerable difference for total  nitrogen   observed among 
years at anthesis stage. During 2010–2011 highest  nitrogen   was calculated 
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(39.06 kg ha −1 ) whereas, lowest (36.58 kg ha −1 ) total  nitrogen   in plant biomass cal-
culated during 2011–2012. During 2010–2011, about 7 % more  nitrogen   calculated 
than 2011–2012 at anthesis stage. Genotype NARC-2009, harvested maximum 
 nitrogen   (39.39 kg ha −1 ) than Chakwal-50 (36.26 kg ha −1 ). There was about 9 % dif-
ference between both genotypes for total  nitrogen  . The interactive effects NR × AM, 
NR × G, NR × Y and AM × Y was signifi cant at 1 % signifi cance level whereas, the 
interaction among NR × AM × Y was signifi cant at 5 % P level (Table  4.1 ).

   Signifi cant variation was observed between  wheat   genotypes at varying  nitrogen   
rates and application methods for both years at maturity stage. Treatment N 0  accumu-
lated minimum  nitrogen   (18.94 kg ha −1 ) while N 150  accrued maximum  nitrogen   
(71.2 kg ha −1 ). There was 73 % difference between highest and lowest level of total 

       Table 4.1    Dry matter  nitrogen  ,  nitrogen   uptake effi ciency,  nitrogen   utilization effi ciency and 
 nitrogen   use effi ciency for varying  nitrogen   rates and application methods among two  wheat   
genotypes during 2010–2011 and 2011–2012   

 Treatments  TN Z-13  TN Z-60  TN Z-92   NUpE    NUtE  NUE 

  Nitrogen Rate (NR)  
 N 0   3.71 d   14.77 d   18.94 d   0.53 a   203.19 a   108.49 a  
 N 50   4.18 c   28.15 c   36.07 c   0.42 c   121.65 b   51.35 b  
 N 100   5.03 b   52.83 b   67.73 b   0.50 b   80.52 c   40.12 c  
 N 150   5.33 a   55.55 a   71.20 a   0.38 d   66.76 d   25.47 d  
  Application Methods (AM)  
 Split  4.36 b   40.39 a   51.78 a   0.49 a   120.63 NS   58.95 a  
 Full  4.77 a   35.25 b   45.19 b   0.43 b   115.43 NS   53.77 b  
  Years (Y)  
 Y1  4.84 a   39.06 a   50.07 a   0.46 a   125.56 a   60.55 a  
 Y2  4.29 b   36.58 b   46.90 b   0.45 b   110.5 b   52.17 b  
  Genotypes (G)  
 NARC-2009  4.79 a   39.39 a   50.49 a   0.48 a   125.13 a   62.19 a  
 CHAKWAL-50  4.34 b   36.26 b   46.49 b   0.44 b   110.93 b   50.52 b  
  Interactions  
 NR × AM  NS  ***  ***  NS  NS  *** 
 NR × AM  NS  ***  ***  NS  ***  *** 
 NR × Y  NS  ***  ***  ***  ***  ** 
 AM × G  NS  NS  NS  NS  NS  NS 
 AM × Y  NS  ***  ***  ***  *  NS 
 G × Y  NS  NS  NS  NS  *  ** 
 NR × AM × G  NS  NS  NS  NS  NS  NS 
 NR × AM × Y  NS  **  **  NS  NS  NS 
 NR × G × Y  NS  NS  NS  NS  NS  NS 
 AM × G × Y  NS  NS  NS  NS  *  NS 
 NR × AM × G × Y  NS  NS  NS  NS  NS  NS 

  Abbreviations:  TN  Total Nitrogen,  Z-13  Three Leaf Stage,   NUpE    Nitrogen Uptake Effi ciency,  Z-60  
Anthesis Stage,  NUtE  Nitrogen Utilization Effi ciency,  Z-92  Maturity Stage,  NUE  Nitrogen Use 
Effi ciency 
 Different letters indicate a statistical difference among the treatments at P <0.05  
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 nitrogen  . In split doses higher (51.78 kg ha −1 )  nitrogen   was measured as compared to 
45.19 kg ha −1   nitrogen   was calculated at full dose  nitrogen   application method. 
Nitrogen application methods differed by about 13 %. Immense difference for total 
 nitrogen   at maturity stage observed during both years. During 2010–2011 higher total 
 nitrogen   was calculated (50.07 kg ha −1 ) whereas, minimum total  nitrogen   (46.90 kg 
ha −1 ) was calculated during 2011–2012. Similarly, for genotype NARC- 2009, har-
vested total  nitrogen   (50.49 kg ha −1 ) was higher as compared to Chakwal-50 (46.49 kg 
ha −1 ). There was 8 % difference between two genotypes for total  nitrogen  . The inter-
actions among NR × AM, NR × AM, NR × Y and AM × Y were signifi cant at 1 % sig-
nifi cance level, whereas, NR × AM × Y was signifi cant at 5 % signifi cance level.  

4.3.1.2      Nitrogen Uptake Effi ciency (NUpE)   

 The results showed the signifi cant difference among different  nitrogen   rates and 
application methods on both  wheat   genotypes for 2 years for  nitrogen   uptake effi -
ciency. Higher  nitrogen   uptake effi ciency calculated for N 0  (0.53) as compared to 
(0.38) for N 150  (Table  4.1 ). There was about 39 % difference for NUpE from highest 
to lowest value. Regarding  nitrogen   application methods higher NUpE was recorded 
in split doses (0.49) compared to full doses (0.43). Similarly, between years the 
higher  nitrogen   uptake effi ciency was calculated during 2010–2011 (0.46) as com-
pared to (0.45) during 2011–2012. Meanwhile  wheat   genotypes differed greatly for 
 nitrogen   uptake effi ciency. Maximum  nitrogen   uptake effi ciency (0.48) calculated 
for genotype NARC-2009 compared to Chakwal-50 which calculated minimum 
NUpE (0.44). The interactive effect of NR × Y and AM × Y illustrated signifi cant 
differences at P < 1 %. 

 Nitrogen uptake effi ciency is the measure how much  nitrogen   is taken up by the 
 wheat   crop. It was suggested that to increase NUE,  nitrogen   uptake must be 
increased (Raun and Johnson  1999 ). The results of present study depicted that 
NUpE is affected by  nitrogen   application rates and methods for both the years 
between two  wheat   genotypes. Highest  nitrogen   uptake effi ciency was calculated 
for control (0.53)  nitrogen   rate while lowest (0.38) NUpE calculated for N 150 . Our 
fi ndings were in accordance with Rahimizadeh et al. ( 2010 ) who stated that  nitrogen   
uptake effi ciency decreased by increase in  nitrogen   rates.  

4.3.1.3     Nitrogen Utilization Effi ciency (NUtE) 

 Nitrogen rates varied considerably in depicting  nitrogen   utilization effi ciency. 
Higher  nitrogen   utilization effi ciency was calculated for N 0  (203.19 kg kg −1 ) com-
pared to (66.76 kg kg −1 ) N 150 . But the  nitrogen   application methods viz. split and full 
dose  nitrogen   application did not varied signifi cantly for  nitrogen   utilization effi -
ciency (Table  4.1 ). Whereas, varied  nitrogen   utilization effi ciency calculated during 
both years. Maximum  nitrogen   utilization effi ciency calculated during 2010–2011 
(125.56 kg kg −1 ) and minimum NUtE recorded during 2011–2012 (110.5 kg kg −1 ). 
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Wheat genotypes due to their genetic make-up responded differently to  nitrogen   
utilization effi ciency. NARC-2009 responded well to give highest NUtE (125.13 kg 
kg −1 ) compared to Chakwal-50 (110.93 kg kg −1 ). The interactive effect of NR × AM 
and NR × Y depicted signifi cant differences at P < 1 % while AM × Y, G × Y and 
AM × G × Y interaction was signifi cant at P <5 %. Nitrogen rates and application 
methods had profound effect on grain  yield  . Nitrogen utilization effi ciency repre-
sents the capability of a plant to convert up-taken  nitrogen   into grain (Delogu et al. 
 1998 ). The response of split dose and full dose application methods were same for 
NUtE. In the present study  nitrogen   utilization effi ciency decreased with the increase 
in  nitrogen   rates. The same fi ndings were elaborated by Delogu et al. ( 1998 ) who 
stated that  nitrogen   utilization effi ciency reduced with enhancing  nitrogen   fertilizer 
rates.  

4.3.1.4     Nitrogen Use Effi ciency (NUE) 

 Nitrogen use effi ciency was calculated to determine the ability of  wheat   to respond 
upon the application of  nitrogen   fertilizers. Nitrogen rates differed signifi cantly for 
showing  nitrogen   use effi ciency. Maximum NUE calculated (108.49 kg kg −1 ) for N 0  
while minimum  nitrogen   use effi ciency (25.47 kg kg −1 ) calculated for N 150  (Table 
 4.1 ). Similarly,  nitrogen   application methods varied signifi cantly for NUE. Split 
 nitrogen   doses considerably gave higher  nitrogen   use effi ciency (58.95 kg kg −1 ) 
compared with (53.77 kg kg −1 ) for full dose  nitrogen   application method. In the 
same way, both the years differed considerably for  nitrogen   use effi ciency. More 
 nitrogen   use effi ciency calculated during 2010–2011 (60.55 kg kg −1 ) and less NUE 
calculated during 2011–2012 (52.17 kg kg −1 ). Both genotypes differed signifi cantly 
in showing  nitrogen   use effi ciency. Genotype NARC-2009 depicted higher  nitrogen   
use effi ciency (62.19 kg kg −1 ) compared with Chakwal-50 who gave lower NUE 
(50.52 kg kg −1 ). 

 The results depicted that NUE of  wheat   affected by  nitrogen   fertilizer rates and 
application methods. The  nitrogen   use effi ciency for split dose application was 
more than full dose  nitrogen   application method. Reduction in  wheat   NUE during 
2011–2012 was due to lower grain  yield   than 2010–2011. In the present study 
results depicted that NUE reduced with increasing  nitrogen   rates. 

 Nitrogen use effi ciency is actually the measure of how much grain  yield   pro-
duced by applying one unit of fertilized  nitrogen  . In control treatment no fertilizer 
 nitrogen   applied in the fi eld but grain  yield   produced due to  nitrogen   present in the 
soil profi le so, maximum  nitrogen   use effi ciency calculated for control  nitrogen  . 
Our results were in line with Zhao et al. ( 2006 ) who stated that  nitrogen   use effi -
ciency diminished with increase N rates. Likewise, Timsina et al. ( 2001 ) were of the 
view that  nitrogen   use effi ciency declined by enhancing  nitrogen   fertilizers.   
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4.3.2     Yield Parameters 

4.3.2.1     Number of Tillers 

 Number of tillers per meter square varied signifi cantly for varying  nitrogen   rates. 
Maximum number of tillers calculated for N 100  (211) while minimum number of tillers 
(202) counted for N 0 . Percentage difference for number of tillers per meter square 
among  nitrogen   rates was 2.5. N 50  and N 150  gave same results (206) for number of tillers 
per meter square. However,  nitrogen   application methods differed considerably. Higher 
number of tillers (208) calculated for split dose  nitrogen   application method whereas, 
lower number of tillers (205) counted for full dose  nitrogen   application method. There 
was 1 % difference among both  nitrogen   application methods. Similarly, both  wheat   
genotypes differed considerably for number of tillers per square meter. More number 
of tillers (219.74) counted for NARC-2009 than Chakwal-50 (192.72). Among years 
there was huge variation among number of tillers per square meter. During 2010–2011, 
251 tillers ware calculated from the fi eld while during 2011–2012 only 161.03 tillers 
were calculated (Table  4.2 ). Fertile tillers hold a vital place to depict crop productivity 
as they are major constituent of crop  yield  . Higher number of fertile tillers often attrib-
uted to more  yield  . With the increase in  nitrogen   level number of tillers increased upto 
an optimum level. López- Bellido and López-Bellido ( 2001 ) reported that with the 
enhancement of  nitrogen   fertilizer the number of tillers and grain  yield   increased.

4.3.2.2        Thousand Grain Weight (g) 

 Signifi cant variations were observed for thousand grain weight among different 
 nitrogen   rates and application methods for  wheat   genotypes during both years under 
present study. Nitrogen rates did not varied for thousand grains weight. However, 
 nitrogen   application methods gave distinct variations for thousand grain weight. 
Split dose  nitrogen   application method gave maximum thousand grain weight 
(43.44 g) while minimum thousand grain weight (40.42 g) was produced by full 
dose  nitrogen   application method (Table  4.2 ). Same as previous, 7 % variation was 
calculated among  nitrogen   application methods for thousand grain weight. In the 
same way, thousand grain weight varied during both growing years. During 2010–
2011 higher thousand grain weight (48.02 g) was calculated while less thousand 
grain weight (35.84 g) was produced during 2011–2012. Percentage difference of 
25 % recorded among both years. Meanwhile,  wheat   genotypes due to their genetic 
make behaved differently for thousand grain weight. Highest thousand grain weight 
(43.28 g) was calculated by NARC-2009 while lowest thousand grain weight (40.58 
g) was calculated by Chakwal-50. Chakwal-50 accumulated 6 % less thousand grain 
weight compared to NARC-2009. The interactive effect of Y × G was highly signifi -
cant at 1 % signifi cance level. All the other interactions were not signifi cant at 5 % 
signifi cance level. Thousand grain weight is a very crucial varietal character con-
tributing towards fi nal  yield  . This variation might be due to increase in  temperature   
and moisture stress during later growth stages of  wheat   crop and ultimately it had 
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marked infl uence on grain  yield   of crop. Results were in the line with the fi ndings 
of (Singh and Agrawal  2005 ) who stated that  nitrogen   application levels change 
thousand grain weights in  wheat  . The interaction among years, genotypes, N appli-
cation methods and treatments was highly signifi cant (Table  4.2 ). Our results were 
in accordance with Jun-Hua et al. ( 2010 ) who stated that  nitrogen   directly infl uence 
kernel weights of  wheat   crop by increasing thousand grain weight. (Yang et al. 
 2000 ) also reported higher thousand grain weight for high  nitrogen   levels. Our fi nd-
ings were in line with Nakano and Morita ( 2009 ) who were of the point of view that 
grain weight increased when N was applied in split doses.  

        Table 4.2    Yield and yield parameters under different  nitrogen   rates and application methods 
among two  wheat   genotypes during 2010–2011 and 2011–2012   

 Treatments 
 No. of 
tillers 

 Thousand grain 
weight 

 Biological 
 yield   

 Grain 
yield  Harvest index 

  Nitrogen Rate (NR)  
 N 0   202 c   41.63 NS   11,813 c   3864 d   33.76 b  
 N 50   206 b   41.88  12,388 bc   4395 c   35.56 ab  
 N 100   211 a   42.31  14,764 a   5441 a   37.38 a  
 N 150   206 b   41.91  12,999 b   4727 b   37.49 a  
  Application Methods (AM)  
 Split  208 a   43.44 a   12,862 NS   4752 a   38.27 a  
 Full  205 b   40.42 b   13,119 NS   4461 b   33.83 b  
  Year (Y)  
 Y1  251 a   48.02 a   14,820 a   5027 a   34.39 b  
 Y2  161 b   35.84 b   11,161 b   4186 b   37.71 a  
  Genotypes (G)  
 NARC-2009  220 a   43.28 a   13,756 a   5005 a   37.15 NS  
 CHAKWAL-50  193 b   40.58 b   12,225 b   4208 b   34.94 
  Interactions  
 NR × AM  NS  NS  NS  NS  NS 
 NR × AM  NS  NS  NS  ***  *** 
 NR × Y  NS  NS  NS  NS  NS 
 AM × G  NS  NS  NS  NS  NS 
 AM × Y  NS  NS  ***  **  * 
 G × Y  **  ***  **  **  NS 
 NR × AM × G  NS  NS  NS  NS  NS 
 NR × AM × Y  NS  NS  NS  NS  NS 
 NR × G × Y  NS  NS  NS  NS  NS 
 AM × G × Y  NS  NS  NS  NS  ** 
 NR × AM × G × Y  NS  NS  NS  NS  NS 

  Different letters indicate a statistical difference among the treatments at P <0.05  
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4.3.2.3     Biological  Yield   (kg ha −1 ) 

 At maturity maximum drymatter was produced for N 100  (14,764 kg/ha) while mini-
mum biomass was calculated at control (11,813 kg/ha). N 100  produced about 20 % 
more biomass than N 0  (Table  4.2 ). There was no signifi cant variation for drymatter 
production among  nitrogen   application methods at maturity. Similarly, during 2010–
2011 more biomass was harvested (14,820 kg/ha) than 2011–2012 (11,161 kg/ha). A 
variation of about 25 % was calculated among both years for biomass production at 
anthesis stage. While in case of genotypes more biomass was produced by NARC-
2009 (13,756 kg/ha) than Chakwal-50 (12,225 kg/ha). In the same way, about 11 % 
variation was calculated among genotypes for drymatter production. The interactive 
effect of AM × Y was signifi cant at 1 % P level and G × Y was signifi cant at 5 % P level. 

 The drymatter accumulation enhanced at post anthesis stages. Same to our fi ndings 
Jun-Hua et al. ( 2010 ) reported that with the addition of  nitrogen   at late growth stages 
like anthesis the dry matter accumulation is enhanced. Dry matter translocation effi -
ciency (12.15–28.25 %) was not affected by N treatments, but it was affected by the 
cultivars and the growing period. The values reported in the study were higher than the 
values reported in other studies on cereals (Dordas and Sioulas  2009 ). The change in 
drymatter production was due to variation in soil moisture status. Similar to our fi nd-
ings, White and Wilson ( 2006 ) testifi ed that crop drymatter was expressively affected 
due to change in environments. (Khayatnezhad and Gholamin  2012 ) depicted that 
drymatter production is increased by increasing  nitrogen   levels for  wheat   crop. Our 
results were also in accordance with Marino et al. ( 2011 ) who stated that  nitrogen   had 
principle role in dry matter accumulation and enhancing grain  yield   in  wheat   crop.  

4.3.2.4     Grain Yield (kg ha −1 ) 

 Outcomes of the current study highlighted that genotypes behaved differently at dif-
ferent  nitrogen   rates and application methods during both years for grain  yield   .  Grain 
 yield   differed signifi cantly in response to different  nitrogen   rates (Table  4.2 ). 
Maximum grain  yield   (5441 kg ha −1 ) was harvested for N 100  whereas minimum grain 
 yield   (3864 kg ha −1 ) obtained for N 0 . The percentage difference for grain  yield   among 
highest and lowest  nitrogen   rates was about 29. Nitrogen application methods dif-
fered greatly for grain  yield   in present study. Higher grain  yield   (4752 kg ha −1 ) was 
obtained by split dose  nitrogen   application as compared to (4461 kg ha −1 ) obtained 
for full dose. A variation of about 7 % calculated between  nitrogen   application meth-
ods. In the same way, signifi cant variation in grain  yield   recorded during both years. 
Higher grain  yield   (5027 kg ha −1 ) was recorded during 2010–2011 against 2011–
2012 (4186 kg ha −1 ). During 2011–2012, about 20 % less grain  yield   obtained than 
2010–2011. Both genotypes varied considerably for grain  yield   production. NARC-
2009 produced higher grain  yield   (5005 kg ha −1 ) than Chakwal-50 (4208 kg ha −1 ). A 
percentage difference of about 19 % calculated among both  wheat   genotypes. The 
interactive effect of NR × G was signifi cant at 1 % signifi cance level while AM × Y 
and G × Y were signifi cant at 5 % P level. Other interactions were non-signifi cant. 
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 Yield is the fi nal outcome of the research depends upon the fertility of soil. 
Nitrogen rates and application methods varied grain  yield   for both  wheat   genotypes 
during 2010–2011 and 2011–2012. Muurinen et al. ( 2007 ) reported higher grain  yield   
with high  nitrogen   rates in cereals. Bakht et al. ( 2009 ) reported that in low  nitrogen   
soils by adding crop residue and  nitrogen   fertilizer, grain  yield   could be increased.  

4.3.2.5     Harvest Index 

 The results revealed signifi cant difference for harvest index among different geno-
types at varying  nitrogen   rates and application methods for both years. Results 
depicted that there were no signifi cant difference among  nitrogen   rates (Table  4.2 ). 
Similarly split and full dose  nitrogen   application methods did not differ signifi -
cantly. Meanwhile, no variation among years and  wheat   genotypes were calculated 
during present study. The harvest index is important crop parameter that is obtained 
by dividing economically valuable part of crop (grain  yield  ) with the above ground 
biomass (biological  yield  ). Nitrogen treatments did not provide much difference in 
harvest index. The harvest index was not affected by the N level, as the proportion 
of change of the total biomass and grain  yield   was similar. Similar results were 
reported for other crop species, such as winter  wheat  , and saffl ower (Dordas  2009 ; 
Dordas and Sioulas  2009 ) where N application did not affect the HI.   

4.3.3     Model Parameterization and Evaluation 

 Model testing consists of two main activities (i) establishing the source codes rep-
resenting the models performance as intended, and (ii) confi rming that simulation 
models accurately reproduce empirical data (Meinke  1996 ). These two activities 
were referred as model verifi cation and validation (V & V) (Kleijnen  1995 ). Model 
verifi cation and validation against an independent data set is an essential step in 
model development.  APSIM   model was parameterized and evaluated for  nitrogen   
dynamics in  wheat  . In the present study the APSIM model was evaluated for simu-
lation of days after sowing, dry matter accumulation (biological  yield  ), grain  yield  , 
biomass  nitrogen  , root  nitrogen  , grain total  nitrogen   as these were the major con-
stituent of optimal crop productivity. 

4.3.3.1     Days After Sowing 

 There was a close association among observed and simulated days after sowing 
from for Zadok’s scale (Three leaf, Anthesis and Maturity). Figure  4.1  represents 
observed and simulated days after sowing of two  wheat   genotypes at different  nitro-
gen   rates and application methods for both years. Observed days after sowing 
(DAS) (32) was higher at three leaf stage than the APSIM simulated  yield   (26). 
APSIM simulated days after sowing with acute accuracy for  nitrogen   application 
methods. Higher days after sowing (33) was accumulated for split dose  nitrogen   
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application method than full dose method (28) and it was close to observed days 
after sowing recorded from full dose application method. APSIM simulated higher 
days after sowing (27.75) for NARC-2009 at three leaf stage than Chakwal-50 (27). 
Similarly during 2010–2011 simulated days after sowing was higher (33.5) than 
2011–2012 (31.78). While, at anthesis APSIM simulated days after sowing (116.93) 
was lower than the observed  yield   (119.68). APSIM simulated days after sowing 
with acute accuracy for  nitrogen   application methods. Higher days after sowing 
(115.37) was accumulated for split dose  nitrogen   application method than full dose 
method (118.8). APSIM simulated higher days after sowing (119) for NARC-2009 
at three leaf stage than Chakwal-50 (115). Similarly during 2010–2011 simulated 
days after sowing was higher (120) than 2011–2012 (114). Whereas, APSIM simu-
lated days after sowing (159.46) was close to observed  yield   (158.68) at maturity. 
Higher days after sowing (159.38) was accumulated for split dose  nitrogen   applica-
tion method than full dose method (158) and it was close to observed biomass total 
 nitrogen   recorded from split dose application method. APSIM simulated higher 
days after sowing (162.25) for NARC-2009 at maturity stage than Chakwal-50 
(155). Similarly during 2010–2011 simulated days after sowing was higher (160.2) 
than 2011–2012 (157). Our results were in accordance to Zhang et al. ( 2008 ) who 
were of the view that  yield   simulation may be improved if models can simulate a 
more accurate days after sowing due to variable nutrient conditions. The accurate 
simulation of DAS by APSIM showed that model can work with good accuracy and 
can be used to made decisions about crop managements.

4.3.3.2        Biomass Total  Nitrogen   (g m −2 ) 

 APSIM model was parameterized to simulate biomass total  nitrogen   contents under 
different  nitrogen   regime and application methods during 2010–2011 and 2011–
2012 for two  wheat   genotypes at three phenological stages (Three leaf, Anthesis and 
Maturity). Observed biomass total  nitrogen   (1.06875 g m −2 ) was higher at three leaf 
stage than the APSIM simulated biomass total  nitrogen   (0.55 g m −2 ). APSIM simu-
lated biomass total  nitrogen   with acute accuracy for  nitrogen   application methods. 
Higher biomass total  nitrogen   (1.165 g m −2 ) was accumulated for split dose  nitrogen   
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  Fig. 4.1    Observed and simulated days after sowing (DAY) by  APSIM   of two  wheat   genotypes for 
different  nitrogen   application method during 2010–11 and 2011–2012       
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application method than full dose method (1.06875 g m −2 ) and it was close to 
observed biomass total  nitrogen   recorded from full dose application method. APSIM 
simulated higher biomass total  nitrogen   (0.60625) for NARC-2009 at three leaf 
stage than Chakwal-50. Similarly during 2010–2011 simulated biomass total  nitro-
gen   was higher than 2011–2012 (0.4725 g m −2 ). While, at anthesis APSIM simu-
lated biomass total  nitrogen   (5.085) was lower than the observed  yield   (7.524). 
 APSIM   simulated biomass total  nitrogen   with acute accuracy for  nitrogen   applica-
tion methods. Higher biomass total  nitrogen   (5.256 g m −2 ) was accumulated for split 
dose  nitrogen   application method than full dose method (4.9865 g m −2 ) and it was 
close to observed biomass total  nitrogen   recorded from split dose application 
method. APSIM simulated higher biomass total  nitrogen   (7.498 g m −2 ) for NARC- 
2009 at three leaf stage than Chakwal-50 (6.281 g m −2 ). Similarly during 2010–2011 
simulated biomass total  nitrogen   was higher (7.080 g m −2 ) than 2011–2012 (5.960 
kg/ha). Whereas, APSIM simulated biomass total  nitrogen   (3.139) was close to 
observed  yield   (3.656 g m −2 ). APSIM simulated biomass total  nitrogen   with acute 
accuracy for  nitrogen   application methods. Higher biomass total  nitrogen   (2.868 g 
m −2 ) was accumulated for split dose  nitrogen   application method than full dose 
method (2.178 g m −2 ) and it was close to observed biomass total  nitrogen   recorded 
from split dose application method. APSIM simulated higher biomass total  nitrogen   
(3.656 g m −2 ) for NARC- 2009 at maturity stage than Chakwal-50 (1.9419 g m −2 ). 
Similarly during 2010–2011 simulated biomass total  nitrogen   was higher (3.542 g 
m −2 ) than 2011–2012 (2.4523 g m −2 ). This variation might be due to the reason that 
there was variation in moisture contents at critical growth stages. Figure  4.2  repre-
sents observed calculated by APSIM model for both the years. The reduction in 
simulating grain and simulated days after sowing of two  wheat   genotypes at differ-
ent  nitrogen   rates and application methods for both years. The use of models to 
simulate biomass total  nitrogen   was reported with good accuracy in earlier work 
who concluded that APSIM- wheat   module can simulate biomass  nitrogen   and 
model was able to explain more than 90 % variation in crop biomass (Chen et al. 
 2010 ).
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  Fig. 4.2    Observed and simulated Biomass total  nitrogen   by  APSIM   of two  wheat   genotypes for 
different  nitrogen   application method during 2010–11 and 2011–2012       
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4.3.3.3        Dry Matter 

  APSIM   model was parameterized to simulate dry matter accumulation under differ-
ent  nitrogen   regime and application methods during 2010–2011 and 2011–2012 for 
two  wheat   genotypes at three phenological stages (Three leaf, Anthesis and Maturity). 
APSIM model simulated dry matter contents with great accuracy with observed dry 
matter contents (biological  yield  ). Figure  4.3  represents observed and simulated dry 
matter contents of two  wheat   genotypes at different  nitrogen   rates and application 
methods for both years. Observed biological  yield   (357 kg/ha) was higher at three 
leaf stage than the APSIM simulated  yield   (341 kg/ha). APSIM simulated biological 
 yield   with acute accuracy for  nitrogen   application methods. Higher dry matter (351 
kg/ha) was accumulated for full dose  nitrogen   application method than split dose 
method (330 kg/ha) and it was close to observed dry matter recorded from full dose 
application method (396 kg/ha). APSIM simulated higher drymatter (357 kg/ha) for 
NARC-2009 at three leaf stage than Chakwal-50 (330 kg/ha). Similarly during 
2010–2011 simulated biological  yield   was higher (344 kg/ha) than 2011–2012 (338 
kg/ha). While, at anthesis APSIM simulated biological  yield   (7833.625 kg/ha) was 
higher than the observed  yield   (7498 kg/ha). APSIM simulated biological  yield   with 
acute accuracy for  nitrogen   application methods. Higher dry matter (7373 kg/ha) 
was accumulated for split dose  nitrogen   application method than full dose method 
(6706 kg/ha) and it was close to observed dry matter recorded from split dose appli-
cation method. APSIM simulated higher drymatter (7498 kg ha −1 ) for NARC-2009 
at three leaf stage than Chakwal-50 (6581 kg ha −1 ). Similarly during 2010-2011 
simulated biological  yield   was higher (7180 kg/ha) than 2011–2012 (6900 kg/ha). 
Whereas, APSIM simulated biological  yield   (13,139 kg/ha) was close to observed 
 yield   (13,556 kg/ha). APSIM simulated biological  yield   with acute accuracy for 
 nitrogen   application methods. Higher dry matter (12,868 kg/ha) was accumulated 
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  Fig. 4.3    Observed and simulated dry matter (biological  yield  ) by  APSIM   of two  wheat   genotypes 
for different  nitrogen   application method during 2010–11 and 2011–2012       
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for split dose  nitrogen   application method than full dose method (12,180 kg/ha) and 
it was close to observed dry matter recorded from split dose application method. 
APSIM simulated higher drymatter (13,556 kg ha −1 ) for NARC- 2009 at three leaf 
stage than Chakwal-50 (11,419 kg ha −1 ). Similarly during 2010–2011 simulated bio-
logical  yield   was higher (13,525 kg/ha) than 2011–2012 (11,523 kg/ha).

   Meinke ( 1996 ) stated that model simulation is dependent upon triangle of cli-
mate, soil and plant genetic features. Same like observed biological  yield   modeled 
grain  yield   differed greatly for varying  nitrogen   rates and application methods 
among both  wheat   genotypes during both years. Our results were in line with 
Kmoch et al. ( 1957 ) who stated that with the enhancement of  nitrogen   fertilizer 
levels the root weight increase which ultimately increase biological  yield  . Hocking 
and Meyer ( 1991 ) were of the point of view that control  nitrogen   treatments had less 
biological  yield   than applied  nitrogen   fertilizers.  

4.3.3.4     Grain Yield 

  APSIM   model was parameterized to simulate grain  yield   under different  nitrogen   
regime and application methods during 2010–2011 and 2011–2012 for two  wheat   
genotypes. Figure  4.4  represents observed and simulated grain  yield   of two  wheat   
genotypes at different  nitrogen   rates and application methods for both years. 
Observed and simulated grain  yield   were very close to each other. Nitrogen applica-
tion rates and methods varied potentially for simulating grain  yield   of  wheat   crop. 
A direct relation with  nitrogen   fertilizing rates calculated in simulating grain  yield   
by APSIM model. At higher  nitrogen   fertilizer levels (N 100 ) maximum grain  yield   
(5094 kg/ha) simulated whereas, minimum grain  yield   (3545 kg/ha) simulated for 
control  nitrogen   rate (N 0 ). Similarly, variation for grain  yield   simulation was less 
 yield   during 2011–2012 (4028 kg/ha) than 2010–2011 (4611 kg/ha) was due the 
less moisture availability. Meinke ( 1996 ) stated that model simulation is dependent 
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  Fig. 4.4    Observed and simulated grain  yield   by  APSIM   of two  wheat   genotypes for different 
 nitrogen   application method during 2010–11 and 2011–2012       
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upon triangle of climate, soil and plant genetic features. Same like observed grain 
 yield   modeled grain  yield   differed greatly for varying  nitrogen   rates and application 
methods among both  wheat   genotypes during both years. Maximum grain  yield   
(4496 kg/ha) modeled by APSIM for genotype NARC-2009 during 2010–2011 for 
 nitrogen   rate N 100  when it was applied as split dose. While minimum grain  yield   
(4143 kg/ha) simulated for Chakwal-50 with higher  nitrogen   application rate (N 100 ). 
Tadayon ( 2007 ) was of the point of view that genotypes vary for grain  yield   produc-
tion due to their genetic behavior under different  nitrogen   regime. Our results were 
in line with Melaj et al. ( 2003 ) who stated that grain  yield   increases due to increase 
in applied N. Martre et al. ( 2006 ) simulated grain  yield   with varying  nitrogen   rates 
and found direct relation among grain  yield   and applied  nitrogen  . In Table  4.3  the 
recent work on  nitrogen    modeling   and its fate have been elaborated.

4.4           Recommendations 

•     The study about  nitrogen   modelling under changing climate found to be highly 
valuable for predicting the  yield   for policy makers.  

•   Split dose application methods should be adopted to increase  wheat    yield   under 
rainfed  agriculture  .  

•   Higher  nitrogen   applications rates like 100 kgN/ha must be applied to get higher 
 wheat   grain  yield  .        

   Table 4.3    Showing work on  nitrogen   in relation to crop traits and its effect using different 
techniques   

 Sr. 
no.  Findings  References 

 1  Root Zone Water Quality Model (RZWQM) for winter  wheat   
(Triticum aestivum L.) production and compared with the  CERES  - 
Wheat model to assess their potential as N management tools 

 Saseendran et al. 
( 2004 ) 

 2  The potential effects of climate change, NO3-N losses were 
assessed by using RZWQM2 and concluded that under the future 
climate, NO3-N loss and fl ow-weighted average NO3-N 
concentration increased 

 Wang et al. ( 2015 ) 

 3  Two ecological models of  nitrogen   processes using the Modelica 
modelling and simulation language evaluated and compared and 
results depicted that MathModelica Model Editor could better 
predict  nitrogen   losses in the form of Nitrifi cation/Denitrifi catin 

 Edelfeldt and 
Fritzson ( 2008 ) 

 4  Pasture Simulation Model (PaSim) and CropSyst models were used 
to analyze the shift in the ratio of N lost via leaching, denitrifi cation 
and volatilization 

 Dueri et al. ( 2007 ) 

 5  Climate is infl uencing  nitrogen   cycle so NO3 level is affected by 
mineralization-immobilization processes in the soil 

 Melillo et al. ( 2002 ) 

 6  To investigate climate change impacts on drainage and N loss 
DRAINMOD used under agricultural production systems 

 Dayyani et al. 
( 2012 ), Singh et al. 
( 2009 ) 

 7  RZWQM2 validated by using 16-year (1989–2004) drainage data to 
predict NO3-N loss 

 Qi et al. ( 2012 ) 
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  Abstract     Rice feeds half of humanity. Global climate change has given rise to food 
security issues. Changes in temperature and rainfall may affect the yield of rice as 
its water requirement is higher than other crops. Though rice is adaptable to a vari-
ety of environments, seasonal rainfall variability, and even at times complete 
absence of rainfall, are major issues in rice growing areas. This chapter discusses 
problems in the rice growing areas and possible solutions. The need of the hour is to 
fi nd new strategies and ways to exploit the genetic yield potential of rice. Water use 
effi ciency improvement is vital for the crop so that it may be grown under water- 
limiting conditions. The crop may be improved by selection and breeding tech-
niques as well as molecular and biotechnological techniques. Crop management for 
enhanced water use effi ciency has great signifi cance. Production systems such as 
the system of rice intensifi cation (SRI), alternate wetting and drying irrigation 
(AWD), aerobic rice system (ARS), raised beds and ground cover rice production 
system (GCRPS) to enhance water use effi ciency are benefi cial. Incorporation of 
the C4 photosynthetic pathway into rice is another approach to increase rice yield 
for food security problems in future. The conversion of rice from C 3  to C4 will 
enhance the yield of the crop. All these techniques can help tackle the problems of 
water scarcity and food security.  

  Keywords     Rice   •   Crop management   •   Water use effi ciency   •   Aerobic rice system  

  Abbreviations 

   IRRI     International Rice Research Institute   
  CIAT     Centro Internacional de Agricultura Tropical (Spanish: International 

Center for Tropical Agriculture Colombia)   
  ROS     Reactive Oxygen Species   
  DNA     Deoxyribose Nucleic Acid   
  UV     Ultra Violet   
  ABA     Abscisic Acid   
  Mha     Million hectares   
  SRI     System of Rice Intensifi cation   
  MAS     Marker Assisted Selection   

5.1         Introduction 

5.1.1     Importance of Rice As a Major Cereal Food Crop 

 Rice is the most important among cereal grains. Rice feeds over half of mankind 
particularly in Asia. Rice is the vital grain from the perspective of human nutrition 
and caloric intake, contributing almost one fi fth of the calorie intake by the human 
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beings. Globally, it is the chief nutritional energy source. Rice fulfi lls 20 % of the 
world food energy requirement, whereas  wheat   contributes 19 % and maize 5 %. 
Rice has a pivotal role in the  food security   of rural populations. Asia provides 90 % 
of the total  rice   around the globe, i.e., about 640 million tonnes while Latin America 
contributes nearly 25 million tonnes and Sub-Saharan  Africa   produces 19 million 
tonnes. Ninety-fi ve percent of the total production of  rice   comes from developing 
countries, whereas half of the world production is met by China and India. Variation 
in  rice   yields ranges from less than 1 ton/ha to more than 10 ton/ha in very poor 
rainfed areas and well irrigated temperate systems respectively. 

 Rice is adapted to a variety of environments from lowland irrigated to lowland 
and upland rainfed areas. About 80 million hectares of lowland irrigated  rice   pro-
duces 75 % of total world  rice   production. The irrigated lowland system comprises 
56 % of the total area under  rice   in Asia (Swain and Singh  2005 ).These areas are the 
central  rice   producing areas from the perspective of  food security  , especially on the 
Asian continent. The lowland rainfed system has almost a 20 % share of global  rice   
production. These areas include South Asia, parts of Southeast Asia and the African 
continent. These environments mostly suffer from various  abiotic stresses   accompa-
nied by unpredictable rainfall. The upland  rice   system prevails in drylands without 
irrigation as well as areas where puddling is common. Its contribution in total world 
 rice   production is 4 % although it occupies an area of nearly 14 million hectares.  

5.1.2     Botany of Rice 

 Asian  rice   has been categorized in a single group called the  Oryza sativa  complex 
(Tateoka  1962 ). All  rice   species have a well-developed root system. Rice species 
have long but somewhat branched adventitious roots however, since  rice   is a grass, 
a main root and concealed shoots are absent. In contrast to other crop plants  rice   has 
adaptive traits to tolerate submergence. Longitudinal interconnection of gas spaces, 
known as aerenchyma, is the distinguishing feature of  rice  . The aerenchyma cells 
enable internal aeration between shoots and roots (Colmer  2003 ). Oxygen is sup-
plied by aerenchyma cells (Evans  2003 ).  Oryza sativa  has rooting nodes that some-
times produce new shoots.  

5.1.3     Challenges in Rice Growing Areas 

 The major problem in rainfed  rice   areas is an unpredictable or abrupt rainfall pattern 
that results in several  abiotic stress   incidents. Drought prevails in an area of almost 
27 million hectares. Devastating fl oods hit about 20 million hectares where deep 
water remains for a few months. Fields remain fl ooded with more than 100 cm of 
water periodically. Degraded soils also affect the crop. Coastal areas face the salinity 
problem. In lowland rainfed  rice   environments, poverty is the main issue that affects 
the reliability of yields because farmers cannot afford fertilizer or improved seed. 
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 Climates in the upland  rice   environments are extremely unpredictable varying 
from humid to sub-humid. The soils range from moderately fertile to exceedingly 
infertile while the topography varies from level to sharply sloping. Limited popula-
tion and access to markets are additional constraints. Poverty and the traditional 
cultivation system comprising long fallow periods are the elements that limit the 
crop potential in these upland ecosystems. 

 Periodic  drought   and fl oods bring  abiotic stresses   and have the central role in 
lowering the productivity of rainfed environments. According to a recent prediction 
of climate change the water defi cit is going to worsen in the coming years 
(Wassmann et al.  2009 ) and both the concentration and incidence of  drought   are 
expected to become severe (Bates et al.  2008 ).  Climate change   has caused an 
increase in the minimum air temperatures in the crop seasons resulting in reduced 
 rice   yields mainly in China and the Philippines, and increases are predicted to con-
tinue. As a combined effect of  abiotic stresses   and increasing human population, 
 rice   prices have risen with consequences of intensifi ed hunger and famine across 
the globe. 

 Rice productivity is primarily limited by  drought  . Drought disrupts plant water 
relations and biological membrane structures. From an agricultural perspective, 
 drought   is eventually expressed by its effects on  yield  , because it is the chief issue 
restricting crop expansion under water defi cit conditions (Passioura  2007 ). Timing 
is the most important aspect of  drought   regarding its effect on  rice  . 

 Loss of equilibrium between the production and utilization of reactive oxygen 
species occurs under  drought   stress conditions (Smirnoff  1998 ), resulting in reduced 
production potential of the crop. High reactivity of ROS causes protein destruction, 
DNA disintegration, lipid peroxidation and, in the end, cell death (Beligni and 
Lamattina  1999 ). ROS are mainly produced in mitochondria and chloroplasts 
(Breusegem et al.  2001 ). As a consequence of all above effects, yields are reduced 
in a range of plant species under  drought   (Abdul-Jaleel et al.  2009 ). To avoid these 
damages a variety of primary and secondary metabolites are produced by the plant 
body as a protective strategy (Zhu  2002 ; Wahid et al.  2007 ). Evidence of free  pro-
line   synthesis under a variety of stresses have been provided (Zhu  2002 ; Wahid et al. 
 2007 ). The infl uential antioxidant activity of phenolics (tannins, fl avonoids, lignins) 
has been reported under moisture defi cit conditions (Wahid  2007 ). 

 Ultraviolet and visible radiation disrupt the photosynthetic machinery as soon as 
they come in contact with it (Garcia-Plazaola and Becerril  2000 ), whereas phenolics 
impart resistance towards these harmful effects due to the presence of the benzene 
ring in their structure (Bilger et al.  2001 ). The production of highly water soluble 
anthocyanins saves plant from the devastating effects as they act as UV screens and 
osmolytes (Wahid et al.  2007 ). Polyamines like spermidine (Spd), spermine (Spm) 
and putrescine (Put) are small, universal nitrogenous compounds. They are now 
considered plant growth regulators and are also believed to be secondary messen-
gers in signaling pathways (Kusano et al.  2008 ; Davies  2004 ; Liu et al.  2007 ). The 
role of polyamines in the  abiotic stress    tolerance   was fi rst reported by Richards and 
Coleman in 1952.  
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5.1.4     Effect of Drought on Rice Plants 

 If  drought   prevailed at the earlier stages of  rice   development, a considerable reduction 
in the  transpiration rate   was observed as the earliest response. Initially leaf growth and 
stem elongation were affected. Then a linear decline was observed as soon as available 
moisture reached 70 % (Lilley and Fukai  1994 ). Leaf rolling leads to the reduced light 
interception and transpiration. Loss of water takes place through leaf surfaces even 
under stomatal closure since  rice   has low cuticular hydraulic resistance because of inad-
equate wax deposition. Young plants can tolerate  drought   by maintaining leaf area in 
stress conditions and by retaining their capacity to tiller after  drought   (Lilley and Fukai 
 1994 ). If  drought   occurs mid-season or during fl owering it causes reduced grain number 
as well as  yield   since spikelet fertility is vulnerable to diminishing water levels. 

 Delayed fl owering takes place under  drought   stress. The infl orescence may not 
emerge. Low turgor decreases panicle exertion while plant water potential has a 
positive correlation with fl owering (Pantuwan et al.  2002a ). The moisture available 
in the rhizosphere is utilized in transpiration by the plants. If permanent wilting of 
plants occurs death ensues. 

 The main determinants of dry matter production under  drought   are the potential 
of moisture extraction of the root system and the  water use effi ciency   of the plant. 
The soil water extraction ability of  rice   depends on the root depth, root density and 
root length. Rice has a greater net root length than maize under normal circum-
stances but during extreme stress conditions upland  rice   fails to maintain root 
growth. There is a distinction between the root distribution patterns of  rice   and other 
crops (Kondo et al.  1999 ). Rice has lower potential to extract water from the deeper 
soil profi le compared to other crops. 

 Transpiration is the main process to determine the performance of plant under 
 drought   (Lawlor and Tezara  2009 ). Reduced leaf net carbon uptake gives altered 
patterns of partitioning of photo assimilates that has the effect of an increased root 
to shoot ratio (Sharp  2002 ). The reason behind this type of response is hormonal 
activity, mainly by ethylene, ABA and interactions between them (Wilkinson and 
Davies  2010 ). Root/shoot conversion, accumulation of reserves in the stem under 
water stress (Chaves et al.  2002 ) with modifi cation in C and N metabolism in vari-
ous organs might lead to  adaptation   of crop under limited water as reported by 
Antonio et al. ( 2008 ). Carbohydrates are the main players of assimilation at the 
plant level that respond to internal and external stimuli ( biotic and abiotic stress   es  ). 
Their main role might be in different types of enzymatic reactions either to act as 
substrates or modulators in C-related pathways that control gene expression for C, 
N and lipid metabolism (Rolland et al.  2006 ). 

 Rice is the most extensively cultivated of all crops under irrigation around the 
world. In contrast to other cereal crops it requires 2–3 times as much water for 1 kg 
grain production (Barker et al.  1998 ). Presently more than 80 % of the freshwater 
resources of Asia are being utilized for irrigating crops and half of these are con-
sumed in  rice   production (Dawe et al.  1998 ). Depletion of water resources is a major 
threat for the irrigated  rice   crop giving rise to issues of  food security   and living of 
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all the people directly or indirectly related to  rice   (Tuong et al.  2004 ). Seventeen 
Mha of irrigated  rice   land in Asia was susceptible to physical water shortage while 
22 Mha may face economic water shortage by 2025 (Tuong and Bouman  2002 ). 
The true  yield   potential of  rice   might decline under water stress (Tuong et al.  2004 ). 
The challenge in the context of future climate change is to develop novel technolo-
gies and production systems that could maintain  yield   in the  rice   even under stress. 
Farming systems should be developed that increase or at least maintain production 
with the declining water availability. Therefore, attention must be paid to aerobic 
 rice   cultivation rather than fl ooded  rice   cultivation with the development of varieties 
that have better  yield   potential in aerobic environments (Castaneda et al.  2003 ). 
Techniques like aerobic  rice   (Bouman  2003 ), saturated soil culture (Borrell et al. 
 1997 ), bed planting or raised beds (Singh et al.  2003 ),  rice   intensifi cation systems 
(Stoop et al.  2002 ), ground-cover systems (Lin et al.  2003a ,  b ) and alternate wetting 
and drying (Tabbal et al.  2002 ) could be used as potential techniques under limited 
water. At present, research is being conducted in the areas of varietal development 
through traditional breeding, MAS as well as rendering of biotechnological tools 
for water-scarce conditions (Atlin and Lafi tte  2002 ).  

5.1.5     How Rice Can Be Adapted to Drought? 

 Secondary traits involved in water retention and  yield   are selected through conven-
tional breeding techniques and have started to be used to bring genetic improvement 
for  adaptation   to water-limited conditions (Farooq et al.  2009 ). Several studies have 
highlighted the response of  rice   to limited water availability and the genetic traits 
involved like deeper, thicker roots (Yadav et al.  1997 ), root-pulling resistance 
(Pantuwan et al.  2002b ), greater root penetration (Ali et al.  2000 ), osmotic adjust-
ment (OA) (Lilley and Ludlow  1996 ), and membrane stability (Tripathy et al.  2000 ). 
Varieties suitable for aerobic  rice   culture should be medium-statured with fair 
 drought    tolerance   to resist lodging and ultimately provide an improved harvest 
index (Atlin et al.  2004 ,  2006 ). Average  rice    yield   has increased with the reduction 
in crop duration due to the development of  rice   varieties with higher  yield   and early 
maturity characteristics. Consequently water productivity has been enhanced three-
fold with reference to the inputs (Bouman et al.  2006 ). In this regard  QTL   mapping 
is very helpful to identify and select the important traits for developing new varieties 
with effi cient water use under limited water conditions (Kirigwi et al.  2007 ).  

5.1.6     Selection and Breeding Strategies 

 Breeding  rice   has induced earliness in the crop with enhanced  water use effi ciency   
and low transpiration (Tuong  1999 ). Research has shown that reduction in leaf size 
reduces the transpiration losses. Reduced leaf area index contributes towards water 
economy during stress periods (Ball et al.  1994 ). Harvest index is the above-ground 
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biomass accumulated by photosynthetic activity divided by grain  yield  . Rice  yield   
has increased in the last decades due to improved harvest index. Harvest index is 
now approaching its hypothetical limits in major crops (Richards et al.  1993 ). A 
slight variation was found in the  photosynthetic rate   of various universally grown 
 rice   cultivars. Peng et al. ( 1999 ) suggested that tropical japonica  rice   has 25–30 % 
higher water use effi ciency than indica  rice  . The  rice   germplasm showed consider-
able variability in regarding the photosynthesis to transpiration ratio, which was 
used as the basis of selection for  yield   (Atlin and Lafi tte  2002 ). 

 Subbarao et al. ( 1995 ) and Turner et al. ( 2001 ) have declared that root features 
like length, density depth and biomass contribute towards water economy. According 
to Kavar et al. ( 2007 ) extraction of water from lower depths was performed better 
by deeper and thicker roots. Water losses were minimized by waxy bloom or glau-
cousness on leaves which helps maintain high tissue water potential. Glaucous 
leaves was a mandatory character for  drought    tolerance   (Ludlow and Muchow  1990 ; 
Richards et al.  1986 ). Breeding programs should sort out how the plant responds to 
the transition from anaerobic to aerobic conditions, so the crop may bear irregular 
 drought   spells, higher impedance of soil and low air humidity. There is broad genetic 
variability among  rice   cultivars as well as in its wild ancestors. Response of root 
growth in drying soil situations is also variable. Rice cultivars also differ genetically 
in leaf area development and the number of spikelets in response to either soil or 
atmospheric water stress and under aerobic environments. 

 Less water is required for a short duration  rice   crop. Crop genotype and environ-
ment are the main determinants of the crop’s potential to mature quickly (Dingkuhn 
and Asch  1999 ). Flowering time is the main crop attribute to adjust when water defi -
cit and increased temperatures limit the growth period. Yield losses due to  drought   
can be minimized by the development of early maturing varieties which have the 
potential to avoid  drought   spells (Kumar and Abbo  2001 ). 

 Osmotic adjustment is another important feature of  drought    tolerance   (Blum 
 1988 ). In osmotic adjustment higher turgor potential is maintained at a particular 
water potential. In  rice  , the role of osmotic adjustment during  drought   delays the 
leaf curling, tissue death and leaf senescence (Hsiao et al.  1984 ). Zhang et al. ( 1999 ) 
observed that osmotic adjustment boosts the grain  yield   of  rice   and other crops 
under  drought   conditions.  

5.1.7     Molecular and Biotechnological Approaches 

 Yield potential and  drought    tolerance   have been improved by recent progress in the 
fi elds of genomics, molecular genetics and genetic engineering. The discovery and 
consequent manipulation of dogmatic genes controlling the complex responses of 
 rice   plants to water defi cit on the biochemical and physiological levels will speed up 
breeding for enhancing  water use effi ciency  . Water use effi ciency is enhanced by the 
expression of stress regulating genes. Efforts are being conducted for crop plant 
bioengineering (Bahieldina et al.  2005 ). But growth may be retarded due to the 
improved expression of the genes which would narrow their applications. For the 
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recognition of key genes responding to  drought  , genomics and other relevant tech-
niques are used (Bruce et al.  2002 ).  

5.1.8     Water-Use Effi ciency and Transpiration Effi ciency 

 The ratio between photosynthesis and transpiration is known as transpiration effi -
ciency (Tuong and Bouman  2003 ) while the ratio of total biomass or grain produc-
tion to the total amount of transpired water is water use effi ciency. Water use 
effi ciency is mainly determined by transpiration and  photosynthetic rate   (Tuong and 
Bouman  2003 ). These processes and ultimately the water economy of plant are 
controlled by the stomata. The stomatal density, size and morphology vary from 
species to species. Photosynthesis and water use effi ciency are increased and energy 
is saved by the rapid opening and closing of stomata (Grantz and Assmann  1991 ). 

 Drought  tolerance   mechanisms are complex and interlinked with the molecular 
and physiological bases of water storage (Chaves et al.  2009 ). Water use effi ciency 
can be enhanced by management as well as biology (Giordano et al.  2007 ). 
Biological water conservation is a very profi cient means to enhance the water use 
effi ciency by utilization of limited input. Increased water use effi ciency enhanced 
 yield   due to increased use of water during  drought  . In a breeding strategy, selection 
for elevated water use effi ciency causes reduced or earlier fl owering that results in 
lower water usage along with lower  yield   capacity (Blum  2005 ). Hence, it is vital to 
produce the genotypes having higher water use effi ciency as well as higher yields 
compared to present varieties (Farooq et al.  2009 ). 

 Peng and Bouman ( 2007 ) reported that it is better to develop  rice   varieties that 
perform better by the using water saving techniques like AWD and aerobic cultivation 
as they may lead to considerable progress and enhancement of lowland irrigated  rice   
production. A comparison of indica varieties and improved tropical japonica lines 
grown in fl ooded environments revealed that japonica lines have 25–30 % greater 
transpiration effi ciency than the indica varieties at the single leaf level. Therefore, 
tropical japonica lines have a lower  transpiration rate   than the indica varieties with a 
negligible difference in the photosynthetic rates. But unfortunately the potential for 
the utilization of this important feature still lacks proper research (Farooq et al.  2009 ). 
Enhanced  water use effi ciency   was linked to the non- dwarf growth habit and for that 
reason its incorporation in the commercial varieties may not prove helpful for 
increased WUE. To reduce non-stomatal transpiration, increased leaf waxes were pro-
posed, but their impact on water productivity was unclear (Lafi tte and Bennett  2002 ). 

 Another approach to enhance transpiration effi ciency is C 3  to C 4  transformation 
of  rice   by using genetic engineering (Farooq et al.  2009 ). Ku et al. ( 2000 ) observed 
that non-transformed  rice   plants had 30–35 % lower photosynthesis than the trans-
genic  rice   plants. Conversely, enhanced  stomatal conductance   was related to the 
increased photosynthetic activity that reduced the transpiration effi ciency by the 
conversion of  rice   from C 3  to C 4 . But still C 4  transition of  rice   is the current research 
issue (Farooq et al.  2009 ).  
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5.1.9     Crop Management 

 Selection of a good germplasm and planting site are of prime importance involving 
land and seedbed preparation, the production system, date of planting, method of 
planting, plant protection measures and nutrient management strategies from sow-
ing till maturity. For the best  rice   production, soil type, weed management, irriga-
tion method and land preparation are prime factors (Farooq et al.  2009 ). Minimizing 
land preparation time results in reduced evaporation losses and enhanced water use 
effi ciency. Canopy closure after crop establishment is also benefi cial in reducing 
evaporation losses. Early canopy closure is achieved by maintenance of proper plant 
density as well as by the selection of varieties having better seedling vigor (Tuong 
et al.  2000 ). Additionally, harmful weeds are suppressed, transpiration is enhanced 
and production is improved (Tuong et al.  2000 ). From the perspective of high water 
productivity, the following  rice   production systems are well recognized in various 
agro-ecological regions of the world:

•    Aerobic  rice   (Bouman et al.  2007 )  
•   Alternate wetting and drying (Cabangon et al.  2001 )  
•   System of  rice   intensifi cation (Uphoff and Randriamiharisoa  2003 )  
•   Ground cover  rice   production system (Dittert et al.  2003 )   

In addition to these production systems, there are physiological techniques that 
were used for the enhancement of the  rice   water productivity and they include seed 
priming (Harris et al.  2002 ), silicon nutrition and the application of osmoprotectant 
(Yang et al.  2007 ).   

5.2     Rice Production Systems 

5.2.1     Aerobic  Rice    System   

 A new production technology involves the cultivation of specially developed  rice   
varieties in non-puddled and non saturated soils, and these varieties have a peculiar 
feature of aerobic  adaptation   (Bouman et al.  2007 ). The main purpose of this produc-
tion system is the balanced and economical use of water. With this production system, 
the use of saturated and fl ooded  rice   fi elds is abandoned (Bouman and Tuong  2001 ). 
Research showed that in the aerobic  rice   system, yields range from 4.5–6.5 t ha −1  
which is 20–30 % less than the traditional lowland varieties grown under saturated 
and fl ooded fi eld conditions, but two times higher than the traditional upland culti-
vars. Water useage was 60 % lower than the lowland  rice  , net  water use effi ciency   was 
1.6–1.9 times greater and total profi t to water use was doubled (Farooq et al.  2009 ). 

 ARS is less labor intensive compared to lowland  rice   and may involve a high 
degree of mechanization (Huaqi et al.  2003 ). From a  yield   perspective ARS is the 
best alternative because it maximizes water utilization and is an appropriate man-
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agement in water defi cient ecosystems. Castaneda et al. ( 2003 ) reported  rice   yields 
to be 14–40 % lower than the yields taken in fl ooded fi elds whereas water productiv-
ity was enhanced by 20–40 % compared to fl ooded fi elds. ARS lowers water usage 
by eliminating puddling and fl ooding, consequently raising the water use effi ciency. 
Irrigation water for land preparation and for crop growth was conserved 73 % and 
56 % respectively (Castaneda et al.  2003 ). In short, ARS is a smart choice and it can 
be promoted as a water conserving cultivation system while maintaining  yield   
stability.  

5.2.2     Alternative Wetting and Drying Irrigation 

 In Asia most  rice   is transplanted in puddled soils (Farooq et al.  2009 ). Puddling is 
considered essential for a variety of purposes like weed control (Tabbal et al.  2002 ), 
facilitation of fi eld leveling and ease of transplantation (Farooq et al.  2009 ) in addi-
tion to reduction of percolation losses (Kukal and Aggarwal  2003 ). But according 
to different researchers puddling has no signifi cant effect on growth and  yield   of 
 rice  . Like yields were obtained for direct-seeded or transplanted  rice   cultivated with 
and without puddling (Kukal and Aggarwal  2003 ). High-yielding  rice   cultivation 
systems of Australia and California lack puddling (Farooq et al.  2009 ). Puddling 
does not essentially reduce the net water application in  rice   regardless of the reduced 
percolation rate (Tabbal et al.  2002 ). Kukal and Aggarwal ( 2003 ) concluded that 
puddling results in high soil bulk density, low permeability in subsurface layers and 
increased soil strength that limited root growth and development and restricted root 
activity regarding moisture and nutrient uptake in  rice  - wheat   cropping system (Gajri 
et al.  1992 ). 

 For more than a decade AWD has been in use globally as a water-conserving 
technology (Cabangon et al.  2001 ). In the AWD system of  rice   cultivation, applica-
tion of irrigation water is done when there are dry conditions after the disappearance 
of fl ooded water (Rice and water). Soil dries for a few days between irrigations 
depending on crop developmental phases (Gani et al.  2003 ; Lu et al.  2003 ). Higher 
water use effi ciency was observed in AWD system of  rice   cultivation compared to a 
constantly fl ooded system (Belder et al.  2003 ). Although some researchers have 
reported an increase in  yield   under AWD, recent research indicates it is an exception 
instead of a rule (Belder et al.  2004 ; Cabangon et al.  2001 ; Tabbal et al.  2002 ). 
Tuong and Bouman ( 2002 ) performed a series of fi eld experiments and concluded 
that there was a reduction in  yield   ranging up to 70 % in 92 % of the AWD treat-
ments when compared to the saturated controls. But in all treatments water produc-
tivity was enhanced due to the decrease in the water applications, and the water 
conservation was greater than the  yield   reduction. They also reported that the high 
variation in the results was a function of variation in the number of days between 
irrigations as well as soil and moisture conditions. 

 With AWD technique different research trials have been conducted in lowland 
 rice   region having shallow groundwater tables and heavy soils in China and 
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Philippines where researchers reported that water applications were reduced almost 
15–30 % without appreciably affecting  yield   (Lampayan et al.  2005 ). By means of 
AWD system of  rice   cultivation, much water can be conserved in addition to 
increased  water use effi ciency   by extending the duration of dry soil with minimal 
plant moisture defi cit and with minimal  yield   loss (Bouman and Tuong  2001 ). The 
number of days without fl ooding in AWD system is adjustable in accordance with 
the soil type, ground water depth and prevailing climate. Alternate wetting and dry-
ing is a widespread technique. In China, it has been extensively adopted where it is 
thought to be the regular practice of lowland  rice   (Li and Barker  2004 ). A lot of 
work is still to be done related to the impacts of AWD technology on water losses 
by percolation, seepage and evaporation. Evaporation losses were measured to be 
2–33 % less than the saturated conditions (Cabangon et al.  2001 ).  

5.2.3     System of  Rice   Intensifi cation 

 The system of  rice   intensifi cation was developed in Madagascar in the 1980s and 
1990s. It allowed farmers having a narrow resource base to take approximately 15 t 
ha −1  paddy yields on unproductive soils with low irrigation water applications and it 
reduced additional inputs (Stoop et al.  2002 ). This system involves the transplanta-
tion of young seedlings singly following square pattern having wide row spacing, 
manual weed control, organic fertilizer use and maintaining the soil moist through-
out the vegetative phase (Stoop et al.  2002 ). Noteworthy alterations occur not only in 
form and function but also  yield   and  yield   elements of plants subjected to SRI. This 
system enhanced yields 50–100 % or even more and it entails merely half of the 
water than the conventional  rice   system (Uphoff and Randriamiharisoa  2003 ). With 
the implementation of SRI technique  yield   of any variety can be improved while the 
highest yields have been obtained from the improved high yielding varieties. 
Synergistic dynamics were explained between SRI techniques by the factorial exper-
iments conducted in Madagascar in which  yield   increased 100–200 %. SRI methods 
enhance the gains to labor, water and capital (Uphoff and Randriamiharisoa  2003 ). 

 McHugh et al. ( 2003 ) concluded after conducting a survey of farmers in 
Madagascar that farmers have adapted the AWD as a component of SRI in response 
to the prevailing conditions of soil type, moisture and labor availability. Lack of a 
consistent water source was the basic hurdle in implementation of AWD as reported 
by the farmers. Grain production can be enhanced even with reduced irrigation by a 
combination of SRI and AWD (McHugh et al.  2003 ). Besides its usage and advan-
tages, the SRI system is hard to practice as it involves extra labor at a time when the 
farmer is often unable to invest the extra time, and when the whole family is already 
highly involved in this effort. From the perspective of promoting the water- 
conserving techniques it is a big challenge of which policy makers should be mind-
ful. Despite all these problems, production can be raised while conserving water, 
but the adoption of the technology by farmers is still an important question to be 
answered (Moser and Barrett  2003 ).  

5 Climate Variability Impact on Rice Production: Adaptation and Mitigation Strategies



102

5.2.4     The Ground-Cover  Rice   Production System 

 This system was developed for China in 1990 and it involves straw or plastic fi lm 
mulching for  rice   cultivation in order to enhance  tolerance   of low temperatures 
(Shen et al.  1997 ). In this type of mulching lowland  rice   varieties are grown by 
covering soil with covering materials in order to keep it humid (Kreye et al.  2007 ). 
Plastic fi lm, plant or paper mulch can be used to cover the soil surface in order to 
control the evaporation losses (Lin et al.  2003b ). Water is applied up to 80 % of 
water holding capacity. Water saved by this technique may be 60–85 % of that 
required in the conventional  rice   system without any harm to the fi nal  yield   (Huang 
et al.  1999 ). There is, however, experimental evidence that illustrates a fair to severe 
decline in grain  yield   (Borrell et al.  1997 ; Castillo et al.  1992 ). The elongation of 
inter-nodes along with number of panicles and overall rate of crop growth are 
decreased due to the lower soil water potentials when compared with saturated eco-
systems. The water requirement of a  rice   crop was reduced up to 60 % in GCRPS 
while the  yield   was 10 % less than the conventional lowland  rice   system. The  yield   
reduction was linked to diffi culty in N-fertilizer management as well as micronutri-
ent defi ciency in GCRPS (Lin et al.  2003b ). 

 In one experiment, two ground cover  rice   production systems were studied by 
comparing thin plastic fi lm and straw mulch cover with the conventional  rice   culti-
vation system. Methane release was higher in the fl ooded fi elds and nitrous oxide 
(N 2 O) emission was recorded prior to beginning of panicle growth in the drainage 
phase. On the other hand negligible methane emission was observed in GCRPS but 
increased N 2 O emission was recorded in GCRPS, apparently associated with the 
fertilization events (Dittert et al.  2003 ). In another study three treatments of GCRPS 
were compared with the traditional lowland  rice   production system. The three treat-
ments included GCRPS- plastic where soil surface was covered with a plastic fi lm, 
GCRPS-straw where straw mulch was used and GCRPS-bare where soil was left 
uncovered. In GCRPS treatments 32–54 % of irrigation water was given in contrast 
to paddy control. GCRPS had smaller plants with fewer panicles and smaller LAI in 
comparison with the control. In terms of  yield  , control had signifi cantly higher  yield   
than the GCRPS-straw and GCRPS-bare whereas GCRPS-plastic had just 8 % 
lower  yield   than the control paddy  yield  . The paddy control had lower  water use 
effi ciency   than the GCRPS-plastic (Tao et al.  2006 ).  

5.2.5     Raised Beds 

 In the late 1970s, cultivation of crops other than  rice   on raised beds was initiated in 
the heavy clay soils of  rice   growing areas of Australia (Maynard  1991 ) and it was 
introduced in the Indo-Gangetic plains for cultivation of  wheat   in  rice  - wheat   crop-
ping system (Hossain et al.  2003 ; Sayre and Hobbs  2004 ). Raised beds improved 
soil structure, waterlogging was reduced and drainage was better due to timely 
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mechanical operations. Raised beds are benefi cial for weed control and better fertil-
izer placement (Farooq et al.  2009 ). 

 In the Indo-Gangetic plains, different trials have been conducted by researchers 
and farmers and these trials suggest that 12–60 % of irrigation water can be saved 
for direct-seeded and transplanted  rice   on beds. As far as  yield   is concerned, the 
same or lesser yields were observed for transplanted  rice   in comparison with puddle 
saturated transplanted  rice   and slightly lower yields were obtained in case of direct 
seeded  rice  . Conversely several studies in the northwest Indo-Gangetic plains sug-
gested that  rice   cultivated on beds had a negligible effect on water use effi ciency as 
less water resulted in poorer yields (Singh et al.  2003 ). No water saving was 
observed by Beecher et al. ( 2006 ) when  rice   on raised beds was compared with the 
 rice   cultivated conventionally on fl at fi elds. Singh et al. ( 2003 ) declared that a vari-
ety cultivated on raised beds should have the ability to balance the loss of cropped 
area by production of additional fertile tillers as there is broad row spacing in the 
beds.  

5.2.6     C4 Conversion of  Rice   

 Asia contains 60 % of the total world’s population and at present the land used for 
 rice   here supports 27 people per hectare. However, the number of people will change 
from 27 to 43 per hectare by 2050. Adverse shifts in existing climate patterns are 
expected to occur due to climate change.  Climate extremes   will result in water scar-
city. Price hikes will occur due to increasing demand for biofuels causing competi-
tion between grain for fuel and grain for food. There will be a wide gap between 
demand and production of food. Consequently inadequate yields of  rice   will cause 
food insecurity, environmental destruction, non-sustainable agricultural practices 
and social confl ict. This destructive cycle must be replaced with a more righteous 
cycle raising productivity (IRRI  2013 ) (Table  5.1 ).

   All of these egregious practices and factors should be controlled as they are 
growing at a time when the  rice   production has slowed and farmers have reached 
the  yield   limits. Photosynthetic solar energy conversion effi ciency has a great 
role in this regard. According to recent scientifi c opinions it is better to modify 
the biophysical structure of  rice   plants to fulfi ll the future  rice   needs. By chang-
ing the structure of  rice   plants, solar radiation will be used much more effi -
ciently. Rice has the C3 photosynthetic pathway that is less effi cient than the C4 
pathway which is present in maize. The conversion of  rice   from C3 to C4 would 
involve a reorganization of cellular structures inside leaves and profi cient mani-
festation of several enzymes involved in the photosynthetic pathway. All require-
ments for C4 photosynthesis are present in the  rice   plant but they lack the C4 
structure (IRRI  2013 ).   
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5.3     Science of C4  Rice   

 C4 plants are more effi cient utilizers of  carbon dioxide   and hence have higher water and 
 nitrogen   use effi ciency. They also have better  adaptation   to hot and dry environments. 
C4 photosynthesis has evolved more than 50 times in nature in a broad range of fl ower-
ing plants signifying that it may be a rather easy pathway to develop. Its development 
should fi rst consider how to incorporate Kranz anatomy into C3 plants (IRRI  2013 ). 

 The incorporation of C4 pathway in  rice   would result in 50 %  yield   increase, 
double  water use effi ciency   and reduce fertilizer use. C4  rice   would require less 
water and has reduced water losses. Stomata in C4 plants would be partially closed 
in the warmest part of the day. C4 plants compartmentalize  carbon dioxide   in the 
bundle sheath cells which is why they are effi cient utilizers of  carbon dioxide  . 
Nitrogen use effi ciency would increase by 30 % in C4  rice   because lower amounts 

   Table 5.1    Rice improvement work using different techniques   

 Sr. 
#  Effect  References 

 01  Effect of water stress is ameliorated by the ABA 
treatments 

 Majid et al. ( 2007 ) 

 02  Identifi cation of major and consistent  QTL   
regarding  yield   may enhance the  rice    yield   in 
 drought   situations 

 Bernier et al. ( 2007 ), Kumar et al. 
( 2008 ), Venuprasad et al. ( 2007 ) and 
Vikram et al. ( 2012 ) 

 03  Mechanisms of growth control and of internal 
aeration are used in  rice   to tolerate submergence 

 Nishiuchi et al. ( 2012 ) 

 04  Handling of waterlogging stress by formation of 
lysigenous aerenchyma along with a barrier to 
radial O 2  loss (ROL) in roots 

 Nishiuchi et al. ( 2012 ) 

 05  Yield can be improved under  drought   by marker 
assisted recurrent selection 

 Ribaut and Ragot ( 2007 ) 

 06  Genome-wide selection may improve production 
under water stress 

 Bernardo and Yu ( 2007 ) 

 07  Activation of gene TLD1 under  drought   stress 
improves  adaptation   to  drought   stress 

 Zhang et al. ( 2009 ) 

 08  Salt and  drought    tolerance   can be induced by the 
gene OsLE A3-2 

 Duan and Cai ( 2012 ) 

 09  Effect of  drought   stress on spikelet infertility and 
ultimately grain  yield   minimized by the traits 
causing the maintenance of high leaf water 
potential 

 Karim and Rahman ( 2015 ) 

 10  Tolerance to moisture and saline stress can be 
achieved by colonizing the  rice   varieties with 
Class 2 fungal endophytes 

 Redman et al. ( 2011 ) 

 11  Improved  drought    tolerance   is accomplished by 
the improvement of root system architectture of 
 rice   

 Ahmadi et al. ( 2014 ) 

 12  Early fl owering genotypes not only escape the 
 drought   stress but also have higher yields 

 Pantuwan et al. ( 2002a ) 
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of Rubisco are utilized for  carbon dioxide   fi xation. By using fewer enzymes C4  rice   
may attain the same productivity with less  nitrogen   because enzymes and other 
proteins have 15 %  nitrogen  . As far as  yield   is concerned, models illustrate that 
increased water and  nitrogen   use effi ciencies and other characteristics would result 
in  yield   increases of 30–50 % established on relative studies between  rice   and maize 
(IRRI  2013 ).     
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  Abstract     A project was executed to study genotype to phenotype relationships 
through QTL analysis in a recombinant inbred population of 77 lines and its 
 integration in crop simulation modeling. RILs were generated from a cross between 
wheat cultivar Opata and SH-349. At two leaves stage drought was imposed using 
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gravimetric method for drought maintenance at 40 % of fi eld capacity and control 
was maintained at 100 % fi eld capacity. At three phenological stages viz. jointing, 
fl ag leaf and anthesis; photosynthetic rate, stomatal conductance, transpiration rate, 
stomatal resistance were determined and chlorophyll content was measured. The 
RILs under study exhibited high phenotypic variation under drought stress. The 
physiological and phenological data was used to parameterize and validate 
Agricultural Production Systems Simulator (APSIM); a crop growth and develop-
ment modeling tool. It was noted that APSIM predicted the phenology of all the 77 
RILs with R 2  value ranging from 0.72 to 0.98. The same mapping population was 
used for QTL mapping using computational approaches with observed data and 
simulated data from crop simulation model APSIM. In linkage group 1 a single 
QTL controlling 13 physiological traits and another QTL controlling a single trait 
for phenology was found. In linkage group 2 one QTL controlling 7 phenological 
traits was mapped. The QTLs which were mapped with real data were the same as 
with simulated data. This indicated that the simulated data with crop models under 
different environmental scenarios could be effi ciently used for QTL mapping reduc-
ing the environmental contribution in G x E complex and suggesting the QTLs with 
more precision. Photosynthetic attributes of these RILs under drought stress at dif-
ferent phenological stages suggests complex physiological aspects critical for cop-
ing moisture stress and provides a strong basis for their utilization in wheat cultivar 
improvement for drought stress adaptation under changing climatic scenarios.  

  Keywords     QTL   •   Wheat   •   APSIM   •   Modeling   •   RILs   •   Phenology  

6.1       Introduction 

 Agriculture all around the globe is encountering biophysical limitations that are get-
ting starker with climatic changes. The predicament is leading to more food insecu-
rity and increase in poverty. These limitations include  drought  , salinity,  desertifi cation   
and new challenges like variation in pest and disease dispersals attributed to climate 
change. Currently more than 7 billion people need to be nurtured and it is obvious 
that population will increase to more exploding fi gures in coming years. 
Consequently the demand for food will increase and agricultural systems will 
remain under pressure to meet the targets. Multidisciplinary efforts in agricultural 
sciences yielded sustainable increase in crop productivity but with present scenario 
of biophysical and socio-natural constraints it is imperative to gear up the rate of 
genetic improvement to cope up this perplexity. Breeding improved cultivars and 
delivering them effi ciently in shorter time frames is a key solution by using cutting 
edge biotechnological tools to augment better adapted crop ideotypes. 

 Drought is foremost reason of  yield   loss in spring  wheat  . Supplemental irrigation 
can be used to alleviate  drought   stress but it is not a cost effective and sustainable 
solution to changing severities of climate. In temperate agro ecological regions, 
terminal  drought   stress is getting more prevalent and affecting grain  yield   since it 
overlaps the grain fi lling critical stages of cereal crops including spring  wheat  . 
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Productivity losses attributed towards  drought   stress can be coped sustainably with 
genetic improvement for better adaptability to  drought  . Drought  tolerance   in  wheat   
is a quantitative trait and is controlled by many genes which are spread over the 
 wheat   genome each gene contributing only small part to the observed phenotypic 
variation. The environmental variance resulting from differences in growing condi-
tions further obscures the relation between  phenotype   and genotype. Furthermore, 
phenotypic selections and breeders’ experience based conventional breeding often 
results in low breeding effi ciency and inaccurate predictions. The genomic sites 
which house genes linked to pertinent quantitative trait are also called quantitative 
trait loci (QTLs). QTLs are the Genetic factors that are responsible for a part of the 
observed phenotypic variation for a quantitative trait. QTL-mapping is a process to 
analyze linkage between observed trait values and presence/absence of alleles of 
markers that have been mapped onto a linkage map. A signifi cant correlation is 
found with minimum environmental variance to claim detection of a QTL. The size 
of the allelic effect of the detected QTL can also be estimated. A breeder can antici-
pate QTL occurrences and use this information to his benefi t, for example by using 
in marker assisted breeding (Collard et al.  2005 ). 

 Integrating eco-physiological  modeling   and genetic mapping is critical to predict 
complex plant or crop traits under variable environmental conditions. Progress in 
molecular plant breeding is limited by the ability to predict plant phenotype based 
on its genotype, especially for complex adaptive traits. Efforts are being made 
around the world to integrate molecular biology and crop simulation models into a 
useful tool that breeders can use in planning a breeding program towards target 
environment. \DNA markers have been successfully used to explore plant genetic 
diversity to investigate variation and similarities at species level. SSR markers; 
more commonly known as microsatellites are being extensively used in  wheat   
breeding programmes due to their better ability for polymorphism detection, repro-
ducibility, specifi city, easiness of use and transferability from one species to another 
within tribe  Triticeae  (Zhang et al.  2006 ). 

 The application of crop eco-physiological models to simulate crop development 
and management has been extensively researched successfully over many years 
(Sinclair and Seligman  1996 ). The utilization of crop  modeling   and simulation 
approaches for G-to-P interaction is in its formative stages (Hammer et al.  2002 ; 
Hammer and Jordan  2007 ). For signifi cant Genotype to  Phenotype   prediction, the 
factors supportive to the illustrative capability of the crop eco-physiological models 
should link effectively to the QTLs associated with quantitative trait (Hammer et al. 
 2006 ; Chenu et al.  2009 ; Messina et al.  2009 ). The juvenile stages in the research 
and development of this paradigm of eco-physiological  modeling   resulted in identi-
fi cation of QTLs for several responsive traits of a model that simulate crop yields 
(Yin et al.  1999 ). QTLs based aspects were further exploited in model input to esti-
mate  yield   performance of individuals in the population under study (Yin et al. 
 2000a ). The association between predicted yields using QTLs based determinants 
and those using with the observed, phenotypic parameters was high. However, the 
capability of existing crop eco-physiological models is not yet adequate to simulate 
and predict variation in complex adaptive traits like  yield   amongst individuals of a 
segregating population (Yin et al.  2000a ,  b ). 
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 Zadoks et al. ( 1974 ) devised a decimal coding system for cereals which has been 
widely utilized to observe development stages. The Zadoks scale is a non-linear 
measure based on irregularly spaced phenological events starting from sowing of 
crop to its maturity. Using a two-digit cipher, the Zadok’s system can study compre-
hensive information about the growth and developmental status of the plant. Crop 
phenological events direct the patterns plant development and are controlled by 
complex genetic and environmental determinants. 

 The Agricultural Production Systems Simulator ( APSIM  ) is a simulation model, 
designed to cartel precise predictions of economic  yield   (e.g. grain, biomass, or 
sugar produce) for various crop species in response to environment and manage-
ment situations, with forecasts of the long-term consequence of  cropping systems   
on soil physical and chemical aspects (Keating et al.  2003 ). APSIM integrates a 
generic crop model (Wang et al.  2002 ), which uses a library of procedures for simu-
lating crop progression and developmental processes. 

 A generic cereal template, programmed in object-oriented C++, has been devel-
oped based on the generic crop model. It is based on a framework of the physiologi-
cal determinants of crop growth and development (Charles-Edwards  1982 ) and is 
focused at the organ scale. It generates the phenotype of a crop as a consequence of 
underlying physiological processes, using the concept of supply and demand bal-
ances for light, carbon, water, and  nitrogen   (Hammer et al.  2001 ). 

 Asim ( 2008 ) reported that simulation  modeling   using APSIM can be used to 
understand crop phenological and developmental behavior and its specifi city to cul-
tivars and climatic scenarios. Simulation  modeling   approaches can be successfully 
used to enhance understanding of crop bio-dynamism, climate and  crop manage-
ment   under diverse environmental conditions. This can increase the understanding 
of underlying crop physiological and phenological processes for complex traits. 

 Difference between species and genotypes in the template is introduced through 
differences in input parameter values, rather than through differences in the under-
pinning crop physiological science for each species. The approach ensures scientifi c 
transparency, effi cient use of code (Wang et al.  2002 ), and a more explanatory 
approach to the  modeling   of the underlying physiology (Hammer et al.  2006 ). 

 A study by Letort et al. ( 2008 ) employed a simulation of hypothetical genotypes 
to examine QTL associations with model parameters versus phenotypic traits. They 
argued that a functional–structural model was required to achieve satisfactory asso-
ciations for model parameters. Ahmed ( 2011 ), studied climatic resilience of  wheat   
cultivars under changing climate scenarios and suggested planting window adjust-
ment for the target environments using simulation  modeling   approach to delineate 
G*M*E interaction to better understand the growth and development of  wheat   with 
varying climatic situations. The G-to-P prediction process is often characterized by 
partitioning into gene-to-trait and trait-to- phenotype   components (Messina et al. 
 2009 ) in the simulation studies reported to date (Chapman et al.  2003 ; Hammer 
et al.  2005 ; Chenu et al.  2008 ; Letort et al.  2008 ). Chenu et al. ( 2009 ) have reported 
the fi rst G-to-P modelling study that derives estimates of the effects on grain  yield   
in target production environments of known quantitative trait loci (QTL) controlling 
a specifi c adaptive trait—leaf and silk elongation in maize. Their study highlighted 
the value of the G-to-P modelling approach in interpreting the genetic control of 
 yield   and, hence, its relevance to plant breeding. 
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 Credible simulation of the complex G*M*E crop  adaptation   landscape can be 
utilized to add value to plant breeding. Albeit of defi ning environment types in the 
target population of environments (Chapman et al.  2000 ) and using that  quantifi ca-
tion   to weight selection decisions to improve the rate of genetic gain (Podlich et al. 
 1999 ), simulated landscapes can be used as a test-bed for statistical techniques for 
QTL detection (Chapman  2008 ; Letort et al.  2008 ) and to aid design of breeding 
strategies by linking with breeding system simulation capability (Cooper et al. 
 2002 ; Cooper et al.  2005 ; Chapman et al.  2003 ; Hammer et al.  2005 ) to support 
operational molecular breeding (Messina et al.  2009 ).  Bioinformatics   in  agriculture   
and use of various  crop models   and simulation have become accepted tools for 
 agricultural research (Meinke  1996 ). Modeling crop bio dynamics is widespread 
and famous research area around the globe. Model testing and validation are the fi rst 
steps to check the models performance in the wide spectrum. In an ideal case the 
models needs to be completely validated under range of ecological conditions to 
verify that its in-built relationships and mathematical language hold for any type of 
data incorporated into it. The capability of model to claim for reality outputs, com-
plex set of data is required to run the model with lot of experimentation under range 
of climatic scenarios. 

 The present study was carried out at National Agricultural Research Centre, 
Islamabad, Pakistan. The objectives of the study were:

•    To study photosynthetic attributes in  recombinant inbred lines (RILs)   of a  wheat   
mapping population at different phenological stages under  drought  .  

•   To analyze genotype-to-phenotype relationships through QTL analysis coupled 
with an eco-physiological model.     

6.2     Methdology 

 The study was carried out on a recombinant inbred population of 77 lines generated 
from a cross between  wheat   cultivar Opata and SH-349 (DrMP5 population). Opata 
is relatively  drought   susceptible and SH-349 is  drought   tolerant parent. A pot exper-
iment was conducted under glass house conditions in CRD with three replications. 
Pot size used was 36 cm × 15 cm. Germination was carried out under non-stressed 
condition (Fig.  6.1 ). At two leaf stage (Z1.2 on Zadock’s scale)  drought   was 
imposed. Gravimetric method was used for  drought   maintenance. Moisture content 
in control was maintained at fi eld capacity and  drought   was maintained at 40 % of 
fi eld capacity throughout the course of experiment (Earl  2003 ). Plant height (cm), 
spike length (cm), spikelets per spike, seed per spike and hundred grains weight (g) 
were recorded at maturity Z (92). The data collected from the glass house experi-
ment and from QTL analysis (Sect.  6.3.3 ) was used for evaluation and parameter-
ization of a crop physiological model named (Agricultural Production Systems 
Simulator)  APSIM   V.7.4. Observed data for control (without  drought   stress) was 
used to parameterize model and it was validated with observed values for the treat-
ment ( drought   stress). QTL mapping was performed using same recombinant inbred 
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population (DrMP 5) of 77 lines generated from cross between  wheat   genotypes 
Opata and SH-349. Data on a set of markers were taken from the similar studies 
carried out on the same population at this institute by Karamat ( 2012 ). These mark-
ers were used; WMC-457, WMC-430, WMC-153, WMC-367, WMC-154, WMC- 
357, WMC-484, WMC-177, WMC-441, BARC-286, WMC-476, WMC-171, 
WMC-28, WMC-159, WMC-319, and WMC-160. The marker data and the morpho- 
physiological and phenological data were used in QTL cartographer V 2.5 for QTL 

  Fig. 6.1    Wheat mapping population planted in pots under glass house situated at National Institute 
of Genomics and Advance Biotechnology (NIGAB)       
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mapping. Composite Interval Mapping model 6 was used was used keeping 5 back-
ground markers as control, window size used was 10 cM and walking speed of 2 cM 
was used. Signifi cance of a QTL being detected was determined by LOD (likeli-
hood of odds ratio) scale. Three hundred permutation tests were conducted to estab-
lish a LOD threshold value i.e. 2.0 for declaring a QTL and reducing the chances of 
false positive detection. The coeffi cient of determination (R 2 ) value determined the 
contribution of that QTL in explaining the total variation in the population for a 
particular trait. QTL mapping was also performed using simulated data from  APSIM   
 wheat   module. The parameters used were  phenology  , plant height and hundred 
grain weight.

6.3        Results 

6.3.1      Phenology   of Mapping Population 

 Phenological development of  wheat   using Zadock’s scale (Z) for 77  RIL’s   revealed 
a statistically signifi cant difference (Figs.  6.2a  and  6.2b ). The result showed that in 
recombinant inbred population under  drought   the phenological stages emergence 
(Z9), three leaf (Z13), tillering (Z20), jointing (Z31), fl ag leaf (Z47), heading (Z50), 
anthesis (Z60), milky (Z73), soft dough (Z85) and maturity (Z92) took number of 
days statistically less than the control showing that during  drought   (treatment) the 
time taken by  wheat   crop to pass from one stage to another was shorter. Crop growth 
and development is signifi cantly affected by moisture stress. Phenological develop-
ment of  wheat   using Zadock’s scale (Z) for 77 RIL’s revealed a statistically signifi -
cant difference. The result showed that in recombinant inbred population under 
treatment the phenological stages emergence (Z9), three leaf (Z13), tillering (Z20), 

  Fig. 6.2a    Phenological stages of Wheat Recombinant Inbred Lines under drought. The chart rep-
resents the fi rst 38 RILs mapping population       
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jointing (Z31), fl ag leaf (Z47), heading (Z50), anthesis (Z60), milky (Z73), soft 
dough (Z85) and maturity (Z92) took number of days statistically less than the con-
trol showing that during (treatment) the time taken by  wheat   crop to pass from one 
stage to another was less (Fig.  6.3 ). This quick transition of crop from one stage to 
another may be due to defi cient soil moisture to which crop was exposed. However 
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  Fig. 6.3    Frequency distribution of  phenology   (Days after sowing, DAS) for  wheat   mapping popu-
lation under study       

  Fig. 6.2b    Phenological stages of Wheat Recombinant Inbred Lines under drought. The chart rep-
resents other 39 RILs mapping population       
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in control, the time taken by  wheat   crop to pass from one stage was more may be 
due to availability of optimum moisture to crop during control which may resulted 
in completion of crop life cycle by utilizing maximum growing degree days (GDD). 
The study of crop  phenology   in relation to changing environment is very important 
application for crop growth  modeling  . Ludwig and Asseng ( 2010 ) reported similar 
conclusion about shorter growing length due to warmer and drier climates. Since 
crop growth and development is infl uenced by soil moisture therefore phenology of 
crop in this study was signifi cantly affected by moisture stress.

6.3.2          Yield and Yield Components 

 The maximum height recorded in treatment was 82.7 cm while least plant height 
recorded was 52.9 cm (SD ± 8.50). The mean plant height recorded for stress treat-
ment was 59.93 cm and for control it was 77.35 cm with LSD α  0.05  1.298. The treat-
ment results portrayed that maximum spike length recorded was 15.91 cm while 
minimum spike length recorded was 9.60 cm (SD ± 1.85). The mean value recorded 
for stress treatment was 11.10 cm and for control was 14.77 cm with LSD α 0.05  
0.964. The mean maximum spikelets per spike recorded in  drought   treatment were 
16.23 and minimum recorded were 9.94 (SD ± 1.68). The mean value recorded for 
treatment was of 11.11 and for control was 14.67 with LSD α 0.05  0.972 (.6). Mean 
seed per spike among the mapping population under stress treatment and control 
revealed that seed per spike differed signifi cantly. Mean maximum seeds per spike 
in stress treatment were 47.74 while the mean minimum seed per spike were 28.79 
(SD ± 5.55). The mean value for treatment was recorded as 33.30 and for control 
was 44.32 with LSD α 0.05  2.894. Hundred grains weight has marked infl uence on 
 wheat    yield  . The results for stress treatment revealed that the maximum HGW 
recorded was 4.21 g while minimum was 2.58 g (SD ± 0.44). The mean HGW under 
treatment was 2.88 g and control was 3.82 g with LSD α 0.05 .0.252. The signifi cant 
difference in height may be due to difference in soil moisture and  temperature   
among two environments and the genotypes. Highly signifi cant correlation between 
environments and plant height was also reported by (Asif et al.  2003 ). Optimum 
plant height in control may be due to favorable environmental conditions. 
Correspondingly optimum plant height range increases  yield   potential of a crop 
(Araus et al.  2008 ). Spike length has signifi cant correlation with grain  yield  . The 
signifi cant difference in spike length among two environments may be due to vari-
able  temperature   and moisture. During control moisture remained optimum which 
might ultimately helped in the translocation of photosynthate from source to sink. 
However in treatment there was extreme  drought   which may lead to decline in 
source to sink activity. Birsin ( 2005 ) concluded similar fi ndings about spike and 
grain  yield   of  wheat  . Source sink relationship at the grain developmental stage had 
positive effect on spike length and grain formation (Li et al.  2008 ). Spikelet per 
spike is an important determinant factor for grain  yield  . Signifi cant variation for 
spikelets per spike between two environments may be due to variability in soil 
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moisture and  temperature  . Since in control there was optimum supply of water as 
compared to treatment. The optimum moisture conditions led to good spikelets per 
spike because of good source to sink activity. Signifi cant variation in  yield   compo-
nents with  drought   stress was concluded by earlier researcher (Kilic and Yagbasanlar 
 2010 ). Mean seed per spike among mapping population in two environments 
revealed that seed per spike differed signifi cantly with changes moisture resulting in 
better source to sink activity for translocation of photosynthate. Hundred grains 
weight has marked infl uence on  wheat    yield  . The signifi cant difference in hundred 
grains weight between two environments may be due to extreme  temperature   and 
moisture stress. The highest HGW may be due to optimum  temperature   at grain 
development stage of crop while terminal heat and moisture stress prevailed in treat-
ment. Heat and moisture stress at terminal stages caused reduction in grain  yield   
(Nagarajan  2005 ).  

6.3.3      Parameterization of  APSIM   Model 

 APSIM  wheat   module performs through its responsiveness to environmental and 
management scenarios by a set of generic genetic coeffi cients which are needed to 
be cultivar specifi c. The control data set from experiment was used for the parame-
terization of model. The generic genetic coeffi cients that yielded a good match 
between observed and simulated values were retained as it is, while the others were 
modifi ed according to cultivar specifi city. Simulation performance was evaluated 
through calculating root mean square error (RMSE) and bias. 

 Using the modifi ed genetic coeffi cients in APSIM  wheat   module simulated val-
ues were obtained at coeffi cient of determination (R 2 ) of 0.98 which were in close 
agreement with recorded values for days to anthesis and days to maturity under 
control and then validated under  drought   stress conditions. Under  drought   stress the 
R 2  value was 0.83 between observed and simulated values indicating that the model 
was successfully parameterized thus, effi ciently simulating phenological stages of 
 wheat   mapping population (Figs.  6.4  and  6.5 ). Parameterization and testing of a 
simulation model comprises of two processes; fi rstly, establishment of the source 
codes for assessment of the model’s performance according to the required scenario 
and secondly validation of simulation  modeling   tool for accuracy to precisely imi-
tate experimental facts (Meinke  1996 ). Kleijnen ( 1995 ) described these two pro-
cesses as Validation and Verifi cation of model. Model verifi cation and validation for 
independent data is signifi cant for the development of model. This study envisages 
parameterization and validation of APSIM  wheat   module for  phenology   of  wheat   
 drought   mapping population and some  yield   parameters i.e. plant height and hun-
dred grain weight to assess the predictive accuracy of model for these parameters. 
Validation and verifi cation of model gives a relative assessment of model perfor-
mance under a particular environmental conditions and the linear regression states 
the stability of model across variable climatic scenarios (regression value closer to 
1:1 line means better model stability and accuracy) and the ratio of simulated to 
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observed data assesses the predictive performance. In this study the parameteriza-
tion of model was performed using the actual observations in non-stressed condi-
tions. The generic genetic coeffi cients were calibrated to cultivar specifi c coeffi cients 
to obtain an appropriately fi t agreement between observed and simulated values. 
The  modeling   results for comparison of simulated and observed phenological stages 
of  wheat   under control and  drought   stress conditions had a close association.

    The results of this study were similar to (Ahmed et al.  2016 ) who discussed that 
 yield   simulation ability can be increased if simulation models can simulate 

  Fig. 6.4    Observed vs. simulated  phenology   of  drought   mapping population under control       

  Fig. 6.5    Observed vs. simulated  phenology   of  drought   mapping population under  drought   stress       
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  phenology   more accurately. The association between observed and simulated plant 
height under control and  drought   stress conditions was also appropriately close. 
Meinke ( 1996 ) discussed that simulation model is dependent on the triangle of cli-
matic, edaphic and genetic factors. Hundred grain weight, a  yield   parameter was 
also simulated through  APSIM    wheat   module which depicted a close relationship 
between observed and simulated values under both control and  drought   stress 
regimes suggesting optimum model parameterization with climatic and genetic fac-
tors that are responsible to trigger under variable moisture regimes. 

 These results helped in development of an increased level of confi dence on the 
APSIM- wheat   module with a much greater reliability and accuracy for simulation 
of crop growth and development. It increased the application of this  bioinformatics   
tool for cultivar specifi c  modeling   of underlying physiological processes of com-
plex genotypic characters responsible in development of  drought   stress  adaptation   
in  wheat  .  

6.3.4     QTL Mapping 

 QTL mapping of the  wheat   mapping population through selected markers along 
with computational analysis using QTL cartographer revealed that two markers 
were closely linked to two QTLs for 14 traits on linkage group 1 and a single marker 
was linked to QTL that controlled 7 traits on linkage group 2 as shown in Figs.  6.6 , 
 6.7  and  6.7a  and Tables  6.1  and  6.1 . The simulated data for  phenology  , morphology 
and  yield   parameters was used for QTL mapping yielding 1 QTL for phenological 
stage; three leaf stage under control in linkage group 1 (Fig.  6.8 ) and 1 QTL for 
seven phenological traits in linkage group 2 (Fig.  6.9 ). The data generated from 
QTL mapping can be utilized to improve signifi cant gene functions and heritability. 
Mapped position of QTLs gives information about actions of QTL in different plant 
populations and gene pools (Moose and Mumm  2008 ). Test of Permutation was car-
ried out to identify the threshold and composite interval mapping was done. Through 
computational analysis of software package Windows QTL Cartographer V.2.5 
QTLs were identifi ed. The mapped QTLs had strong correlation with various impor-
tant traits under control conditions as well as under  drought   stress.

         Two QTLs for 14 various physiological and phenological traits in linkage group 
1 were mapped using composite interval mapping which shows strong reliability of 
results by using this technique. In linkage group 2 one QTL for phenological stages 
under  drought   (Heading, Anthesis, Milky stage, Soft dough, Maturity) and for phe-
nological stages under control (Heading and Anthesis) were mapped with compos-
ite interval mapping using observed data All these phenological traits mapped in 
linkage group 2 were found to be linked with marker WMC-160. The fl anking 
marker for WMC-160 was WMC-319. QTL map position for these traits is 
23 cM. The threshold values for these QTLs suggest strong correlation and 
 signifi cant contribution of these QTLs with the trait and percentage of variability 
conferred by them with an average of 13.67 % of trait variation explained by these 
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  Fig. 6.6    Graph showing QTLs for photosynthetic attributes under  drought   conditions at different 
phenological stages (Stomatal conductance at fl ag leaf-DgsFL, Transpiration rate at fl ag leaf- 
DTrFL, Chlorophyll content at fl ag leaf-DSPDFL, Stomatal Conductance at jointing-DgsJo, 
Transpiration rate at jointing-DTrJo, Chlorophyll content at jointing-DSPDJo, Stomatal conduc-
tance at anthesis-DgsAn, Transpiration rate at anthesis-DTrAn, Chlorophyll content at anthesis- 
DSPDAn) and QTLs for photosynthetic attributes under control at different phenological stages 
(Chlorophyll content at fl ag leaf-CSPDFL, Stomatal Conductance at jointing-CgsJo, Chlorophyll 
content at jointing-CSPDJo and Chlorophyll content at anthesis-CSPDAn) and QTL for pheno-
logical stage under control (Three leaf stage-CTL) on linkage group 1 mapped with composite 
interval mapping using observed data       
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  Fig. 6.7    Linkage group 1 and recorded data QTLs mapped on it       

 

 

6 QTL Modelling: An Adaptation Option in Spring Wheat for Drought Stress



126

seven QTLs mapped on linkage group 2. QTL for all seven traits determined in link-
age group 2 had negative additive effect. (Mason et al.  2010 ) studied that the marker 
WMC-160 was linked to leaf length and anthesis and exhibited R 2  value 0.13 in case 
of leaf length and 0.21 for anthesis. They mapped WMC-160 on chromosome 5B of 
 wheat  . The molecular markers and the linked QTLs that were mapped here having 
strong association in conferring  drought    tolerance   in  wheat   can be utilized to 
increase and improve the breeding effi ciency in  wheat    crop improvement   against 
 drought   stress for vulnerable climatic regimes and agro-ecologies in future research 
through marker assisted selection (MAS) saving valuable resources. 

 With the  APSIM   model parameterized and validated and QTL mapping performed 
on the basis of observed values for physiology and  phenology   the next step ahead to 
bridge the gap between understanding of eco-physiological  modeling   and genetic fac-
tors responsible for phenotypic traits QTL mapping was performed again using the 
simulated values of  phenology  , plant height and hundred grain weight. The concept 
coincides with the idea fl oated by Hammer and Jordan ( 2007 ) of dissecting the com-
plex quantitative trait into its physiological basis and then integrating the underlying 
genetic factors and physiological determinants with the help of a suitable eco-physio-
logical model to effi ciently predict G to P prognosis for target population of environ-
ments. It was found that the correlation between the observed values and simulated 

  Fig. 6.7a    Graph showing QTL for phenological stage under control (Three leaf stage-CTL) on 
linkage group 1 mapped with composite interval mapping using simulated data. Only one QTL 
was found for  phenology   using simulated data for computational analysis for QTL mapping 
because we could only simulate the phenological stages in simulation tool  APSIM  . The occurrence 
of QTL for Three leaf stage under control (CTL) coincides effi ciently in mapping through both 
observed and simulated data       
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values with the basis of QTL based factors was signifi cantly high; the capability of 
eco-physiological crop growth models is not adequate to envisage variation in com-
plex adaptive traits (Yin et al.  2000a ,  b ). Crop simulation  modeling   has yet contributed 
very little in QTL analysis of a complex quantitative trait but improvement in crop 
model to effi ciently predict G to P relationships can assist in accurate QTL analysis 
under diverse environmental conditions. The identifi ed QTLs based on simulated data 
for target population of environments can be effi ciently utilized in increasing effi -
ciency of breeding strategies by predicting and augmenting an appropriate and 
dynamic crop ideotype, improved for complex adaptive traits for changing climatic 
scenarios over diverse locations. Modifi ed Genetic Coeffi cients in APSIM  wheat  -
module for  wheat   mapping population are presented in Appendix  1 . Data showing 
work on QTL in relation to crop traits and its effect using different techniques is pre-
sented in Table  6.2 .

   Table 6.1    QTLs found in composite interval mapping under controlled and  drought   conditions in 
linkage group 1 along with LOD scores and percentage of variation explained by each QTL   

 Trait  QTLs 
 Markers 
associated  LOD 

 Variation 
explained (R 2 ) (%) 

 Stomatal Conductance under  drought   
at Flag leaf 

 QTL 1  WMC-171  2.463  19.7 

 Transpiration under  drought   at Flag 
leaf 

 QTL 1  WMC-171  2.628  21 

 Chlorophyll content under  drought   at 
Flag leaf 

 QTL 1  WMC-171  2.280  18.3 

 Chlorophyll content under control at 
Flag leaf 

 QTL 1  WMC-171  2.192  19.6 

 Stomatal conductance under  drought   
at Jointing stage 

 QTL 1  WMC-171  2.452  19.6 

 Transpiration rate under  drought   at 
Jointing stage 

 QTL 1  WMC-171  2.561  21.1 

 Chlorophyll content under  drought   at 
Jointing stage 

 QTL 1  WMC-171  2.280  18.3 

 Stomatal conductance under control at 
Jointing stage 

 QTL 1  WMC-171  2.505  20.5 

 Chlorophyll content under control at 
Jointing stage 

 QTL 1  WMC-171  2.191  19.5 

 Stomatal Conductance under  drought   
at Anthesis 

 QTL 1  WMC-171  2.449  19.6 

 Transpiration under  drought   at 
Anthesis 

 QTL 1  WMC-171  2.559  21.1 

 Chlorophyll content under  drought   at 
Anthesis 

 QTL 1  WMC-171  2.281  18.3 

 Chlorophyll content under control at 
Anthesis 

 QTL 1  WMC-171  2.191  19.6 

 Phenological stage; Three leaf under 
control 

 QTL 2  WMC-430  2.128  13.8 
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  Fig. 6.9    Graph showing QTLs for phenological stages under  drought   (Heading-Z50D, Anthesis- 
Z60D, Milky stage-Z73D, Soft dough-Z85D, Maturity- Z92D) and QTLs for phenological stages 
under control (Heading-Z50C and Anthesis-Z60C) on linkage group 2 mapped with composite 
interval mapping using simulated data. The occurrence of these QTLs fully coincides in mapping 
through both observed and simulated data       
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   Table 6.2    QTL found in composite interval mapping under controlled and  drought   conditions in 
linkage group 2 along with LOD scores and percentage of variation explained by each QTL   

 Trait  QTLs 
 Associated 
markers  LOD 

 Variation 
explained (R 2 ) (%) 

 Days to Heading under Drought  QTL 3  WMC-160  2.897  15.4 
 Days to Anthesis under Drought  QTL 3  WMC-160  3.028  16.1 
 Days to Milky stage under Drought  QTL 3  WMC-160  2.335  11.9 
 Days to Soft dough stage under  drought    QTL 3  WMC-160  2.502  12.6 
 Days to Maturity under Drought  QTL 3  WMC-160  2.867  14.6 
 Days to Heading under Control  QTL 3  WMC-160  2.302  12.4 
 Days to Anthesis under Control  QTL 3  WMC-160  2.338  12.7 

   Table 6.3    Data showing work on QTL in relation to crop traits and its effect using different 
techniques   

 Sr. 
No.  Effect  Traits  References 

 1  The QTL clusters coinciding with the marker 
wmc41 were associated mainly with grain-size 
traits, which led to decreases in GW and TGW 
and to increases in GLW 

 Grain length (GL), 
Grain Width (GW), GL/
GW ratio (GRW), 
Thousand Grain Weight 
(TGW) 

 Zhang et al. 
( 2015 ) 

 2  A set of  recombinant inbred lines (RILs)   were 
used to map quantitative trait loci (QTLs) for 
source–sink size and heading date. Thirty QTLs 
consistently detected in at least two trials and 
generally located in the clusters. Using a set of 
BC4F2 lines, the QTL cluster in C5-1–C5-2 on 
chromosome 5 was validated to be a major QTL 
affecting heading date, source size (fl ag leaf 
area) 

 Source Size, Heading 
Traits, Sink size 

 Zhang et al. 
( 2015 ) 

 3  A new genetic map with high density was 
constructed and used to detect the QTLs for 
heading date, kernel width, spike length, spikelet 
number, and thousand kernel weight. Thirteen 
QTLs were located on D genomes of SHW-L1, 
six of them showed positive effect on agronomic 
traits 

 Spike length, Heading 
date, Spikelet number, 
Kernel width, and 
Thousand kernel weight 

 Yu et al. 
( 2014 ) 

 4  A total of 14 QTLs, comprising eight for seed 
 yield  , fi ve for vegetative traits and one for cold 
 tolerance  , were detected on nine linkage groups: 
seven linkage groups of the E142 genetic map 
and two linkage groups of the E022 genetic 
map. Each of these QTLs explained 8.71–
23.61 % of the phenotypic variation 

 seed  yield  , vegetative 
traits and cold  tolerance   

 Nezhadahmadi 
et al. ( 2013 ) 

 5  Three QTL for A-type starch granule content 
were mapped on chromosomes 1DL, 7BL and 
4AL, explaining 5.6 %, 5.2 % and 3.8 % of the 
phenotypic variation, respectively 

 Starch Quality, 
Phenotypic variation 

 Feng et al. 
( 2013 ) 

(continued)
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6.4         Summary 

 Drought is one of the main limitation in  wheat   production thus  drought    tolerance   a 
main objective of  wheat    crop improvement   programs in the country. Supplementing 
to the numerous yet hopeful efforts of ongoing breeding strategies in different 
national institutes, this study was carried out at National Agricultural Research 
Centre (NARC) on recombinent inbred lines (RILs)    of  wheat   mapping population 
based on a cross between Opata and SH-349. The study was designed to analyze 
photosynthetic attributes of these recombinant inbred lines at different phenological 
stages under  drought   stress and secondly to investigate genotype-to-phenotype rela-
tionships through QTL analysis coupled with an eco-physiological model.

•    Photosynthetic attributes were studied at three critical phenological stages; fl ag 
leaf, jointing and anthesis. The analysis of photosynthetic attributes of these 
 RILs   revealed signifi cant physiological determinants responsible for key role in 
developing physiological  adaptation   to  drought   stress regimes. The RILs 
 mapping population was found to be highly variable for these photosynthetic 
attributes,  phenology   and  yield   parameters.  

•   Phenological, morphological and physiological parameters and  yield   attributes 
of mapping population were studied and the variation among the mapping popu-
lation for these characteristics was found to be statistically highly signifi cant.  

•   The physiological and phenological data generated from the study was used to 
parameterize and validate an ecophysiological crop growth and development 
modelling tool  APSIM  . Crop  phenology  , morphology and  yield   was predicted 
with adequate accuracy and close corelation was found among observed and 
simulated values.  

Table 6.3 (continued)

 Sr. 
No.  Effect  Traits  References 

 6  Identifi cation of quantitative trait loci (QTL) 
associated with heat susceptibility index (HSI) 
of  yield   components in response to a short-term 
heat shock during early grain-fi lling in  wheat   

 Heat susceptibility 
index (HSI), Yield 
components 

 Mason et al. 
( 2010 ) 

 7  The QTL Cartographer software was used to 
study QTL detection of simulated plant traits. 
Virtual QTL detection was compared in the case 
of phenotypic traits – such as cob weight – and 
when traits were model parameters, and was 
found to be more accurate in the latter case 

 G × E interaction, 
Modeling and Virtual 
QTL detection 

 Letort et al. 
( 2008 ) 

 8  Identifi cation of quantitative trait loci (QTL) 
controlling grain  yield   and  yield   components 
under reduced moisture. An SSR/EST-STS 
marker map was constructed and a grain  yield   
QTL on the proximal region of chromosome 
4AL was found to have a signifi cant impact on 
performance under reduced water 

 Grain Yield  Narjesi et al. 
( 2015 ) 
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•   The recombinant inbred lines mapping population were also evaluated with SSR 
molecular markers for QTL mapping. The markers that were used in the study 
were WMC-457, WMC-430, WMC-153, WMC-367, WMC-154, WMC-357, 
WMC-484, WMC-177, WMC-441, BARC-286, WMC-476, WMC-171, WMC- 
28, WMC-159 WMC-319, and WMC-160.  

•   With composite interval mapping using observed data, two QTLs were mapped 
in linkage group 1 for a total of 14 traits and 1 QTL was mapped in linkage group 
2 for a total of 7 traits.  

•   The simulated data from the model was then subjected to QTL mapping and with 
composite interval mapping technique a single QTL for phenological develop-
ment was found in likage group 1 and 1 QTL for phenological development 
controlling 7 traits was mapped in linkage group 2.  

•   QTL mapping with simulated data as a cross referance to the mapping based on 
observed values, minimizes the environmental variance and increases the reiabil-
ity of the identifi ed QTLs. It can also be used for QTL mapping for diverse target 
population of environments.  

•   This integrated modelling-molecular (QTL mapping) approach through connect-
ing these QTLs to physiological determinants and  modeling   the interacion with 
variable climatic scenarios can help in predicting  phenotype   for complex quanti-
tative traits under diverse environmental conditions.     

6.5     Conclusions and Recommendations 

•     The  drought   mapping population under study was found to be highly variable for 
the phenological, physiological (particularly photosynthetic attributes) and  yield   
traits.  

•   Parameterized and validated  APSIM   (crop simulation model) on  drought   map-
ping population under control conditions. The simulated data under stressed con-
ditions for  phenology  , plant height and HGW suggested a close proximity of 
recorded and simulated data with R 2  values ranging from 0.72 to 0.89.  

•   QTLs mapped with recorded data and QTLs mapped with simulated data from 
APSIM for  phenology  , HGW and plant height were the same suggesting a mini-
mal environmental interaction with the associated QTLs.  

•   The data in this study can be used for increased ability to predict plant phenotype 
based on its genotype for complex adaptive traits using suitably constructed crop 
growth model to bridge the predictability gap (G to P interaction).  

•   The integration of QTL mapping and eco-physiological  modeling   can effectively 
simulate crop attributes throughout the crop life cycle for variable climatic 
regimes to predict a potential crop ideotype based on a stronger genotype to 
 phenotype   prognosis with minimal environmental variance.         
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     Appendix 1: Modifi ed Genetic Coeffi cients in  APSIM    Wheat  -
Module for  Wheat   Mapping Population 

 Parameters 
 Vernalization 
sensitivity 

 Photothermal 
sensitivity 

 Thermal 
time for 
grain 
fi lling 

 Radiation use effi ciency at 
fl oral initiation/fl owering 

  Default Value 
in    APSIM    - 
Wheat 
Module  

 1.5  3  610  1.24/1.24 

 DRMP-5-1  0  3.45  635  3.00/2.24 
 DRMP-5-3  0  3.5  644  3.00/2.24 
 DRMP-5-4  0  3.46  636  3.00/2.24 
 DRMP-5-05  0  3.44  633  3.00/2.24 
 DRMP-5-6  0  3.45  635  3.00/2.24 
 DRMP-5-8  0  3.5  644  3.00/2.24 
 DRMP-5-10  0  3.6  662  3.00/2.24 
 DRMP-5-12  0  3.5  644  3.00/2.24 
 DRMP-5-13  0  3.3  624  3.00/2.24 
 DRMP-5-14  0  3.4  626  3.00/2.24 
 DRMP-5-15  0  3.34  625  3.00/2.24 
 DRMP-5-16  0  3.45  635  3.00/2.24 
 DRMP-5-17  0  3.4  625  3.00/2.24 
 DRMP-5-19  0  3.4  625  3.00/2.24 
 DRMP-5-20  0  3.5  644  3.00/2.24 
 DRMP-5-21  0  3.6  662  3.00/2.24 
 DRMP-5-22  0  3.6  662  3.00/2.24 
 DRMP-5-24  0  3.6  662  3.00/2.24 
 DRMP-5-25  0  3.6  662  3.00/2.24 
 DRMP-5-26  0  3.5  644  3.00/2.24 
 DRMP-5-28  0  3.5  644  3.00/2.24 
 DRMP-5-29  0  3.6  662  3.00/2.24 
 DRMP-5-30  0  3.45  635  3.00/2.24 
 DRMP-5-31  0  3.2  621  3.00/2.24 
 DRMP-5-32  0  3.5  644  3.00/2.24 
 DRMP-5-33  0  3.6  662  3.00/2.24 
 DRMP-5-35  0  3.6  662  3.00/2.24 
 DRMP-5-36  0  3.5  644  3.00/2.24 
 DRMP-5-37  0  3.7  653  3.00/2.24 
 DRMP-5-38  0  3.6  661  3.00/2.24 
 DRMP-5-44  0  3.5  644  3.00/2.24 
 DRMP-5-45  0  3.5  644  3.00/2.24 
 DRMP-5-46  0  3.5  644  3.00/2.24 
 DRMP-5-47  0  3.6  662  3.00/2.24 

(continued)
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 Parameters 
 Vernalization 
sensitivity 

 Photothermal 
sensitivity 

 Thermal 
time for 
grain 
fi lling 

 Radiation use effi ciency at 
fl oral initiation/fl owering 

 DRMP-5-48  0  3.6  662  3.00/2.24 
 DRMP-5-49  0  3.5  644  3.00/2.24 
 DRMP-5-50  0  3.6  662  3.00/2.24 
 DRMP-5-51  0  3.5  644  3.00/2.24 
 DRMP-5-53  0  3.5  644  3.00/2.24 
 DRMP-5-54  0  3.5  644  3.00/2.24 
 DRMP-5-56  0  3.6  645  3.00/2.24 
 DRMP-5-57  0  3.5  644  3.00/2.24 
 DRMP-5-58  0  3.5  644  3.00/2.24 
 DRMP-5-61  0  3.5  644  3.00/2.24 
 DRMP-5-62  0  3.4  626  3.00/2.24 
 DRMP-5-64  0  3.6  663  3.00/2.24 
 DRMP-5-65  0  3.4  626  3.00/2.24 
 DRMP-5-66  0  3.6  663  3.00/2.24 
 DRMP-5-71  0  3.4  626  3.00/2.24 
 DRMP-5-72  0  3.5  644  3.00/2.24 
 DRMP-5-73  0  3.6  663  3.00/2.24 
 DRMP-5-74  0  3.5  644  3.00/2.24 
 DRMP-5-76  0  3.5  644  3.00/2.24 
 DRMP-5-78  0  3.6  663  3.00/2.24 
 DRMP-5-80  0  3.6  663  3.00/2.24 
 DRMP-5-81  0  3.5  644  3.00/2.24 
 DRMP-5-83  0  3.5  644  3.00/2.24 
 DRMP-5-84  0  3.6  663  3.00/2.24 
 DRMP-5-85  0  3.4  626  3.00/2.24 
 DRMP-5-86  0  3.5  644  3.00/2.24 
 DRMP-5-87  0  3.6  663  3.00/2.24 
 DRMP-5-88  0  3.6  663  3.00/2.24 
 DRMP-5-89  0  3.5  644  3.00/2.24 
 DRMP-5-90  0  3.4  626  3.00/2.24 
 DRMP-5-91  0  3.6  663  3.00/2.24 
 DRMP-5-92  0  3.5  644  3.00/2.24 
 DRMP-5-94  0  3.6  663  3.00/2.24 
 DRMP-5-95  0  3.4  626  3.00/2.24 
 DRMP-5-96  0  3.5  644  3.00/2.24 
 DRMP-5-97  0  3.5  644  3.00/2.24 
 DRMP-5-101  0  3.6  663  3.00/2.24 
 DRMP-5-102  0  3.6  663  3.00/2.24 
 DRMP-5-103  0  3.4  626  3.00/2.24 
 DRMP-5-104  0  3.5  644  3.00/2.24 
 DRMP-5-105  0  3.5  644  3.00/2.24 
 DRMP-5-107  0  3.6  663  3.00/2.24 
 DRMP-5-108  0  3.4  626  3.00/2.24 
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Abstract  Wheat is sown over a wide range of sowing date in various cropping 
systems of rainfed and irrigated areas of Pakistan. This variation in sowing time is 
caused by various factors such as erratic rainfall in rainfed area, late planting or 
harvesting of preceding crop, lack or unavailability of farm machinery and inputs. 
At present the greatest challenge which is being faced by the agriculture sector is 
production of more food from less available water. Increasing water productivity of 
the crops can help in facing this challenge. For understanding the relationship
between water and food, a sound knowledge of crop water productivity (CWP) is 
important. Dynamics of crop environment proved most important in rainfed areas 
for crop production. Therefore, to achieve higher CWP (crop water productivity) 
under changing climatic conditions, increasing WUE (water use efficiency) could 
be an option by adopting mitigation strategies. These measures might be, adopting 
good management practices like optimizing the sowing date on long-term basis
using simulation modeling as decision support tool. In the present study, Soil and 
Water Assessment Tool (SWAT) model was parameterized and validated to study 
the relationship between yield and crop water productivity of rainfed wheat. For this
study, field experiment was conducted at three locations using three wheat cultivars 
and two sowing dates. Crop water productivity was calculated by dividing the grain 
yield by evapotranspiration during crop growth cycle. Satellite based parameteriza-
tion of study area for GIS mapping, topographic analysis, vegetation dynamics, land 
use, and soil mapping was done by using different software packages like ArcGIS 
10.1, Erdas Imagine, QGIS, and Swat-CUP. The SWAT model was used to simulate
the processes related to the soil-crop-atmosphere interaction in the present study
and it showed significant potential to simulate CWP.

Keywords Wheat • SWAT • Crop water productivity • ArcGIS • Erdas imagine •
QGIS • Swat-CUP

7.1  �Introduction

Pakistan holds an area of 79.61 million hectares out of which around 20.92 million 
hectares is under cultivation. The agricultural sector upholds the living of the large 
rural community and guarantees that ample food is accessible for domestic needs. 
This sector has the principal role in the economy of Pakistan and donates 21.4 % to 
GDP, provides employment to 45 % of the country’s labor force and also backs the 
growth of other contributing sectors of the economy (Government of Pakistan, 
2013).

The area of Pothwar is situated about 32–34° N latitudes and about 70–74° E 
longitudes. Therefore, it includes the main part of Attock, Chakwal, Jhelum and 
Rawalpindi (Afshan et al. 2013). The Pothwar region is considered to be the largest 
block of rainfed agriculture in Pakistan, includes 1.82 million ha rainfed area of the 
Punjab province. Soil moisture is one of the most limiting factors in this area 
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because of erratic rainfall distribution over space and time. The winter rains are 
moderate, summer rains could be heavy, accelerating soil erosion. The annual rain-
fall in the barani areas ranges from 375 mm (of its South West) to 1750 mm (of its 
North East). About 70 % of the total rainfall in barani areas is received in summer 
season while remaining 30 % is received in winter season. Additionally the barani 
tract experience both daily and seasonal temperatures extremes (Ahmed 2011).

In Pakistan, wheat being the staple food is the most important crop and cultivated 
on the largest acreages among cereals (8.69 million hectares during the growing 
season 2012–2013) in almost every part of the country. Its contribution to the value 
addition in agriculture is 10.1 % and 2.2 % is contributed to the GDP (Government 
of Pakistan, 2013). Under any environment, cultivar used, management practices 
adopted and the prevailing conditions effect the wheat growth, development and 
yield. In Pakistan, wheat is sown over a wide range of sowing date in various crop-
ping systems of rainfed and irrigated areas. This variation in sowing time is caused 
by various factors such as erratic rainfall in rainfed area, late planting or harvesting 
of preceding crop, lack or unavailability of farm machinery and inputs. The planting 
window of wheat in Pakistan generally starts from mid of October and extends until 
the end of December (Ahmed 2011). Delayed planting (generally after 10th 
November) reduces wheat yield at a rate of 42 kg ha−1 day−1 after optimum planting 
time (Khan 2003).

At present the greatest challenge which is being faced by the agriculture sector is 
production of more food from less available water. Increasing water productivity of 
the crops could help in facing this challenge (Kijne et al. 2003). For understanding
the relationship between water and food, a sound knowledge of crop water produc-
tivity (CWP) is important ((Liu et al. 2007; Yang and Zehnder 2007). For crop water
productivity estimation three methods are usually used. These three methods are; 
“rule of thumb”, field experiments and the use of crop models. In the “rule of 
thumb” method crop water productivity is assumed to be an approximately constant 
value. A common approximation is that a cereal has 1 kg m−1 of crop water produc-
tivity, i.e., for the production of 1 kg of cereal roughly 1 m3 of water is consumed 
(Yang and Zehnder 2007). While the experiments conducted in fields for the deter-
mination of crop water productivity, seasonal crop evapotranspiration and crop 
yield is measured but such type of experiments require more time and cost and are 
very difficult to be generalized to other climatic conditions and localities (Ines et al. 
2002). Using crop growth models, evapotranspiration and crop yield can be simu-
lated instantaneously and then finally the crop water productivity can be estimated 
(Liu et al. 2007).

Crop growth simulation models are the deliberate representation of a real system 
and complex biophysical systems can be learned efficiently through the models 
(Akram 2011). For the evaluation of managing practices to increase the yield and
crop water productivity, crop growth models can be effectively used while consider-
ing the seasonal variability and weather related risks (Timsina et al. 2008). Therefore, 
the scientists have lumped together the multi-disciplinary knowledge about a crop
in the form of crop simulation models. Models are computer software with mathe-
matical representations of major biological processes and consider systems approach 

7  Soil and Water Assessment Tool (SWAT) for Rainfed Wheat Water Productivity



140

(soil-plant- atmosphere continuum). Models allow us to study at the same time the
impact of several combinations of variables related to crop, soil, weather, and man-
agement on the growth and yield of a crop while in the real world such studies will 
need several years, myriad man-hours, and a lot of time and money (Ahmed and
Hassan 2011). The rainfed wheat was found to have lesser additional water require-
ment for a one unit increase in yield as compared to the irrigated wheat. Due to this, 
there was a larger improvement in crop water productivity when modeled irrigated 
and rainfed wheat yield and consumptive water use with uncertainty analysis at a 
sub-basin level in Iran was analyzed by Faramarzi et al. (2010). For the calculation
of crop water productivity, computer-generated yield and ET were used. After ana-
lyzing the yield and CWP relationship they observed that Model calibration and 
validation was done against crop yield and ET. For the analysis of uncertainty they
used the SUFI-2 program in the SWAT-CUP package. ET values of less than
200 mm were used for the simulation of crop yields. Lack of information like plant-
ing and harvest dates, dates of irrigation and pesticide applications, and also consid-
eration of seed variety, which is usually missing from the analysis were the main 
limitations in this model.

SWAT model was calibrated by using remotely sensed evapotranspiration based 
on the SEBAL (Surface Energy Balance Algorithm for Land) for the assessment of 
CWP from the hydrological processes in the Upper Bhima River Basin. To advance 
the economic water productivity, four scenario analyses was done and diagrammed 
for different years i.e., wet, normal and dry years. When crop productivity was 
compared with potential and global values, it was found in lower range. In upstream 
localities, greater nutrient losses due to heavy runoff and incompetent water usage 
in water rich command areas are other important reasons for poor water productiv-
ity (Kaushal et al. 2012).

It has been revealed by the validation of SWAT model that there was a less pro-
ductivity gap between modeled productivity of rice and the data observed under 
normal conditions. The coefficient of variation in rice productivity was higher dur-
ing La-Nina years compared to El-Nino and normal years. The mean rice productiv-
ity was shifted up in both El-Nino and Normal years indicating the possibility of
getting higher yields compared to La -Nina years. Analysis of hydrological data and
rice productivity indicated that the risk of failure was much lesser during the El-
Nino years compared to normal or La-Nina years (Geethalakshmi et al. 2011b).

Advancement in research and technological improvement has the key role in 
diminishing water stress due to additional crop production. Water requirement for 
production of crops will definitely increase in the coming years in order to increase 
the crop water productivity through advancements in research and technological 
improvement at river basin scale. SWAT model was used to calculate the actual 
evapotranspiration. For the grouping of regional statistics to basin level a spatial
aggregation and disintegration method based on GIS was developed. In order to 
compare the results, crop water productivities were also validated and observed that 
the CWPs were within a reasonable range (Huang and Li 2010).

The model was calibrated and used to derive a monthly basin water balance and 
then CWP and crop water use was assessed by Immerzeel et al. (2008). Innovative 
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integration of remotely sensed ET and a process-based hydrological model was
used to assess the water use and CWP in the Upper Bhima catchment. It was 
observed that the frequency distributions of CWP had low coefficient of variation 
and limited yield for the current cropping systems. Shifting the crop base might be 
accomplished by improving the water productivity. In order to evaluate the effect of 
changing climate on hydrology and yield of rice SWAT model was used by 
(Geethalakshmi et al. 2011a) in the Bhavani Basin of India. Climate change sce-
narios were developed using the RegCM3 model with EH5OM GCM (General 
Circulation Model) output for an A1B scenario, and generated daily climate data 
were used in the SWAT model. To validate the SWAT model, predicted rice yields 
for the Bhavani Basin over a period of 11 years were compared with the observed 
rice yields of Erode district in which the Bhavani Basin is located and the results 
indicated the satisfactory performance of the model. The SWAT model can be 
employed under different climate change and management scenarios for developing 
adaptation strategies to sustain rice production. The SRI (System Rice Intensification) 
system of rice cultivation was found to be a better adaptive technology for changing 
climatic conditions than the conventional flooding system of cultivation.

An experimental study was conducted by Luo et al. (2008) to assess the perfor-
mance of the plant–soil–groundwater modules and the variability and transferability 
of SWAT2000 at the Yucheng Comprehensive Experimental Station (YCES) of the 
Chinese Academy of Sciences at Yucheng City. The simulated results by SWAT to 
the observations showed that SWAT performed quite unsatisfactorily in LAI (Leaf 
Area Index) predictions during the senescence stage, in yield predictions, and in 
soil-water estimation under dry soil-profile conditions. Similarly, data collected
from the Wild Rice River watershed (North-western Minnesota) was used in study
that was carried out by Wang et al. (2006) for the assessment of three PET (Potential 
Evapotranspiration) methods within SWAT’s framework. Three statistics were used 
to measure the performance of the SWAT model: the Nash-Sutcliffe coefficient,
coefficient of determination and performance virtue. The use of the three PET meth-
ods resulted in different values for two calibration parameters, namely the soil evap-
oration compensation factor and SCS curve number. The results indicated that after 
calibration, using the three PET methods within SWAT produces very similar 
hydrologic predictions for the study watershed. Furthermore, study was carried out
by Gou et al. (2009) to compute annual average ET of different land use types and 
different regions in Tianjin by two methods, remote sensing inversion and SWAT 
model simulation. The SWAT model was also used to simulate the ET for dominat-
ing crops in Tianjin. While comparing the results of the two methods, the deviation 
was over 22 %. The results of ET from SWAT model simulation were larger than the 
ET results of remote sensing inversion. The result of SWAT model should also be 
validated by local experiment results. The evaporation from soil and transpiration of 
wheat and corn during their growing period was calculated, and it was found that 
soil evaporation makes up 43 % of the total ET during wheat’s growing period.

In order to study water and crop yield relations several models like APSIM 
((Verburg and Bond 2003), APSIM SWIM (APSWIM) (Connolly et  al. 2002), 
GRASP (Rickert and McKeon 1982; McKeon et  al. 1982), SWAGMAN Farm
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(Edraki et  al. 2003; Ranatunga et  al. 2008), SWIM (Krysanova et  al. 1998; 
Krysanova et al. 2005), WATBAL (Ranatunga et al. 2008) and SWAGMAN Destiny 
(Edraki et al. 2003) have been used. These models can be categorized as empirical 
models and process-based models. Empirical models are mostly based on regres-
sion in which a relation is developed among statistical yield of crop and the factors 
related to native weather, geostatistical condition and management of the crop. So 
they have the capability to forecast only yield but estimation of water uptake by crop 
and evaporation through soil is missing. The process-based models are robust in
estimation of crop growth or in hydrology (Faramarzi et al. 2010).

Validation and parameterization of crop simulation models, under local condi-
tions is necessary as crop and plant specific parameters have spatial variation with 
changing environment. Soil and water assessment tool (SWAT model) (Douglas-
Mankin et al. 2010) is a basin scale, time continuous and process-based model that
functions on a day-to-day basis (Gassman et al. 2007). Processes related to growth 
of plants, quantity of water and quality of water are simulated through this model 
(Faramarzi et al. 2010). The present study was conducted by considering following 
objectives;

	(i)	 Parameterization and validation of the soil and water assessment tool (SWAT 
model) for rainfed wheat yield and its water productivity.

	(ii)	 Study the relationship between available water, yield and water productivity of 
rainfed wheat.

7.2  �Materials and Methods

Three wheat varieties (Dharabi, NARC-2013, and Chakwal-50) were sown at three
different locations, namely, farmer’s field (32°92′ N–72°43′ E) Talagang, University 
Research Farm (URF) (33°11′ N–73°02′E), Chakwal Road and at NARC (National 
Agriculture Research Centre) (33°67′ N–73°13′ E) Islamabad, on two different 
sowing dates (SD) (20–30 October (SD1) and 10–20 November (SD2)) during the 
wheat growing season of 2013–2014. All the operations and inputs were kept uni-
form for all varieties. The experiment was laid out in three factor factorial 
Randomized Complete Block Design (RCBD) with three replications. Individual 
plot size was 6 m × 4 m. Seed bed was prepared by following recommended cultural 
practices. The fertilizers were applied before sowing according to the field require-
ment and recommended doses. The sowing was done with seed drill. Recommended 
seed rate @ 125 kg/ha was used with row-to-row distance maintained at 25 cm.
Data related to phenological development of wheat crop using the Zadok’s scale 
(Zadoks et al. 1974) was noted by selecting ten plants from each plot randomly and 
tagging them. These observations were taken from three leaf stage to crop maturity. 
Three samples of thousand grains were taken at random from seed lot of each plot 
and weight were taken in grams on digital balance. Grain yield was recorded by 
harvesting 1  m2 area per plot and it was converted to get final yield in kg ha−1. 
Biological yield was determined by harvesting 1 m2 area per plot and then convert-
ing it to get final yield in kg ha−1.
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Crop water productivity is a quantifiable term which is used to describe the rela-
tionship between crop produced and the amount of water consumed in crop produc-
tion (Igbadun et al. 2006). In the present study CWP was calculated by using the 
following formula (Faramarzi et al. 2010) CWP Y ET= / , Where Y = Grain Yield 
and ET=Evapotranspiration. Evapotranspiration was calculated by using Penman-
Monteith equation through CROPWAT.

SWAT is a basin‐scale, continuous‐time model that operates on a daily time step 
and is designed to predict the impact of management on water, sediment, and agri-
cultural chemical yields in ungauged watersheds. Important components of the 
model are weather, hydrology, soil temperature and properties, plant growth, nutri-
ents, pesticides, bacteria and pathogens, and land management. In SWAT, a water-
shed is divided into multiple sub-watersheds, which are then further subdivided into
hydrologic response units (HRUs) that consist of homogeneous land use, manage-
ment, and soil characteristics. The HRUs represent percentages of the sub-watershed
area and are not identified spatially within a SWAT simulation. Alternatively, a 
watershed can be subdivided into only sub-watersheds that are characterized by
dominant land use, soil type, and management. In the present study spatial param-
eterization was performed by distributing the watershed into sub-basins on the basis
of topography, dominant soil, landuse, and slope. Delineation and extraction of sub-
basins, watershed and topographic analysis was done by using digital elevation 
model (SRTM DEM 90 m). Vegetation dynamics, landuse mapping and analysis 
were done with multispectral satellite images of Landsat (15 m) and SPOT-5 (5 m).
These tasks were performed using standard remote sensing and GIS software i.e., 
ArcGIS 10.0, Erdas Imagine. Model validation is the process of demonstrating that 
a given site-specific model is capable of making sufficiently accurate simulations,
although “sufficiently accurate” can vary based on project goals. In the present 
study the SWAT model was validated according to the validation skill scores like 
root mean square estimation (RMSE). Data collected from the field experiment was 
used for the model evaluation. The statistical package used for the computation of 
mean values was STATISTIX 8.1. The mean values were analyzed through least 
significant difference (LSD) at p < 0.05 %. Open source software GNUPlot was used 
for output graphs.

7.3  �Results and Discussion

The experiment was conducted at three locations to get data for the parameteriza-
tion and validation of SWAT (Soil and Water Assessment Tool) model for rainfed 
wheat yield, its water productivity and to study the relationship between available 
soil moisture. Data on a number of parameters for two different sowing dates from 
all the three locations were recorded and discussed in this chapter.
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7.3.1  �Phenological Development

Phenological development is the most important attribute involved in the crop adap-
tation to the farming environments. In present study Zadok’s scale (Z) was used to 
determine the phenological development of the wheat crop. Statistical analysis of 
the data regarding phenological development of three wheat cultivars at three differ-
ent climatic locations under two sowing dates revealed potential differences for 
different Zadok developmental stages. Sowing dates and all three locations showed 
significant variation for days to three leaf stage (Z13) while no significant variation 
was shown by cultivars. Under SD1, maximum days to Z-13 (32.35) was observed
whereas, minimum (20.88) days observed under SD2. Both sowing dates varied 
35.34 % for maximum and minimum days to three leaf stage. Similarly, maximum 
time (27.94 days) taken at Islamabad whereas minimum (21.66) taken at URF,
Chakwal road. There was 22.46 % difference among the locations (Table  7.1). 
Interactive effect of all interactions (C × SD, C × L, L × SD and C × L × SD) was sig-
nificant on days to three leaf stage (Z-13). Three way interactive effects of all the
interactions are presented in Table 7.2.

Table 7.1  Mean number of days at different phenological stages (Zadok Scale) for three wheat 
cultivars among three varying climatic locations under two sowing dates

TREATMENTS

Z-13 Z-47 Z-92

Three leaf Flag leaf Maturity

SOWING DATES (SD)
SD1 27.70A 117A 189.37A

SD2 23.44B 101.74B 166.96B

LSD for sowing dates 0.6592 0.9937 1.1246
Cultivars (C)
Pak – 13 25.222A 107.5 B 178.78 A

Dharabi 25.611A 108.28 B 178.72 A

Chakwal – 50 25.889A 112.33 A 177 B

LSD for genotype 0.8074 1.217 1.3773
LOCATIONS (L)
NARC, Islamabad 27.94A 112.94A 183.89A

URF, Chakwal Rd. 21.66C 104.94C 170.56C

TALAGANG 27.11B 110.22B 180.06B

LSD for locations 0.8074 1.217 1.3773
INTERACTIONS
C*L *** *** NS
C*SD ** ** NS
L*SD *** *** ***
C*L*SD ** *** NS

Any two means not sharing a common letter differ significantly at P < 5 % level. (*** Significant at 
P < 1 % level, ** Significant at P < 5 % Level, * Significant at P < 10 % Level, NS Non-Significant)
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Considerable variation among all cultivars, at all climatic locations under both 
sowing dates for days at flag leaf stage (Z-47) of wheat crop was observed.Maximum
number of days to Z-47 (112.33) was taken by wheat cultivar Chakwal-50 and mini-
mum (107.5 days) taken by Pak-13 followed bywheat cultivar Dharabi (108.28 days).
There was 4.29 % difference for maximum and minimum days to flag leaf among 
cultivars. Similarly both sowing dates and locations varied significantly for days to 
flag leaf stage. SD1 took more days (117) to flag leaf while SD2 took minimum days 
(101.74) to flag leaf stage. The difference was 13%. Maximum days to Z-47 were
recorded at Islamabad (112.94 days) whereas minimum were recorded at URF,
Chakwal road (104.94 days) with a difference of 7.08 % (Table 7.1). Interactive effect 
of all interactions (C × SD, C × L, L × SD and C × L × SD) was significant on days to 
Z-47. Three way interactive effects of all the interactions are presented in Table 7.3.

Significant variation was observed among all wheat cultivars, under both sowing 
dates’ and at all three locations for days to maturity (Z-92) of wheat crop. Maximum
days to Z-95 were taken by wheat cultivar Pak-13 and Dharabi (178.78 and 178.72)
respectively whereas minimum (177) taken by cultivar Chakwal-50. There was a
difference of 0.99 % among all the cultivars. Similarly, both sowing dates and all 
three different climatic locations varied significantly for days to Z-92. Maximum
days to Z-92 were recorded at Islamabad (183.89) whereas minimum (170.56) were
observed at URF, Chakwal road with a difference of 7.42% from maximum value.
SD1 took more days (189.37) to Z-92 while SD2 took lesser days (166.96) to Z-92
recording a difference of 11.85 % (Table 7.1). Interactive effect of L × SD was sig-
nificant whereas C × L, C × SD and C × L × SD showed no significant effect on days 
to Z-92. Threeway interactive effects of all the interactions are presented inTable 7.4.

Considerable differences were found among wheat cultivars for phenological 
development. These variations among cultivars for days at different Zadok develop-
mental stages is regarded to their inherent differences or genetic characteristics 
(Shahzad et al. 2007) but several environmental factors like temperature (high and 
low) also effect the growth and development of the wheat crop (Din et al. 2010). 
The difference among sowing dates might be due to the effect of variable environ-
mental conditions, most probably due to variations in temperature. The results of 
current study were also supported by (Nahar et  al. 2010) who documented that 
wheat sown under different sowing times is affected by the variations in the tem-
perature. Difference in phenological development due to sowing time was also 
documented by Rahman et  al. (2009); Laghari et  al. (2012) and Hussain and 
Mudasser (2007). As phenological development is affected by the variable climatic 
conditions, hence the difference in days at different Zadok developmental stages 
might be attributed to the different climatic variables prevailing at different loca-
tions. Inamullah et al. (2011) also reported the effect of prevailing environmental 
conditions on wheat growth and development.
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7.3.2  �Thousand Grain Weight (g)

All the wheat cultivars varied potentially for TGW.  Maximum thousand grain 
weight recorded for PAK-13 (54.83 g) while lowest thousand grain weight recorded
for Chakwal-50 (41.33 g) followed by Dharabi (42 g). There was 24.62% difference
among PAK-13 and Chakwal-50 for maximum and lowest thousand grain weight.
Similarly, all the locations varied considerably for thousand grain weight of differ-
ent wheat cultivars. Maximum thousand grain weight recorded for Islamabad 
(49.5 g) whereas, lowest thousand grain weight recorded for Talagang (42.22 g). 
Both locations varied 14.70 % for maximum and lowest thousand grain weight of 
wheat cultivars. Maximum value of thousand grain weight recorded for SD2 
(50.55 g) and lowest value of thousand grain weight recorded for SD1 (37.333 g). 
The percentage variation for maximum and lowest thousand grain weight among 
SD2 and SD1 was 26.15 % (Table 7.5).

Wheat yield is markedly affected by thousand grain weight. Significant differ-
ence among the cultivars for TGW might be related to their genetic make-up. Tahir
et  al. (2009) and Shahzad et  al. (2002), documented that the variation in TGW 
among cultivars can be attributed to their genetic variability. There was significant 
variation among all the three locations for TGW which may be due to the variable 
weather conditions (variability in rainfall distribution, intensity and rainfall pattern 
and variability in temperature) at the time of grain development at different loca-
tions. These results were in line with those of Modarresi et al. (2010), Aggarwal 
(2008) and Nagarajan (2005) were of the view that variable weather conditions 
affect different yield components. Sowing dates were also found significantly 
different for TGW which might be related to the source sink activity of the crop. 
Rahimian and Banayan (1996) reported significant effects of source sink activity on 
TGW. The variations among sowing dates can be attributed to the soil moisture 
regime at specific time. Significant decrease in TGW of wheat crop was observed by 
Khan et al. (2005) and Qadir et al. (1999) mainly due to the variations in availability 
of soil moisture. Variation in TGW due to different sowing dates was also reported 
by Shahzad et al. (2007) and Refay (2011).

7.3.3  �Grain Yield (kg ha−1)

Statistical analysis of the data regarding grain yield depicted highly significant 
results for wheat grain yield of different wheat cultivars under both sowing dates at 
all three locations. Maximum grain yield recorded for PAK-13 (6441.4 kg/ha) fol-
lowed by the same Cultivar PAK-13 (6295.7 kg/ha), while minimum wheat grain
yield exhibited by Chakwal-50 (4174.6 kg/ha). The variation was 35.19% and
33.69 %. Similarly, all the locations varied considerably for grain yield of different 
wheat cultivars. Islamabad (5602.2 kg/ha) recorded the maximum wheat grain yield 
followed by Talagang (5576 kg/ha), while minimum wheat grain yield recorded at 
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URF, Chakwal Road (5157.1 kg/ha). There was 7.94% reduction in grain yield at
URF, Chakwal Road from Islamabad. Both the sowing dates varied considerably for
grain yield. Maximum grain yield recorded for SD2 (5872.9 kg/ha) while minimum 
for SD1 (4674.8 kg/ha). Both sowing dates varied 20.40 % for maximum and mini-
mum grain yield (Table 7.5).

Significant variations were observed in the grain yield of wheat cultivars which 
might be related to the genetic makeup and their ability to use the available resources 
properly by transferring the large amount of dry matters to the plant sink (Khabiri 
et al. 2012). Number of grains per spike is an important contributor to the wheat 
grain yield and was found more in the wheat Cultivar (PAK-13) which gave higher
grain yield, so it might be a reason for the variation in wheat grain yield among 
cultivars. Same was reported by Slafer and Calderini (2005), who documented that 
increase in the number of grains per spike, resulted in the enhancement of the grain 
yield during recent years. The results are also supported by Nayyar et al. (1992). 
Sowing date is an important factor which affects the grain yield significantly 
(McLeod et al. 1992). These findings were in line with those of Jackson et al. (2000) 
who were of the view that rainfall occurrence and its distribution affects the sowing 
dates of crop, hence the final yield. Ansari (2002) also reported significant effect of 
sowing dates on the grain yield of wheat cultivars. Variation among the locations 
might be related to the prevailing climatic conditions. At Islamabad, favorable 

Table 7.5  Yield and yield parameters of three wheat cultivars among three varying climatic 
locations under two sowing dates

SOWING DATES (SD) TGW GY BY HI

SD1 43.519B 5144.2 B 14,756 B 0.35 A
SD2 48.778A 5746 A 16,591 A 0.34 A
LSD for Sowing Dates 0.9917 105.84 418.01 NS
CULTIVARS (C)
Pak-13 52A 6269.1 A 17,203 A 0.36 A
Dharabi 46.056B 5458.7 B 15,985 B 0.34 B
Chakwal-50 40.389C 4607.4 C 13,832 C 0.33 B
LSD for Cultivar 1.2146 129.63 511.95 0.0133
LOCATIONS (L)
NARC, Islamabad 49.5A 5602.2 A 16,543 A 0.33 B
URF, Chakwal Road 46.722B 5157.1 B 14,694 C 0.35 A
Talagang 42.222C 5576.0 A 15,783 B 0.35 A
LSD for Locations 1.2146 129.63 511.95 0.0133
INTERACTIONS
C*L NS ** NS *
C*SD ** * NS **
L*SD *** *** *** ***
C*L*SD *** NS *** **

Where TGW Thousand Grain Weight, GY Grain Yield, BY Biological Yield, HI Harvest Index
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climatic conditions were available those were not available at other locations in the 
same period of time. Wheeler et al. (2000) documented that different climatic fac-
tors like rainfall and temperature has effect on the grain yield. Araus et al. (2008) 
also documented significant effect of climatic variables on the grain yield.

7.3.4  �Biological Yield

There was a potential difference among all the cultivars under both sowing dates at 
all the locations for biological yield. Highest biological yield was recorded at 
Islamabad (16,543 Kg/ha), whereas, lowest biological yield observed at University 
Research Farm, Chakwal Road (14,694 Kg/ha). The difference in biological yield at
URF, Chakwal Road from Islamabad was 11.17%. Both the sowing dates varied
considerably for biomass production. Maximum biological yield observed for SD2 
(17,092 kg/ha) while minimum biological yield recorded for SD1 (12,919 kg/ha). 
The variation among both the sowing dates for biological yield was 24.41 %. 
Similarly, cultivars showed considerable variation for biological yield. Maximum 
biological yield recorded for Pak-13 (17,203 kg/ha) and minimum exhibited by
Chakwal-50 (13,832 kg/ha). There was 19.5% difference in maximum and mini-
mum biological yield among the wheat cultivars PAK-13 and Chakwal-50
(Table 7.5).

Dry matter (biological yield) is the final outcome of the crop and is directly influ-
enced by photosynthesis. Photosynthesis is directly related to the available resources, 
which means if all the resources are available then there will be more photosynthe-
sis. The proper utilization of the prevailing weather variables would affect plant 
growth positively by increased photosynthesis resulting in increment of plant dry 
matter in different plant parts and ultimately enhanced the biological yield (Ali et al. 
2010). The analysis revealed that the second sowing date resulted in higher biologi-
cal yield due to optimum temperature and growth period which resulted in good 
vegetative growth, more dry matter accumulation and higher biological yield. 
Significant effects of sowing dates on biological yield of the crop were illustrated by 
Jalota et al. (2010) and Azadbakht et al. (2012). Our results were also in line with 
Ali et al. (2010) who stated that favorable climatic conditions effects the biological 
yield. More numbers of tillers m−2 and more plant height could also be a reason for 
more biological yield (Donaldson et al. 2001; Matuz and Aziz 1990). Similarly, at 
Islamabad there was relatively higher rainfall and no temperature stress on wheat so 
at Islamabad higher biological yield was recorded. Different wheat cultivars also 
showed significant variation for biological yield. This difference among the culti-
vars might be related to their genetic potential and their capability of shifting more 
amounts of matter to the plant sink (Khabiri et al. 2012).
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7.3.5  �Harvest Index

Highest harvest index recorded for wheat cultivar PAK-13 (37.17%) and lowest
harvest index recorded for wheat cultivar Chakwal-50 (32.5%). The difference
among both the cultivars was 12.56 %. Similarly, there was considerable difference 
among locations for highest and lowest harvest index. Highest harvest index was 
recorded at Talagang (35.39%) which was statistically in line with that of URF,
Chakwal Road (35.22 %), while, lowest harvest index was observed at Islamabad 
(33.78 %). The difference in harvest index at Islamabad from Talagang and 
University Research Farm, Chakwal Road was 4.5% and 4.08% respectively. There
was no significant difference among both the sowing dates for harvest index 
(Table 7.5).

Harvest index is obtained by dividing grain yield of the crop by above ground 
biological yield and then multiplied by 100. It is the most important characteristic 
used to select high yielding cultivars under varying planting/sowing conditions. 
Raes et al. (2009) reported variations in potential harvest index from one location to 
another. Climatic conditions were favorable for SD2, due to which there was effi-
cient translocation of photosynthate which resulted in higher harvest index for SD2. 
Blum et al. (1994) illustrated that whenever there is efficient utilization of photosyn-
thate the harvest index will be at higher side. Our results were also in line with 
Jalota et al. (2010) who documented significant effects of sowing dates on harvest 
index.

The interactive effect of sowing dates and cultivars (SD × C) interaction had sig-
nificant effect on harvest index (Hossain et al. 2011). The increase of harvest index 
represents the ability of plant to transfer and allocation of material to aerial parts. 
Harvest index is one of the indices used to assess the proficiency of division of dry 
matter by plant.

7.3.6  �Crop Water Productivity (Kg m−3)

Wheat cultivars at all climatic locations under both sowing dates for crop water 
productivity (CWP) were potentially variable. CWP was highest for cultivar Pak-13
(1.11 Kg m−3) while lowest value recorded for Chakwal-50 (0.75 Kg m−3) with a 
difference of 32.37 %. Similarly, both sowing dates and all locations showed signifi-
cant variation. Maximum CWP was observed under SD2 (1.03 Kg m−3) whereas 
minimum value recorded under SD1 (0.8612 Kg m−3). Both sowing dates varied 
17.10% for CWP. University Research Farm, Chakwal Road (0.95 Kg m−3) gave 
maximum CWP value whereas Islamabad (0.89  Kg  m−3) gave minimum value 
among all locations. The difference among locations was 6.21 % for maximum and 
minimum value of CWP. Interactive effects of L × C, L × SD and C × SD interactions 
were significant whereas L × C × SD interaction had no significant effect on CWP at 
5 % level of significance. Three way interactive effects of all the interactions are 
presented in Table 7.6.
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7.4  �Parameterization and Evaluation of Swat Model

7.4.1  �The SWAT Model

SWAT (Soil and Water Assessment Tool) model is a hydro-dynamic, basin‐scale, 
physically based and continuous‐time model that has its applications in complex 
and large basins (Fig. 7.1). It is designed for the prediction of management impacts 
on water, sediment and agricultural chemical yields in an ungauged watershed and 
is operated on a daily time step. Basin specific data regarding weather components 
(temperature, precipitation, evapotranspiration, humidity etc.,) soil properties 
(physical and chemical), topography, vegetation and land management practices are 
required to run the model. GIS data can be obtained from different agencies which 
have already compiled data sets. Some of its components are weather, evapotrans-
piration, crop growth and irrigation, reach routing, soil properties, land manage-
ment and hydrology. In SWAT, a watershed is divided into multiple sub-watersheds,
which are then further subdivided into hydrological response units (HRUs) that con-
sist of homogeneous land use, management, and soil characteristics. Alternatively, 
a watershed can be subdivided into only sub-watersheds that are characterized by
dominant land use, soil type, and management. It works on the following principle 
equation:

	
SW SW R Q ET P QRt o

i

t

= + − − − −( )∑
=1 	

Where SWt is the soil water content at a specific time, SW0 is for initial water 
content of the soil, R is for precipitation, Q representing runoffs, ET representing 
evapotranspiration, P for percolation and QR is for the return flow.

One of the basic objectives behind the development of the SWAT model was the 
forecasting of the impacts of management decisions regarding climatic and vegeta-
tive change on large and ungauged basins.

Table. 7.6  Crop water productivity of three wheat cultivars under three location and two sowing 
date

Islamabad Mean
URF, Chakwal
Rd. Mean Talagang Mean

SD1 SD2 SD1 SD2 SD1 SD2

Pak-13 0.99 
NS

1.04 1.02B 1.02 1.21 1.11A 0.99 1.07 1.03B

Dharabi 0.89 0.88 0.89D 0.89 1.03 0.96C 0.85 0.96 0.91D

Chakwal-50 0.71 0.79 0.75F 0.66 0.87 0.76EF 0.75 0.85 0.80E

Mean 0.87D 0.91C 0.86D 1.03A 0.86D 0.96B

0.89C 0.95A 0.91B
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7.4.2  �Model Parameterization

In present study spatial parameterization was performed by distributing the water-
shed into sub-basins on the basis of topography, dominant soil type, landuse, and
slope. Delineation and extraction of sub-basins, watershed and topographic analysis
was done by using digital elevation model (SRTM DEM 90 m). Vegetation dynam-
ics, landuse mapping and analysis were done with multispectral satellite images of 
Landsat (15 m) and SPOT-5 (5 m). These tasks were performed using standard
remote sensing and GIS software i.e., ArcGIS 10.0, ERDAS IMAGINE 9.1 and 
QGIS Desktop 2.2.0. The satellite images required for the present study were 
obtained from the United States department of Geological Survey’s website http://
earthexplorer.usgs.gov.
For the spatial parameterization, first of all, layer stacking was done using the

“Layer stack” function of the standard remote sensing and GIS software ERDAS 
IMAGINE 9.1. After the layers were stacked and a single image of different bands 
was obtained, classification of the map was done using “unspecified classification” 
function of the same remote sensing and GIS software. Then the land use and soil 
layer were classified using standard remote sensing and GIS software ArcMap 10.1 
a component of ArcSWAT.
The required data for this study was obtained from the following sources:

	 (I)	 Data regarding soil moisture, crop growth and yield was gathered from the 
field experiment conducted at three different climatic locations, i.e., Islamabad, 
University Research Farm, Chakwal Road and Talagang (Fig. 7.2, 7.3, 7.4, 
7.5, and 7.6).

Fig. 7.1  Workflow of the SWAT model

A. Mehmood et al.
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Fig. 7.2  Map of the study Basin

Fig. 7.3  Stacked image of 
the Basin under study

7  Soil and Water Assessment Tool (SWAT) for Rainfed Wheat Water Productivity
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Fig. 7.4  Satellite image of 
study area after 
classification into different 
objects

Fig. 7.5  Map of study 
area classified into Basin, 
HRU’s, streams and 
monitoring points

Fig. 7.6  Map of the study 
area spatially analyzed and 
delineation into 
hydrological response units
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(II) Weather data of the two locations (Islamabad and URF, Chakwal Road) was
obtained from the respective weather stations while of Talagang was 
interpolated.

	(III)	 Satellite images of the study area were downloaded from the United States 
Geological Survey www.EarthExplorer.usgs.gov.

7.4.3  �Calibration and Uncertainty Analysis

In the present study, for the calibration, validation and uncertainty analysis of the 
model, land use, crop yield and climatic data was used. There are two groups of 
parameters which affects the simulated crop yield mostly (Wang et al. 2005). One 
of these two groups is of the parameters which affect both of the hydrology and crop 
growth parameters and the other group is of those factors which are sensitive only 
to the processes of crop growth like harvest index (HI) and sowing and harvesting 
dates of the crop. In order to model the crop yield, firstly hydrology was calibrated 
and then the calibrations of yield parameters were performed. For the comparison
of the observed and the simulated results the R2 was used. The crop yield was simu-
lated at the sub-basin level.

7.5  �Model Results

7.5.1  �Days After Sowing

SWAT model was parameterized to simulate days after sowing for Zadok’s scale 
(Germination, Three leaf, Anthesis and Maturity) under two sowing dates for three 
wheat cultivars and at three different climatic locations. A close association was 
witnessed between observed and simulated days after sowing for Zadok’s scale 
measured with validation skill score like R2 (Table 7.7). The simulated values for 
days after sowing at germination, three leaf, anthesis and maturity were close to 
observed with validation skill score of R2 0.95, 0.97, 0.83 and 0.72 respectively. 
Simulated days after sowing for germination under two sowing dates viz. SD1 and 
SD2, for three wheat genotypes viz. Pak – 13, Dharabi and Chakwal-50 and at three
different climatic locations viz. NARC Islamabad, Farmer’s field Talagang, and
URF, Chakwal road were found closely related to observed values with validation
skill score of R2 0.96 and 0.94 for sowing dates, 0.97, 0.96 and 0.95 for genotypes 
and 0.98, 0.89 and 0.80 for locations, respectively. For days after sowing to three
leaf, R2 values of sowing dates, genotypes and locations showed close relation with 
the observed values. Similarly at anthesis and maturity stage similar results were 
observed. Fig. 7.7 represents observed and simulated days after sowing of three 
wheat cultivars at three different climatic locations under two sowing dates.

7  Soil and Water Assessment Tool (SWAT) for Rainfed Wheat Water Productivity
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7.5.2  �Grain Yield (GY) (kg ha−1)

Grain yield for three wheat cultivars, two sowing dates and three different climatic 
locations was simulated by parameterization of SWAT model. Results showed close 
association between observed and modeled grain yield. Fig. 7.8 represents observed 
and simulated GY of three wheat cultivars at three different climatic locations and 
under two sowing dates. The simulated results for grain yield with validation skill 
score of R2 0.91 and 0.90 for sowing dates, 0.77, 0.72 and 0.90 for cultivars and 
0.89, 0.94 and 0.88 for locations, were close to observed results. Maximum simu-
lated GY was for wheat cultivar Pak-13 (6061.6 Kg ha−1) while minimum for 
Chakwal-50 (4590.7 Kg ha−1). A direct relation with sowing dates calculated in 
simulated GY by SWAT model. Under SD2 maximum grain yield (5731 Kg ha−1) 
simulated whereas, minimum GY (5035.1 Kg ha−1) simulated under SD1. Likewise, 
variation in simulated grain yield was observed at all climatic locations and for three 

Table 7.7  Validation Skill Score (R2) values for phenology, yield and crop water productivity 
(cwp) of three wheat genotypes under two sowing dates and at three climatic locations

Factors

R2

Phenology

Yield CWPGermination Tillering
Flag
leaf Maturity

Sowing Dates
SD1 0.9634 0.9863 0.9206 0.9309 0.9131 0.8719
SD2 0.9458 0.9703 0.9506 0.9217 0.9073 0.899
Genotypes
Pak – 13 0.97 0.9894 0.9561 0.8052 0.7792 0.8525
Dharabi 0.9685 0.9796 0.9887 0.8441 0.7267 0.8238
Chakwal-50 0.9596 0.9893 0.9645 0.935 0.9084 0.9209
Locations
Islamabad 0.9831 0.9057 0.9394 0.859 0.8967 0.8421
Talagang 0.8913 0.8378 0.9818 0.9209 0.9468 0.9163
URF, Chakwal Rd. 0.8082 0.9981 0.896 0.9468 0.8834 0.8141

y = 1.004x + 0.4194
R² = 0.9965
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Fig. 7.7  Comparison of observed days after sowing with simulated days after sowing among three 
wheat cultivars, under two sowing dates and at three locations
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wheat cultivars. At Islamabad, simulated wheat GY (5519.9 Kg ha−1) was at higher 
side while at URF, Chakwal its value (5085.5 Kg ha−1) was minimum. These results 
were close to the observed values with R2 values of 0.86 and 0.88 respectively.

7.5.3  �Crop Water Productivity (Kg m−3)

Simulated crop water productivity (CWP) under two different sowing dates, for 
three wheat cultivars and at three different climatic locations was found closely 
related to the observed CWP (Fig. 7.9). There was a close relationship among 
observed and simulated CWP with R2 value of 0.88 for all the wheat cultivars under 
three different climatic locations among two sowing dates. Wheat cultivars and 
sowing dates varied potentially for simulating CWP of wheat crop. Among cultivars 
highest value of CWP was simulated for Pak-13 (1.01 Kg m−3) whereas lowest one 
simulated for Chakwal-50 (0.79 Kg m−3) while under sowing dates maximum CWP 
simulated for SD2 (0.97 Kg m−3) and minimum for SD1 (0.87 Kg m−3). Potentially 
different results were simulated for locations. Islamabad (0.59 Kg m−3) gave maxi-
mum value whereas minimum value of CWP simulated for University Research 
Farm, Chakwal road (0.89 Kg m−3).

Y = 0.9238x + 202.42
R² = 0.827
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Fig. 7.8  Comparison of observed yield with simulated yield among three wheat cultivars, under 
two sowing dates and at three locations

y = 0.8293x + 0.1628
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Fig. 7.9  Comparison of observed crop water productivity with simulated crop water productivity 
among three wheat cultivars, under two sowing dates and at three locations
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  Abstract     Crops respond to stress includes, from molecular to the morphological 
level. Responses at the whole crop level integrate processes taking place at all the 
underlying levels. For this reason, their quantitative assessment is not always 
straight forward. Abiotic stresses already represent one of the key factors limiting 
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a subsistence level, the livelihood of a large share of the population is constantly 
challenged by abiotic stress factors and their interactions with biotic stress factors. 
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8.1       Introduction 

 Owing to advances in breeding, the introduction of improved farming technologies 
and, at least in developed countries, relatively cheap access to water, fertilizers and 
crop protection products, crop yields have risen considerably since the 1950s 
(Edgerton  2009 ). While this increase extends to worldwide  crop production   (World 
Bank  2015 ), in many areas progress has not been suffi cient to close the gap between 
actual yields and their climatic potentials (Licker et al.  2010 ). Various reasons con-
tribute to this state of affairs. Pests and diseases play a role (Oerke  2006 ), but prob-
ably more important has been the impact of  abiotic stress   factors (Boyer  1982 ; 
Bonhert  2007 ; Devine  2009 ). Crops experience  abiotic stress   when environmental 
conditions depart too strongly from the optimum range for growth and reproduction 
(Larcher  2003 ). According to Levitt ( 1980a ) biological stress can be defi ned as “any 
environmental factor capable of inducing a potentially injurious strain in living 
organisms”. 

 In turn, biological strain can defi ned as either a physical or a chemical change 
induced by stress on a living organism. As opposed to physical strain, biological 
strain is therefore “not necessarily [only] a change in dimension” (Levitt  1980a ). 
Various factors can lead to stress in crops (Fig.  8.1 ). Not all of them are directly 
linked to climate. In practice, however, the emergence of abiotic stresses is often 
triggered by anomalous climatic conditions, such critical low and high tempera-
tures, persistent absence of rain, extreme  precipitation   intensities, or high radiation 

  Fig. 8.1    Abiotic stress factors.  Coloured fi elds  denote those factors often addressed in impact 
assessments (Modifi ed after Levitt ( 1980a ) and Beck and Lüttge ( 1990 ))       
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intensities. Problems caused by high salinity are common in arid or semiarid envi-
ronments (Abrol et al.  1998 ), where rainfall is too low to prevent accumulations of 
ions in the soil (Qadir et al.  2014 ) and where irrigation is the cause of secondary 
salinization (Ghassemi et al.  1995 ).

   Crops respond to stress at various levels, from the molecular to the morphologi-
cal (Bonhert  2007 ). Depending on the process involved, responses to a given stress 
factor display different sensitivities with respect to the imposed stress signal (Fig. 
 8.2 ). Responses at the whole crop level integrate processes taking place at all the 
underlying levels. For this reason, their quantitative assessment is not always 
straightforward (Blum  1996 ). 1 

   What happens during stress is essentially determined by the intensity and dura-
tion of the factor causing strain. Yet equally important for crops is the timing of 
stress in relation to development, as crop sensitivities to various stress factors vary 
according to  phenology   (Feller and Vaseva  2014 ). With sorghum exposed to  drought  , 
for instance, the largest reduction in grain  yield   is to be expected when water stress 
occurs during booting and fl owering (Craufurd and Peacock  1993 ). It is also well 
known that  wheat   is particularly sensitive to high temperatures during fl owering 
(Porter and Gawith  1999 ; Barlow et al.  2015 ) and that heat stress occurring during 
the reproductive phase is more harmful than during the vegetative phase (Stone and 
Nicolas  1995 ; Farooq et al.  2011 ).  

1   More information concerning specifi c responses to various types of  abiotic stress  can be found 
elsewhere in the literature and are no further treated here. As a starting point for extending the 
present discussion one can recommend the textbooks by Levitt ( 1980a ,  b ), Larcher ( 2003 ), various 
chapters in the book edited by Boote et al. ( 1994 ), and several review articles (e.g. Beck and Lüttge 
 1990 ; Lichtenthaler  1996 ; Bonhert  2007 ; Mittler  2006 ; Feller and Vaseva  2014 ; and, Suzuki et al. 
 2014 ). 

  Fig. 8.2    Generalized 
sensitivity of plant 
processes to water stress 
and sequence of processes 
triggered by decreasing 
water potential in plant 
tissues (Modifi ed after 
Hsiao ( 1973 ))       
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8.2     Resistance to Stress 

 As with wild plants, crops can, to some extent, resist stress. Stress resistance con-
sists of two components: stress avoidance, i.e. the ability to prevent stress from 
causing a strain, and stress  tolerance  , i.e. the ability to cope with a reversible or even 
irreversible response already triggered by stress (Levitt  1980a ,  b ). The terms “hardi-
ness” and “acclimation” are sometimes used as synonyms to “stress resistance”, in 
particular when discussing the ability of some crops to better survive extreme cold 
(Snyder and De Melo-Abreu  2005 ), heat (Paulsen  1994 ) or  drought   (Levitt  1980b ). 
For the same reason, the term “hardening” is employed to denote the development 
of improved  tolerance  . Acclimation can take place very rapidly. On a hot afternoon, 
for example, plants are able to shift to higher limiting temperatures within hours 
(Larcher  2003 ). In other circumstances, acclimation may require an entire season, 
as is the case for the development of freezing  tolerance   in winter cereals (e.g. 
Pomeroy et al.  1975 ) and forage grasses (e.g. Larsen  1994 ). Moreover, the ability to 
resist adverse environmental conditions is not an enduring feature and can be lost 
when favourable conditions return. In winter cereals and forage grasses that already 
underwent acclimation to freezing temperatures, de-hardening can be prompted by 
a few days of relatively mild temperatures. The consequence is a much higher risk 
of crop failure from late frosts. 

 Sensitivity and resistance to  stress   vary considerably across crops and cultivars 
(Bray et al.  2000 ). In cereal crops, resistance to freezing is highest in rye and lowest 
in oats and durum  wheat   (Snyder and De Melo-Abreu  2005 ). When hardening is 
completed, rye can survive temperatures as low as −40 to –45 °C, whereas the limit 
is at about −10 °C for durum  wheat   (Lecomte  1993 ). This is equivalent to a 30 °C 
difference in cold  tolerance  . Likewise, critical temperatures that can impair grain 
formation during reproductive development barely exceed 30 °C in bean but can 
reach almost 40 °C in soybean, with intermediate values of about 35 °C in  wheat  , 
maize, sorghum, cotton and  rice   (Hatfi eld et al.  2011 ). Different sensitivities also 
exist with respect to water stress. According to data compiled by Soltani and Sinclair 
( 2012 ), growth development in sorghum, soybean and maize continues until the 
fraction of transpirable water in the root zone has dropped to about 0.25, but the 
development of  rice   ceases as soon as the fraction of transpirable water in the root 
zone falls below about 0.6.  

8.3     Multiple Stresses 

 A single  abiotic stress   seldom befalls a crop. More frequent are situations in which 
crop development is compromised by the simultaneous occurrence of more than one 
stress factor (Mittler  2006 ; Suzuki et al.  2014 ). In open fi elds, for example, strong 
radiation, exceedingly high temperatures, low air humidity and water defi cit tend to 
occur in combination. Common co- occurrences are high salinity in combination 
with  drought  , or of high ozone levels in combination with extreme heat. As abiotic 
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stresses have the potential to weaken the defence mechanisms of crops against 
pathogen and herbivore pests, abiotic stresses are often also precursors of biotic 
stresses (Suzuki et al.  2014 ). In many circumstances, crop responses to multiple 
stresses are unique and cannot be simply inferred by extrapolating responses to 
individual stress factors. This has clearly been shown concerning molecular 
responses to heat and  drought   in tobacco and  Arabidopsis  (Rizhsky et al.  2002 , 
 2004 ), but similar conclusions hold true also regarding other combinations of 
stresses (see literature review in Suzuki et al.  2014 ). When the combined effects of 
two stress factors are additive, multiple stresses have a higher damaging potential 
than one would estimate from the sum of the strains induced by the individual fac-
tors. This is the case with  drought   and heat,  drought   and exceedingly high UV 
intensities,  drought   and salinity, heat and ozone, or heat and salinity (Mittler  2006 ; 
Suzuki et al.  2014 ). 

 Stress enhancement can result even when two (or more) factors act on the same 
physiological mechanism, if they prompt responses in opposite directions (Feller 
and Vaseva  2014 ). Under  drought   and heat, for instance, a crop initially subjected to 
high temperatures will open its stomates to increase transpiration and promote cool-
ing. This results in a faster depletion of soil water reserves and onset of water stress. 
Conversely, a crop subjected to water stress will initially react by closing its sto-
mates, a process that reduces cooling through transpiration and leads to higher foli-
age temperatures. When compensatory mechanisms exists, the effects of multiple 
stresses are not cumulative and the overall impact is usually less harmful than the 
sum of the individual strains (Suzuki et al.  2014 ). Reduced  stomatal conductance   in 
crops suffering from water stress, for example, can enhance the  tolerance   to ozone 
stress, and therefore reduce the impact of high ozone doses, which tend to occur 
with high temperatures during the summer season (Pääkkönen et al.  1998 ).  

8.4     Crop Production and  Drought   

 Drought represents without doubt one of the major threats to worldwide  crop pro-
duction  , even in countries where  agriculture   is highly industrialized (Fig.  8.3 ). 
Failure to meet expected production levels can have severe repercussions on prices 
of agricultural commodities and hence have implications for global  food security   
(IPCC  2014 ). Also, in poor countries  drought   has tremendous impacts on livelihood 
and household economy (Dilley et al.  2005 ; Sivakumar  2005 ; Miyan  2015 ). 
Especially in Africa,  drought   has been the reason for food crises and famines.

   Often, crops suffering from  drought   also suffer from heat stress (see discussion 
in the previous section) which was the case during the  drought   that affected U.S. 
 agriculture   in 2012. Indeed, climatic data reveal that this event was not only excep-
tional because of the persistence of  drought   over a large fraction of the cropland 
(Fig.  8.4 ) but also because temperatures were higher than normal during most of the 
summer season, particularly during July (Fig.  8.5c ) (GISTEMP Team  2015 ; EIA 
 2015 ).
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    Thus, the 2012  drought   is remembered as “the most extensive  drought   to affect 
the U.S. since the 1930s resulting in widespread harvest failure for corn, sorghum 
and soybean crops, among others, Initial expectations at planting time had sug-
gested [corn] yields averaging a record 166 bushels per acre, but deteriorating grow-
ing conditions throughout the summer led USDA to reduce  yield   expectations. The 

  Fig. 8.4    U.S. Corn area in  drought   at the end of August 2012 (Analysis courtesy of the 
U.S. Department of Agriculture (EIA  2015 ))       

  Fig. 8.3    Impact of extreme weather events on maize yields in the US (Adapted from Karl et al. 
( 2009 ) based on the newest compilation of yields available from FAOSTAT (FAO  2015 ). The rela-
tive loss for 2012 was computed by comparing the actual  yield   to an estimated potential of ~11 t 
ha −1 )       
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fi nal 2012  yield   estimate was set at 123.4 bushels per acre, the lowest since 1995” 
(USDA  2015 ). 

 As seen in Fig.  8.5 , the occurrence of anomalously high temperatures has also 
been a characteristic of many  drought   events of relevance for global  crop produc-
tion  , e.g. the 1972 event in the Ukraine and, more recently, the two heat waves that 
struck Western Europe in 2003 and Russia in 2010 2  (Battisti and Naylor  2009 ; 
Wegren  2011 ; Anyamba et al.  2014 ). 

8.4.1     Crop Exposure to Heat Stress: Recent Trends 

 Global temperatures have risen by about 0.8 °C since 1975 (Hartmann et al.  2013 ). 
According to IPCC ( 2014 ) “negative impacts of climate change on crop yields have 
been more common than positive impacts (high confi dence). The smaller number 

2   The large-scale circulation patterns responsible for the 2010 Russian heatwave eventually led to 
catastrophic fl oods in Pakistan. This event affected more than 20 million people (Kirsch et al. 
 2012 ) and negatively affected  agriculture  to an unprecedented scale (FAO  2010 ; WFP  2010 ). 
Undoubtedly, there is an  abiotic stress  contribution to the damages caused by these fl oods to crops. 
Overall, however, the effects of these fl oods and similar events extend beyond what can be consid-
ered as  abiotic stress  component. 

  Fig. 8.5    Global  temperature   anomaly maps for ( a ) 1972, ( b ) 2003, ( c ) 2010 and ( d ) 2012. 
Courtesy of the National Aeronautics and Space Administration (NASA), Goddard Institute for 
Space Studies (Hansen et al.  2010 ; GISTEMP Team  2015 ). Shown here are the mean anomalies 
relative to a 1981–2010 baseline for the Northern-Hemisphere summer (June, July and August). 
Key areas discussed in the text (in the order Ukraine, Western Europe, Russia and the U.S) are 
indicated with an  arrow        
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of studies showing positive impacts relate mainly to high-latitude regions, though 
it is not yet clear whether the balance of impacts has been negative or positive in 
these regions (high confi dence).  Climate change   has negatively affected  wheat   and 
maize yields for many regions and in the global aggregate (medium confi dence). 
Effects on  rice   and soybean  yield   have been smaller in major production regions 
and globally, with a median change of zero across all available data, which are 
fewer for soy compared to the other crops. Observed impacts relate mainly to pro-
duction aspects of  food security   rather than access or other components of  food 
security  . Since AR4 [IPCC Fourth Assessment Report], several periods of rapid 
food and cereal price increases following  climate extremes   in key producing 
regions indicate a sensitivity of current markets to climate extremes among other 
factors (medium confi dence)”. 

 The increase in mean growing season temperatures alone has been shown to have 
had a negative impact on the recent upward trend in crop yields, effectively reducing 
maize and  wheat   production by roughly 4 and 6 %, respectively, below what could 
have potentially been achieved without global warming (Lobell et al.  2011 ). 3  

 In many areas of the world, notably Europe, Asia, Africa and South America, the 
rise in global mean  temperature   has been accompanied by an increase in both night- 
time minimum as well as daytime maximum temperatures, and by an increase in the 
frequency of extremely warm conditions (Vose et al.  2005 ; Donat et al.  2013 ). The 
result has been a decrease in exposure to low  temperature   but an increase in expo-
sure to critically high temperatures and heat stress, in recent decades. Past increase 
of crop exposure to heat stress during reproductive growth has been confi rmed by 
Gourdji et al. ( 2013 ), although the correspondence to trends in growing season 
mean temperatures has, so far, been weak. 4  According to their analysis, about 10 
(soybean and  rice  ) to 30 % ( wheat   and maize) of the crop area has been exposed to 
more than 0.1 °C/decade increase in critical high temperatures. 

 The geographic distribution of crop areas currently at risk of heat stress during 
reproductive development are easily identifi ed in the maps presented by Gourdji 
et al. ( 2013 , their Figs.  8.1  and  8.2 ) and similar maps presented by Teixeira et al. 
( 2013 , their Figs.  8.2  and  8.4 ). For  wheat  , hot spots are concentrated in southern 
Russia, Kazakhstan, Pakistan and India; for maize, hot spots are spread across the 
globe, including Europe (Iberian Peninsula and the Southeast), Africa, and North, 
Central and South America. These are the regions where the risk of incurring heat 
stress is expected to further increase in the near future.  

3   According to the analysis of Lobell et al. ( 2011 ), for maize and  wheat , trends in  precipitation  have 
worsened the situation, with an additional relative impact of about −0.5 to −1 %. 
4   This is because temperatures have been for the most part below crop critical thresholds and there-
fore the increase in  temperature  has yet to be refl ected in a signifi cant increase in exceedance 
probabilities 
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8.4.2     Global Warming, Heat Stress and  Drought   

 There is little doubt that global change will further alter the conditions for  crop 
production   (Lobell and Gourdji  2012 ). Global climate model simulations suggest 
that global temperatures will continue to rise during the coming decades (Collins 
et al.  2013 ). Depending on which emission scenarios and experiments are being 
evaluated, the increase in global surface  temperature   relative to 1986–2005 is 
expected to reach between +0.3 °C and +4.8 °C by the end of the century. Changes 
in the shape of the  temperature   distribution would come on top of the trends in 
annual or seasonal averages. As a result, by the end of the century growing season 
temperatures in the tropics and subtropics are expected to exceed current extreme 
temperatures, and present exceptional temperatures in the temperate zones, such as 
those recorded during the 2003 heat wave in Western Europe, are expected to 
become the norm (Battisti and Naylor  2009 ). 

 In more detail, daily maximum temperatures are projected to increase by +1.5 to 
+5.5 °C until the end of the century (Collins et al.  2013 ; Sillmann et al.  2013 ). 
Exposure to critically high temperatures during the reproductive period is expected, 
therefore, to be more common in the future. Without  adaptation  , there could be an 
increase in the fraction of the total harvested area exposed to heat stress (Gourdji 
et al.  2013 ). For maize, for instance, this fraction could triple by 2050 as compared 
to today, with serious implications for global production. Changes in land utiliza-
tion and management could reduce the global exposure to heat stress. Critical high 
temperatures in  wheat   production could e.g. be avoided by shifting sowing dates 
(Teixeira et al.  2013 ). 

 Less certain is the future exposure of cropland to agricultural droughts. In fact, 
projected changes in total  precipitation   amounts, seasonality of  precipitation  , and 
duration of wet and dry spells vary considerably depending on model and emission 
scenario (Collins et al.  2013 ). The question of whether changes in the atmospheric 
branch of the hydrological cycle will be dominated by thermodynamics (intensifi ca-
tion refl ecting a higher energy content of the lower atmosphere) or shifts in the cir-
culation patterns, including possible shifts in global teleconnection patterns such as 
the El Niño-Southern Oscillation, is also not settled. 

 According to Collins et al. ( 2013 ), there is nevertheless some confi dence that 
some of the current agricultural areas will experience a decrease in soil moisture. In 
the words of Trenberth et al. ( 2014 ), “the contrast in  precipitation   between wet and 
dry regions and between wet and dry seasons will probably increase, although there 
may be regional exceptions.  Climate change   is adding heat to the climate system 
and on land much of that heat goes into drying. A natural  drought   should therefore 
set in quicker, become more intense, and may last longer. Droughts may be more 
extensive as a result. Climate change may not manufacture droughts, but it could 
exacerbate them and it will probably expand their domain in the subtropical dry 
zone.”  
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8.4.3     Effects of Elevated CO 2  Concentrations 

 For the discussion of abiotic stresses under future climatic conditions, it is impor-
tant to bear in mind that the positive effects of elevated atmospheric CO2 concentra-
tions (Körner  2006 ; Lobell and Gourdji  2012 ) could partially offset the negative 
effects of higher temperatures and decreased water availability. Results of so-called 
Free-Air CO 2  Enrichment (FACE) experiments have shown that higher CO 2  levels 
stimulate photosynthesis and net primary production (along with dark respiration, 
though), improve  nitrogen   use effi ciency and decrease water use at both the leaf and 
canopy scale (Leakey et al.  2009 ). 5  

 Increased  water use effi ciency   under high CO 2  levels would result from a reduc-
tion in  stomatal conductance   (Bunce  2004 ) and transpiration (Vanuytrecht et al. 
 2012 ), 6  which should potentially lead to decreased incidence of water stress under 
future climatic conditions. Reduced evapotranspiration would also help control the 
salinity problem since reduced transpiration would improve the water status of the 
soil and limit the necessity for irrigation. 

 However, as indicated earlier, changes in  stomatal conductance   also affect the 
thermal balance of crops, and reduced  stomatal conductance   could therefore lead to 
higher heat stress if water is insuffi cient to maintain transpiration for a longer time 
at an adequate level. Clearly, the consequences of elevated CO 2  for crop exposure to 
multiple stresses need to be more systematically examined (cf. Lobell  2014 ). 

 An additional pathway by which elevated CO 2  concentrations could alter the 
sensitivity of crops to water shortage is by increasing the root: shoot ratio 
(Vanuytrecht et al.  2012 ). The processes by which assimilates would be preferen-
tially allocated to the roots are not fully understood (Passioura  1994 ), but undoubt-
edly a relative increase in root biomass would improve the ability of crops to exploit 
soil water and nutrients alike, which could help reduce the susceptibility of crops to 
nutrient stress.   

8.5     Adaptation 

 Given that the probability of extreme climatic conditions is likely to increase under 
climate change, options to cope with a higher incidence of some  abiotic stress   fac-
tors are necessary to maintain or even increase crop productivity (IPCC  2014 ). 
There are various options by which the impact of  abiotic stress   can be reduced. With 
regard to heat stress, changes in fi eld calendars (e.g. earlier sowing dates), the use 
of early-ripening cultivars, or the replacement of sensitive with less sensitive crops 

5   Because of the different photosynthetic pathways, overall responses to high levels of CO 2  in C3 
and C4 crops are expected to differ, though perhaps not as distinctly as the direct effect of CO 2  on 
assimilation (Vanuytrecht et al.  2012 ). 
6   Note that in grasslands water savings are almost fully responsible for the observed biomass 
responses to elevated CO 2  (Körner  2006 ). 

P.P. Calanca



175

are among those most often addressed in impact assessments when considering the 
farm scale (e.g. Trnka et al.  2014 ). Some of these options are not without side 
effects, though. An example is the cultivation of early-ripening varieties. On the one 
hand, this would help reduce exposure to critical temperatures during summer. On 
the other hand, it would entail an overall shortening of the growing season and could 
eventually lead to lower yields. 

 Improved soil management can also help cope with abiotic stresses, as shown by 
the outcomes of an experiment conducted in Switzerland during the record- breaking 
heatwave of 2003 (Feller and Vaseva  2014 ). In this experiment, leaf  temperature   
and  stomatal conductance   in sugar beet were monitored during sunny days on till 
and no-till plots. Under conventional tillage, midday temperatures in leaves were 2 
to 3 °C higher than under conservation soil management, whereas  stomatal conduc-
tance   was reduced by roughly a factor of two. 

 The impact of abiotic stresses can also be reduced by improving stress  tolerance  . 
This is a primary goal of ongoing breeding programs. The reader is referred to e.g. 
Vinocur and Altman ( 2005 ); Witcombe et al. ( 2008 ) or Devine ( 2009 ) for good 
overviews, and to e.g. Tardieu ( 2003 ); Tardieu and Tuberosa ( 2010 ) and Semenov 
et al. ( 2014 ) for an appreciation of how breeding efforts can be supported by math-
ematical modelling. So far, experiences indicate that there is potential for breeding 
to improve heat and low  temperature   tolerance  , as well as  tolerance   to multiple 
stresses (Devine  2009 ). Breeding for  drought   and salinity  tolerance   appears to be 
more diffi cult, but not without possibilities (Witcombe et al.  2008 ). It has been 
shown that breeding could help adapt crops to low nutrient levels while retaining the 
ability to respond to fertilization (Witcombe et al.  2008 ). 

 Concerning  drought  , changes in the hydrological cycle and a reduction in global 
water availability for the agricultural sector (Milly et al.  2005 ; Strzepek and Boehlert 
 2010 ) leave little doubt that in many areas of the world the need for irrigation is 
going to increase in the future (Vörösmarty et al.  2000 ). Even though in some areas 
sustained irrigation could be possible without unintended consequences, consider-
ation of the environmental impacts of irrigation is necessary. Salinization of agricul-
tural soils is a problem that already has reached critical levels (Ghassemi et al.  1995 ) 
and that needs to be solved to make  crop production   sustainable. Depletion of 
groundwater is a problem in major  crop production   areas in the U.S., Europe, China 
and India and the Middle East (Wada et al.  2010 ). Again, options to limit ground-
water extractions are required to limit the impacts of  agriculture   on the global 
environment.  

8.6     Concluding Remarks 

 Abiotic stresses already represent one of the key factors limiting worldwide  crop 
production  . In poor countries, where  agriculture   is still practiced at a subsistence 
level, the livelihood of a large share of the population is constantly challenged by 
 abiotic stress   factors and their interactions with biotic stress factors.  Climate change   
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is likely to aggravate this situation. Taking into account the expected growth in 
world population and food demand, fi nding ways to improve crop  tolerance   with 
respect to  abiotic stress   factors will be essential to further improve agricultural pro-
duction and enhance  food security  . Various options are currently being explored, 
some of them showing promising results. A proper assessment of the net effects of 
such measures can deliver the basis for an objective discussion (Lobell  2014 ).      
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  Abstract     Earth life is greatly dependent on function and properties of water. A 
major threat to agricultural production is drought. Drought is a multidimensional 
stress and world spread problem that cause substantial losses by infl uencing the 
yield and production seriously. Tolerance to drought is a principal target for molecu-
lar strategies to crop enhancement. The plants ability to resist drought conditions is 
important for agricultural production globally. Current progress in responses to 
drought has been made in our comprehending of signal transduction, gene expres-
sion and transcriptional regulation in plants. Plants have developed a diverse variety 
of drought resistance mechanisms in front of water limiting conditions at physiolog-
ical, metabolic and molecular level. Water uptake and development of healthier 
root, WUE, osmotic adjustment, and mineral nutrients also have important conse-
quences on adaptation to drought. This chapter is organized around the concept of 
“drought tolerance in rice and maize crops”. Some innovative tactics are discussed. 
This chapter summarizes different aspects of crop breeding for drought tolerance 
and analyses how conventional breeding, genetics, biotechnology tools, micro 
arrays, MAS, QTL, bioinformatics and transgenic crops as well as mineral nutri-
ents, plant growth regulations can participate to advancing the emancipation of 
drought-resistant rice and maize cultivars. We foresee the functional and genetic of 
drought resistance based on such premises. Novel opportunities for tailoring new 
genotypes will be generated ‘by design’. Harnessing the genomics-assisted breed-
ing’s potential will need an integrated knowledge of physiological and molecular 
processes and a multidisciplinary approach infl uencing drought tolerance.  

  Keywords     Drought   •   Tolerance   •   Abiotic stress   •   Phenotyping   •   Transgenic plants   
•   Functional genomics   •   Bioinformatics   •   QTL   •   Crop improvement   •   Mineral nutri-
ents and root growth  

  Abbreviations 

   WHO    World health organization   
  ROS    Reactive oxygen specie   
  IAA    Indole-3-Acetic Acid   
  GA 3     Gibberellic Acid   
  BL    Brassinolide   
  IRRI    The International Rice Research Institute   
  CIMMYT    The International Maize and Wheat Improvement Center   
  IITA    International Institute for Tropical Agriculture   
  SSA    Sub-Saharan Africa   
  PGRs    Plant growth regulators   
  CIAT    The International Center for Tropical Agriculture   
  ABA    Abscisic acid   
  CO 2     Carbon dioxide   
  GB    Glycine betaine   
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  DI    Defi cit irrigation   
  WUE    Water-use effi ciency   
  EUW    Effective use of water   
  RNA    Ribonucleic Acid   
  DNA    Deoxyribonucleic Acid   
  OA    Osmotic adjustment   
  ATP    Adenosine triphosphate   
  QTL    Quantitative trait loci   
  eQTL    Expression quantitative trait loci   
  SNP    Single nucleotide polymorphism   
  MAS    Marker-assisted selection   
  DPE    Drought-prone environments   
  TE    Transpiration effi ciency   
  HI    Harvest index   
  WU    Water uptake   
  IRFGC    International Rice Functional Genomics Consortium   
  ICIS    International Crop Information System   
  GCP    Generation Challenge Program   
  TF    Transcription factors   
  GST    Glutathione-S-transferases   

9.1         Introduction 

 The Earth land area covers a 140 million km 2  less than one third of the Earth’s sur-
face. Land sources are non-renewable, fragile and fi nite; which include landscapes 
which are important for human welfare and habitat; land cover, important for envi-
ronment; and soil, important for  agriculture  . The main dynamic force on land 
resources since 1972 has been increasing and growing food production. Cropping is 
the largest world’s source of livelihood and employment in developing countries. 
For  agriculture  , water is the major element. In many regions of the world, water 
originates agricultural production. Indeed, in reducing hunger, the ‘green revolu-
tion’ was effective because the increased irrigation use behind the successful 
increase in production of crop was one of the reasons. Nevertheless, the twenty-fi rst 
century demands will reduce the availability of water for irrigated  agriculture   
(Hong-Bo et al.  2006 ). 

 The Worldwide human population is projected to increase by 2050 and will demand 
more water for environmental, municipal, domestic, and industrial needs. In 2002 for 
2220 million people, food is needed than in 1972. It means that pressure on land will 
remain to be severe predominantly in Asia and Africa. Undoubtedly, in the developing 
world, environmental stresses are main cause of  food security   where suffi cient food 
production is a major challenge. A large proportion of the  agriculture   world depends 
on  precipitation   for irrigation. The world major food crops,  wheat  , maize and  rice   have 
been negatively infl uenced by  drought   conditions. In many regions (China, Central 
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Asia, South American and African countries, the Middle East, United States regions 
and Australia), crops are affected negatively by  drought   stress conditions (  http://www.
globalresearch.ca/index.php?context¼va&aid¼12252    ), ultimately decline in signifi -
cant food production. The expected climate changes in the upcoming ages may exac-
erbate the negative effects of  drought   stress in economically important crops as well 
as in food crops. Presently in globe, the study of  drought   has been one of the core 
directions in biological breeding and plant biology (Hong-Bo et al.  2006 ). 

 Currently,  drought   episodes have resulted in blanket fi re in various regions of the 
world including Central and North America, Northern China, Russia, India, Africa, 
Central Australia, Canadian prairies and England producing contagious diseases, 
millions of human death and famines. According to WHO, water defi cit is the death 
cause for about half the people who exterminated by natural catastrophe. Drought 
season can be forecasted; however irregular  precipitation   is modulated by changes 
in climate such as by the rise in global  temperature   as well as the EI Nino Southern 
Oscillation and imbalance in the heat cycle. All these variations are directly related 
to human interventions (Xoconostle-Cázares et al.  2010 ). 

 For sustainable  agriculture  , the need for new technologies or alternatives (accel-
erating the natural varieties selection and genes insertion from other plant species or 
varieties) will provide a real-world solution to alleviate the  drought   problems such 
as  drought   tolerant plants (Xoconostle-Cázares et al.  2010 ). The goals of this chap-
ter are to describe the current progress and research in  crop improvement   on  drought   
 tolerance   in maize and  rice   and to review the recent knowledge of physiological 
processes and key traits involved in reproductive stage, and growth regulation pro-
cesses under  drought   stress, regarding integrated mechanisms for  drought    tolerance   
improvement in maize and  rice  . 

9.1.1     Drought 

 Drought can be deliberated as climate’s pressures set. It is a physical-chemical com-
plex process, almost connected with all biological aspects which include: DNA, 
microRNA, RNA, proteins, lipids, carbohydrates, and mineral elements also related 
to signal transduction, growth, sell-circle, development and so on (Hong-Bo et al. 
 2006 ). In Agriculture, “Drought is due to a water shortage in the root zone; ulti-
mately declined in crop  yield  ”. Tolerance comprises of dehydration  tolerance   or 
 drought   avoidance that is measured ultimately by reproductive success of crops. 
Drought  tolerance   is “The potential of crop to display, fl ower and grow economic 
 yield   under limited supply of water” (Farooq et al.  2009 ). 

 Drought involves several changes namely transient increases in levels of ABA, 
reduced growth, accumulation of protective enzymes and compatible solutes, 
increased antioxidant levels, and transcriptional inactivation/activation of particular 
genes. Drought reduces the productivity of plants by hindering photosynthesis and 
growth. Water supply is triggered by metabolic and stomatal effects. Water defi -
ciency produces stomatal cessation and thus decreases intercellular concentration of 
CO 2 , whereas mesophyll cells dehydration damages/impairs the photosynthetic 
equipment’s. Cell growth and photosynthesis are amongst the crucial processes to 
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be infl uenced by  drought   (Chaves and Oliveira  2004 ; Chaves et al.  2009 ). Under 
 drought   conditions water defi ciency in tissues of plant may lead to stomatal closing 
resulting in lower intake of CO 2  and fi nally photosynthesis will be affected nega-
tively (Lawlor and Cornic  2002 ; Lawlor and Tezara  2009 ; Chaves et al.  2009 ). 
Under mild  drought   stress conditions, stomatal closure is the key factor, limiting 
activity of photosynthesis and under severe  drought   conditions; metabolic damages 
takes place (Waseem et al.  2011 ). On photosynthesis,  drought   deleterious effects 
will be mediated or facilitated by the responsiveness of:

    (i)    Protein synthesis and gene expression   
   (ii)    Stress metabolites accumulation (Waseem et al.  2011 )   
   (iii)    ATP synthesis, respiration system and electron transport in mitochondria 

(Atkin and Macherel  2009 ).    

The biological linkage generated for photosynthesis and  drought   interactions is 
depicted in (Fig.  9.1 ).

   In recent years the extensive progress has occurred in revealing the nature of 
several factors affecting photosynthesis subjected to  drought   stress in plants. 
However, when use publically accessible data to found which events are controlled 
by photosynthesis, the defi ciency of stress characterization is revealed  instantaneously, 
impairing the probability to integrate and compare data (Waseem et al.  2011 ).  

9.1.2     Importance of Rice and Maize as Cereal Food Crops 

 As a cereal grain,  rice   ( Oryza sativa ) is the most extensively consumed staple food 
especially in West Indies and Asia for a large human population in global world. It 
is the second highest grain in production worldwide after maize. It is the 

  Fig. 9.1    Biotic linkage generated for photosynthesis and  drought   interactions       
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predominant source of energy of the world, provides 20 % energy supply for 8 coun-
tries in Africa, 17 in Pacifi c and Asia and 9 in South and North America. The nutri-
ent contents of  rice   food are water, energy, protein, fat, carbohydrates, fi ber, sugar, 
calcium, iron, folate, vitamin B6, A, E, K, beta-carotene, lutein + zeazanthin, panto-
thenic acid, ribofl avin, thiamin, magnesium, selenium, copper, manganese, zinc, 
sodium, potassium,  phosphorus   and fatty acids (saturated, polyunsaturated and 
monounsaturated). With regards of nutritional value,  rice   is not a complete protein. 
It does not contain suffi cient amount of all essential amino acids for good health. 
Fish and animal products are useful to complete the amino acid profi le as they pro-
vide essential amino acids in large amount and micronutrients pulses such as lentils, 
groundnuts and beans. Leafy green vegetables and fruits also supply essential 
micronutrients and enrich dietary diversity. 

 Depending upon availability of water,  rice   crop can be grown in diverse environ-
ments. Generally,  rice   crop can survive fl ooding; it does not bloom in a waterlogged 
area, however it can grow and survive herein. For  food security   and rural popula-
tion,  rice   is a major mainstay. For the nutrition,  rice   is vital of the population in 
Latin America as well as in Asia and the Africa and in Caribbean. Developing coun-
tries account for 95 % of the total  rice   production, with Asian countries account for 
92 %; India and China only accountable for nearly half of the world  rice   production 
output. Today, the vast bulk of  rice   emanates from countries including China, India, 
Indonesia, Bangladesh, Vietnam, Thailand, Myanmar, Pakistan, Philippines and 
Japan as illustrated in (Fig.  9.2 ).

   Rice is produced in geographic regions in a diverse range of climate. The world 
top 20  rice   producers in 2010 as depicted in (Table  9.1 ) serves a broad range of 
demands including basic food for gross proportion of poor consumers and farmers 
of the world. The three largest  rice   producers were China (197 Mt), India (131 Mt) 
and Indonesia (64 Mt) in 2009. Focusing to the future, the  rice   demand and produc-
tion is projected to boost from 200 Mt in1960 to 678 Mt in 2009 as population of 
the world is envisaged to boost steadily to around nine billion in 2050 compared to 
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the past (FAO  2006 ,  2007 ). Maize ( Zea mays ) is one of the top three cereal crop that 
originated in Central America, grown in the world along with  wheat   and  rice  . More 
than 7000 years ago from wild maize, it was domesticated in Central America and 
Mexico. Maize is the most important staple food and cereal crop in Latin America 
and Sub-Saharan  Africa   (SSA) for almost 1.2 billion people. In the early sixteenth 
centuries, explorers and traders introduced corn in other countries because of its 
ability to cultivate in miscellaneous agroecological environments. It is used for 
human consumption, important in dishes of Central America, ground into meal or 
fl our and eaten as a snack and popped. Corn oil is used in industries as well as in 
cooking, obtained from grain. Corn both in the form of ethanol and corn oil, has 
becoming an important  biofuel  . The corn demand and production as  biofuel   is pro-
jected to boost by 42 % over the past decades worldwide. The 40 % of the world 
maize produces by the United States; others topmost ten countries producing maize 
includes China, Brazil, Mexico, Indonesia, India, France, Argentina, South Africa 
and Ukraine as depicted in (Fig.  9.3 ). Worldwide production of maize as depicted in 
(Table  9.2 ) in 2009 was 817 Mt, more than  rice   (678 Mt). Maize constitutes a staple 
food in several regions of the ecosphere. It is major source of corn oil (cooking oil) 
and maize fl our (cornstarch). It is consumed as vegetable, rich in essential amino 
acids, carbohydrates, vitamins A, E, C, minerals and proteins (9 %), also rich in 
calories and dietary fi ber. The nutrient contents of maize food are water, energy, 
protein, fat, carbohydrates, fi ber, sugar, calcium, iron, folate, vitamin B6, A, E, K, 

  Table 9.1    Rice production 
by top 20 producers in 2010  

 Countries  Production (Mt) 

 China  197.2 
 India  120.6 
 Indonesia  66.4 
 Bangladesh  49.3 
 Vietnam  39.9 
 Burma  33.2 
 Thailand  31.5 
 Philippines  15.7 
 Brazil  11.3 
 United 
States 

 11 

 Japan  10.6 
 Cambodia  8.2 
 Pakistan  7.2 
 South Korea  6.1 
 Madagascar  4.7 
 Egypt  4.3 
 Sri Lanka  4.3 
 Nepal  4 
 Nigeria  3.2 
 Laos  3 

  Source: FAOSTAT  2013   
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beta-carotene, lutein + zeazanthin, pantothenic acid, ribofl avin, thiamin, magne-
sium, selenium, copper, manganese, zinc, sodium, potassium,  phosphorus   and fatty 
acids (saturated, polyunsaturated and monounsaturated). Maize starch can be 
 enzymatically treated and hydrolyzed to produce syrups. It is sometimes used for 
beer as the starch source. In the Canada and the United States, it is mostly grown for 
livestock to feed, as silage, grain or forage.

9.2           Institutes Working on  Drought    Tolerance   

9.2.1     Institutes Working on Maize  Drought    Tolerance   

 In the developing world, The International Maize and Wheat Improvement Center 
(CIMMYT) located in Mexico acts as leader and catalyst in a  wheat   and maize 
worldwide innovative network that deals and helps the poor (Ortiz et al.  2008 ). 
Since 1970, the researchers have developed hybrids show both higher stable pro-
ductivity and  drought   resistance depending on the seasonal and site conditions 

  Table 9.2    Maize production 
by top 10 producers in 2009  

 Countries 

 Maize 
production 
(Mt) 

 United States  333 
 China  163 
 Brazil  51 
 Mexico  20 
 Indonesia  17 
 India  17 
 France  15 
 Argentina  13 
 South Africa  12 
 Ukraine  10 
 World  817 

  (Source: FAO  2006 )  
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(Banziger et al.  2006 ). These are employed in 13 countries of Africa which includes: 
Benin, Angola, Kenya, Nigeria, Ghana, Zimbabwe, Zambia, Uganda, Tanzania, 
Mali, Malawi, Ethiopia and Mozambique in the project frame “Drought Tolerant 
Maize for Africa” led by the International Institute for Tropical Agriculture (IITA) 
and CIMMYT (Rovere et al.  2009 ). A number of  QTL  ’s for  drought   response has 
been identifi ed in maize (Ribaut and Ragot  2007 ; Sonev et al.  2009 ; Chen et al. 
 2007 ); associated to  yield  , fl owering and plant height. Based on the selective mark-
ers expression, the generation of transgenic maize will impact positively the maize 
production market. The maize trancriptomic analysis to obtain cisgenic lines has 
identifi ed candidate genes under  drought   stress (Zheng et al.  2010 ). The bacterial 
gene’s overexpression encoding choline dehydrogenase provided higher resistance 
to renovated plants when linked with maize of wild type (Quan et al.  2004 ). 

 Beyond CIMMYT’s focus on value added germplasm and higher grain  yield  , it 
plays an “integrative” role in crops management research, lower production costs, 
promoting the profi cient water usage and other inputs, well management of biotic 
stresses and improved resilience and diversity of system (Ortiz et al.  2008 ). 
Furthermore, the CIMMYT needs to confi rm that its products reach end-users and 
their livelihoods improve. CIMMYT in this esteem is the main public, transnational 
source of  wheat   seed embedded technology to alleviate poverty, reduce  vulnerabil-
ity   and serving breeder/agriculturalist move from subsistence to income-generating 
production systems (Ortiz et al.  2008 ).  

9.2.2     Institutes Working on Rice  Drought    Tolerance   

 As millinery crop,  rice   importance in feeding a great proportion of global popula-
tion; this represents a landmark for breeding. The International Rice Research 
Institute (IRRI) using different approaches is focused on this task, developed  rice   
hybrids under  drought   stress with high  yield   by conventional crosses. Markers for 
grain productivity as well as QTLs associating root length and  drought   resistance 
have been identifi ed. New varieties obtained with stacked properties: higher produc-
tivity, earlier fl owering and  drought   resistance (Bernier et al.  2009 ). High tolerant 
variety of  rice   in upland India generated based on QTLs, showing grain quality 
superior and also higher productivity. The genetic engineering has permitted the 
genes overexpression obsessed by  drought  -induced promoters for trehalose accu-
mulation, also providing  tolerance   to salinity and cold (Wu and Garg  2003 ).   

9.3     CIAT Strategies Towards Improvement of Crops 
for Integrating Genomics Approach 

 The International Center for Tropical Agriculture (CIAT) combines physiology, 
plant breeding and genomic approaches for  crop improvement   in upland  rice  , com-
mon bean, tropical grasses and cassava to exploit and understand underlying genetic 
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mechanism of  adaptation   of  abiotic stress  . The completion of  rice   genome sequence 
in 2002 (Goff et al.  2002 ) has caused much exhilaration amongst plant scientists. 
The collecting information explores new standards, allow scientists to address prac-
tical and fundamental questions/problems in a multidisciplinary manner. CIAT 
aimed at improving varieties of upland  rice  , cassava and beans, has developed a 
biotechnology team (  http://www.ciat.cgiar.org/    ). The team presently comprises spe-
cialists in genetics, cellular biology, breeding, entomology, molecular biology, sta-
tistics, pathology, and plant physiology. The technology in center is equipped 
including facilities of cDNA microarray for large-scale analyses of gene expression, 
facilities of molecular marker for genotyping and for genetic conservation; tissue 
culture-cryo conservation (Ishitani et al.  2004 ). 

 The CIAT program still includes conventional breeding approaches for crops 
genetic improvement, including germplasm screening for new traits, producing new 
crosses in new genotypes to recombine variation sources. In these activities, the 
comparative advantages include:

•    Operational cost is relatively low  
•   Linkages to broad collaborators network in advanced institutes as well as devel-

oping countries  
•   Diverse germplasm holdings in large (Ishitani et al.  2004 ).    

 For applying genomics, these comparative advantages of CIAT program are 
invaluable to  crop improvement  . The CIAT strategy by using gene pools as breeding 
tool resources combines both (i)  phenotype   to gene (top-down) and (ii) gene to 
phenotype (bottom-up) approaches (Ishitani et al.  2004 ).

    (i)    The top-down strategy uses in multiple environments by beginning with charac-
teristic analysis for studying  abiotic stress    tolerance   (Ishitani et al.  2004 ) as 
depicted in (Fig.  9.4 ).

       This involves agronomic traits and for stress physiology, analyzing crop pheno-
types in different locations (Ishitani et al.  2004 ).

    (ii)    The bottom-up (gene to phenotype) strategy is also an important component of 
CIAT’s (Ishitani et al.  2004 ).    

  To recognize candidate genes which are accountable for specifi c traits, a tech-
nique or tool is required for selection of candidate genes from gene’s large pool 
available from resources of genetics. For example, the genome of  rice   plant contains 
28,000 genes (Kikuchi et al.  2003 ). Starting with this large pool of gene, genetic 
data accessible for crops will be fi ltered by physiological analysis, biochemical 
screening, and phenotypic screening (Ishitani et al.  2004 ) as depicted in (Fig.  9.5 ). 
Two major gaps remain to  crop improvement   in successfully applying genomic 
approaches. The fi rst gap concerns in the fi eld, understanding the crops phenotypic 
traits and through genomics enhancing that knowledge. The second lies in mecha-
nism to attain improved crop  phenotypes   by applying genomic approaches. 
Furthermore, challenge is to combine effectively different genomics information, 
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integrating that information to maximize the efforts of  crop improvement   (Ishitani 
et al.  2004 ).

9.4        Drought Effects on Rice and Maize Crop Plants  Yield   

 Scarcity of water resources was the catalyst of great food shortage of the historical 
time. It is the critical single threat to  food security   of the world. The  drought   severity 
is unpredictable because it depends on many factors: evaporative demands, distribu-
tion and occurrence of rainfall and dampness storing ability or aptitude of soils. 
Even though crop responses to  drought   are well-known relatively, crop performance 
is fragmentary where various stresses co-occur under multifaceted environment. 
That’s why the crops have to respond instantaneously to numerous stresses (exces-
sive heat,  drought   and light) which in the fi eld may coincide (Zhou et al.  2007 ). 

 In plants many physiological processes of  yield  -determining respond to water 
defi cit. Yield integrates in a complex way of these physiological processes. Thus, it 
is diffi cult over the whole life cycle of crops to elucidate how plants combine, 
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  Fig. 9.4    Crop improvement strategy program of CIAT       
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 display and accumulate the ever-changing and indefi nite physiological processes. 
For water severity, stress, timing and duration of stress and plant responses after 
removal of stress and interaction among other factors are highly important (Plaut 
 2003 ). The  drought   stress effects are obvious at all phenological phases of plant 
growth range from morphological to molecular levels at whatever phase the water 
defi ciency takes place. The various  drought   stress effects: crop growth and  yield  , 
nutrient relations, water relations, photosynthesis, assimilate partitioning, respira-
tion and oxidative damage. In crops species such as maize and  rice  ,  drought  -induced 
reduction in  yield   has been reported as depicted in (Table  9.3 ). It depends on the 
duration and severity of stress period (Farooq et al.  2009 ). Reduction in the grain 
growth rate in the water-stressed  wheat   resulted from decline activity of sucrose 
synthase, although growth cessation caused from adenosine diphosphate-glucose-
pyrophosphorylase inactivation (Ahmadi and Baker  2001 ).

   Under the altering environments, it is imperative to improve, advance and prog-
ress the  drought   resistance of crops. However, development of  drought   tolerant 
plants in meeting the future food demands; might be a promising approach. Among 
other things to enhance the development of  drought    tolerance   crops, requires the 
physiological mechanisms knowledge and genetic control of traits that contributing 
in different developmental stages of plants (Farooq et al.  2009 ).  

9.5     How Rice and Maize Can Be Adapted to Drought Stress? 

 Plants adapt to, respond and survive under  drought   stress by initiation of several 
physiological, morphological and biochemical responses. Drought stress disturbs 
the plants water reactions at organ, cellular and tissue level, causing  adaptation   reac-
tions, damage, specifi c and unspecifi c reactions. To survive with  drought   condi-
tions, resistant plants induce defense mechanisms (Farooq et al.  2009 ). 
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 A slow step in enlightening the  drought   resistance mechanism in the improve-
ment of  drought   resistance of  rice   and maize plants has vulnerable both use of con-
ventional breeding & selection approaches and use of modern biotechnological, 
genomics and genetic strategies. Mechanism of  drought   resistance through 
approaches of conventional breeding, molecular, genetics, biotechnological, genom-
ics, transcription factors,  bioinformatics  , role of mineral nutrients, and root studies 
are presented. 

9.5.1     Conventional Breeding 

 The major goal of plant breeding is to increase  yield  . On a universal scale, crop 
breeding has been immensely successful in increasing  yield  ; such as after the green 
revolution, the introduction of dwarf  rice   varieties and hybrid maize development. 
However for irrigated  agriculture  , the green revolution was mainly driven. This has 
generally resulted in insignifi cant breeding resources for enhanced productivity in 
saline or water defi cit ecosystems (Peleg et al.  2012 ). 

 For  drought  -prone environments (DPE), conventional breeding has been com-
plemented by adopting exotic germplasm (to amplify crop gene pool) and physio-
logical mechanisms that include harvest index (HI), water uptake (WU) and 
water-use effi ciency (WUE) as  yield   drivers (Reynolds and Tuberosa  2008 ). WUE 
under stress is considered an important component of  drought    tolerance   of crop and 
 yield   determinant. It has been indicate that rainfed plant production can be enhanced 
per unit used of water, out coming in “more crop per drop”. As long as photosynthe-
sis biochemistry cannot be better genetically, WUE and Transpiration effi ciency 
(TE) are driven by traits of plant that minimize crop water-use and transpiration 
which are extremely signifi cant for plant production. As production of biomass is 
linked to transpiration tightly, breeding for transpiration for capture maximal soil 
moisture under  drought   stress is the most important target for  yield   enhancement/
improvement. Effective use of water (EUW) for transpiration implies capture 

   Table 9.3    Yield reduction by drought in rice and maize crops   

 Species  Growth stages 
 Reduction in 
 yield    References 

 Maize  Reproductive  32–92 %  Atteya ( 2003 ) 
 Maize  Vegetative  25–60 %  Atteya ( 2003 ) 
 Rice  Grain fi lling (in case of mild stress)  30–55 %  Basnayake et al. ( 2006 ) 
 Rice  Grain fi lling (in case of severe stress)  60 %  Basnayake et al. ( 2006 ) 
 Maize  Reproductive  70–47 %  Farooq et al. ( 2009 ) 
 Maize  Reproductive  63–87 %  Kamara et al. ( 2003 ) 
 Rice  Reproductive (in case of mild stress)  53–92 %  Lafi tte et al. ( 2007 ) 
 Rice  Reproductive (in case of severe stress)  48–94 %  Lafi tte et al. ( 2007 ) 
 Maize  Grain fi lling  79–81 %  Monneveux et al. ( 2006 ) 
 Rice  Reproductive  24–84 %  Venuprasad et al. ( 2007 ) 

9 Drought Tolerance in Cereal Grain Crops Under Changing Climate



194

 maximized soil moisture which involves minimal loss of water by soil evaporation 
and reduced non-stomatal transpiration. High harvest index (HI) in terms of assimi-
lates partitioning and reproductive functions towards reproduction expresses suc-
cessful  yield   and plant production. By improving status of plant water, EUW helps 
sustain reproductive success and assimilate partitions, therefore, EUW is a major 
target in water-limited conditions for  yield   improvement (Blum  2009 ). 

 Although to  rice   production,  drought   has been identifi ed as major constraint in 
the rainfed ecosystem. Considering the extremely adaptable nature of rainfed eco-
system, breeding requires the genotype’s development that meets the farmer’s pref-
erence; possess resistance of widespread biotic stresses and combine ability of 
high-yielding with better levels of  drought    tolerance  . This aim can be achieved with 
product-oriented, long-term, and large scale breeding program intended for rainfed 
environment (Todaka et al.  2015 ).  

9.5.2     The Era of ‘-OMICS’/Introducing New Technologies 

 Traditional breeding has major restraints, including the need for various backcrosses 
to eliminate detrimental traits. Therefore, presently the focus is on  quantitative trait 
loci (QTL)  , marker-assisted breeding (MAS), genetics and genomics approaches, 
biotechnology, and omics era which permit ‘pyramiding’ of necessary traits for fast 
improvement in crop with little input/response of resources (Kantar et al.  2011 ). For 
plant adaptations to  abiotic stress  , newly developed approaches will help or facili-
tate the cloning, use of QTL and mapping related to stress conditions:

•    Single feature polymorphism, new molecular platform, for example diversity 
array (DArT), array based technology, and single nucleotide polymorphism are 
becoming progressively accessible  

•   Development of mapping tools, such as advance mapping software, association 
mapping and consensus maps  

•   To test environmental effects, development of statistical models and high 
throughput advance  phenotyping    

•   Tools, such as microRNAs, RNA interference and TILLING for candidate gene’s 
functional analysis and growing availability of sequence information, such as 
“deep” mRNA and DNA sequencing  

•   Profi cient transformation techniques will permit stress related major QTLs to be 
deliberated for positional cloning, objective to more directly manipulate the tar-
get trait by genetic engineering (Kantar et al.  2011 ).     

9.5.3     Drought  Tolerance   Through Genomics Approach 

 The new ‘-omics’ (genomics, proteomics, sequencing and  bioinformatics  ) platform 
have added new dimensions as illustrated in (Table  9.4 ) for deciphering and manip-
ulating the genetics basis of  tolerance   to  drought  .
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   The genomics-based approaches provide route to desirable agronomic traits that 
effects such responses at quantitative trait loci (QTLs)   , thus enabling us to improve 
crops  yield   and  drought    tolerance   under water defi cit conditions more effectively as 
compared to conventional approaches. Marker-assisted selection (MAS) already 
improves  drought   related traits and is helping breeders. Analysis of gene products 
and sequence data should facilitate the cloning and identifi cation of genes at target 
QTLs. The genomics-based approaches contribute novel information under water- 
limited conditions to identify and analyze candidate genes and elucidate their regu-
lation and function. Further information can be obtained on the candidate genes role 
at target loci and ascertaining/determining their effect on the  phenotype   through 
EcoTILLING, a platform for classifying single nucleotide polymorphism (SNP) 
haplotypes (Tuberosa and Salvi  2006 ). To enhance  drought    tolerance  , the successful 
exploitation of genomics will only be possible within an interdisciplinary, coherent 
context able to provide a complete understanding of limiting factors of crop  yield   in 
 drought  -prone environment (Tuberosa and Salvi  2006 ). 

 ‘Genetical Genomics’ approach has been developed currently, based on expres-
sion profi ling of gene in a segregating population and fi ngerprinting of related indi-
viduals based on marker to analyze trans- and cis-acting factors, and to delineate a 
genetic network that related to a trait (Jansen and Nap  2001 ; Jansen  2003 ). Scientists 
have modifi ed and adopted the Jansen and Nap concept of genetical genomics to 
identify trait related sets of pathways and genes controlling/monitoring storage 
events in evolving or developing seeds. Now extending this (genetical and genomic 
approach) to decipher or interpret molecular regulatory linkages underlying both 
 yield   and  tolerance  , using introgression lines as a substitute of a segregating popula-
tion (Sreenivasulu et al.  2007 ). 

 Introgression lines offer defi nite advantages for  crop improvement   by track or 
path characteristics for both  tolerance   and  yield  . To detect expression QTLs 
(eQTLs), extensive expression profi ling is ongoing from introgression lines. Such 
information can be used to advance and develop direct transgenic approaches and 

   Table 9.4    Genomic approaches related to drought   

 Crop  Approach  Main characteristics  References 

 Maize  Transcriptome 
analysis 

 Under  drought  , transcriptional profi les of 
tissues of placenta-pedicel and endosperm 
in developing kernels 

 Hajheidari et al. 
( 2005 ) 

 Rice  Transcriptome 
analysis 

 Microarray expression based study of 
almost 21,000 genes for osmotic 
adjustment in phenotypically differing 
accession 

 Hazen et al. 
( 2005 ) 

 Rice  Transcriptome 
analysis 

 Putative 589  drought   responsive genes 
were confi ned on the physical map and 
discussed their correspondence with 
Quantitative trait loci 

 Gorantala et al. 
( 2005 ) 

 Maize  Proteome analysis  Basal portion analysis of growing leaves  Riccardi et al. 
( 2004 ) 
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molecular markers related to trait. These both are main component of molecular 
breeding approaches (Sreenivasulu et al.  2007 ) as depicted in (Fig.  9.6 ).

   Although the approach (‘genetical genomics’) is still in its early stages, struggles 
are underway in plant species in this direction. In addition, the integrating 
 information obtained from genomic genetic-based breeding approach to divulge 
developmental programs that will enhance the grain quality, accelerate  yield   stabil-
ity under abiotic stresses conditions (Sreenivasulu et al.  2007 ).  

9.5.4     Drought  Tolerance   Through Applied Biotechnology 

 Recent efforts by genetic transformation to increase stress  tolerance   in plants have 
resulted in various signifi cant achievements. Nevertheless, the genetically compli-
cated systems/mechanism of  drought  , salinity, cold, heat stress  tolerance   extremely 
makes the task challenging. Therefore, applied biotechnology should be integrated 
fully with breeding and classical physiology (Vinocur  2005 ). 

 Because of the multigenic nature, the enhancement by classical breeding of plant 
 abiotic stress    tolerance   is fraught with complications. Further diffi culties ascend 
from the large inconsistency in sensitivity of stress during life the cycle at different 
periods of a plant. Of the several types of crop response to  drought   stress, avoidance 
mechanisms result at whole-plant level from physiological and morphological 
changes while resistance mechanism are triggered or activated by molecular 
 biochemical and cellular modifi cations that advance themselves to manipulation at 

Genomics
Under abiotic 

stresses, finding 
candidate genes 
deliberating yield

Transgenics

Crop 
Improvement

Genetic Resources
Tolerance to stress

Lines of Introgression
Gene Bank accession

RILs, NILs
pre-breeding

  Fig. 9.6    Gap bridging for  abiotic stress   resistance between genomics and breeding approaches       
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biotechnological level (Vinocur  2005 ). The interacting factors as illustrated in (Fig. 
 9.7 ) are presented.

   The  QTL   mapping application is one way to dissecting the complex question of 
crop stress resistance. QTL approach when fully developed will be of great impor-
tance to breeding for plant stress resistance. QTLs linked with  abiotic stress   
 resistance in many plant species have been identifi ed for example  drought   stress in 
cotton and salt stress in  rice   (Vinocur  2005 ).  

9.5.5     Drought  Tolerance   Through Transgenic Technology 

 Genetic improvement or enrichment through transgenic approaches in  rice   plant 
complements traditional breeding when the preferred or chosen gene is unavailable 
in gene pool, thus demanding regulatory element’s modifi cation. Transgenic 
approach allows gene’s functional validation studies accountable for molecular 
mechanisms. Two major genes groups have been employed generally to improve 
stress  tolerance   as depicted in (Table  9.5 ) by transfer of gene (DNA segment):

     (i)    DNA segment encoding for regulatory proteins of signal transduction and tran-
scription includes: detoxifi cation enzymes, osmoprotectants, proteases, chaper-
ones and water channel proteins (Bhatnagar-Mathur et al.  2008 ).   

Desiccation, Cold, Water and 
soil salinity           

Wounding, UV, Toxicity of 
ion (metals, Na/Cl), heat, 

oxidation, anaerobiosis

Osmotic stressOther stresses

Activation of gene
Structural and functional        
proteins and metabolites

Impaired metabolism

Growth regulators 
(e.g. ABA)

ROS generation

Tolerance                    
Molecular and cellular 

mechanisms

Adaptation                                                             
The genotype’s ability to survive in addition produces biomass comparative to other 

plant species

Avoidance                                            
Whole plant anatomical, physiological and

morphological changes

Genetic QTLs 

  Fig. 9.7    Applied biotechnology: the interacting factors for crop  tolerance   in conventional and 
molecular breeding       
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   (ii)    DNA segment encoding for functional proteins with structural or enzymatic 
function includes: protein kinases, ABA biosynthesis, transcription factors and 
phospholipid metabolism enzymes (Bhatnagar-Mathur et al. 2008).    

  LEA proteins are major proteins group act as chaperone (protective protein of 
macromolecules). Typically, accumulate during the low  temperature  , in dehydration 
response, salinity and dawn phases of embryogenesis. Transgenic lines of  rice   with 
improved stress resistance expressing this (LEA) protein. Plants accumulate ROS as 
an outcome of dehydration stress, which impair cellular structures. Leaves are 
equipped with metabolites and antioxidant enzymes under ideal/optimal conditions 
to cope with ROS. The enzymes accumulation such as catalase, superoxide dis-
mutases, glutathione-S-transferases (GST) and ascorbate peroxidases has been 
reported in  abiotic stress   conditions. Aquaporin gene (water channel transporter) has 
been observed also to improve  drought    tolerance   in  rice   plant (Todaka et al.  2015 ).  

9.5.6     Drought  Tolerance   Through Transcription Factors 

 To enhance  rice   stress  tolerance   by gene transfer, one of the promising approach 
through the use of DNA segments encoding protein factors that are intricate in sig-
nal transduction and expression of gene). Since, when combine with a suitable 

   Table 9.5    Mechanism, gene and compound for  drought   resistance in  rice   crop   

 Putative mechanism  Gene  Gene product  References 

 Chaperones (protective 
proteins of macromolecules) 

  HVA1   LEA protein  Battaglia et al. ( 2008 ) 
  OsLEA3-1  
  PMA  

 Water channel transporters   RWC3   Aquaporin  Afzal et al. ( 2016 ) 
 Regulatory proteins 
(signaling factors or 
mechanism) 

  MAPK   Protein kinases  Todaka et al. ( 2015 ) 
  CDPK  

 Regulatory proteins   NAC   Transcription factors  Todaka et al. ( 2015 ) 
  WRKY  
  HD-zip  
  DREB/CBF  

 Osmoprotectants   adc   Polyamines  Slama et al. ( 2015 ) 
  P5CS   Proline 
  TPSP; TPP 
and TPS  

 Trehalose 

  BADH   Glycinebetaine 
  cox  

 Detoxifi cation enzymes   MnSOD   ROS (Scavenging 
protein) 

 Martinez et al. ( 2016 ) 

 Regulatory proteins 
(signaling factors or 
mechanism) 

  LOS5   ABA (biosynthesis 
key enzyme) 

 Verslues ( 2016 ) 
  NCED  
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promoter, they can regulate many downstream genes that are involved in stress  tol-
erance   (Todaka et al.  2015 ). 

 Transcription factors CBF/DRE have been reported in  rice   to be benefi cial in 
enhancing stress  tolerance   in  transgenic plants   through inducing or manipulating 
the stress-relation expression of target genes. In response to stress, CRT/DRE and 
ABRE are cis-acting elements where CBF/DRE transcription factors (TF) bind. 
Furthermore, they are involved in gene expression ABA-dependent and gene expres-
sion ABA-independent respectively. Under fi eld conditions, SNAC1, stress- 
responsive NAC protein or TF was characterized in  rice   plant. SNAC1 showed 
22–34 % higher seed at reproductive stages under severe  drought   conditions in the 
fi eld. This gene was induced in  rice   guard cells specifi cally under  drought   condi-
tions. In  rice  , gene’s overexpression resulted in  drought    tolerance   signifi cantly and 
better stomatal closure in the  drought  -stressed conditions though the transgenic 
plant’s  yield   and photosynthesis rate under normal conditions of growth were not 
affected (Serraj et al.  2009 ). 

 Members of various different TFs classes have been associated in stress 
responses, including MYB, bZIP, MYC, AP2, zinc-fi nger proteins and homeodomain- 
leucine zipper (HD-ZIP). HD-ZIP encodes proteins that have been reported in 
plants as well as assumed/said to regulate responses and development to environ-
mental clues. Genes involved in signaling pathways of ABA have been shown valu-
able for enhancing  drought    tolerance   in  rice  . LOS5 and NCED both regulate genes 
related to stress in transgenic plants; their overexpression led to improved  drought   
 tolerance   in transgenic plants. In response to high salinity and primarily to  drought   
stress, ABA is de novo synthesized. More extra regulatory factors, such as MAPK 
and CDPK also involved in biosynthesis of ABA and were identifi ed to improved 
 drought    tolerance   in  rice   (Serraj et al.  2009 ). Generally, transgenic approach allows 
the gene function’s validation and recent progress illustrates that transgenic technol-
ogy can be complementary for conventional or to other breeding strategies if the 
phenotypic assessment is conducted properly (Serraj et al.  2009 ).  

9.5.7     Drought  Tolerance   Through Signaling Pathways 

 Adaptations of plants to environmental abiotic stresses are controlled by molecular 
network cascades as depicted in (Fig.  9.8 ), trigger stress responsive mechanism to 
protect membrane and damaged proteins, repair, and re-establish homeostasis. For 
 abiotic stress    tolerance  , engineering strategies of plant rely on genes that translate 
proteins conferring  tolerance   to stress or enzymes in pathways prominent to the 
synthesis of structural and functional metabolites or genes expression that is 
involved in regulatory and signaling pathways.
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9.5.8        Drought  Tolerance   Through  Bioinformatics   
and Functional Analysis of Gene 

 Bioinformatics development and exploration offer a rich combination of tools, pro-
tocols, computing infrastructure and databases that can be used to answer and help 
biological research queries, and often a signifi cant savings in laboratory resources 
and time. Bioinformatics integrate and incorporate information of crop data across 
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  Fig. 9.8    The intricacy of plant response to environmental abiotic stress       
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diverse collection about  phenotype  , genotype, germplasm, growth characteristics, 
cellular expression, environmental conditions, and applied treatments (Serraj et al. 
 2009 ). 

 The Generation Challenge Program (GCP)   http://www.generationcp.org    , are 
directed toward improvement in crop through comparative biology and genomics 
across species. The research theme of GCP is also the phenotypic as well as molecu-
lar genetic resource’s characterization to discover relevant or valued alleles for crop 
enhancement. One major development and research subprogram of the GCP con-
centrates on crop informatics. This program is endeavoring to advance public stan-
dards globally for  crop management   information as well as inclusive plant scientifi c 
domain model   http://pantheon.generationcp.org     and a tool platform for analyzing 
and accessing information obtainable from internationally networked GCP part-
ner’s databases including other data sources (Serraj et al.  2009 ). 

 The Comparative Plant Stress-Responsive Gene Catalog   http://dayhoff.genera-
tioncp.org     is about  drought   research, developed to facilitate the knowledge’s inte-
gration across crops about  drought  -responsive genes. This catalog is a compendium 
of multiple sequence alignments, associated experimental evidence, phylogenetic 
trees and protein families. The principal objective is to elucidate paralogous and 
orthologous relationship between genes of plant that involved in response to  abiotic 
stress   mainly  drought  . The International Crop Information System (ICIS) is com-
puterized database suite and system of tools   http://www.icis.cgiar.org     for character-
ization data for crops, evaluation of nomenclature, genealogy use, and integrated 
management generally. In addition to ICIS, many excellent publically/online acces-
sible crop and plant databases are available as illustrated in (Table  9.6 ). The found-
ing of the International Rice Functional Genomics Consortium (IRFGC)   http://
www.iris.irri.org/IRFGC     goals to organize research in ‘functional genomics’ era by 
building common strategies and explore ways to merge resources of international 
 rice   functional genomics. The consortium is struggling for  rice   gene  characterization 
in areas of expression arrays,  bioinformatics  , genomic stock, and proteomics (Serraj 
et al.  2009 ).

9.6         Role of Inorganic Nutrients, Organic Osmolytes 
and Plant Growth Regulators in  Drought    Tolerance   

 Cellular osmotic adjustment (OA) is most common response in water stress condi-
tions which facilitate plants to thrive under  drought   conditions (Blum  2009 ). By 
aggregation of several inorganic and organic solutes in cells, osmotic adjustment 
takes place. Further, osmotic adjustment enabling plants to absorb water in adequate 
amount from its exterior medium to tolerate working of normal metabolic processes 
and therefore growth (Chimenti et al.  2006 ). Instantaneously, plants produce antioxi-
dants variety that counteract the ROS generation in response to water defi cit condi-
tions (Munne-Bosch and Penuelas  2003 ). These consist of nonenzymatic antioxidants 
namely: carotenoids, phenolics, glutathione, ascorbic acid, and tocopherols as well 
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as enzymatic antioxidants namely: glutathione cycle enzymes/ascorbate, and super-
oxide dismutase catalase (Alscher et al.  2002 ; Jaleel et al.  2008 ). Another important 
 adaptation   of plant under  drought   stress is water-use effi ciency (WUE), to develop 
plant with enhanced  drought   stress  tolerance   (Sequera-Mutiozabal et al.  2016 ; Ray 
et al.  2004 ). Moreover, the evapotranspiration control to counter excessive water 
loss, defi cit irrigation (DI) exploitation strategy to increase utilization of water, use 
of synthetic and natural conditioners to retain content of soil moisture, effective use 
of water (EUW) for  yield   enhancement/improvement, genetic improvement of water 
stress resistance in established crops, and growing  drought  -resistant crop species 
(Levi et al.  2009 ). Minerals nutrients, organic osmolytes and plant growth regulators 
(PGRs) as depicted in (Table  9.7 ) also play key roles in modulating growth of plant 
and development under on-stress and stress conditions (Ashraf et al.  2011 ).

   The organic solutes referred to as compatible solutes or compatible osmolytes con-
tribute to osmoregulation as well as protect the membrane structures and  biomolecules 
also protect DNA from ROS damaging effects. It is considered that glycine betaine 
(GB) is an important osmoprotectant against  drought  . The structure of GB inside plant 
is highly stable. GB can penetrate easily through leaf epidermis and progress/modify 
to other organs to enhanced water stress  tolerance   effectively. Proline amino acid is 
another strong osmoprotectant. Under stress conditions, it can stabilize proteins and 
membrane structure; regulate/control cytoplasmic PH, and ROS scavenger. In sum-
mary, the role of organic osmolytes (glycerol, trehalose, sorbitol, mannitol,  proline  , 
and GB) in  drought   stress  tolerance   is osmoregulation maintenance in plants. 

 Additionally, organic osmolytes play key roles in cellular functions such as pro-
teins stabilization, ROS scavenging, and protection of structure of membrane. Plant 
growth regulators (PGRs) have been considered to play active roles in metabolic 
processes, plant  adaptation  , plant development and growth to stressful and nonstress 
environments including water stress conditions (Huang et al.  2008 ). PGRs includ-
ing gibberellins, auxins, abscisic acid (ABA), ethylene, and cytokinins are involved 
in water regulation movement at shoot and root levels by altering the cell mem-
branes permeability and fi nally cell turgor. 

   Table 9.6    Publicly accessible web resources related to plants   

 URL  Database  Crop 

   http://rapdb.lab.nig.ac.jp      RAPDB  Oryza sativa 
   http://www.tigr.org/plantProjects.shtml      TIGR plant genomes  Oryza sativa 
   http://www.maizegdb.org      MaizeGDB  Maize 
   http://www.barleybase.org      Barleybase  Barley 
   http://www.grin.usda.gov      GRIN  Plant genetic 

resources 
   http://www.singer.cgiar.org      SINGER  Plant genetic 

resources 
   http://www.mips.gsf.de      MATDB  Arabidopsis thaliana 
   http://www.nasc.org      NASC  Arabidopsis thaliana 
   http://www.arabidopsis.org      TAIR  Arabidopsis thaliana 
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 The availability of important inorganic mineral nutrients including N, P, K, Ca, 
Mg, Zn, and Mn is perturbed by water stress in the soil, leading to imbalances or 
nutritional defi ciencies in plants; may occur by poor nutrient mobility or poor root 
 growth   in the soil. However, in plants, availability of impaired nutrition under water 
stress may be triggered by several factors: reduced transpirational stream and inter-
ference in unloading mechanisms and uptake of nutrients. Under  drought   stress or 
in  drought   suffering areas, inclusive knowledge of the organic nutrients and their 
roles will help improve or advance management of fertilization in plant growth. 
Further, as signifi cant is a good understanding of  drought  -stress effects on nutrient 
absorption, availability, accumulation, partitioning, and transportation in plants. 
Additional, potential interactions to  drought   stress between plant response and 
nutrient application (Ashraf et al.  2011 ).  

9.7     The Root 

 In Asia,  drought   is affecting 20 % of the entire  rice  -growing regions (Pandey and 
Bhandari  2008 ). Roots are the major organ of plant for uptake of water and nutri-
ents. To cope with scarcity stress, plants use different mechanisms:  drought   recov-
ery,  drought   avoidance,  drought   escape, and  drought    tolerance  . Among these four, 
the roots are associated with mechanism of  drought   avoidance. Genotypes having 
higher root to shoot ratio, deep roots with a high capacity of penetration and branch-
ing, cuticular resistance high, early stomatal closure and elasticity in leaf rolling are 
described as component qualities of  drought   avoidance (Samson et al.  2002 ; Wang 
and Yamauchi  2006 ). Achieving  drought    tolerance   in crops for meeting the growing 
challenges in water shortage of the world will be necessary. 

 A set of root traits/parameters are of considerable functional signifi cance that 
includes: hard penetrability, maximum root depth, root to shoot ratio, root anatomy, 
hydraulic conductance of root, maximum depth of root, root volume, root branching, 
root diameter and elongation rate of root (Wu and Cheng  2014 ) as depicted in (Table 
 9.8 ). Direct role of coarse and deep roots in  drought    tolerance   has been hypothesized 
because larger roots diameter are related to branching and penetration ability and 
they have lower axial resistance and greater radii of xylem vessel to water fl ux.

   Table 9.7    Role of inorganic nutrients, organic osmolytes and plant growth regulators to enhance 
 drought   tolerance     

 Inorganic 
nutrients  Organic osmolytes  Plant growth regulators 

 Nitrogen  Glycerol  Brassinolide (BL), Ascorbic acid, Salicylic acid, 
Jasmonic acid, Ethrel, Benzylaminopurine, Polyamines, 
Ethylene, Abscisic acid, Gibberellic acid (GA 3 ), Auxin, 
Indole-3-Acetic acid (IAA) 

 Manganese  Sorbitol 
 Magnesium  Mannitol 
 Zinc  Trehalose 
 Potassium  Proline 
 Phosphorus  Glycinebetaine 
 Calcium 
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   The “Composite Transport Model” for transport in roots and uptake of water in 
which transcellular, symplastic and apoplastic pathways contribute to transport and 
uptake of water. Exchange between paths helps possibly the roots to adjust their 
ability of water uptake according to leaves transpiration demand. The  adaptation   of 
 rice   plant to grow in fl ooded conditions, its roots exhibit unique apoplastic barriers 
information related with other plants but effect of apoplastic barriers in  rice   on 
transport and uptake of water are unclear since  rice   genotypes can be adapted to 
non-fl ooded or fl ooded conditions. The scientists reported that under  drought   condi-
tions, maize reduced the water potential of soil to lower leaves than  rice  . Rice hav-
ing a smaller length of root than maize had a lower ability to uptake per unit root 
length water (Wu and Cheng  2014 ). 

 For root architecture,  rice   plant includes great genetic diversity. Rice has shallow 
growth of root and for  drought   improvement should emphasize on coarse, deep root 
growth. For deep root growth, many genotypes of  rice   have the potential but it is 
controlled strongly by the environment (i.e.  drought   stress severity and hardpans 
presence) (Wu and Cheng  2014 ). 

 Furthermore, in all conditions the fi ne roots presents a large percentage of entire 
length of root. Thus, it is strongly expected to greatly contribute to take up of water 
by the total root system. Finally, the inconsistencies between  rice   roots function and 
spatial distribution are poorly understood under  drought   stress; need to be talked 

   Table 9.8    Root qualities and their functional features   

 Root parameters  Functional features 

 Hardpan penetrability  Penetration ability to subsurface hardpans 
 Maximum root depth    Potential for assimilation of soil moisture 

   Nutrients absorption in deep layer of soil 
 Root branching  Soil exploration power 
 Root number    Potential to architecture of root system 

   Physical strength 
 Root volume  The strength to fi lter a large soil volume 
 Root diameter  The Potential for 

   Branching 
   Hydraulic conductivity 
   Penetration ability 

 Root to shoot ratio  Assimilate/incorporate allocation 
 Deep root to shoot ratio    Root growth vertically 

   Potential for soil moisture absorption & nutrients/minerals in 
deeper layers of soil 

 Total surface area/root 
length 

 Size of total system of root 

 Specifi c root length    Branching degree 
   Root materials density 
   Porosity due to development of aerenchyma 

 Weight density/root 
length 

 Nutrients and water uptake rate 
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with more emphasis on the function of root biology under water defi cit conditions 
(Wu and Cheng  2014 ). 

 Simulation models, historical climate series and system analysis can also play 
key roles in enhancing and characterizing the integration and precision of  phenotyp-
ing   either by approaches of heuristically guiding assimilated phenotypes or directly 
linking/associating model coeffi cients as well as in the target environment, access 
plant response to the  drought   patterns and to evaluate the signifi cance of candidate 
physiological traits (Serraj et al.  2009 ). 

 From an evolutionary sight, all plant species comeback or responses to stress and 
all resistance mechanism are genotype-specifi c and programmed. Still,  adaptation   
to  abiotic stress   has environmental and ecological advantages. Therefore, effi cient 
and well-organized plant breeding can be achieved by linking conventional and 
molecular breeding for  abiotic stress   resistance (Vinocur  2005 ).  

9.8     Conclusions and Future Perspective 

 There are some of the questions and issues that plant scientists and research manag-
ers must now confront to choose an ideal portfolio of strategic  rice   and maize 
genetic improvement research for the upcoming years. Till the dramatic demand’s 
expansion for maize biofuels and  rice   as well as climate-induced glitches in the past 
ages, the prediction/vision for a reversal of the sturdy/steady decrease of the cereals 
real prices including  rice   and maize seemed poor. There are various predicted fac-
tors and trends on which decision base. The continuously increasing global popula-
tion demand more energy, and food to supply an ever growing world need for animal 
products; reducing supplies of water for  agriculture   and the climate change effects 
are mounting the levels of abiotic environmental stress mainly  drought   across major 
 rice   and maize-growing areas. 

 The biotechnology and  bioinformatics   applications for enhance use of  rice   and 
maize genetic resources in the  crop improvement   is likely to offer new prospects to 
enhance  yield  . As presented in this chapter, ICIS, CIMMYT, IRRI, CIAT, IRFGC 
and global research partners are conserving the  rice   and maize genetic endowment 
and enhancing stability and plants  yield   across the areas/cropping system where  rice   
and maize thrives. Generally, it is accepted that the  drought   syndrome complexity 
can be tackled with holistic strategy integrating crop breeding with  tolerance   trait’s 
physiological dissection and tools of molecular genetics together with agronomical 
practices that lead to increase conservation and matching crop genotypes and soil 
moisture use with the environment. 

 There is a look of optimism that the pledge ushered by the current technologies 
by genomics-assisted breeding and functional genomics of stress resistance could 
generate relevant or valued information for use in maintainable and sustainable 
 agriculture   for engineering stress-resistant crops.     
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  Abstract     Drought affects wheat crop adversely resulting in reduced growth and 
productivity. The physio-biochemical adaptations of wheat were studied using ten 
wheat genotypes namely V-4178, PDW-34, Chakwal-97, Shorawaki, 4098805, 
Baluchistan, Yecora-70, S-24, SARC-1 and Pasban-90 were sown in pots by using 
completely randomized design two factorial with three replications. Wheat geno-
types were raised at two soil moisture levels i.e. soil moisture level maintained at 
100 % fi eld capacity and soil moisture level maintained at 40 % of fi eld capacity. 
The effects of the two soil moisture levels were studied on wheat genotypes by 
considering the parameters photosynthetic rate (An), transpiration rate (E), stomatal 
conductance (g s ), stomatal resistance (r s ), leaf membrane stability index (LMSI), 
leaf succulence, relative water content (RWC), epicuticular wax, proline contents, 
chlorophyll content (SPAD), grain yield, biological yield and harvest index. Drought 
was considered responsible for the enhanced production of proline and epicuticular 
wax, reduced stomatal conductance, high stomatal resistance, low photosynthetic 
and transpiration rate in genotypes as a mechanism to bear the harsh conditions. 
Low harvest index, biological yield and grain yield were also recorded as a result of 
drought. Hence, it is concluded that the genotypes resistant to drought performed 
better under drought conditions due to better physio-biochemical adaptations.  

  Keywords     Wheat   •   Leaf membrane stability index   •   Relative water content   • 
  Epicuticular wax   •   Proline   •   Photosynthetic rate   •   Transpiration rate   •   Stomatal con-
ductance   •   Stomatal resistance and drought  

10.1       Introduction 

 Agriculture the climate sensitive sector has a dominant role in the world and 
Pakistan’s economy. Almost 45 % people of the country are directly or indirectly 
related to  agriculture  . It contributes 21.4 % share to the gross domestic product 
(GDP) (GOP  2013 ). Out of 19.8 million hectares of area under  agriculture  , rainfed 
area contributes about 5 million hectares mainly located in the Pothwar uplands, 
northern mountains and northeast plains of Punjab and accounts 24 % of the total 
area under cultivation. Out of which approximately 15 % land is disposed to  drought   
mainly comprising rainfed areas (Mujtaba and Alam  2002 ). Rainfed  agriculture   
contributes 10 % of the national  wheat   production and it constitutes 14 % of the total 
 wheat   production of Punjab province. 

 The genetic  yield   potential of the  wheat   cultivars prevailing in country is 6–8 t 
ha −1  while the national average yields are approximately 2.7 t ha −1  pointing towards 
a  yield   gap of almost 60 %. There are different factors contributing to this  yield   gap. 
The major causes of low output are late harvesting of Kharif crops causing delayed 
sowing of  wheat  , unavailability of developed inputs like seed, ineffi cient use of 
fertilizer, shortage of irrigation water,  drought   and terminal heat stress. 

 Zhu ( 2002 ) has defi ned  drought   as the lack of suffi cient moisture obligatory for 
the normal growth and completion of life cycle of a plant. Drought is said to be a 
condition where a dry soil (due to absence of rain or late irrigation) or a hot dry 

R. Ashraf et al.



213

wind (high  ETo ) causes a sizeable decline in crop performance with respect to plant 
persistence or economic  yield   or crop quality). Hassan ( 2006 ) reported that  drought   
stress has severe effects on growth and development of crops. It not only limits the 
plant growth and development but also reduces productivity and results in  yield   
losses when occurring at reproductive stages (Hays et al.  2007 ). In cereals like 
 wheat  ,  drought   is an important  abiotic stress   that affects grain fi lling by reducing 
grain number and size. A plant suffers from water stress, when root to shoot water 
supply turns to be problematic and when there is a very high  transpiration rate  . 
These two situations often correspond where the climate is arid and semiarid. 

 The rate of photosynthesis is decreased by water defi cit (Lawlor and Cornic 
 2002 ) and triggered leaf senescence (Martinez et al.  2003 ). Under water stress con-
ditions, the  photosynthetic rate   of the ear parts was less affected than the fl ag leaf. 
This relative  drought   tolerance   seemed to be related to the maintenance of higher 
relative moisture contents in lemmas, glumes and awns (Tambussi et al.  2005 ). 
 Relative water content (RWC)   of leaves has an important role and direct relation 
with soil water content, being important indicator of leaf water stress (Merah  2001 ). 
Relative water contents of leaves were lowered immediately in plants exposed to 
stress. Similarly, osmotic potential and leaf water potential were decreased (Grover 
et al.  2004 ). In general, leaf water potential decreased with stress intensity (Yurekli 
et al.  2001 ). 

 Photosynthesis is the fundamental process that infl uences crop productivity and 
it may decrease due to water stress (Chaves and Oliveira  2004 ). The stomatal check 
is considered to be the major cause of decreased photosynthesis under water defi cit 
(Cornic  2000 ). Reduction in RWC has been identifi ed to stimulate stomatal closure 
and caused a parallel reduction in photosynthetic rate (Cornic  2000 ). The produc-
tion of various organic solutes is one of the general responses of plants towards 
 abiotic stress   (Serraj and Sinclair  2002 ) including small molecules like  proline   
(Szabados and Savoure  2010 ). Those professed osmotic regulators or harmonious 
osmolytes provide protection to the plants from stresses by adjustments at cellular 
level through maintenance of membranes integrity and enzymes stability (Farooq 
et al.  2009 ). Various studies on  transgenic plants   established that  proline   has a com-
posite infl uence on stress responses, proposing important role of  proline   in stress 
 tolerance   (Mattioli et al.  2008 ). Proline accumulation helps plant in maintenance of 
low water potential. This lowering water potential along with the accumulation of 
osmolytes permits surplus water uptake and thus buffer the instant effects of water 
defi cit in the plant body (Kumar et al.  2003 ). In  wheat  , higher  proline   aggregates 
were found in stress enduring cultivars than in stress sensitive cultivars (Nayyar and 
Walia  2003 ). Proline can develop stress forbearance by different ways and it was 
observed by Sharma and Dubey ( 2005 ) that  proline   is capable to act as molecular 
chaperone keeping protein integrity and inhibiting protein accumulation and equi-
librium and also by protecting the nitrate reductase in osmotic stress situations. It 
helps in stabilizing membranes and proteins (Ashraf and Foolad  2007 ). It also plays 
a role as antioxidant (Sharma and Dietz  2006 ) and controls the cytosolic acidity 
(Sivakumar et al.  2000 ). Osmoregulation is the fundamental mechanism through 
which plants confront the devastating effects of water stress by manufacturing com-
patible solutes, usually certain sugars, polyols, amino acids, betaines and associated 
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compounds (Ramanjulu and Bartels  2002 ). Scientists reported amino acid  proline   is 
eminently present in plants and frequently accumulates in large amounts as a conse-
quence of different environmental stresses (Kishore et al.  2005 ). Large amounts of 
 proline   facilitate a plant to retain low water potentials. Due to low water potentials, 
the increased amounts of suitable osmolytes which were involved in osmoregulation 
permit the uptake of additional water and buffer the instant effect of water defi cit 
within the plant body. Besides, role of  proline   has been recognized to induce the 
manifestation of stress responsive genes, having  proline   receptive features in their 
promoters (Chinnusamy et al.  2005 ).  Climate change   resulting in rise in  temperature   
and rainfall variability in different parts of world caused cereal grain  yield   reduction 
and increase in  yield   variability (Olesen et al.  2011 ). Global warming is likely to 
increase evapotranspiration (ET) and decrease crop physiological functions (Hassan 
 2006 ) and also results in water stress conditions for crop plants and these conditions 
have a direct effect on plant growth and productivity. The global water crisis, seri-
ously infl uences crop productivity particularly in most of the Asian countries where 
irrigated  agriculture   accounts for 90 % of total diverted fresh water (Huaqi et al. 
 2002 ). Drought impacts include growth,  yield  , membrane integrity, pigment con-
tent, osmotic adjustment water relations, and photosynthetic activity (Praba et al. 
 2009 ). Drought stress is affected by climatic, edaphic and agronomic factors. The 
susceptibility of plants to  drought   stress varies in dependence of stress degree, dif-
ferent accompanying stress factors, plant species, and their developmental stages 
(Demirevska et al.  2009 ). Acclimation of plants to water defi cit is the result of dif-
ferent events, which lead to adaptive changes in plant growth and physio- biochemical 
processes, such as changes in plant structure, growth rate, tissue osmotic potential 
and antioxidant defenses (Duan et al.  2007 ). Photosynthesis, which is the basic pro-
cess infl uencing crop productivity, is hindered by water stress. The physiological 
processes including alleviation of photosynthetic effi ciency, oxidative damage, 
uptake of water and nutrients by crop are severely affected under continuously 
changing  temperature   and moisture defi cit (Wang et al.  2011 ). Chlorophyll is the 
most important pigments active in the photosynthetic process. In photosynthesis, 
antenna pigments in leaf chloroplasts absorb solar radiations, through resonance 
transfer the resulting excitation is channeled to the pigments of reaction center, 
which release electrons as a result the photochemical process set in motion. The 
chlorophyll is the most essential of these pigments, thus virtually necessary for the 
oxygenic conversion of light energy to the stored chemical energy. From a physio-
logical perspective, leaf chlorophyll content is therefore a parameter of signifi cant 
interest in its own right. The accessory pigment, carotenoids also have a very impor-
tant role in photosynthesis. Biosynthesis of carotenoids in plants is a genetic charac-
teristic; however, environmental conditions also play a signifi cant role. 

 Gupta et al. ( 2001 ) studied physiological and  yield   attributes of two  wheat   geno-
types with stress at boot and anthesis. They reported that number of grains, grain 
 yield  , biological  yield   and harvest index decreased to a greater extent when water 
stress was imposed at anthesis stage. The defi ciency of water led to severe decline 
in  yield   probably by disrupting leaf gas exchange properties which not only limited 
the size of the source and sink tissues but the phloem loading, assimilate transloca-
tion and dry matter partioning were also impaired (Farooq et al.  2009 ). 
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 Accumulation of  proline   under stress in many plant species has been correlated 
with stress  tolerance  , while concentration has been shown to be generally higher in 
stress-tolerant than in stress-sensitive plants. It infl uenced protein solvation and pre-
served the quarternary structure of complex proteins, maintained membrane integ-
rity under dehydration stress and reduced oxidation of lipid membranes or 
photoinhibition (Demiral and Turkan  2004 ). Furthermore, it also contributed to sta-
bilize sub-cellular structures, scavenging free radicals and buffering cellular redox 
potential under stress conditions (Ashraf and Foolad  2007 ). 

 Many abiotic stresses like water stress, salinity and cold direct to major transfor-
mations in carbohydrate metabolism (Kaur et al.  2000 ). Sugars have a major role in 
growth and development of plants facing abiotic stresses by amending the carbohy-
drate metabolic rate. A variety of stress responsive genes are stimulated by glucose 
(Price et al.  2004 ). Increased sugar levels in various parts of plants are a result of dif-
ferent ecological stresses (Prado et al.  2000 ; Gill et al.  2001 ). Metabolic profi ling 
revealed that plants exposed to  drought   and heat stresses have accumulation of sucrose 
and several other sugars like maltose and glucose (Rizhsky et al.  2004 ). In view of the 
above scenario the research was conducted with the following objectives:

•    To study the Physio-biochemical response of  wheat   genotypes to water stress 
( drought  ).  

•   To evaluate different  wheat   genotypes exposed to induced water stress     

10.2     Methodology 

 The physio-biochemical adaptations of  wheat   in response to  drought   was studied 
through pot experiment conducted at PMAS Arid Agriculture University, 
Rawalpindi, Pakistan (latitude 33° 42/N and longitude 73° 10/E) from 5th November, 
2011 to 3rd May, 2012. Seeds of ten  wheat   genotypes namely V-4178, PDW-34, 
Chakwal-97, Shorawaki, 4098805, Baluchistan, Yecora-70, S-24, SARC-1 and 
Pasban-90 were obtained from National Agricultural Research Center (NARC). The 
experiment was conducted in earthen pots (15 cm height and 9 cm diameter). These 
pots were fi lled with 8 Kg of soil taken from the fi eld of Agronomy department. The 
inert matter was removed from soil by using 2 mm sieve. 

 Experiment was arranged in completely randomized design two factorial with 
three replications of each treatment. Ten seeds per genotype per pot were sown in 
total sixty pots. NPK was applied at the time of sowing at the rate of 100:50:0 kg 
ha −1 . Twenty treatments were applied by maintaining two moisture levels for each 
genotype. The two moisture levels were: M 1  = Soil maintained at fi eld capacity dur-
ing complete crop life cycle and M 2  = Soil maintained at 40 % of fi eld capacity dur-
ing complete crop life cycle. Pots were irrigated after adding soil and covered with 
polythene sheet to prevent increase in soil moisture by  precipitation  . Field capacity 
was measured by the standard procedure given in laboratory manual of 
ICARDA. Field capacity was maintained by using tensiometer. 
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10.2.1     Physiological Parameters 

 Infrared Gas Analyzer (IRGA) was used to measure  photosynthetic rate  ,  transpira-
tion rate  ,  stomatal conductance  , stomatal resistance, at Anthesis stage (Long and 
Bernacchi  2003 ).  Leaf membrane stability index (LMSI)   was taken according to the 
method given by Chandrasekar et al. ( 2000 ). Leaf strips (0.2 g) of uniform size were 
taken in test tubes containing 10 ml of double distilled water in two sets. Test tube 
in one set were kept at 400 °C in water bath for 30 min and test tubes in second set 
were incubated at 100 °C in boiling water bath for 15 min. LMSI was calculated by 
using the formula;

  LMSI C C= −( / )1 1 2    

where, C1 = electrical conductivity of water containing the sample in test tube one 
and C2 = electrical conductivity was measured in test tube two. Leaves were taken 
randomly from each plant at anthesis stage. Fresh leaf weight was taken and leaf 
area was measured. Further leaves were oven dried at 60 °C for 2 days and dry 
weight was taken. Succulence was calculated by using following formula; 
Succulence = fresh weight – dry weight/leaf area. Fully expended fl ag leaves were 
taken and fresh weight (FW) was instantly noted, then leaves were saturated for 4 h 
in distilled water at room  temperature  , and turgid weight (TW) was recorded. After 
drying for 24 h at 80 °C total dry weight (DW) was recorded. Relative water  content   
were measured according to the formula of Barrs and Weatherley ( 1962 ).

  RWC FW DW TW DW(%) (( ) / ( ))= − − ×100    

  Leaves (0.5 g) were randomly taken from the plant and their area was measured. 
Three leaf samples were washed three times in 10 ml carbon tetrachloride for 30 s 
per wash. The extract was fi ltered, evaporated to dryness and the remaining wax was 
weighed. Wax contents were expressed on the basis of leaf area only, i.e. wax con-
tent mg cm −2  (Silva-Fernandes et al.  1964 ).  

10.2.2     Biochemical Parameters 

 Fresh leaf tissue (0.5 g) was taken from plants at fl ag leaf stage from each pot, were 
homogenized in 10 ml of 3 % sulfosalicyclic acid and then fi ltered. Proline was 
estimated spectrophotometericaly following the ninhydrin method (Bates et al. 
 1973 ) using pure  proline  . Chlorophyll contents were measured by SPAD-chlorophyll 
meter by taking three readings from the fl ag leaf.  

R. Ashraf et al.



217

10.2.3     Yield Parameters 

 Biological and grain  yield   was recorded per pot and it was converted in kg ha −1 . 
Harvest index was calculated using the formula given by Donald ( 1962 ).

  HI = ×( / )Grain Yield Biological Yield 100    

10.3        Results and Discussion 

10.3.1     Physiological Parameters 

10.3.1.1      Photosynthetic Rate   (μ mol m −2  s −1 ) 

 The two moisture levels (M 1  soil maintained at fi eld capacity level and M 2  soil 
maintained at 40 % fi eld capacity level) had a signifi cant effect on photosynthetic 
rate with the higher value 23.64 μ mol m −2  s −1  for moisture level kept at fi eld capac-
ity against 18.35 μ mol m −2  s −1  at 40 % fi eld capacity (Table  10.1 ). The comparison 
of genotypes for photosynthetic rate revealed that all the genotypes vary from one 
another in a signifi cant manner. The maximum photosynthetic rate (24.63 μ mol m −2  
s −1 ) was exhibited by Pasban-90, which was at par with SARC-1 (24.04 μ mol m −2  
s −1 ) and Yecora-70 (22.84 μ mol m −2  s −1 ). Contrarily the minimum photosynthetic 
rate (17.61 μ mol m −2  s −1 ) was observed in V-4178 that did not differ signifi cantly 
from PDW-34 (17.74) and Chakwal-97 (18.76).

   The difference between the maximum and minimum value was 40 %. The inter-
action between genotypes and moisture levels was found to be non-signifi cant 

    Table 10.1    Effect of two soil moisture levels on  photosynthetic rate   (μmolm −2 s −1 ) of different 
 wheat   genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  19.56  15.65  17.61 e  
 PDW-34  19.70  15.77  17.74 e  
 Chakwal-97  20.83  16.69  18.76 d, e  
 Shorawaki  22.17  17.74  19.95 d  
 4098805  22.30  17.85  20.07 c, d  
 Baluchistan  24.93  19.43  22.18 b  
 Yecora-70  25.80  19.87  22.84 a, b  
 S-24  25.27  19.04  22.15 b, c  
 SARC-1  27.30  20.77  24.04 a, b  
 Pasban-90  28.57  20.69  24.63 a  
  Means   23.64a  18.35 b  
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(Table  10.1 ). Water defi cit primarily affects photosynthesis through reduced  stoma-
tal conductance  ,  carbon dioxide   diffusion to the chloroplast and metabolic restraints. 
Drought stress straightly alters the leaf carbohydrate contents by minimizing the 
rate of photosynthesis. Results showed that photosynthetic rate was highly depen-
dent on moisture availability. All genotypes had better performance under proper 
moisture conditions showing higher rate of photosynthesis while they performed 
poorly at low moisture levels. The photosynthetic rate decreased with the extension 
of the  drought   phase. Drought stress decreased the rate of photosynthesis signifi -
cantly (Kawamitsu et al.  2000 ; Azimi et al.  2010 ).  

10.3.1.2     Transpiration Rate (mol m −2  s −1 ) 

 Soil moisture content had a signifi cant effect on  transpiration rate   of  wheat   crop 
having higher value (8.70) at fi eld capacity level; however, lower value (7.83) was 
observed in genotypes at 40 % fi eld capacity. The  transpiration rate   was signifi -
cantly affected by the  wheat   genotypes. The genotypes V-4178 exhibited the maxi-
mum  transpiration rate   (9.79) and did not differ signifi cantly from PDW-34 (9.35), 
Chakwal-97 (9.18) and Shorawaki (8.97). On the other hand the minimum  transpi-
ration rate   (6.38) was recorded in Pasban-90 which was at par with SARC-1 (6.71). 
The interaction between soil moisture levels and genotypes was found to be insig-
nifi cant (Table  10.2 ).

   Transpiration is the loss of water from cell walls inside the leaves and diffusion 
from leaf interior to outer climate. The factors which signifi cantly affect  transpira-
tion rate   are  temperature  ,  stomatal conductance  , humidity (Tullus et al.  2012 ), sto-
matal density, leaf area, leaf orientation and soil moisture. Transpiration is also an 
important energy dissipation mechanism of crops. The genotype which can reduce 
transpiration under moisture defi cit environment could be a better option for  drought   
conditions to get more productivity. Similar, to current study Mafakheri et al. ( 2010 ) 
reported reduced transpiration under moisture defi cit conditions.  

   Table 10.2    Effect of two soil moisture levels on  transpiration rate   (mol m −2  s −1 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  10.3  9.27  9.79 a  
 PDW-34  9.85  8.86  9.35 a, b  
 Chakwal-97  9.67  8.70  9.18 a, b  
 Shorawaki  9.46  8.50  8.97 a, b, c  
 4098805  9.19  8.27  8.73 b, c, d  
 Baluchistan  8.67  7.80  8.23 c, d, e  
 Yecora-70  8.28  7.45  7.86 d, e  
 S-24  7.80  7.02  7.41 e, f  
 SARC-1  7.06  6.54  6.71 f, g  
 Pasban-90  6.72  6.05  6.38 g  
  Means   8.70 a   7.83 b  

R. Ashraf et al.



219

10.3.1.3     Stomatal Conductance (mol m −2  s −1 ) 

 Soil moisture content had a signifi cant impact on  stomatal conductance   of  wheat   
crop. The plants maintained at fi eld capacity had higher  stomatal conductance   
(0.68) as compared to those maintained at 40 % fi eld capacity (0.61) (Table  10.3 ). 
The genotypes also showed high degree of variation in terms of  stomatal conduc-
tance  . The maximum  stomatal conductance   was observed in V-4178 (0.79) while 
minimum was measured in Pasban-90 (0.49).

   The interaction between genotypes and treatments was non-signifi cant (Table 
 10.3 ). Stomatal conductance in  wheat   decreased with decrease in days of drying and 
leaf water potential. Stomatal conductance reduced under  drought   conditions to 
save water losses. The mean CO 2  assimilation (Stomatal conductance) for  wheat   
genotypes over different moisture levels revealed the maximum  stomatal conduc-
tance   value for genotype V-4178 (0.8) followed by PDW-34 (0.73). The maximum 
 stomatal conductance   for V-4178 was due to early vigor which resulted in good CO 2  
infl ux and stomatal effi ciency. Similar conclusion was reported by Liao et al. ( 2004 ) 
who observed good growth rate due to effi cient assimilation of CO 2  in early vigor 
genotypes. In the current study  stomatal conductance   was reduced in some geno-
types when exposed to  drought   while genotype V-4178 and PDW-34 behaved better 
and  stomatal conductance   was higher which led to better crop development. 
Stomatal conductance was directly related to the availability of moisture contents in 
the soil. Similar, to current study Liang et al. ( 2002 ) reported decreased water level 
of the rhizosphere caused reduction of  stomatal conductance  . However, Rebetzke 
et al. ( 2001 ) reported that  stomatal conductance   was the genetic feature of crop 
genotypes.  

    Table 10.3    Effect of two soil moisture levels on  stomatal conductance   (mol m −2  s −1 ) of different 
 wheat   genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  0.84  0.76  0.80 a  
 PDW-34  0.77  0.69  0.73 b  
 Chakwal-97  0.75  0.68  0.71 b  
 Shorawaki  0.73  0.65  0.69 b, c  
 4098805  0.71  0.64  0.67 b, c  
 Baluchistan  0.67  0.60  0.63 c, d  
 Yecora-70  0.64  0.57  0.61 d  
 S-24  0.60  0.54  0.57 d, e  
 SARC-1  0.54  0.49  0.52 e, f  
 Pasban-90  0.52  0.47  0.49 f  
  Means   0.68 a   0.61 b  
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10.3.1.4     Stomatal Resistance (m 2  s mol −1 ) 

 A signifi cant distinction was observed between the two treatments for stomatal 
resistance. Plants in M 1  (soil maintained at fi eld capacity level) had more stomatal 
resistance with the average value 0.92 than M 2  (soil maintained at 40 % fi eld capac-
ity level) with the average 0.58. The genotypes varied signifi cantly from each other 
for stomatal resistance. The maximum stomatal resistance (1.28) was measured in 
Pasban-90 and was at par with SARC-1 (1.16) while the minimum stomatal resis-
tance (0.48) in V-4178 which did not differ signifi cantly from PDW-34 (0.47), 
Chakwal-97 (0.71), Shorawaki (0.69), 4098805 (0.67), Baluchistan (0.63) and 
Yecora-70 (0.61). The genotypes and soil moisture levels interacted non- signifi cantly 
(Table  10.4 ).

   Stomatal resistance is opposite to the  stomatal conductance  . Stomatal resistance 
is the ability of a plant to resist the gaseous exchange. It is a critical physiological 
parameter for  drought   assessment, dependent on genetic and microclimatic factors 
as well as moisture availability. Stomatal  resistance   of the tolerant genotypes was 
high under the stress conditions. Under stress conditions plant close their stomata to 
conserve water and control water losses, resulting in water saving for the mainte-
nance of plant metabolic processes. The current study results indicated that the 
genotype with more stomatal resistance has better stress  tolerance  . The results of 
the study were similar to Iqbal and Bano ( 2009 ) who observed detrimental effect of 
stresses on crop productivity due to change in moisture contents.  

10.3.1.5     Leaf Membrane Stability  Index   (%) 

 The two treatments varied signifi cantly for leaf membrane stability index. Leaf 
membrane stability index was found higher (77.82) in plants maintained at fi eld 
capacity than those raised at 40 % fi eld capacity (66.63) (Table  10.5 ). Leaf 

   Table 10.4    Effect of two soil moisture levels on stomatal resistance (m 2  s mol −1 ) of different 
 wheat   genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  0.37  0.59  0.48 d  
 PDW-34  07  0.57  0.47 d  
 Chakwal-97  0.37  0.60  0.48 d  
 Shorawaki  0.43  0.66  0.55 d  
 4098805  0.47  0.71  0.59 d  
 Baluchistan  0.57  0.97  0.77 c, d  
 Yecora-70  0.60  0.95  0.79 d  
 S-24  0.73  1.18  0.96 b, c  
 SARC-1  0.90  1.43  0.52 e, f  
 Pasban-90  1.00  1.55  0.49 f  
  Means   0.58 a   0.92 b  
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membrane stability index in case of genotypes varied considerably. The genotype 
Pasban-90 had maximum leaf membrane stability index (78.02) and the minimum 
(65.44) was recorded in V-4178. The interaction table illustrated a non-signifi cant 
interaction between genotypes and soil moisture levels (Table  10.5 ).

   Leaf membrane stability index is the ability of plant to thrive under  drought   con-
ditions. Leaf membrane stability index is a key parameter, for determining the abil-
ity of a plant to survive under water defi cit situation. It was deduced from the trial 
results that leaf membrane stability has dependence on the soil moisture level. 

 It is high under normal conditions and reduced when plants were under stressed 
environment. The results of the study were found to be concurrent to the results 
given by Iqbal and Bano ( 2009 ). LMSI reduced linearly as the stress period pro-
longed (Chakraborty et al.  1993 ).  

    Table 10.5    Effect of two soil moisture levels on leaf membrane stability  index   (%) of different 
 wheat   genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  69.28  61.60  65.44 g  
 PDW-34  71.08  62.73  66.91 f, g  
 Chakwal-97  73.38  63.86  68.62 e, f, g  
 Shorawaki  75.19  64.98  70.09 d, e, f  
 4098805  77.89  66.12  72.00 c, d, e  
 Baluchistan  79.69  67.13  73.41 b, c, d  
 Yecora-70  81.19  68.26  74.73 a, b, c  
 S-24  82.89  69.38  76.14 a, b, c  
 SARC-1  83.29  70.51  76.90 a, b  
 Pasban-90  84.29  71.74  78.02 a  
  Means   77.82 a   66.63 b  

   Table 10.6    Effect of two soil moisture levels on leaf succulence (mg m −2 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  12.12 f, g   6.63 j   9.37 e  
 PDW-34  12.41 f, g   6.87 j   9.64 e  
 Chakwal-97  12.71 e, f   7.14 j   9.93 e  
 Shorawaki  13.12 d, e, f   8.60 i   10.83 d  
 4098805  13.71 c, d, e   9.31 h, i   11.51 c, d  
 Baluchistan  14.12 c, d   9.82 h   11.97 b, c  
 Yecora-70  14.41 b, c   10.13 h   12.27 c, d  
 S-24  15.32 a, b   1.54 k   8.43 f  
 SARC-1  15.42 a, b   11.56 g   13.49 a  
 Pasban-90  15.62 a   12.79 e, f   14.21 a  
  Means   13.90 a   8.44 b  
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10.3.1.6     Leaf Succulence (mg m −2 ) 

 Individual as well as interactive effects of soil moisture levels and whet genotypes 
on leaf succulence were signifi cant. Pasban-90 grown at soil fi eld capacity exhibited 
the maximum leaf succulence (15.62) and was at par with SARC-1 (13.49) and S-24 
(8.43) raised at soil fi eld capacity (Table  10.6 ). On the other hand the minimum leaf 
succulence (6.63) was recorded in V-4178 which did not differ signifi cantly from 
PDW-34 (9.64) and Chakwal-97 (9.93). Results point towards a signifi cant relation 
between leaf succulence and moisture availability. Leaf succulence reduced with 
declined moisture availability (Qi et al.  2009 ). Less succulent leaves were found 
under stress situations. Whereas small sized succulent leaves helped the plant to 
avoid transpirational losses to ensure its survival under moisture defi cit environ-
ment. The  drought   resistant genotypes had more succulent leaves than those suscep-
tible to  drought  . That is why they performed better under moisture defi cit 
environment. In an experiment conducted by Razzaq et al. ( 2013 ) it was found that 
the cultivars relatively suitable for  drought   conditions have higher leaf succulence 
and those with lower leaf succulence were vulnerable to  drought  .

10.3.1.7        Relative Water  Content   (%) 

 There was a highly signifi cant variation found between the two soil moisture levels. 
However, their interactive effect was found non-signifi cant. Main effects of geno-
types and soil moisture levels on relative water content (RWC) of  wheat   crop were 
signifi cant. The  wheat   plants grown at soil fi eld capacity exhibited 22 % higher 
RWC (84.40) than the  wheat   genotypes raised at 40 % of the soil fi eld capacity 
(69.14). Maximum RWC (87.04) were recorded in Pasban-90 which was at par with 
SARC-1 (85.31) (Table  10.7 ). Contrarily the minimum RWC (69.50) were observed 
in V-4178 which did not differ signifi cantly from PDW-34 (70.21), Chakwal-97 
(70.86), Shorawaki (72.07) and 4098805 (73.73).

   Table 10.7    Effect of two soil moisture levels on relative water  content   (%) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  77.29  61.71  69.50 f  
 PDW-34  77.79  62.63  70.21 f  
 Chakwal-97  78.99  62.73  70.86 f  
 Shorawaki  80.79  63.34  72.07 f  
 4098805  83.70  63.75  73.73 e, f  
 Baluchistan  85.49  69.38  77.44 d, e  
 Yecora-70  87.40  71.43  79.42 c, d  
 S-24  89.80  74.50  82.15 b, c  
 SARC-1  90.90  79.72  85.31 a, b  
 Pasban-90  91.90  82.17  87.04 a  
  Means   84.40 a   69.14 b  
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   Relative water  content   is a better measure of plant water status. It is an indicator 
of the plant physical and physiological activities. RWC can be used instead of plant 
water potential as it is related to cell volume. Genotypes with high RWC have more 
resistance to  drought   stress, as the maintenance of higher RWC helps plants to 
maintain their normal metabolic activities. Hence the genotypes with higher RWC 
had an edge over others under stressed condition. Results of the current study illus-
trated drop in RWC with increasing  drought   stress. RWC contributes towards 
 drought   resistance and the genotype with higher RWC under stress under water 
stress condition has more resistance towards  drought  . Keyvan ( 2010 ) found 
 reduction in RWC of various genotypes under stressed conditions. Similarly, drop 
in RWC of various  wheat   genotypes were reported by Nouri et al. ( 2011 ).  

10.3.1.8     Epicuticular Wax (g cm −2 ) 

 The current study exhibited signifi cant difference between two soil moisture levels 
with respect to  epicuticular wax   accumulation. The maximum  epicuticular wax   
contents (8.43) were found for M 2  (soil maintained at 40 % fi eld capacity) whereas 
M 1  (soil maintained at fi eld capacity) produced minimum  epicuticular wax   contents 
(6.88). The two soil moisture levels had a variation of 22 % for the accumulation of 
 epicuticular wax  . In case of  wheat   genotypes there was a signifi cant variation 
regarding  epicuticular wax  . The genotype Pasban-90 had maximum  epicuticular 
wax   (9.32) while minimum  epicuticular wax   (6.54) was observed in V-4178 which 
did not differ signifi cantly from PDW-34 (6.63), Chakwal-97 (6.71) and Shorawaki 
(6.79). A signifi cant interaction was found between genotypes and soil moisture 
levels for  epicuticular wax   at 5 % probability level. Pasabn-90 had the maximum 
 epicuticular wax   (10.54) at 40 % fi eld capacity whereas minimum  epicuticular wax   
was recorded in V-4178 (Table  10.8 ). Epicuticular wax is produced under  drought   
conditions to cope water losses from the leaf surface. It is an important factor for 
 drought   tolerance  . Epicuticular wax enhances stomatal  resistance   to avoid the water 

   Table 10.8    Effect of two soil moisture levels on  epicuticular wax   (g cm −2 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  5.72  7.37  6.54 f  
 PDW-34  5.79  7.47  6.63 f  
 Chakwal-97  5.84  7.57  6.71 f  
 Shorawaki  5.90  7.57  6.79 f  
 4098805  7.11  7.57  7.50 e  
 Baluchistan  7.21  7.57  7.95 d  
 Yecora-70  7.31  7.57  8.11 c, d  
 S-24  7.91  7.57  8.46 b, c  
 SARC-1  8.01  7.57  8.61 b  
 Pasban-90  8.11  7.57  9.33 a  
  Means   6.89 b   8.43 a  
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losses under water defi cit conditions. Hence, the water is available for the plants to 
maintain its proper physiology. Epicuticular wax load is higher in the  drought   toler-
ant genotypes (Elham et al.  2012 ). The results of the study were found to be in 
accordance with Elham et al. ( 2012 ).

10.3.2         Biochemical Parameters 

10.3.2.1     Proline Content (μg g −1 ) 

 Proline content was measured at fl ag leaf stage. The moisture levels have a signifi -
cant effect on  proline   content. Moisture level at 40 % fi eld capacity produced more 
 proline   content than the moisture level at fi eld capacity. Maximum value (50.09) 
was obtained for M 2  and the minimum  proline   contents (44.95) were produced at 
M 1 . There was 11 % difference between the two moisture levels. 

 The results of the study have illustrated that the genotypes varied in signifi cant 
manner for  proline   contents. Maximum  proline   accumulation (50.61) was recorded 
in Pasban-90 which did not differ signifi cantly from SARC-1 (49.96) and V-4178 
had the minimum  proline   accumulation of 44.56 which was at par with PDW-34 
(45.46) and Chakwal-97 (46.21). There was 14 % difference between the maximum 
and the minimum values for  proline   content (Table  10.9 ).

   Results established a non-signifi cant interaction between genotypes and mois-
ture levels. The most generalized response of plants to cope the  drought   stress is 
 proline   accumulation in the plant leaves (Sayed et al.  2012 ). All the genotypes 
behaved differently under moisture regime to accumulate  proline   content. Drought 
resistant genotypes accumulated more  proline   content than  drought   susceptible 
genotypes. Similar to our fi ndings Chandra et al. ( 2004 ) reported that resistant cul-
tivars accumulated more  proline   than  drought   susceptible genotypes.  

   Table 10.9    Effect of two soil moisture levels on  proline   content (μg g −1 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  41.31  47.82  44.56 g  
 PDW-34  42.81  48.12  45.46 f, g  
 Chakwal-97  44.11  48.32  46.21 e, f, g  
 Shorawaki  44.31  48.92  46.61 d, e, f  
 4098805  44.91  49.62  47.27 c, d, e  
 Baluchistan  45.31  49.92  47.62 c, d, e  
 Yecora-70  45.91  50.42  48.17 c, d  
 S-24  46.31  51.22  48.77 b, c  
 SARC-1  47.22  52.72  49.97 a, b  
 Pasban-90  47.32  53.92  50.62 a  
  Means   44.95 b   50.10 a  
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10.3.2.2     Chlorophyll Content (SPAD Value) 

 The two moisture levels had a signifi cant variation for the chlorophyll content. 
Plants maintained at fi eld capacity had the higher chlorophyll content (42.57) 
than those grown at 40 % fi eld capacity (33.03) (Table  10.10 ). The two moisture 
levels had a variation of 29 % approximately. The genotypes also varied signifi -
cantly for the chlorophyll contents. Pasban-90 had the maximum chlorophyll 
content (44.32) and was at par with SARC-1(43.25) and Yecora-70 (41.11), how-
ever, chlorophyll content were found to be lower most (31.70) in V-4178, pre-
ceded by PDW-34 (31.94) and Chakwal-97 (33.79). Both genotypes had a 
variation of 40 % for chlorophyll contents. Non-signifi cant interaction for chloro-
phyll content was found between soil moisture levels and genotypes (Table 
 10.10 ). Chlorophyll is the fundamental photosynthetic pigment found in the plant 
leaves. Any reduction in chlorophyll content causes poor growth and develop-
ment resulting in low  yield  . Chlorophyll content tends to fall under moisture defi -
cit condition due to photo- oxidation and degradation of chlorophyll pigment. 
Plants able to maintain high chlorophyll content when subjected to stress are 
 drought   resistant (Homayoun et al.  2011 ).

   In the current study the genotypes maintaining higher chlorophyll contents pro-
duced better results and were able to maintain the near to normal photosynthetic 
activity even under  drought   conditions. The fi ndings of Anosheh ( 2012 ) were simi-
lar to our results. Decline in chlorophyll content was observed under  drought   stress 
whereas in some genotypes chlorophyll content increased and thus termed as 
 drought   resistant (Homayoun et al.  2011 ; Anosheh  2012 ).   

    Table 10.10    Effect of two soil moisture levels on chlorophyll content (SPAD value) of different 
 wheat   genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  35.22  28.18  31.70 e  
 PDW-34  35.49  28.39  31.94 e  
 Chakwal-97  37.54  30.03  33.79 d, e  
 Shorawaki  39.92  31.93  35.92 d  
 4098805  40.15  32.12  36.14 c, d  
 Baluchistan  44.89  34.27  39.93 b  
 Yecora-70  45.50  34.98  41.11 a, b  
 S-24  46.44  35.77  39.88 b, c  
 SARC-1  49.12  37.25  43.25 a, b  
 Pasban-90  51.38  37.39  44.32 a  
  Means   42.57 a   33.03 b  
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10.3.3     Yield Parameters 

10.3.3.1     Biological  Yield   (kg ha −1 ) 

 The two soil moisture levels vary extensively with respect to biological  yield  . 
Higher (5235.71 kg ha −1 ) biological  yield   was recorded in M 1  (at fi eld capacity) as 
compared to M 2  (at 40 % fi eld capacity) where it was 4078.57 kg ha −1 . The results 
revealed great variation among the genotypes for biological  yield  . The higher bio-
logical  yield   (5550.00 kg ha −1 ) was recorded in Pasban-90 which was at par with 
SARC-1(5257.14 kg ha −1 ) and Yecora-70 (5007.14 kg ha −1 ) while minimum bio-
logical  yield   (3864.29 kg ha −1 ) was observed in V-4178 which did not differ signifi -
cantly from PDW-34 (3978.57 kg ha −1 ) and Chakwal-97 (4128.57 kg ha −1 ). 
Non-signifi cant interaction was established between the soil moisture levels and 
genotypes (Table  10.11 ). Drought stress affected growth and development of plants 
resulting in reduced leaf area that indicates low photosynthetic activity. 
Photoassimilates are not partitioned properly and hence both grain  yield   and bio-
logical  yield   move to decline. According to Khalili et al. ( 2013 ), increasing water 
defi cit decreases number of seeds as well as 100 grain weight causing a decline in 
grain  yield   and biological  yield  . Khakwani et al. ( 2011 ) reported drop in biological 
 yield   of  wheat   genotypes grown under stress conditions. Results of our study were 
concomitant to Chandler and Singh ( 2008 ).

10.3.3.2        Grain  Yield   (kg ha −1 ) 

 The results in table expressed signifi cant difference between the two soil moisture 
levels for grain  yield  , M 1  (at fi eld capacity) produced comparatively higher yields 
(1842.86 kg ha −1 ) than M 2  (at 40 % fi eld capacity) (1428.57 kg ha −1 ) .  The percentage 
change between the two soil moisture levels was calculated to be 29 %. Signifi cant 

   Table 10.11    Effect of two soil moisture levels on biological  yield   (kg ha −1 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  4300.00  3248.57  3864.29 f  
 PDW-34  4485.71  3471.43  3978.57 e, f  
 Chakwal-97  4671.43  3585.71  4128.57 e, f  
 Shorawaki  4864.29  4042.86  4454.14 c, d, e  
 4098805  4992.86  3842.86  4421.43 d, e, f  
 Baluchistan  5350.00  4550.00  4942.86 b, c, d  
 Yecora-70  5650.00  4371.43  5007.14 a, b, c  
 S-24  5557.14  4300.00  4928.57 b, c, d  
 SARC-1  5857.14  4650.00  5257.14 a, b  
 Pasban-90  6550.00  4542.86  5550.00 a  
  Means   5253.71 a   4078.57 b  
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variation among the genotypes was witnessed at 5 % probability level. Pasban-90 
gave maximum grain  yield   (1914.29 kg ha −1 ) followed by SARC-1 (1871.43 kg 
ha −1 ) whereas minimum grain  yield   was taken from V-4178 (1378.57 kg ha −1 ) pre-
ceded by PDW-34 (1385.71 kg ha −1 ). The difference calculated for grain  yield   
between Pasban-90 and V-4178 was 40 %. The interaction between soil moisture 
levels and genotypes was non-signifi cant (Table  10.12 ). Grain  yield   is directly 
related to the number of spikes per plant and hundred grain weight. Grain  yield   was 
affected badly due to  drought   stress. Less number of spikes and lesser hundred grain 
weight both resulted in lower grain  yield  . The results exhibited that the genotypes 
have low grain  yield   at 40 % fi eld capacity due to moisture defi ciency. The geno-
types producing higher grain  yield   even under  drought   are considered to be  drought   
resistant. The results were found in harmony with Keyvan ( 2010 ) and Akram et al. 
( 2012 ).

10.3.3.3        Harvest Index 

 The relationship between genotypes and two soil moisture levels was described in 
terms of harvest index. There was no signifi cant difference between the two water 
regimes in terms of harvest index. Similarly, the difference between the genotypes 
in terms of harvest index was not signifi cant. All the genotypes produced similar 
results. Hence the interaction between genotypes and soil moisture levels was also 
found non-signifi cant (Table  10.13 ). Photosynthetic effi ciency of a plant can be 
determined by the harvest index. It indicates the strength of source to sink relation. 
Many scientists have reported an obvious decline in HI under  drought   stress due to 
weaker source to sink relationship (Ghaderi et al.  2009 ). However, the results of our 
study were in accordance with Ahmadizadeh et al. ( 2011 ) who proposed signifi cant 
effect of  drought   on all traits except harvest index.

   Table 10.12    Effect of two soil moisture levels on grain  yield   (kg ha −1 ) of different  wheat   
genotypes (Different letters indicate a statistical difference among the treatments at P<0.05)   

 Genotypes  M 1   M 2   Means 

 V-4178  1512.43  1221.43  1378.57 e  
 PDW-34  1535.71  1228.57  1385.71 e  
 Chakwal-97  1621.43  1300.00  1464.29 d, e  
 Shorawaki  1728.57  1378.57  1557.14 d  
 4098805  1671.43  1392.86  1564.29 c, d  
 Baluchistan  1942.86  1514.29  1728.57 b  
 Yecora-70  2007.14  1550.00  1785.71 a, b  
 S-24  1971.43  1485.71  1728.57 b, c  
 SARC-1  2121.43  1614.29  1871.43 a, b  
 Pasban-90  2221.43  1614.29  1914.29 a  
  Means   1842.86 a   1428.57 b  
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  Abstract     Intensifi ed agriculture systems have had enormous negative consequences 
on ecosystems, particularly contributing towards unrestricted drought and desertifi -
cation. In fact, the expansion of agriculture is the main cause of ecosystem degrada-
tion. The regions most vulnerable to such degradation are drylands, comprising 40 % 
of total land area and where 42 % of the global population resides. It is well known 
that climate change impact rainfed crops and water storage; which in turn impact the 
water availability for irrigation in dryland regions. Soils are also greatly affected by 
climate change: changes in rainfall and temperature affect crop growth, nutrient 
cycles, plant biodiversity and soil organic matter. Also, livestock production in tropi-
cal regions faces serious limitations, including inadequate management, the low 
quality and irregular availability of forage resources and, ultimately, the conse-
quences of climate change. Among other reasons, low soil fertility and the irregular-
ity of rain distribution have caused the majority of pastures to deteriorate. In general, 
tropical pastures are large contributors of greenhouse gas emissions, especially 
methane, which is associated with their high fi ber content. To counter climate change 
requires: linking adaptation with mitigation. Silvopastoral systems are presented 
here as a set of strategies to enhance productivity whist  reducing input costs and 
increasing environmental sustainability that also enhance carbon sequestration and 
build the resilience of the system to cope with the impacts of climate change.  

  Keywords     Drought   •   Desertifi cation   •   Nutrient cycling   •   Silvopastoral systems   • 
  Mitigation  

  Abbreviations 

   C    Carbon   
  CH 4     Methane   
  CO 2     Carbon dioxide   
  CP    Crude Protein   
  CT    Condensed Tanning   
  DM    Dry Matter   
  FAO    Food and Agriculture Organization   
  GHG    Greenhouse Gasses   
  H 2     Hydrogen   
  IFAD    International Fund for Agricultural Development   
  IPCC    International Panel for Climatic Change   
  IFPRI    International Food Policy Research Institute   
  Kcal    Kilocalories   
  N    Nitrogen   
  N 2 O    Nitrous oxide   
  NDF    Neutral Detergent Fiber   
  SPS    Silvopastoral Systems   
  SRES    Special Report on Emissions Scenarios   
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  UNEP    United Nation Environment Program   
  WFP    World Food Programme   
  WMO    World Meteorological Organization   

11.1         Introduction 

 Climate trend over the last years have been rapid in agricultural regions around the 
world (Lobell and Gourji  2012 ). Direct impacts will cause changes in the environ-
ment, less and uneven distributed rainfall ( drought   or inundation) affect  agriculture   
productivity. Furthermore, frequent warm will increase more frequent  drought   
period in most of the major cereal cropping regions around the world (Lobell and 
Gourji  2012 ). Agricultural production systems are currently under pressure to make 
important changes in order to increase food production and reduce the impact on 
natural resources and the environment. During periods of  drought  , traditional live-
stock production systems (extensive and intensive) have serious forage limitations 
in terms of both the availability and quality, affecting direct animal consumption 
and digestibility of forage and, consequently, the production of milk and meat. In 
extensive systems in the tropics (without trees or shrubs), high temperatures directly 
affect animal performance, and lead to decreased production of milk and meat and 
a higher incidence of disease (Herrero et al.  2009 ; Nardone et al.  2010 ). Moreover, 
in those situations, ruminants depend on low quality forage  diets   that are high in 
cellulose and hemicellulose content and favor high ratio of acetate: propionate pro-
duction in the rumen; consequently those diets tend to produce more methane per 
unit of feed consumed (Canul-Solis et al.  2014 ). 

 Agriculture systems are the major sources of greenhouse  gases   (methane, nitrous 
oxide and  carbon dioxide  ). Methane from enteric fermentation and from manure left 
on pasture makes up for 55 % of all emissions (FAOSTAT  2014 ). Table  11.1 , show 
data (GHG emissions are measured in CO 2  equivalent) by continent of GHG emis-
sion for a period 2001–2010. Continent emissions and production profi les vary 
widely; Asia and the Americas have the highest level of emissions (almost 3.7 bil-
lion tones CO 2  eq).

   Table 11.1    Agriculture GHG and methane emissions from enteric fermentation   

 Continent 

 Agriculture  Methane (enteric fermentation) 

 (Billion t CO 2  eq)  (%)  (Billion t CO 2  eq)  (%) 

 Africa  0.81  14  0.01  14 
 Americas  1.35  25  0.44  33 
 Asia  2.38  43  0.86  37 
 Europe  0.65  14  0.10  12 
 Oceania  0.22  4  0.01  4 

  Source: FAOSTAT Division ( 2014 )  
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   Recently, several studies have demonstrated that  silvopastoral systems   (SPS) can 
play a key role in the  mitigation   of climate change (Murgueitio et al.  2011 ; Cuartas 
et al.  2014 ). Adding legumes into grazing land promote atmospheric  nitrogen   (N) 
fi xation and increase animal feed quality while decreasing methane emission. They 
can also provide important ecosystem services and reduce the pressure for tropical 
deforestation. Silvopastoral systems can also mitigate greenhouse gasses  emissions  . 
These gases can be reduced in terms of fl uxes, by managing carbon and Nitrogen 
fl ows in the farming system. In the SPS, the standing stock of carbon above ground 
is usually higher than the equivalent land use without trees, and planting trees also 
may increase soil carbon sequestration (Murgueitio et al.  2011 ). 

 Silvopastoral systems involve the integration of different tree and shrub species 
with grass species and ruminants. The combination of shrub legumes associated 
with forage grasses makes these systems less susceptible to sudden changes in pro-
duction, maintaining production and increases forage quality compared to grasses 
grown in monocultures. In the SPS, legume species are successfully combined, par-
ticularly  Leucaena leucocephala  (Leucaena) with grasses, such as  Panicum maxi-
mum  (guinea grass). The combination of both species, with other species of trees 
with multiple uses, can more effi ciently tap into the available soil resources, which 
results in the increased production and profi tability of such systems (Murgueitio 
et al.  2011 ; Nair  2012 ). The SPS improve environmental conditions for animal pro-
duction, increased nutrient recycling and improved water effi ciency, greater input of 
organic matter, N fi xation and transference, carbon sequestration and reduction of 
methane emissions from soil (Cuartas et al.  2014 ). The major root biomass of vari-
ous species in symbiosis and mutualism in SPS encourage better and healthier 
plants, more resistant to unpredictable changes of climate, pests and diseases in 
plants. 

 The main potential of SPS relates to the increased  yield   and quality of animal 
fodder and subsequent milk production and as well as daily body weight gain and 
maintenance. Additionally, SSP is one of the most important approaches to offset-
ting agricultural emission (Peters et al.  2013 ). 

 In the SPS, stocking rates are higher in Leucaena pastures than in Guinea grass 
pasture monocrops, resulting in up to four times higher production of milk 
(Table  11.2 ). Due to positive interactions between leguminous shrubs and grasses, 
annual liveweight gains from Leucaena pastures can be very high in different tropi-
cal countries (Murgueitio et al.  2011 ; Shelton and Dalzell  2007 ). It has been dem-
onstrated that Leucaena forage can reduce partially the use of expensive concentrates 
in lactating cows (Peniche-González et al.  2014 ).

   Plant biodiversity, typical of SPS, generates the conditions for greater resilience 
of livestock production systems in the tropics. The different strata formed by shrubs 
and trees produce a microclimate that reduces temperatures and water stress of 
grasses growing under the canopy of trees. When it rains the different plant struc-
tures (aerial and root biomass) enable more effi cient use of water. Forage produc-
tion of different species (grasses and legumes) is more evenly distributed throughout 
the year with less variation in the availability and quality under conditions of pro-
longed  drought   than conventional grass monocrop (Cuartas et al.  2014 ). 
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 The SPS meets the most important requirements in terms of providing an animal 
production system that is resilient to climate change. They require fewer external 
inputs which is more conducive to the management and improvement of animal 
health conditions. Greenhouse gases  emissions   are reduced mainly methane (CH 4 ) 
Nitrous oxide (N 2 O) and  carbon dioxide   (CO 2 ), and biodiversity is promoted and 
preserved. In the SPS, the use of local species widely adapted to extreme  drought   
conditions and that have a lower photoperiod sensitivity is encouraged. In addition, 
a diverse range products (milk, meat, wood and fruits) and a diversity of forage spe-
cies is also promoted. All the above features are essential to the design requirements 
of a SPS and create more resilient animal production systems to climate change 
(Dumont et al.  2014 ).  

11.2     Quantitative Impact of Heat and  Drought   Stress 
on Agricultural Systems 

 There is general agreement that, climate change have a negative impact on  agricul-
ture  , (Nelson et al.  2009 ; FAO  2013 ).  Climate change   will affect direct  crop produc-
tion   through induced higher temperatures and therefore less soil water availability. 
Table  11.3  shows the effect of two climate changes scenarios on rain fed and irri-
gated crop  yield   in developing and developed countries (Nelson et al.  2009 ). The 
two models, National Center for Atmospheric Research (NCAR) model and the 
Commonwealth Scientifi c and Industrial Research Organization, Australia (CSIRO) 
model have been used to simulate future climate change (Nelson et al.  2009 ). 
According with the data shown in Table  11.3 , the impact on the crop´s  yield   reduc-
tion will be greater in developing than in developed countries. Wheat and  rice  , 
which are staple foods, are expected to be the most affected crops. Agriculture in 
developing countries is carried usually under rainfed conditions; therefore, it is 
mostly affected by climatic variability.

   Table 11.2    Two productive indicators from conventional grassland and silvopastoral systems   

 Indicator 
 Conventional grassland 
systems (monocrops)  Silvopastoral systems 

 Milk production (kg/day)  3–4  7–9 
 Daily weight gains (kg/day)  0.3–0.4  0.8–1.0 
 Stocking rate (AU/ha)  1  2–4 
 Forage  yield   (t DM/ha/year)  6–10  15–25 
 Protein production (kg/ha)  360 a 600  2100–3500 
 N fi xation (kg/ha/year)  0  300–500 
 C-sequestration (ton ha/year)  3 a 4  5 a 10 
 Methane emission (% year/
animal) 

 15–20 (less compared to 
pastures) 

  Source: Compiled by author  
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   The Fifth Assessment Report of IPCC projected potential future impacts climate 
change on  agriculture   due to enhanced GHG emissions to the atmosphere (IPCC 
 2014 ). The report suggested that for an average increase of ~1–3 °C of the global 
mean  temperature   (by 2100, relative to the 1990–2000 average level) there could be 
decrease in the productivity of certain cereals at the lower latitudes and subsequent 
higher productivity at higher latitudes.  

11.3     Livestock and Climate Change 

 Livestock production impact considerably the emission of greens house gases 
(Gerber et al.  2013 ). The increase in domestic animal inventories, because of the 
increasing demand for animal products (the livestock revolution) has resulted in 
greater emissions of greenhouse  gases   over the last few years. The environmental 
impact of ruminant production systems has been a matter of concern recently due to 
the increase in the emissions of greenhouse gases (GHG) such as methane (Havlick 
et al.  2014 ) and nitrous oxide (Lessa et al.  2014 ). Global emissions from  agriculture   
continued to increase by almost 10 % in the last 10 year (FAOSTAT  2014 ), the larg-
est emitters in the  agriculture   are the ruminants (thought enteric fermentation and 
manure left on pasture with 40 % and 16 % respectively. Table  11.4 , shows the 
FAOSTAT database (average) of GHG emissions of fi ve countries who contributed 
with the highest in the last 10 year.

   Carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O), are the main 
GHG emitted by ruminant production systems and the global contribution to anthro-
pogenic GHG emissions represents between 7 and 18 % (Gerber et al.  2013 ). CH 4  
has a global warming potential 23 times greater than that of CO 2  (IPCC  2006 ). In 
ruminants, CH 4  represents an energy loss between 5 and 18 % of the gross energy 
consumed (Moss et al.  2000 ). Energy losses vary depending on the type of feed 
consumed, fi brous and low-quality rations give rise to greater energy losses in  cattle   
(Kurihara et al.  1999 ). In tropical regions, ruminant production systems are charac-

   Table 11.3    Effect of climate 
change on crop  yield   (%) 
using two model scenarios  

 Region/crop  CSIRO  NCAR 

 Developing countries 
 Maize  −2.0  −2.8 
 Rice  −14.4  −18.5 
 Wheat  −28.3  −34.3 
 Developed countries 
 Maize  −1.2  −8.7 
 Rice  −3.5  −5.5 
 Wheat  −5.7  −4.9 

  Source: Modifi ed from Nelson et al. ( 2009 ) 
  NCAR  Atmospheric Research model and 
 CSIRO  Commonwealth Scientifi c and 
Industrial Research Organization  
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terized by the grazing of native and introduced grasses, which present variations in 
the quantity and quality (chemical composition, digestibility) available throughout 
the year. Anaerobic fermentation of structural carbohydrates inside the rumen pro-
duces volatile fatty acids (such as acetic, propionic and butyric),  carbon dioxide  , 
heat and methane (Briceño-Poot et al.  2012 ). 

 The intake of grasses with a high concentration of fi brous components (cellulose, 
hemicellulose) gives rise to a pattern of rumen fermentation with a high proportion of 
acetic acid (Kurihara et al.  1999 ); while in ruminants fed starch-based rations the pat-
tern of rumen fermentation results in an increased molar proportion of propionic acid 
(Johnson and Johnson  1995 ) in rumen liquor. Methane is formed by the reduction of 
CO 2  to CH 4  by means of the metabolic hydrogen (H 2 ) present in the rumen. Archimede 
et al. ( 2013 )) recently proposed that tropical grasses tend to result in higher emissions 
of methane from the rumen of sheep than temperate grasses, and that this may be 
related to the rumen microbiome under different feeding conditions.  

11.4     Meeting Climate Change and  Food Security   Goals 

 The world faces the challenge of feeding nine billion people by 2050. Consequently, 
food production will need to be increased by about 70 % (FAO  2014 ). This task of 
meeting the burgeoning demand for vegetable and animal products in a sustainable 
way to 2050 is made further complicated by the associated effects of climate change, 
energy constraints and vegetation and soil degradation. According to FAO, IFAD 
and WFP ( 2013 ), this challenge may be overcome by: sustainable soil management 
practices, increase the availability of nutrient for crops, cultivating in association a 
wider diversity of species and adapted cultivars, implementing rotational and 
sequential plantations, employing good quality seeds of adapted high producing 
genotypes; agro ecological pest, weed and disease control, including the reduction 
of the water footprint. 

 According to Bruinsma ( 2009 ), cereal production would need to rise by 33 % (3 
billion tonnes) and meat production by 43 % (470 million tonnes). This means that 
at least the 90 % of the  crop production   has to be intensifi ed by using more sustain-

   Table 11.4    Greenhouse gasses  emissions   (thousand gigagrams CO 2 eq) from  agriculture   highest 
fi ve countries producer in 2012   

 Country 

 Year  Average 

 2000  2011  1990–2012 

 China  600  800  660 
 India  580  680  568 
 Brazil  360  450  370 
 USA  360  370  354 
 Australia  195  200  156 

  Source: FAOSTAT ( 2014 )  

11 Silvopastoral Systems: Best Agroecological Practice for Resilient Production…



240

able practices (Bennett and Carpenter  2005 ). Organic  agriculture   is a sustainable 
practice, which has been proposed as an approach to produce healthy food. 
According to the FAO, conversion to organic farming would mitigate up to 20 % of 
GHG emissions by abandoning synthetic fertilizers. However, even though, it has 
been suggested that organic  agriculture   has the potential to feed the world popula-
tion by 2050 (Erb et al.  2009 ), it will require of more agricultural land. 

 However, organic  agriculture   it is not necessarily compatible with lower emis-
sions of GHG nor always employ sustainable energy management systems particu-
larly in industrialized regions. In developing countries, it is important to increase 
effi ciency of production by means of improving management agricultural practices 
and incorporating technologies locally developed, such as the use of agro industrial 
byproducts for animal feeding. The adoption of agro  silvopastoral systems   can 
improve the quality of livestock  diet   and increase animal production and welfare, 
promote environmental services and biodiversity (Murgueitio et al.  2011 ; Broom 
et al.  2013 ). 

 Regarding animal production systems, the challenges of meeting the increasing 
demand for meat and milk will be best achieved, according to Dumont et al. ( 2014 ), 
by following fi ve ecological principles: Improvement of animal health through 
appropriate management practices, reduce inputs required for production, increased 
metabolic and feed effi ciency to reduce animal wastes; maintain and promote 
through agroecological practices the biological diversity and adapting management 
practices orientated to preserve biological diversity.  

11.5     Livestock Production and Grazing Systems 

 Livestock production in many areas of the world is highly dependent on grazing 
systems, which vary widely among the distinct geographical zones. It is estimated 
that about 45 % of the earth’s usable surface is covered by pastoral systems (Reid 
et al.  2008 ), which supports about 360 million  cattle   and over 600 million sheep and 
goats, distributed in the arid, semi-arid, sub humid, humid, temperate and tropical 
zones (De Haan et al.  1997 ). Globally, livestock products contribute 17 % to kilo-
calorie consumption and 33 % to protein consumption, but there are large differ-
ences between rich and poor countries (Rosegrant et al.  2009 ). According to 
projections, in the next three decades 30 % more grass will be required to meet the 
global demand for meat, and milk and improved management and use of fertilizers 
will be necessary to meet these increases (Bouwman et al.  2005 ). 

 Despite the vast extension of grazing systems, only 9 % of global  beef   production 
and 30 % of global sheep and goat meat comes from them. Whereas 54 % of total 
meat and 90 % of milk comes from mixed crop-livestock farming systems (Herrero 
et al.  2010 ). Further, developing countries produce 50 % of the  beef  , 41 % of the 
milk and 72 % of the lamb globally (Steinfeld et al.  2006 ; Herrero et al.  2009 ). 
Signifi cant increases are expected to occur in 2050 as rates of growth of livestock 
production in the developing world rise higher than those in developed countries 
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(>2 %/year and <1 %/year, respectively) (Rosegrant et al.  2009 ; Herrero et al.  2009 ). 
It has been reported that 1.3 billion poor rural households are at least partly depen-
dent on livestock systems for their livelihoods, and one fi fth of the global population 
is employed in the global livestock industry (LID  1999 ). Livestock systems are 
important users of natural resources and have been identifi ed as being partly respon-
sible for environmental decline. Negative effects of grazing systems include land 
conversion and land degradation. It is estimated that 20 % of the world’s rangelands 
have been degraded to some extent due to livestock impacts (soil erosion and, com-
paction, overgrazing), and livestock production is the cause of 18 % of  greenhouse 
gas emissions   (Steinfeld et al.  2006 ).  

11.6      Climate Change   and Pasture Degradation 

 Studies carried out by Merlo ( 2008 ) on forage  yield   of a tropical grass widely used 
in the tropical region of Mexico,  Brachiaria brizantha , indicate that forage produc-
tion capacity of this grass species with frequency of use every 35 days, is 11.9 tons 
of MS/ha. Another study (Flores  2009 ), carried out in the dry tropics region of 
Mexico (Yucatan), reported that  B. brizantha  pasture quality managed irrigated not 
allow higher weight gains of 341 g/animal/day even with the low stocking rate (1.5 
AU/ha) where animal selectivity is allowed since the effi ciency of grazing was only 
66 % of the feed material. This low animal productivity was associated with the low 
rate of forage ruminal digestion of  B. brizantha . This denotes the limited productive 
capacity of monoculture tropical grasses and the need to improve animal  diet   to 
improve indicators of productivity in the tropical Livestock. 

 Grassland resources are the main source of food for ruminant animal and play an 
important role in soil and water conservation. However, fodder production from 
grasslands (monoculture) is susceptible to unexpected changes in rainfall distribu-
tion and distribution pattern, high temperatures, which contribute to increases in 
plant lignifi cation. Shifts in rainfall amounts and patterns, and changes in the fre-
quency and severity of droughts and fl oods severely affect forage production and 
quality. Lack of water available in the soil increases fi ber content of cell walls which 
decreases digestibility and feed intake of pastures while protein content also 
decreases. Both rainfall pattern and soil fertility infl uence forage growth. In this 
sense, when forage production is reduced, animal carrying capacity is limited; ani-
mals have to consume more forage and walk further to meet their nutritional require-
ments, and animals are obliged to overgraze. The decrease on nutritive value of 
grass with increased maturity is related to the increment on the proportion of stem 
and the corresponding decreased proportion of leaves. 

 Tropical forages demonstrate greater  vulnerability   to even slight changes in  tem-
perature   or rainfall patterns, which can have devastating effects on quality and pro-
duction (FAO  2008a ,  b ). For instance, frequent or prolonged  drought   periods 
contribute to premature pasture degradation. Prolonged or repeated  drought   periods 
throughout the year have degrading effects and in particular on land near watering 
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points where overgrazing destroys the soil plant cover, therefore increasing soil 
compaction and erosion resulting in low plant nutrients reducing forage quality and 
availability in the long dry season (FAO  2008a ,  b ). As a result, there is a low animal 
carrying capacity (Animal unit per ha), low weight gain (<300 g day), and long time 
to slaughter (30–36 months), and, with high production costs. 

 In short, prolonged dry periods affects grass physiology, increasing fi ber content 
and limiting its digestion by ruminants. As millions of  cattle   graze low nutritive 
quality tropical pastures, contributes to global CH 4  emissions. Similarly, changes in 
rainfall patterns contribute to increased levels of invasive species, woody species 
and weeds species that characterize the pasture degradation process. Subsequently, 
pasture degradation encourages farmer to open new forest areas to convert into pas-
ture/grazing areas.  

11.7     Silvopastoral Model for Climate Change Resilience 

 SPS are ecosystems of high conservation value because of their richness in vegeta-
tion types embedded into a dynamic shrubs-grassland mosaic. Furthermore, SPS are 
among the most promising approaches for sustainable management of tropical 
regions. In the perspective of ongoing climate and land-use changes, it is crucial to 
assess the resilience and the adaptive capacity at different spatial and temporal 
scales. 

 Thanks to various research projects developed in Mexico related with SPS on 
leguminous shrubs associated with pastures, the interactions between different 
type’s vegetation patterns (Fig.  11.1 ),  cattle   activity, grassland dynamics and regen-
eration are well known. All this information will be useful for the  modeling   of SPS, 
however, critical features of climate change ( temperature   fl uctuations and heat 
waves,  precipitation   shift and  drought  ) will be considered into this strategic model. 
In the proposed model, SPS involve the use of multipurpose legumes, mainly  L. 
leucocephala  at high densities and trees to supply quality fodder for animals. 
Leucaena is a shrub legume suitable to a wide range of edafoclimatic conditions. 
Leucaena foliage contains 20–25 % protein, which produces extraordinary weight 
gain in  cattle  . Its roots help in N fi xation in the soil, which improves soil rebuilding 
and surface texture as well as reducing run-off (Fig.  11.1 ).

   Leucaena in combination with grasses can support from 2.5 to 4  cattle   per hect-
are. One hectare can produce up to 15–20 tons of edible dry matter and is highly 
resistant to pest and diseases. Two major advantages of Leucaena are its longevity 
and  drought   tolerance  . During dry periods, the deep roots enable it to continue to 
produce high quality forage, which enables graziers to better handle  drought   and to 
reduce their dependent on supplementation of protein/urea. 

 SPS successfully combine leguminous species, mainly trees and shrubs with 
grasses which interac in the same space and time. The combination of both species 
along with other multipurpose tree species more effi ciently exploit the available 
resources of soil and atmosphere, refl ecting higher production and profi tability of 
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the systems. Additionally, the SPS promote reforestation, increase soil fertility 
especially the N content and carbon sequestration avoiding the emission of  carbon 
dioxide   and methane. 

 The successful management of SPS model is determined by four major 
components:

     Nutrient cycling   , in SPS there is a continuous state of dynamic transfer of plant 
nutrients, with plants using soil minerals for metabolic purposes and returning 
them back to the soil litter, or through root senescence.  

   Nitrogen fi xation and Carbon Sequestration , SPS enable recovery of degraded areas 
and a viable business for farmers -They have high potential for carbon sequestra-
tion. Net carbon fl ux and primary productivity increased signifi cantly due to inte-
gration of trees and shrubs with grasses. Compared to ‘grass-only’ systems, soil 
organic matter, biological productivity and carbon storage is greater in the 
SPS. Furthermore, a more cost effective and sustainable solution to pasture deg-
radation is the addition of vigorous forage legumes to the pasture. This boosts 
soil N levels by biological N fi xation. More than 150 kg N/ha/year (equivalent to 
320 kg urea/ha/year), can be fi xed by Leuceana pastures, and some of this is 
returned to the pasture through deposition of urine and dung during grazing.  

   Greenhouse Gasses    Mitigation   , Methane emission from ruminants is one of the 
sector´s largest  greenhouse gas emissions  . SPS is one of the most important 
approaches to offsetting agricultural emission.  

   Microclimatic conditions , the shade within  silvopastoral systems   reduces  tempera-
ture  , ameliorate environments and is benefi cial to animal performance. Milk 
yields of dairy  cattle   and liveweight gains of  cattle   in feed lots has been increased 
through the use of shading in hot climates.    

  Fig. 11.1    Model of  silvopastoral systems   for the resilience and the adaptive capacity to climate 
change (Author own source)       
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11.7.1     Silvopastoral Systems: Environmental Impact 

 SPS have a positive impact on the environment since methane emissions from rumi-
nant animals tend to be reduced when the foliage of legumes, which contain con-
densed tannins, is incorporated in the ration (Soltan et al.  2013 ) or when ground 
pods of  E. cyclocarpum  are incorporated in the ration of sheep (Ayala et al.  2014 ). 
Furthermore, legumes such as leucaena have the capacity to uptake atmospheric N, 
thus increasing the effi ciency of N utilization at farm level. However, under certain 
circumstances SPS may contribute to emissions of nitrous oxide from the urine, 
(Lessa et al.  2014 ) if the intake of crude protein (CP) exceeds the capacity of the 
rumen microbial population to capture fermentable N into their protein (i.e. 210 g 
CP/kg digestible organic matter), for example, when the intake of foliage of leuco-
cephala exceeds 50 % of dry matter of the ration. Under such conditions it is then 
recommended to use sources of readily fermentable energy (for example cane 
molasses,  Manihot esculenta roots,  and citrus byproducts) to balance the lack of 
energy by matching the excess N in the rumen arising from the CP of the legume. 
Nevertheless, the impact of SPS on the environment will be negligible, with the 
positive effects counterbalancing by far any possible negative effects. 

 Soil organic matter (SOM) from plays an important role in tropical forests where 
soils are highly weathered, through an improvement of soil functioning and forest 
sustainability. When forests are clear-cut, SOM is almost immediately lost, and this 
triggers a series of soil degradation processes. The rate at which the system can re- 
establish itself can be slow and may require the use of land restoration techniques. 
SPS with fast-growing leguminous  nitrogen  -fi xing trees can, in a short to medium 
time, recuperate degraded land. The use of leguminous trees can increase effi ciency 
in re-establishing the  nutrient cycling   processes of the system; based on stocks of 
litter, soil C and N. Recovering degraded land with SPS is effective in sequestering 
 carbon dioxide   from the atmosphere at high rates.  

11.7.2     Silvopastoral Systems: Increased Adaptive Capacity 
for Climate Change 

 SPS is the production of livestock on land which combines multipurpose trees and 
fodder shrubs at high densities with grasses to improve  yield   and quality of fodder 
as well as add trees for fodder, timber, or fi rewood (Fig.  11.2 ). These systems can 
also provide important ecosystem services and reduce the pressure for tropical 
deforestation. SPS can mitigate  greenhouse gas emissions  . In the SPS, the standing 
stock of carbon above ground is usually higher than the equivalent land use without 
trees. Further, planting trees in association with grasses improves nutrient cycling 
and nutrient use effi ciency. Adding legumes into grazing land can therefore promote 
atmospheric N fi xation and increase animal feed quality while decreasing methane 
emissions. Also, legumes association improves soil rebuilding and surface texture 
as well as reducing run-off.
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   SPS is a clear alternative to current agricultural practices by reconciling conser-
vation and development needs. In the SPS, fodder species are established at high 
density (of 30,000 to 50,000 shrubs/ha) for direct browsing by animals. Species 
included in the SPS: leucaena,  Tithonia diversifolia  and  Guazuma ulmifolia ; in 
addition to fodder, they can supply timber or fruit for an additional farm income. 
Pruning of shrubs is usually at a height of 1 m; animals are allowed to move in a 
rotational grazing system. With the implementation of SPS it is possible to reduce 
the amount of chemical N fertilizers required by crops and for reducing emission of 
N 2 O. Several countries of Latin America such as Argentina, Brazil, Colombia, 
Mexico, Nicaragua and Panama, are practicing this innovative approach to  cattle   
management. 

 SPS play an important role in tropical livestock systems and increase resilience 
by reducing vulnerabilities and increasing adaptive capacity (Cuartas et al.  2014 ). 
There are several ways in which these systems build resilience as follow:

•    Increase the  yield   and quality of fodder, and subsequently increase carrying 
capacity.  

•   Increase adaptive capacity; provide better microclimatic conditions for animal 
comfort.  

•   Develop and use effi cient local feed sources of protein and energy.  
•   Maintain soil fertility via  nutrient cycling   and protect soils from erosion.  
•   Develop environmental livestock systems compatible with sustainable 

 agriculture  .  

  Fig. 11.2    Silvopastoral systems combine multipurpose trees and fodder shrubs with grasses to 
improve  yield   and quality of fodder for livestock systems resilience (Author own source)       
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•   Improve soil fertility through the increase in organic matter, atmospheric N fi xa-
tion and better nutrient cycling.  

•   Reduce inter-annual and seasonal variation in forage availability  
•   Sensitivity to  drought   can be reduced by using diverse vegetal species forming 

different layers.    

  Environmental Benefi ts Include     Control of soil erosion, improvement in water 
management, improvement in soil fertility (through N fi xation), improved carbon 
(C) sequestration above and belowground including conservation of biodiversity 
and greenhouse  gas   mitigation  . In SPS, temperatures can be 4–8 °C lower under the 
tree canopy compared to temperatures measured outside the tree canopy which 
improve animal health and productivity, adding resilience for  adaptation   to  climate 
variability  .   

11.7.3     Best Practices for  Silvopastoral Systems   Resilience 
and Recommendations 

 There is a need to build adaptive capacity and strengthen the resilience of  agricul-
ture   systems to climate changes. SSP hold a greater diversity of multipurpose woody 
species that are mainly local to specifi c agro-ecological regions, well adapted to 
 drought   conditions and they contribute increasing resilience to climate change by 
livestock systems (Fig.  11.2 ). 

 Due to the positive interactions, trees and shrubs in association with grasses con-
tribute to improve productivity and forage quality. Livestock can benefi t from steady 
access to food and adequate  diets   in a better environment as animals receive less 
heat stress thus contributing to improve productivity. Additional, the diversity of 
leguminous multipurpose woody species can help livestock systems that are based 
on grass monocultures to restore, improving forage value, productivity and body 
conditions of animals and reducing shortage of feed in prolonged dry conditions as 
well as land degradation through reforestation and improved  nutrient cycling  . 

 Improved livestock management holds the greatest potential for climate proofi ng 
farming systems. SPS increase ground cover, improve soil water use and reduce N 
leaching and volatilization. SPS can enhance the resilience and protect livestock 
production against extreme weather fl uctuations in  temperature   and rainfall (Fig. 
 11.3 ). In SPS, water loss (soil evaporation, infi ltration and plant transpiration) is 
reduced by the tree and shrubs shade, therefore grasses growth beneath trees are 
more resistant to droughts thus, the water is used more effi ciently. SPS are based 
mainly on the use of well adapted local plant resources and with dependence from 
external inputs.

   In the design of SPS, it is recommended to use plant species already present and 
adapted to each region (species that better tolerate  drought   and produce fodder dur-
ing the dry season). Local species, generally, are well adapted to local environment, 
thus labor and dependence on external resources are reduced, to achieve maximum 
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benefi t and minimal environmental impact. The use of diverse woody species is 
important to increase and support production through  drought   and adverse climatic 
conditions. Multipurpose leguminous and non-leguminous trees and shrubs help to 
protect soil and pasture productivity by protecting the soil from the sun, while 
retaining soil moisture. The higher the SOM content, the higher the water holding 
capacity and water infi ltration, which also increases resilience to  drought  , heavy 
 precipitation   and extreme temperatures for the protection of macro and micro soil 
fauna and reduced erosion.   

11.8     Conclusion 

 Pastures grown in monocrops suffer more damage and exhibit less recovery, 
decrease regional ecosystems integrity and biodiversity, and increase  vulnerability   
to climate change. On the other hand, SPS with fast-growing leguminous  nitrogen  - 
fi xing trees can, in a short to medium time, recuperate degraded land. SPS contrib-
ute to animal livestock production and further reduction in emission of greenhouse 
 gases  . Stocks of litter, C and N enable leguminous trees to increase the effi ciency of 
 nutrient cycling   processes. The recovery of degraded land and sequestering of  car-
bon dioxide   at higher rates are also both benefi ts of the SPS. SPS possess very 
important environment and productive characteristic that makes them as one of the 
best strategies for livestock production. SPS, increase adaptive capacity and decrease 
 vulnerability   to climate change.     

  Fig. 11.3    Silvopastoral 
systems build livestock 
systems resilience based 
on three fundaments: 
buffering capacity, 
adaptive capacity and 
sensibility systems (Author 
own source)       
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  Abstract     Increased carbon dioxide concentration, rise in temperature and drought 
stress are important key factors causing frequent occurrence of climate events. 
Important adaptation strategy such as modifi cation of phenological pattern to avoid 
stressful period during plant development will be key feature in crop plants. In addi-
tion, comprehensive understanding of plants response to elevated CO 2  concentra-
tion, temperature and drought stress alone or in combination will be needed to 
acclimatize crop plant to these changes. Study of climate variability impact on 
wheat production concerning mitigation strategies is need of time in order to reduce 
the risk of climate change on crop yield and growth. Similarly, information about 
the time in which climate variable(s) occurred in the fi eld is important as the sever-
ity of its effect/their combined effect can vary largely. Agronomic practices such as 
cultivar choice, water and nitrogen supply, nutrients availability and growing condi-
tions should be taken into account to design adaptation options. The failure of agri-
culture to adapt to climatic variability will impact global food, especially wheat 
production. A holistic approach will be paramount to sustaining agriculture and the 
vitality of the world in the face of climate change.  

  Keywords     Carbon dioxide   •   Temperature   •   Drought   •   Climate change   •   Wheat   • 
  Adaptation   •   Mitigation  

12.1       Introduction 

 The necessity to increase cereal  yield   is needed to meet the projected increased 
demand for the increasing population worldwide. In fact, in recent years, cereal 
 yield   and quality were incredibly improved due to modernized  agriculture   with 
intensive inputs, high mechanization and new technology. However, the use of these 
intensive input has environmental implications that must not forgotten. To keep up 
with this level,  yield   safety has gained more attention recently (Barnabás et al. 
 2008 ). Special attention was given to the effect of unpredicted climate events and 
their frequent occurrence on cereal yields in Europe. Therefore, understanding of 
the major stress factors, which have been found to be unfavorable for crop  yield   
stability, would be the key for sustaining crop productivity. 

 Frequent occurrences of climate events such as increasing  carbon dioxide   con-
centration in the atmosphere, increases in  temperature   (Rosenzweig and Tubiello 
 2007 ) and  drought   (water defi cit) stress (Barnabás et al.  2008 ) are considered 
amongst the most important key factors reported in the literature. Their effects 
(alone or in combination) are expected to infl uence food production (Abraha and 
Savage  2006 ) by causing  yield   reduction in many parts of the world Benlloch- 
Gonzalez et al. ( 2014 ). On  wheat    yield  , for example, heat has an effect in shortening 
the growth phases of the crop resulted in decrease in  wheat    yield   estimated to reach 
6 percent for each 1 °C increase in  temperature   (i.e. Asseng et al.  2015 ). In addition, 
changing in  precipitation   patterns, especially in the dry areas, could affect the avail-
ability of surface water, which is necessary for crop germination. Whereas, elevated 

S.A. Ali et al.



253

 carbon dioxide   (eCO 2 ) affect positively and, therefore, promotes the development of 
crops with C3 photosynthetic pathway. 

 Nowadays, the impact of climate change on food safety and quality is becoming 
the center of any regional, national and international political dialogue. Assessment 
studies of the potential impacts on crop development and  yield   have been inten-
sively carried out with the help of  crop models  . However, these estimates are 
depending on many factors such as the uncertainties in climate change scenarios, 
region of study and crop model used (Aggarwal and Mall  2002 ). In Europe, fi ndings 
of different studies are in agreement that unexpected climate events could cause a 
severe damage to the second widely grown cereal crop ( wheat  ) (Trnka et al.  2014 ). 
Because of  wheat  ’s importance in this area, the effects of environmental changes on 
 wheat    yield   need to be assessed (Amthor  2001 ) in the framework of sustainability. 
Understanding the social, economic and environmental dimensions of  wheat   pro-
duction is essential to develop appropriate and targeted  adaptation   efforts. Such 
efforts must take into consideration that the impacts, due to the environmental 
changes, have to be integrated in the frame of multi-criteria context. 

 This chapter is not a collection review of the literature that has a contribution to 
the climate change impact on  wheat   production, but an attempt has been made to 
update and outline the available information on  wheat   production, under  climate 
variability  , to better understand how climate variables affecting  wheat   production in 
order to give a prospect towards potential  adaptation   and  mitigation   strategies for 
sustainable  crop production  . 

12.1.1     Wheat Global and Country Scenario 

 The cultivation of  wheat   (Emmer  wheat  ) goes back to thousands of years as a fi rst 
domesticated crop to provide major dietary components for ancient civilizations. It 
is well adapted to varying climate conditions. Nowadays, because of its adaptability 
with the ability to grow in diffi cult weathers and geographic areas,  wheat   occupies 
more land than any other crop (FAOSTAT  2013 ) in order to keep up with the increas-
ing population worldwide. It represents the most favoured staple food with large 
share (1/5) of the total humanity’s food. Its nutritional value (as a source of calories, 
carbohydrate and protein (Braun et al.  2010 )) makes its trade the highest when com-
pared to other crops together. Wheat is a  temperature   crop therefore grows best 
under Mediterranean-like conditions. Nevertheless, relatively low  temperature   is 
required with dew formation at early stage for best crop establishment. In general, 
 wheat   is adopted to a wide range of  temperature   (Briggle  1980 ), moisture,  precipita-
tion   (Leonard and Martin  1963 ) and soils. However, high moisture content resulted 
from excessive rainfall with high  temperature   can cause  yield   losses due to the 
spread of some common diseases (i.e. root rot). Whereas poorly drained soil with 
high soil acidity can cause  wheat   growth to fail. 

 Most economically important crops are belonging to either C 3  or C 4  plant group. 
The classifi cation came according to whether the fi rst stable organic compound 
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formed during plant photosynthesis is the glyceraldehyde 3-phosphate with three 
carbon atoms or oxaloacetate with four carbon atoms (Wolfe and Erickson  1993 ). 
Wheat is considered one of the C 3  plants. Generally, the term “ wheat  ” means spe-
cies of  wheat  , which include the durum and common. The importance of  wheat   
came from its easy storage and conversion to fl our or semolina for making different 
food products especially bread and pasta. The most common and widely known 
 wheat   species are belonging to three groups based on their genomes (Smale et al. 
 1996 ). Among them, common bread  wheat   ( Triticum aestivum ) and durum  wheat   
( T. turgidum ) as international commodities are now playing an important role in 
feeding the world. 

 In general, the cultivation of cereals, according to the data collected between 
2008 and 2013, covered an area of more than 700 million hectare worldwide with 
2,6 billion tons of production (s.1). In  wheat   production, however, the evolution of 
the production in the last 50 years is impressive (Fig.  12.2 ). It shows an increase 
from about 200 million ton in 1961 to the 714 million tons in 2013. Although the 
surface used for  wheat   cultivation has been stable in the last 50 years,  yield   stability 
has increased substantially across environments. In the last years (Table  12.1 ), total 
 wheat   was cultivated in more than 219 million hectares (31 % of the total cereal 
production).

     In terms of surface, the average of the last years (Table  12.1 ),  wheat   (common 
and durum) represents the main cereal cultivation (almost 220 million ha) followed 
by Maize (170 million) and  rice   (161 million) (FAOSTAT  2013 ). However, in terms 
of productivity, Maize (880 million tons) represents the highest total production 
worldwide followed by  rice   (714 million tons) and  wheat   with 684 million tons 
(Fig.  12.3 ). Consequently, the productivity resulted the highest in Maize (5.1 t/ha) 
and  rice   (4,4 t/ha) while in  wheat   the average production comes the third with 3,1 t/
ha (Table  12.1 ).

    In the last year (2013), worldwide (Table  12.1  & Fig.  12.2 ) and European  wheat   
production (Fig.  12.5 ) has reached the highest production ever. Average across the 
last years (Fig.  12.1 ) show that  wheat   growth rate (%) was the highest in Oceania 
followed by Europe respect to cereal growth rate. This was mainly due to the 
improvement of  wheat   cultivars through breeding initiatives,  agriculture   techniques, 
and mechanization. Total growth for both cereal and  wheat   production, however, 
reached the maximum in Africa and Asia, respectively (Fig.  12.1 ). In addition to the 
mentioned previously, the adoption of best agricultural practices has also played an 
important role in enhancing the sustainable production of cereal. For example, com-
pared to conventional tillage system, the adoption of conservation tillage found to 
increase soil moisture storage effi ciency, which therefore result in crop  yield   
increase (Al-Issa and Samarah  2006 ). According to the experiences of some coun-
tries i.e. Turkey, the adoption of conservation  agriculture   practices with the ability 
to hold up water were applied, especially in the dray seasons, resulted in impressive 
 yield   increase in some regions (Curtis  1982 ; Dalrymple  1986 ). This has led the FAO 
to urge key producer countries to change their  agriculture   practices in order to meet 
sustainability criteria.
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   Although intensive  agriculture   may ensure high yields, it can cause serious envi-
ronmental damages. For example, the use of farm inputs such as  nitrogen   fertilizer 
and irrigation water has increase dramatically to maintain or improve crop  yield  , 
however they represent direct contributions to the environmental impacts. In some 
key producer countries (i.e. India and China), total cereal yields was doubled and 
tripled respectively for the two countries, due to the dramatic increase of these 
inputs (Borlaug and Dowswell  1996  and Smale et al.  1996 ). 
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 Despite these increasing yields, United States Department of Agriculture (USDA 
 2015 ) estimated  wheat   production in European Union (EU) (2015–2016 growing 
season) to be reduced by 8.6 million tons, and cultivated area by 0.2 million hectares 
from previous year. Whereas 4.7 % of  yield   reduction is estimated compared to the 
last year (2014–2015), but it remains above the 5- year average by 2.6 %. The com-
bination of dryness and heat has reduced estimated EU  wheat   yields after 
 unfavourable weather conditions. Wheat production is reduced by 1.3 million tons 
in Germany, 0.6 million in France, 0.6 million in Spain and 0.3 million in Hungary. 
Low rainfall levels, minimal soil moisture and high temperatures contributed to 
deterioration in crop conditions in the  wheat  . 

 Average across last years (2008–2013), Table  12.2  shows that  wheat   production 
is mainly concentrated in Asia (100 million hectares and 318 million tons) followed 
by Europe (57 million hectares and 225 million tons) and America (37 million hect-
ares and 117 million tons) (FAOSTAT  2013 ). Oceania and Africa are the lowest 
producers with lowest cultivation area, respectively. The average annual world farm 
 yield   for  wheat   was 3.3 tonnes per hectare, in 2013. In the same year, New Zealander 
 wheat   farms were the most productive with a nationwide average of 9.1 tonnes per 

Barley, 137335543.4

Maize, 889771188

Millet, 29189823.6
Oats, 22103488

Rice, 719795055.6
Rye, 14916307.4

Sorghum, 
58730182.4

Wheat, 684023002

others, 
12548443.6

  Fig. 12.3    Main cereals cultivation by production (million tonnes) worldwide       
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  Fig. 12.4    Wheat  yield   (t/ha) in Europe ( a ) in the last year (2013) versus ( b ) Average of the last fi ve 
years (2009–2013)       
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hectare, whereas Ireland was a close second (FAO  2013 ). In terms of  yield  , Europe 
presents the highest  yield   with 3,8 t/ha (Table  12.2 ).

    According to the FAO (Table  12.4 ), China, India, USA, Russian Federation, 
France and Canada are ranked as the most  wheat   producer countries in the last ten 
years. The same ranking order was maintained in 2013 (FAOSTAT  2014 ). Globally, 
India occupies more land for  wheat   production, whereas China’s share is almost 
one-sixth of the world production with highest  yield   (Table  12.3 ). However, in abso-
lute terms, the highest value of  yield   is found in the Northern countries of Europe; 
Ireland, Netherlands and Belgium where the average yields reach more than 8.7 t/ha 
(average of last fi ve years (2009–2013)) (Fig.  12.4 ) (FAOSTAT  2015 ).

   In Europe, during the last fi ve years (2009–2013),  wheat   production increased 
from 139 million tonne in 2009 to 143 million tonne in 2013, making the last year 
more productive than the average of fi ve year. Most of cultivated  wheat   in Europe 
produced by fi ve countries (more than 60 % of total  wheat   in Europe). Among them 
is, in order, France (38), Germany (24), UK (14), Poland (9) and Italy (7) million 
tonnes (Fig.  12.5 ). The fi gure shows that France and Germany are the most  wheat   
producer in Europe with almost 50 % of the total production.

•     Durum   Wheat    Production     

 In general, durum what is the most common cultivar among cereals in Europe, 
and in Italy. Globally,  wheat   known as spring  wheat   and winter  wheat   according to 
their sowing date and  temperature   requirements. In Italian environment, planting 
usually takes place in autumn, between the end of October to early December, while 
in North Europe, for the low winter  temperature  , sowing is almost done in spring 
period. Within the total  wheat   production, durum  wheat   production represents mar-
ginal part of total production. In fact, the total surface of durum  wheat   cultivation is 
about 13,5 million hectares with production of about 35,8 million tons (data 
2013/2014), which represents about 5,6 % of total world  wheat   production. 
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  Fig. 12.5    Wheat production (million tonnes) in Europe; last year (2013) versus Average of the last 
fi ve years (2009–2013)       
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 Durum  wheat   ( Triticum turgidum  L. var. durum) is a staple crop in the 
Mediterranean Basin, where Italy and Spain are among the main European produc-
ers (EUROSTAT  2015 ). The cultivation of durum  wheat   is typical of Mediterranean 
climate, but it is also widespread in several other countries. Globally, Canada is the 
fi rst country by surface of durum  wheat   cultivation followed by Italy (12.1 %), 
Algeria (8.8 %), Russia (8.8 %), US (7.7 %) and Turkey & Syria (7.6 %). In Europe, 
durum  wheat   cultivation area is about 3,5 million ha equal to 25.6 % of world area. 
Almost 86 % of durum  wheat   cultivated area in EU is occupied by Italy (48 %) fol-
lowed by Spain (25 %) and Greece with 13 %.  

12.1.2     Climate Variability, Population Growth and  Crop 
Production  : An Overview 

 In fact, climate variables are, somehow, interrelated. Among the most important 
variables including elevated  temperature  , water stress and increasing atmospheric 
CO 2  concentration which represent potential threat to crop growth and development 
(Bita and Gerats  2013 ). The unpredictable occurrence and severity of these vari-
ables, alone or in combination have an effect on the morphological, physiological, 
and biochemical parameters of crop plants and, therefore, their productivity. With 
technological and mechanisation improvements in  agriculture   to increase yields, 

  Table 12.4    Ranking of the 
top  wheat   producers countries 
worldwide (10-year average 
(2004–2013) expressed in 
million metric tons)  

 Ranking  Country  Mean 

 1  China, mainland  111 
 2  India  80 
 3  United States of America  58 
 4  Russian Federation  50 
 5  France  38 
 6  Canada  27 
 7  Germany  24 
 8  Pakistan  23 
 9  Australia  22 
 10  Turkey  20 
 11  Ukraine  19 
 12  United Kingdom  15 
 13  Kazakhstan  14 
 14  Iran  14 
 15  Argentina  13 
 16  Poland  9 
 17  Italy  8 

 WORLD  658 

  Source: FAOSTAT data, 2015  
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 climate variability   is still signifi cant factors in agricultural productivity (Kang et al. 
 2009 ). Increasing the uncertainty with respect to food production under changing 
climate has drawn more attention to the risks associated with these changes (Reddy 
and Pachepsky  2000 ). 

 The projected increase in world population from 7.2 billion to 8.4 billion by 
2030 (UN  2013 ) (Fig.  12.6 ) would lead to increasing demand for food by 35 % (NIC 
 2012 ) and for  wheat   by 70 %, by 2050 (CIMMYT  2014 ). With the reduction of 
 agriculture   output by 6 and 20 % in industrial and least developed countries by 2080 
respectively, yields could decrease by 15 % on average (Masters et al.  2010 ). Hisas 
( 2011 ) has predicted  wheat   defi cit by 14 % because of global climate change by 
2020. This will lead global food production to unlikely satisfy future demand under 
predicted climate change scenarios. Such a pressure could be further exacerbated by 
the changing climate, particularly in the longer-term (Falloon et al.  2015 ). 
Consequently, the ever-increasing population has alarmed  food security  , therefore 
attempts have been initiated to integrate modern technology and biotechnology 
tools to improve yields of internationally important agricultural commodities (i.e. 
 wheat   and  rice  ).

   Achieving sustainable  agriculture   for  food security   and poverty alleviation, many 
obstacles such as climate change, natural resource availability, a growing global 
population, and increasing demand for goods and services need to be overcome, so 
that a holistic approach that includes stress-tolerant germplasm, sustainable farm 
and natural resource management, and sound policy interventions can be followed 
in order to maintain  food security  .  
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  Fig. 12.6    World population (1965–2050) (Source: Population Division of the Department of 
Economic and Social Affairs of the United Nations Secretariat (2007))       
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12.1.3     Wheat and Food Security Under  Climate Variability   

 Although intensive  agriculture   resulted in substantial increase in global food pro-
duction, future  food security   remains uncertain due to depletion of natural resources. 
According to the World Bank ( 2008 ), world population is expected to reach 9 billion 
by 2050 with grow rate of 34 % (Fig.  12.6 ). In this regard, the necessity to increase 
global food supply will be a major challenge to satisfy food demand for this increase 
in world population. Some studies (i.e. Anon  2009  and Semenov et al.  2014 ) 
expected an increase in global food supply to reach 70 % by 2050. However, this 
expectation remains uncertain and will continue to threaten  food security   unless 
proper actions are made to satisfy human needs. In the light of global efforts to 
ensure  food security  , annual global  wheat   production rate, including production 
quality, needs to be increased by 2 % until 2020 (Reynolds et al.  2008 ). In order to 
satisfy the nutritional needs for the increasing population, factors affecting global 
food production need to be considered in the frame of a holistic approach. The 
unforeseen changes in climate patterns, for example, represent a real threat to agri-
cultural activities (Lepetz et al.  2009 ). Across the globe, this threat has become of a 
great concern to many farmers as well as agricultural scientists (Bosello and Zhang 
 2005 ) trying, in the frame of international efforts, to better understand, in order to 
avoid the unfavorable and unpredicted crop  yield   shortage that affect  food security  . 
For example, climate variables have shown to have a crucial role in the production 
of food including  wheat  . Given the importance of  wheat  , and considering the high 
sensitivity of  wheat   to climatic and environmental variations (Porter and Semenov 
 2005 ), the effect of climatic variability on crop yields has become an important 
issue within climatic impact community (Semenov and Porter  1995 ; Wilks and Riha 
 1996 ). 

 In order to sustain food supply, the effects of key biotic and abiotic factors on 
food production have to be well studied and results should be integrated in any 
political agenda regarding  food security  . Elevated  temperature  , for example, effect 
plant growth negatively through increase crop respiration, decreases evapotranspi-
ration and accelerates nutrient mineralization in soils. Due to unforeseen increase in 
 temperature  , changes in land use pattern may be expected due to  drought   incidence, 
which can cause a serious menace to  food security   (Lobell et al.  2013 ). In addition, 
the widespread of pathogens and other biotic variables in the agroecosystem, due to 
the increase in  temperature  , can cause large direct impact on  crop production  . 
Increase  temperature   can affect also nutrients availability, mineral mobilization pro-
cesses and microbial activities leading to disorder in plant growth and therefore 
affecting crop productivity in an indirect way. Therefore, the integration of any 
efforts including agronomic and breeding options to avoid or counteract the effect 
of increasing  temperature   on plant growth and productivity would count as a global 
effort to insure  food security  .  
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12.1.4     Institutes Working on Wheat: Climate Variability 
Research and Outcomes 

 In the framework of international efforts to ensure food supply under the unforeseen 
climate changes, many institutions are working for the development of options to be 
adopted in key food production regions, especially cereals. The International Center 
for Agricultural Research in the Dry Areas (ICARDA), for example, is conducting 
fi eld researches in the dry regions to ensue good delivery of its research outcomes 
to the small farms and poor farmers helping them to face future challenges in 
 agriculture  . 

 According to ICARDA research group, the key production regions worldwide 
are among the most vulnerable areas to climate change (ICARDA  2014 ). 

 In the framework of its research activities, ICARDA carried out a project with 
the aim to increase knowledge about the potential impacts of changing climate on 
crops productivity in Central Asia. Using crop simulation models, they assessed the 
environmental impacts of different  wheat   varieties cultivated in key production 
zones in central Asia with the aim to understand the potential change in total 
aboveground biomass,  yield   and nutrients uptake as effected by various IPCC cli-
mate change scenarios. Their published results (Sommer et al.  2013 ) predict long- 
term, however small (0.1–0.5 t ha −1 ), increase in  wheat    yield   across the study areas. 
This small increase was found to account for 12 % cross central Asia as a whole. 
However, the response of  wheat    yield   in each study site was found to be highly 
dependent on  crop management  , nutrients and water availability. 

 Within its initiative to insure  food security  , ICARDA works to help local farmers 
using their innovations techniques to provide animal feeds for livestock production 
by improving rainfed barley productivity with little water availability (ICARDA 
 2014 ). Being characterized by low annual rainfall, the use of local  crop manage-
ment   techniques (i.e. zero tillage, crop rotation and water-harvesting) in the dry 
areas of Jordan and Iraq found to be promising in terms of crop  yield  . Compared to 
conventional tillage, barley yields were increased by 20 and 50 % in Jordan and 
Iraq, respectively during the growing seasons (2011–2013). 

 Following the international efforts, the International Maize and Wheat 
Improvement Centre (CIMMYT) works to overcome the negative impacts of cli-
mate change on  wheat    yield  . Through its breeding program, the development of 
 wheat   germplasm resulted in high-yielding and stress-resistant new  wheat   cultivars 
to suit the needs of diverse  wheat   growing environments which have been success-
ful to increase  yield   potential (i.e. Araus et al.  2002  and Trethowan Mvan Ginkel 
and Rajaram  2002 ) and to respond to climate change in certain environments. 

 Breeding program includes also the creation of new varieties with resistant to 
abiotic stresses such as diseases. Example came from international cooperation 
efforts when  wheat   stem rust (Ug99) fi rst found in Uganda in late nineties. It repre-
sents one of the most damaging disease of  wheat   in the history. Due to the suscepti-
bility of most  wheat   varieties to this disease, its spread could cause a real threat to 
the world’s  wheat   crops. In this regard, CIMMYT, ICARDA and FAO along with 
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national research organizations have worked together to breed and distribute resis-
tant varieties. This international cooperation resulted in the creation of the Borlaug 
Global Rust Initiative (BGRI) (FAO  2009 ) to counteract this threat. Recently, with 
the wide spread of stripe rust (or yellow rust) in different parts of Africa, the Middle 
East and Asia, CIMMYT has developed a number of  wheat   cultivars resistant to this 
epidemic and, at the same time, resistant to Ug99 with high  yield   potential (10–
15 %) than grown varieties. In addition, CIMMYT also collaborate with key national 
agricultural research system partners to identify important physiological traits that 
have value as predictors of  yield   at high temperatures. This collaboration resulted in 
the establishment of International Heat Stress Genotype Experiments at a 4-year 
basis. Experimental locations were selected based on a classifi cation of  temperature   
and humidity during  wheat   growing cycle. “Hot” and “very hot” locations were 
defi ned as having mean temperatures above 17.5 and 22.5 °C, respectively, during 
the coolest month. Whereas “Dry” and “Humid” locations were defi ned as having 
mean vapor pressure defi cits above and below 1.0 kPa, respectively. Asseng et al. 
( 2015 ) used data from seven of the original 12 locations to represent a range of 
temperatures. Some of their fi ndings can be found later in this chapter. 

 In Italy, Cereal Research Centre (CRA) is working mainly on the collection and 
maintenance of cereal varieties suitable for the cultivation in the Mediterranean area 
with the aim for the preservation and enhancement of biodiversity. In particular, the 
centre works to improve  wheat   varieties in order to create  wheat   resistant cultivars 
to different abiotic and biotic stresses. The improvement of  wheat    yield   and quality 
represents also fundamental aspects in its genetic improvement and breeding pro-
gram with reference to climate change. Under climate change, the centre works also 
to develop agronomical adoption options to counteract the unforeseen changes in 
weather events and to ensure cereal yields for human and animal consumption. For 
example, using breeding approach Annicchiarico and Pecetti ( 1993 ) studied the role 
of some agronomic traits to select durum  wheat   for a dry Mediterranean region in 
Northern Syria. Using two different rainfall amount and distribution locations, the 
authors found that the infl uence of certain characters on grain  yield   was affected by 
environmental variables. Another work lead by CRA investigates the correlation 
between climatic variables and morpho-physiological variation of genetic resources 
in durum  wheat   landraces of four countries of origin (Ethiopia, Morocco, Syria, and 
Turkey) (Annicchiarico et al.  1995 ). Their study highlighted that climatic variables 
(specially  drought   stress and high  temperature  ) and agronomic traits (in particular 
earliness of heading) were highly correlated. For example,  temperature   was found 
to have positive effect on potential  yield   as well as earliness within Turkish germ-
plasm, whereas lower  drought   and heat stress caused varieties from Ethiopian and 
Syrian gene pools to have longer spike. These fi ndings can lead to the development 
of  agriculture   policies through the integration of genetic, breeding as well as agro-
nomic options to fi ght climate change and ensure  food security  .  
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12.1.5     Challenges: Limitation of and All Related Problem 
to Global Wheat Production 

 There are certain things that all human beings need to survive and food is one of them. 
The biggest concern about climate change is being the main infl uential factor in  food 
security   worldwide. This would be the primary challenge in the 21st century in order 
to satisfy human needs from food within the frame of sustainability (Lal  2005 ). 

 Wheat plays an important role in feeding the world as it represents a major stable 
food for more than 2.5 billion rural people in the world. Nevertheless, several stud-
ies demonstrate that climate change threatens its future harvest in the key produc-
tion areas. This implies the need to improve  wheat   management systems to ensure 
productivity under changing climate. However, the adoption of new management 
strategies has to be in accordance with future change in heat and other climatic 
stresses. 

 In Europe, scientists predict annual mean  temperature   to rise more than at the 
global mean. The occurrence of such climate extreme event in Europe will be altered 
by climate change. Heat waves, droughts and heavy rainfalls (Christensen et al. 
 2007 ), for instance, are expected to increase in frequency, intensity and duration 
leading to increase the uncertainty with respect to food production (Reddy and 
Pachepsky  2000 ). These risks will have severe impact on  food security   threatened 
food supply for people live in susceptible parts of the world. 

 In fact, global researches outcomes predicted a decline in grain  yield   for most 
regions in the world in response to climate change (Tubiello et al.  2000 ; Luo et al. 
 2005 ; Meza and Silva  2009 ; Kristensen et al.  2011 ). For example, the Natural 
Resources Institute of Finland NRIF ( 2015 ) reported that future global  wheat   har-
vest is expected to decline on average by 6 % for each degree Celsius of  temperature   
increase if improved management to face environmental extremes is not adapted. 
Worldwide, this would correspond to 42 million tons of  yield   reduction (Asseng 
et al.  2015 ), which equals to a quarter of current global  wheat   trade. However, the 
main issue that every country has to face today is the choice of proper  crop manage-
ment   which has to ensure better adoption to the future change in climate and, at the 
same time, sustain crop productivity. To this purpose, adaptive options might include 
water management ( water use effi ciency)   (Kang et al.  2009 ), the introduction of 
new cultivars through breeding and the optimization of  crop management   practices 
(Reynolds et al.  2009 ; Alhajj Ali et al.  2015 ) all of which are thought to present 
viable options to reduce environmental impacts from cropping and counteract the 
effects of climate change (Grasty  1999 ) on crop productivity. In fact, the docu-
mented increase in crop  yield   was found to be in relation to these options, however, 
 yield   increase rate may vary according to the different climatic areas, mainly in 
relation to the occurrence of  drought   (Araus et al.  2002 ) and other climatic vari-
ables. Recently, some of these options were found to increase, by three times, 
European  wheat   yields compared to the second half of the last century (Ewert et al. 
 2005 ). Globally, similar increase in cereal production was obtained as a result of 
breeding and agronomic improvements.   

12 Climate Variability Impact on Wheat Production in Europe: Adaptation…



268

12.2      Quantifi cation   of Climate Variability 

12.2.1     Crop Responses to Abiotic Stresses – Overview 

12.2.1.1     Plant Response to High  Temperature   

 One of the most limiting factors affecting crop growth is the  temperature   (Porter and 
Moot  1998 ). Elevated air  temperature   was found to be responsible for the accelera-
tion of plant metabolism (Larcher  2003 ) resulted in disturbance of some physiologi-
cal processes including plant development, fruit formation and the functioning of 
the photosynthetic apparatus, respiration and transpiration (Farrar and Williams 
 1991 ). However, the severity of heat stress was found to be higher when stages such 
as fl owering and grain fi lling occur during sensitive growth. Several studies 
(Giannakopoulos et al.  2009 ; Battisti and Naylor  2009 ; Supit et al.  2010 ) high-
lighted that rising temperatures may also shortened the growing season which 
resulted in time reduction for biomass accumulation (i.e. decreased of leaf area 
production) during grain-fi lling period, thus reducing yields (Wheeler et al.  1996b ). 
In this regard, a decline (3–10 %) in grain  yield   was observed for each ° C increase 
in mean  temperature   (Jones et al.  2003  and Berntsen et al.  2003 ). Using simulation 
models (see,  section III ), Tubiello et al. ( 2000 ) reported similar trend of  yield   
reduction (10–40 %) due to the acceleration in plant  phenology   due to increase in 
temperatures. In rainfed areas, Leemans and Solomon ( 1993 ) reported a reduction 
in global crop yields of approximately 15 %  temperature   variability. Reynolds et al. 
( 2010 ) indicate that the most signifi cant factors associated with  yield   reduction 
under heat stress are increased sterility, shortened life cycle, reduced light intercep-
tion and the disorder in carbon assimilation processes (photosynthesis, transpira-
tion, and respiration). The effects of heat stress on phonological development and 
growth of different  wheat   cultivars is well documented (Nawaz et al.  2013 ). The 
authors found that, at reproductive stages, heat stress was more severe and affect 
agronomic, physiological and  yield   related traits of all studied  wheat   cultivars. 

 In fact, the single effect of either high or low temperatures occurs and affects 
plant growth Grace ( 1988 ) and therefore productivity. In addition, the cumulative 
effect resulted from high  temperature   occurrence in some days during growing 
season appear to have a signifi cant infl uence on  yield   than change in  temperature   
by ± 2 °C during the whole growing season (Rawson  1992 ). The variability in  tem-
perature   during growing season can reduce the necessary time for the crop to enjoy 
the optimal temperatures for photosynthesis and development. Consequently, vari-
ation in crop responses to  temperature   can be expected depending on whether the 
optimum  temperature   for photosynthesis, crop growth and potential  yield   is reached 
(Conroy et al.  1994 ). In nature, the optimum  temperature   for growth differs between 
the growth stages of a crop and between crops. The one suitable for crop emergence 
will not be suitable for fl owering or grain-fi lling and the vice versa. One of the main 
effects of heat stress (increases in above-optimum air temperatures) is on photosyn-
thetic sink capacity of plants (Wahid et al.  2007 ; Asseng et al.  2011 ). During fl ow-
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ering, Wilks and Riha ( 1996 ) found that the exposure to below the optimal 
temperatures can reduce sink capacity of the plant leading to lower photosynthesis 
rate. Conroy et al. ( 1994 ) detailed the effect of increasing  temperature   on  wheat   
development and found that the low photosynthesis rate caused higher leaf appear-
ance rates therefore less time for fl owering which lead to decrease in leaf area 
production and grain  yield  . Therefore, any defect in photosynthesis process resulted 
from unfavorable increase/decrease in air  temperature   is expected to affect grain 
 yield  . This include the production of oxidative reactive species (Wang et al.  2011 ), 
pollen mortality (Saini et al.  2010 ), increasing grain abortion (Hays et al.  2007 ), 
causes metabolic limitations and causes oxidative damage to the chloroplast 
(Farooq et al.  2011 ). 

 In  wheat  , the impact of  temperature   variability on yields has been studied inten-
sively (i.e. Asseng et al.  2011 ). Some studies found that any slight increase in  tem-
perature  , out of the specifi c optimum range for crop growth, can affect  wheat    yield   
(Ortiz et al.  2008 ; Lobell et al.  2008 ) as well as grain quality (Borghi et al.  1997 ; 
Porter and Semenov  2005 ; Fedoroff et al.  2010 ). However, the severity of the impact 
depends on the time and duration in which plants are exposed to the high  tempera-
ture  . Nawaz et al. ( 2013 ) found elevated  temperature   mostly affect plant at booting 
and heading stages with higher severity than anthesis and grain-fi lling stages. 
Whereas, optimal protein quality was reached when plant experienced high  tem-
perature   (32 °C) during grain-fi lling for roughly 60 h (Graybosch et al.  1995 ). 

 Going deep in the analysis of increase  temperature   effects on plant growth at dif-
ferent stages, DuPont and Altenbach ( 2003 ) found environmental factors (e.g. high 
 temperature  ) mainly affect formation and therefore number of spikelets prior to 
anthesis. At anthesis, high  temperature   stress (>30 °C) can cause fl oral abortion by 
disturbs grain fertilization (Saini and Aspinall  1982 ) and grain set (Ferris et al. 
 2000 ) therefore decreased the grain number per ear at maturity in spring  wheat   
(Ferris et al.  1998 ) especially when plant expose to this  temperature   over the mid- 
anthesis period. This found to have signifi cant effect on crop yields (Semenov and 
Shewry  2011 ) however the severity of the impact will depend on the cultivar 
(Dupont and Altenbach  2003 ). Results from fi eld experiments conducted in 
Australia to test the response of different  wheat   cultivars to high  temperature   
(Tashiro and Wardlaw  1989 ) show that a  temperature   of  27 °C could signifi cantly 
reduce grain size of several Australian  wheat   cultivars, resulting in  yield   reduction. 
After anthesis, heat stress impact found to primarily infl uence kernel size and com-
position especially when a crop expose to a  temperature   of 35 °C for one day 
resulted in 18–35 % of  yield   reduction (Alexander et al.  2010 ; Talukder et al.  2010 ). 
This  yield   reduction can be explained by the fact that the exposure to 35 °C limits 
photosynthesis rate (Crafts-Brandner and Law  2000 ; Griffi n et al.  2004 ) due to the 
 temperature   sensitivity of Rubisco activase content and therefore Rubisco activa-
tion. High  temperature   (Jenner  1994 ) also infl uences the activity of enzymes in the 
pathway of starch synthesis. The author found that rate of starch deposition increases 
with the  temperature   up to 30 ° C and decreases above this  temperature  . During 
 wheat   grain development, however, the exposure to this high  temperature   range can 
affect protein storage in the seeds, which modify dough quality (Blumenthal et al. 
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 1993 ; Irmak et al.  2008 ) and cause a signifi cant reduction in the starch accumulation 
(Hurkman et al.  2003 ). Altenbach et al. ( 2003 ) found a reduction in starch content 
by shortening the duration of starch accumulation when expose to high  temperature  . 
However, this effect was more pronounced when high nighttime temperatures 
increased. 

 At fi eld level, the distribution of heat waves through the growing season can 
reduce moisture content in the soil, which disrupts vegetative growth and cause crop 
to fail. While short time exposure to high  temperature   in  wheat   ( 35 °C for some 
hours or one day) affect grain quality due to the decrease in the activity of soluble 
starch synthase (Keeling et al.  1993 ; Denyer et al.  1994 ; Jenner  1994 ) lead to lower 
grain weight and number (Wollenweber et al.  2003 ; Schapendonk et al.  2007 ) there-
fore less grain  yield   (Mullarkey and Jones  2000 ; Tewolde et al.  2006 ). 

 Recently, a meta-analysis was conducted by Asseng et al. ( 2015 ) to understand 
the effect of elevated air  temperature   on global  wheat   production. The authors used 
date from different parts in the world to test the accuracy of 30 different  wheat   crop 
models   against fi eld experiments. Their fi ndings indicate that worldwide increase in 
air  temperature   will poses a real threat to  wheat   yields reducing global  wheat   pro-
duction by six percent for each °C increase (Fig.  12.7 ).

12.2.1.2        Plant Response to  Drought   

 It is generally accepted that water scarcity reduces crop productivity in most of 
vulnerable parts in the world. Drought (water defi cit) is considered to be the main 
environmental factor limiting plant growth processes (Vanaja et al.  2011 ). Limitation 
of water supply during vegetative stage can affect plant development (Volaire  2003 ) 
and grain formation during reproductive stage (Li et al.  2000 ). 
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  Fig. 12.7    Relative decadal  yield   trend based on simulated 30-year model as affected by  tempera-
ture   trend between 1981 and 2010 for 30 global scenarios       
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 Hypotheses indicate that changing in climate events will permit the widespread 
of  drought   in different parts of the world (Foulkes et al.  2007 ; Witcombe et al.  2008 ) 
due to lower  precipitation   levels and increase in air  temperature  . Several studies 
(e.g. Barnabás et al.  2008 ; Jäger  2010 ) reported that the increasingly frequent occur-
rence of water defi ciency due to climate change will have substantial effects on the 
development of cereal plants. These effects thought to have an infl uence on the biol-
ogy, physiology, biochemistry and therefore productivity of the crop (Jones et al. 
 2003 ; Sobhkhizi et al.  2014 ). It is well documented that the primary physiological 
impacts of  drought   is on photosynthesis (Lawlor  1995 ). Nezhadahmadi et al. ( 2013 ) 
detailed the physiological response of plant to  drought   stress. Some of its effect on 
plant physiology includes change in size, number and aperture/closure of stomata, 
which resulted in reduction of plant growth rates. The biochemical responses of 
plants to water stress was discussed intensively in the literature and include, for 
example, reduction in chlorophyll content and photochemical reactions effi ciency 
of photosynthesis. Leaf and root, instead, are the main infl uential morphological 
characteristics of  wheat   crop (Denčić et al.  2000 ) during  drought   stress. Different 
studies (Szegletes et al.  2000 ; Zhu  2002 ; Lawlor and Cornic  2002 ; Yordanov et al. 
 2003 ; Ji et al.  2010 ) reported the main biological and chemical processes and/or 
parameters affected most by water supply limitation. This covers, for example, 
aspects related to growth inhibition, pollen sterility, accumulation of abscisic acid in 
spikes, enzymes production and hormone composition. However, many factors can 
affect plants’ response to  drought   stress (Chaves et al.  2003 ; Flexas et al.  2004 ; 
Denby and Gehring  2005 ; Ribas-Carbo et al.  2005 ; Pradhan et al.  2012 ) including 
duration and time of the stress, plant genotype and the interaction with other envi-
ronmental variables (McDonald and Davies  1996 ; Rizhsky et al.  2002 ). 

 In general, several studies highlighted remarkable results concerning the effect 
of  drought   stress on plant including early maturity, growth deterioration and leaf 
area reduction (Rizza et al.  2004 ; Rucker et al.  1995 ). Besides, in the nature, water 
stress can limit leaf extension of the plant in order to balance the water absorbed 
with the one lost through transpiration (Passioura  1996 ). In specialized study, how-
ever, Lonbani and Arzani ( 2011 ) found increase in the length and area of fl ag leaf in 
 wheat  , whereas width of the fl ag leaf was not affected under  drought   stress. Crop- 
growth stages are differing according to their susceptibility to  drought  . Certain plant 
stages are more susceptible to water limitation, whereas some others can deal with 
it more effectively (Akram  2011 ). For instance, the occurrence of  drought   during 
specifi c plant growth stage found to determine the severity of the impact on single 
 wheat    yield   component (Day and Intalap  1970 ). Pradhan et al. ( 2012 ) indicate that 
 drought   stress impedes crop performance at all phenological stages, however the 
reproductive (Abayomi and Wright  1999 ) and grain-fi lling phases are the most sen-
sitive (Dickin and Wright  2008 ; Pradhan et al.  2012 ). Therefore, the occurrence of 
water stress during these two susceptible stages will cause a substantial  yield   (Araus 
et al.  2002 ; Turner  2004 ; Farooq et al.  2014 ) and qualitative losses (Rharrabtia et al. 
 2003b ; Yang and Zhang  2006 ) through reducing test weight and increasing ash con-
tent. Figure  12.8  compare the effect of  drought   on  wheat    yield   losses (%) at vegeta-
tive growth and reproductive stage. Comparison data were taken from different 
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studies (Smirnoff  1993 ; Ingram and Bartels  1996 ; Salekdeh et al.  2002 ; Sivamani 
et al.  2000 ; Rizza et al.  2004 ; Tuberosa and Salvi  2006 ; Milad et al.  2011 ; 
Schneekloth et al.  2012 ). In the analysis of these data, Nezhadahmadi et al. ( 2013 ) 
found a reduction in grain number and therefore grain  yield   due to lower pollination 
resulted from water stress occurrence at anthesis (Ashraf  1998 ). In addition to 
increase photosynthesis rate, adequate available water during or after anthesis 
improves grain size due to increase available time for carbohydrate translocation to 
grains (Zhang and Oweis  1998 ) thereby leads to increase grain  yield  . Drought stress 
found also to have signifi cant effect on grain weight after anthesis, even after the 
increase in water availability afterwards (Gooding et al.  2003 ). Saini and Westgate 
( 1999 ) found water defi cit during grain development to cause premature cessation 
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  Fig. 12.8    Yield losses (%) at ( a ) vegetative growth and ( b ) reproductive stages under  drought   in 
 wheat   as reported by different studies (Milad et al.  2011 ; Schneekloth et al.  2012 ; Rizza et al.  2004 ; 
Tuberosa and Salvi  2006 ; Sivamani et al.  2000 ; Smirnoff  1993 ; Ingram and Bartels  1996 ; Salekdeh 
et al.  2002 ). Modifi ed from Nezhadahmadi et al. ( 2013 )       
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of grain fi lling. However, in dry environments, with a likely  drought   at the end of the 
growing season, higher yields may be achieved with a slower water uptake 
(Manschadi et al.  2006 ).

   The occurrence of water stress during the critical spike growth period can cause 
a signifi cant decline in grain number (Hochman  1982 ). Table  12.5 , however, show a 
maximum reduction in grain per spike when water stress occur at pre-anthesis. At 
the same stage, leaf area index was the one affected most by water stress. Whereas 
fertile tillers and grain  yield   were mostly effected by water stress at anthesis.

   When compared to heat stress, Li et al. ( 2013 ) indicate that studies on the effects 
of  drought   on  wheat   quality are limited. One of the recent studies found signifi cant 
effect of water scarcity on protein composition with varied severity based on the 
time in which the stress occurred (Flagella et al.  2010 ). When water defi cit occurred 
all the way through the growing season, the authors found a reverse relationship 
between the increase in protein content and grain  yield  . However, when water stress 
occurred in winter but followed by heavy rainfall in spring good protein content can 
be expected without affecting  yield  . The positive correlation between water defi cit 
throughout the season and protein content increase was already spotted elsewhere 
by other authors (e.g. Guttieri et al.  2005  and Garrido-Lestache et al.  2005 ). In the 
study of Rharrabtia et al. ( 2003a ) water stress also found to increase protein content 
but thousand-kernel weight was reduced consequently.  

12.2.1.3     Plant Response to Elevated CO 2  

 The second half of the last century witnessed remarkable increase in  carbon dioxide   
concentration (Alcamo et al.  1996 ) since the onset of the industrial revolution. This 
increase is expected to double by the mid of this century (IPCC  1996 ). However, as 
atmospheric CO 2  represents the main source of carbon for plant growth, CO 2  enrich-
ment thought to have fertilizer effects (Dhakhwa et al.  1997 ) which could, in the 
long run, improve biomass productivity and grain quality (Kimball et al.  2002 ). The 
main effect of elevated atmospheric CO 2  on plant growth though to be the increas-
ing assimilation rates of CO 2  in C 3  plants (Conroy et al.  1994 ). Nevertheless, the 

   Table 12.5    Water stress effects on  yield   components and leaf area index of  wheat   at different 
growth stages   

 Parameter 

 Stress period 

 Control  Pre-anthesis  Anthesis  Grain fi lling 

 Leaf area index a   5.0  3.3  5.0  5.0 
 Fertile tillers/m 2   513  658  434  485 
 Grains/spike  32.7  13.0  27.1  31.4 
 1000 grain weight (g)  56.3  55.2  53.7  49.2 
 Grain  yield   (g/m 2 )  779  559  498  658 
 Harvest index  0.52  0.50  0.53  0.53 

   a  Leaf area index was measured at booting stage. Source: Hochman  1982   
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positive effect on grain  yield   is usually limited to other factors. Results from simula-
tion studies reported remarkable improvement of shoot production under elevated 
CO 2 . Although this positive effect infl uenced by  temperature   and  precipitation  , 
Ewert et al. ( 2007 ) reported that the increase in grain  yield   under increased CO 2  
concentration did not exceed 4 %. 

 In fact, both biomass and grain  yield   increased with doubling CO 2 . This CO 2  
effect, and in particular on grain  yield  , varied largely depending on years and  tem-
perature   (range of 7 to 168 % for grain  yield  ). Despite the positive effect of elevated 
CO 2  concentration on crop productivity, climate change, in general, affect  crop pro-
duction   in negative way. At farm level, the state in which equilibrium point between 
these two effects can be reached is dependent on other factors (i.e. nutrients and 
water limitation), which thought to be affected by changing in climate. In fact, dif-
ferent crops have been tested for their response to elevated CO 2  levels (i.e. Cure and 
Acock  1986 ; Kimball et al.  2002 ). In each case study, the response level was found 
to be dependent on environmental (Bowes  1993 ) as well as management factors 
(Rosenzweig and Tubiello  2007 ). 

 It is well known that  carbon dioxide   is the main chemical compound for photo-
synthesis process. The increase in atmospheric CO 2  concentration will, conse-
quently, lead to higher photosynthesis rates and therefore, higher productivity. 
Since the evidence suggests that C3 plants require higher concentrations of atmo-
spheric CO 2  than present levels to complete photosynthesis process for best growth 
(Stitt  1991 ), C4 plants are expected to respond to elevated CO 2  with less extent. 
However, it is worth mentioning that in each plant group and among species the 
biochemical processes of photosynthesis are different and have been found to effect 
plant response to elevated CO 2  accordingly. In controlled experiments, for exam-
ple, the C 3  species including  wheat   tend to show signifi cant gains in net photosyn-
thesis from increased CO 2  because of photorespiration. This effect on plants grown 
at higher CO 2  concentration include also decrease the rate of water evaporation 
from plant through transpiration which enhance  water use effi ciency   (Tuba et al. 
 1994 ,  1996 ). However, lower transpiration rates may reduce  nitrogen   uptake from 
the soil (Manderscheid et al.  1995 ; Kimball and Bernacchi  2006 ) and affect 
productivity. 

 Review study by Fuhrer ( 2003 ) reported that average C 3  plant  yield   simulated to 
increase by 30 % with double CO 2  concentration whereas lower average  yield   was 
reported when fi eld experiment data was used. The benefi ts which plants can gain 
from doubling CO 2  (Qaderi and Reid  2009 ) could be explained by its infl uence on 
different aspects related to plant metabolism including slow plant transpiration by 
promoting stomatal closure to enhance water use effi ciency (Morison  1985 ; Allen 
 1990 ; Bowes  1993 ). In some cases,  transpiration rate   of  wheat   was reduced by 70 % 
under increasing CO 2  concentration (Conroy et al.  1994 ). These remarkable results 
on crop growth and  yield   deserve to be mentioned and their impacts on global food 
production need to be integrated in future action plan concerning food production 
strategy. However, as mentioned previously, the effects of other factors on plant 
response to elevated CO 2  must not be forgotten. To improve the photosynthetic pro-
cess, in order to increase water use effi ciency and grain  yield   of cereals grown at 
elevated CO 2 , Dahal et al. ( 2014 ) found some variables such as  temperature   and 
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cultivar to be dependent. Other study by Wall ( 2001 ) found that enhanced CO 2  level 
reduce the damage to  wheat   even under dry conditions. Reasons might be due to the 
fact that a 200 μmol mol −1  increase in CO 2  level resulted in a 30 % increase in car-
bon supplies to  wheat   leaves (Wall  2001 ; Wall et al.  2000 ) which acted as carbon 
fertilizer. However, this very much depends on stomatal density which controls 
gases movement through plant leaves making CO 2  available for photosynthesis. 
Under experiment conditions, Woodward and Bazzaz ( 1988 ) found that increase in 
CO 2  concentration up to about 310 μ l/l decreased the stomatal density, but no effect 
was found above this CO 2  level. Under water limitation, Doheny-Adams et al. 
( 2012 ) further found less stomatal density usually associated with higher leaf  tem-
perature   (which imply reduced  transpiration rate  ) at 200 ppm CO 2 . This would lead 
to better plant growth due to increase  water use effi ciency   and CO 2  assimilation rate. 

 Different studies found that some plant parameters including root (length, diam-
eter and number) (Lee-Ho et al.  2007 ), leaf area and leaf thickness (Bowes  1993 ; 
Bray and Reid  2002 ) were infl uenced by elevated CO 2  level to the greatest extent. 
With higher  carbon dioxide   gain, Pritchard and Rogers ( 2000 ) found higher 
 stimulation rate to lateral root production in plants resulting in positive conse-
quences for plant production. Higher CO 2  concentration was also found to increase 
seed  yield   of various  wheat   cultivars, but negatively affect grain and fl ower protein 
(Ziska et al.  2004 ). Similar fi ndings were reported by different authors and can be 
seen in the following table (Table  12.6 ).

   Across the globe, Table  12.7  show that  wheat   grain  yield   increases in response to 
elevated CO 2  with substantial variation. The increase rate has been reported to range 
from a minimum of 8.4 in the USA to a maximum of 35 % across Europe as com-
pared to ambient CO 2 . The table shows the same trend of aboveground biomass 
which ranged from 10.4 to 58 %, whereas grain protein was always decreased at all 
the study sites with maximum reduction rate of 28 % in UK.

   Table 12.6    Effects of elevated CO 2  on  wheat   biomass, grain  yield   and grain protein at maturity 
compared to ambient CO 2    

 CO 2  μmol 
mol −1  

 Aboveground dry biomass (g 
m −2 ) 

  Yield   
(g m −2 ) 

 Protein 
(%)  Reference 

 Ambient (390)  1511  582  11.2  Buchner et al. ( 2015 ) 
 Elevated (550)  1968  656  10.8 
 Ambient (380)  –  515,2  –  Dahal et al. ( 2014 ) 
 Elevated (700)  –  828,8  – 
 Ambient (384)  –  –  17  Fernando et al. ( 2014 ) 
 Elevated (550)  –  –  16 
 Ambient (350)  1074,6  –  –  Ma et al. ( 2007 ) 
 Elevated (550)  1219,3  –  – 
 Ambient (409)  1174  481.1  –  Högy et al. ( 2010 ) 
 Elevated (537)  1295  532.4  – 
 Ambient (370)  1348  605  –  Ewert et al. ( 2002 ) 
 Elevated (550)  1583  724  – 
 Ambient (380)  1249  529  –  Ewert et al. ( 2002 ) 
 Elevated (690)  1373  647  – 
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   Findings of recent Free Air CO 2  Enrichment (FACE) experiment in Australia 
reported greater above ground dry biomass (20–30 %) and grain  yield   (11 %), 
whereas grain protein was lowered (∼ 4 %) in plants grown under elevated CO 2  
compared to ambient CO 2  (Buchner et al.  2015 ). This magnitude of stimulation 
by CO 2  enrichment of both, biomass and  yield  , is in agreement with an earlier 
meta-analysis of FACE data by Ainsworth and Long ( 2005 ) while Erbs et al. 
( 2010 ) reported a similar reduction (4 %) of grain protein in  wheat   under ele-
vated CO 2 . 

 Grain quality of some plants found to be also infl uenced under elevated CO 2 . 
The affect includes mainly changes in lipid metabolism Qaderi and Reid ( 2009 ), 
especially decreases in the major chloroplast lipids (MGDG and PG) (Ekman 
et al.  2007 ). In  wheat  , this effect leads to changes in grain lipids and doubled the 
number of mitochondria in leaves Williams et al. ( 1994 ) resulted in reduction in 
N concentration Conroy ( 1992 ) but double alanine concentration in  wheat   leaves 
Conroy et al. ( 1994 ). In fact,  wheat   leaves play a fundamental role in protein 
synthesis  process (Barneix and Guitman  1993 ) therefore any lack in  nitrogen   
concentration in leaves will lead to change in grain quality (Hocking and Meyer 
 1991 ).  

   Table 12.7    Effect of elevated CO 2  on  wheat   grain, protein and above ground biomass at maturity 
as compared to ambient CO 2  in different parts of the world   

 Reference study 
 Grain 
 yield    % 

 Grain 
protein  % 

 Aboveground 
biomass  %  Country 

 Han et al. ( 2015 )  increased  11.4  –  –  –  –  China 
 Buchner et al. 
( 2015 ) 

 increased  11  Decrease  4  increase  20–30  Australia 

 Kimball et al. 
( 1995 ) 

 increased  8.4  –  –  –  –  USA 

 Erbs et al. ( 2010 )  –  –  Decrease  4–13  –  –  – 
 Thompson and 
Woodward ( 1994 ) 

 increased  30  Decrease  28  –  –  UK 

 Ma et al. ( 2007 )  –  –  –  –  increase  20,15  China 
 Cardoso- Vilhena 
and Barnes ( 2001 ) 

 –  –  –  –  increase  44  – 

 Lam et al. ( 2012 )  –  –  –  –  increase  27–58  – 
 Fernando et al. 
( 2014 ) 

 –  Decrease  10  –  – 

 Högy et al. ( 2010 )  increased  10.7  –  –  increase  10.4  Germany 
 Högy and 
Fangmeier ( 2008 ) 

 –  –  Decrease  3.9- 
14.1 

 –  –  – 

 Wang et al. ( 2013 )  increased  24  Decrease  11  increase  28  – 
 Bender et al. 
( 1999 ) 

 increased  35  –  –  –  –  Different 
sites in 
Europe 
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12.2.1.4     High Temperature and Drought Interaction 

 The interaction between the most defused abiotic stresses present a real concern in 
cereals key production areas worldwide. In fact, as discussed previously, the 
increase in air  temperature   usually combined with lose of water from the soil 
through evaporation and from plant tissue via transpiration. The occurrences of 
these natural processes, in the presence of high  temperature  , cause water shortage 
and lessen water availability for the plant threatened its survival (Moffat  2002 ). 
Information about the time in which the two stresses occurred in the fi eld is impor-
tant as the severity of their combined effect can vary largely. In cereals, the effect 
of their combined effect was found to be more severe at later growth stages (Blum 
 1998 ; Yang et al.  2004 ; Barnabás et al.  2008 ) resulting in remarkable  yield   losses 
(Fig.  12.9 ). Reasons behind this large  yield   reduction found to be due to the reduc-
tion in starch accumulation rate as a result of lower endosperm cells number 
(Nicolas et al.  1985 ).

   In  wheat  , the interaction of these two stresses was widely investigated (Dupont 
and Altenbach  2003 ; Yang and Zhang  2006 ; Barnabás et al.  2008 ). Their combined 
effect shown to be more severe on crop development and productivity (Asseng et al. 
 2011 ) than each stress occurs alone (Savin and Nicolas  1996 ; Wang and Huang 
 2004 ). For example, Rizhsky et al. ( 2002 ) found increase  temperature   to cause sto-
mata opening for transpiration, which cool down the plant. Whereas, when heat 
stress occurs and combined with  drought   the plant is not be able to open its stomata 
resulted in higher leaf  temperature   and therefore dysfunction. More evident results 
suggest further decrease in yields is expected under heat and  drought   stresses during 
grain fi lling (Dickin and Wright  2008 ). Compared to heat stress alone (with  yield   
losses of 31 %), Balla et al. ( 2011 ) indicate that this percentage would reach 76 % 
after  drought   and heat stress in combination. 

 Although, the reproductive and grain-fi lling stages are the most sensitive to heat 
and  drought   (Saini and Westgate  1999 ), the occurrence of theses stresses during 
fl owering result also in large reduction in grain weight (Fig.  12.9 ) and grain number 
(Semenov et al.  2014 ). 

 In three-way interaction between climate variables, Chen et al. ( 1996 ) investigate 
the effect of heat, water limitation and CO 2  on net primary production of  wheat  . 
Positive response was observed with doubled CO 2  and water availability, while a 
reduction in net primary production was associated with limited water and CO 2  at 
ambient level.  

12.2.1.5     High Temperature and [eCO 2 ] Interaction 

 In fact, plant growth and development are connected to the environment via a com-
bination of linear and non-linear responses (Campbell and Norman  1989 ). Reach 
the point of equilibrium between these sophisticated interactions would be an 
important task to scientists as well as farmers to ensure sustainable production of 
crop plants. However, any disruption of this equilibrium via climate change would 
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lead to substantial losses in  agriculture   crops (Watson et al.  1996 ; Wolf et al.  2002 ). 
The main effects of changing the magnitude of climate events will be on photosyn-
thesis process and phenological development of the plant (Albert et al.  2011 ; 
Semenov et al.  2012 ) resulting in crop  yield   decrease. 

 It is well known that the increase in atmospheric CO 2  concentration is associated 
with rise in ambient  temperature   (IPCC  2007a ,  b ). Several studies (i.e. Carter et al. 
 2007 ) suggest that this increase would reach around 4 °C in the future. These 
changes will, therefore, lead to considerable impact on the productivity of many 
crops (Watson et al.  1996 ) including  wheat   (Farooq et al.  2011 ). 

 Although the effects of increasing CO 2  and  temperature   on plant productivity 
separately have been widely discussed in the literature, consequences of their inter-
action have received scant attention. One of the few studies on their interactions 
(Batts et al.  1997 ) reported positive as well as negative impact on biomass and grain 
 yield  . While others (Vu  2005  and Borjigidai et al.  2006 ), found only positive inter-

Stress at start of anthsis; duration of stress = 16 days average 
of all six genotype. 

Stress during grain filling (21 days after anthesis); duration of
stress = 16 days average of all six genotype.  
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  Fig. 12.9    Measured mean (mean of six cultivars)  wheat   grain  yield   impact with increased  tem-
perature   (optimum day/night  temperature   of 21/15 °C and high  temperature   stress of 36/30 °C) 
with and without water stress for ( a ) 16 days of high  temperature   stress starting from anthesis and 
( b ) for 16 days of high  temperature   stress during grain fi lling starting 21 days after anthesis 
(Source: Asseng et al. ( 2015 ))       
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action on photosynthesis process of C3 plants. In the analysis of their combined 
effect, Wheeler et al. ( 1996a ) found a decline in  wheat    yield   with increasing  tem-
perature  , but this declining was lessen in the presence of elevated CO 2 . Fuhrer 
( 2003 ) further confi rmed that  temperature   variation controls the effect of increase 
CO 2  concentrations. Results by Idso et al. ( 1987 ) indicate that CO 2  enrichment will 
reduce canopy development and affected plant growth as cold air temperatures 
occur over winter. In this regard, plant grown under highly  temperature   fl uctuation 
may not benefi t from the fertilizer effect due to increased  carbon dioxide  . Studies 
found that cereals grown in areas with high to moderate temperatures to benefi t 
more from increasing levels of CO 2  concentrations (Baker and Allen  1993 ; Rawson 
 1995 ) refl ected in grain yields increase. The level of response to elevated CO 2  for 
each 1 °C rise in  temperature   was predicted to be 1.8 % (Rawson  1995 ). Nevertheless, 
this effect may turn to be negative and no further  yield   can be expected when  tem-
perature   exceed certain level regardless the increase in CO 2  concentrations. When 
 temperature   goes beyond 35 °C the interactive effects between these two variables 
will be diffi cult to predict given the fact that their interaction may be effected by 
other variables such as  drought   and nutrient availability. Similar conclusion can be 
expected when  temperature   goes beyond the average minimum optimal level. The 
identifi cation of the minimum and the maximum optimal  temperature   in which fer-
tilizer effect of elevated CO 2  can be expected will be diffi cult task as this might 
varied according to the cultivar, region and weather conditions. Wolf and Kempenaar 
( 1998 ) concluded that when different cultivars were compared, they all showed sub-
stantial increases in biomass and grain  yield   with increased CO 2 . However, in the 
interactions between them they found no different with two cultivars showing no 
difference in CO 2  response across the 2–3 °C range of mean seasonal  temperature   
and the other two showing reduced CO 2  response at higher temperatures. 

 Some efforts to investigate the effect of out-range optimal  temperature   under ele-
vated CO 2  on plant growth found that exposure to  temperature   higher than 36 °C or 
lower than 18 °C will experience reduction in carbohydrate export through phloem 
(Reddy et al.  1998 ). However, at elevated CO 2 , Bunce ( 1998 ) found 63 % stimulation 
in photosynthesis rate of  wheat   at 10 °C  temperature   whereas the simulation rate was 
115 % at 30 °C. Negative response to elevated CO 2  was reported by other authors 
(Idso et al.  1987 ) when temperatures went below 18 °C. Under FACE experimental 
conditions and elevated CO 2  concentrations, photosynthesis rate was 11 % higher 
when plant exposed to  temperature   above 25 °C compared to temperatures below this 
level (Ainsworth and Long  2005 ). In other experiments (Ewert et al.  2002 ), anthesis 
and maturity dates were reached earlier under elevated CO 2  compared to ambient 
CO 2  when higher  temperature   (+ 0.7 °C) was recorded (Table  12.8 ). The higher bio-
mass and grain yields were reported between  temperature   of 13.8 and 15.1 °C except 
for the year of 1999 in Braunschweig, Germany. Whereas, the lowest yields under 
elevated CO 2  were reported at higher  temperature   (18.9–19.9) (Table  12.8 ).

   Between the optimal minimum and maximum  temperature   in which plant can 
benefi t more from fertilization effect of elevated CO 2 , even slight increase in  tem-
perature   during growing season was found to annul grain  yield   stimulation (Batts 
et al.  1997 ; Amthor  2001 ). This effect was also reported on root growth and multi-
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plications (Benlloch-Gonzalez et al.  2014 ), and grain quality (Fernando et al.  2014 ). 
However, the effect of elevated CO 2  on grain quality was more linked to the time in 
which heat stress occurs. Benlloch-Gonzalez et al. ( 2014 ) evaluate the effect of 
elevated CO 2  and higher mean  temperature   on root system growth of two spring 
 wheat   genotypes. The authors found positive interaction effects on root biomass at 
ambient  temperature   irrespective of genotype, however when plants were grown 
under high  temperature   the positive effect of elevated CO 2  was lowered.  

12.2.1.6     Drought and [eCO 2 ] Interaction 

 As mentioned previously in this chapter, the single effect of  drought   and increase 
atmospheric CO 2  on crop growth and productivity is well documented, however, as in 
the case of other climate variables, the interaction between them is not well under-
stood. Reasons might be due to the fact that other abiotic as well as biotic factors could 
have direct and/or indirect infl uence on their interaction. Recently, efforts have been 
made to better understand this interaction and its effect on crop growth and quality. 

 Due to the fact that elevated CO 2 , increase  temperature   and  drought   are interre-
lated, the occurrence of one of them can affect the others depending on the time and 
severity of its presence during growing season. Other factors such as  crop manage-
ment   found to affect crop response to these individual or combined (Rosenzweig 
and Tubiello  2007 ). Examples from different studied (Tubiello and Ewert  2002 ; 
Kimball  1983 ; Cure and Acock  1986 ; Idso and Idso  1994 ) show higher  yield   
response to elevated CO 2  when crop grown under rainfed conditions compared 
when it is grown under unlimited water supply (Chaudhuri et al.  1990 ; Kimball 
et al.  1995 ). In Australia, the effect of elevated CO 2  on  wheat   grain  yield   was 30 % 

     Table 12.8    Effects of location, growing season, elevated CO 2  and  temperature   on the productivity 
and phonological stage duration of spring  wheat     

 Experiment 
location  year 

 Treatment  Temperature *   Phenological stage  Biomass  Grain 

 CO 2  
(μmol mol −1 )  °C 

 Anthesis 
(day) 

 Maturity 
(day)  (g m −2 ) 

 (g 
m −2 ) 

 Maricopa 
(Arizona, US) 

 1992/1993  Low  370  14.5  84  126  1528  648 
 High  550  81  124  1721  759 

 Maricopa 
(Arizona, US) 

 1993/1994  Low  370  13.8  93  133  1348  605 
 High  550  91  130  1583  724 

 Braunschweig 
(Germany) 

 1998  Low  380  15.1  151  208  1201  512 
 High  670  151  208  1763  755 

 Braunschweig 
(Germany) 

 1999  Low  410  14.2  155  205  960  434 
 High  680  155  205  1392  654 

 Giessen 
(Germany) 

 1998  Low  370  18.9  173  209  845  401 
 High  650  173  209  1337  657 

 Giessen 
(Germany) 

 1999  Low  380  19.9  183  224  1249  529 
 High  690  183  224  1373  647 

  Modifi ed from Ewert et al. ( 2002 )  
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higher when the crop experienced dry conditions compared to water availability 
(Reyenga et al.  1999a ). Similar fi ndings (Reyenga et al.  1999b ) reported higher 
 wheat    yield   increase in South Australian under drier conditions. Explanations were 
given by Niinemets ( 2010 ), who found that plants are more susceptible to  drought   
stress under lower CO 2  concentrations. 

 Modeling by Ewert et al. ( 2002 ) demonstrated that the  yield  -increasing effect of 
higher CO 2  levels was more intensive if it was associated with water defi ciency. In 
the work of Varga et al. ( 2010 ),  drought   was found to cause a reduction in the grain 
number per plant, which was most sensitive to  drought   at fi rst node appearance, 
while the correlation between grain mass reduction and water defi ciency was closest 
when the latter occurred during ripening. They found that the longer period of water 
withholding at ripening caused a 27.1–27.3 % decrease in the grain number at nor-
mal CO 2 , but the higher CO 2  level was able to compensate for this. Li et al. ( 2001 ) 
found a close correlation between  drought   stress and grain mass, with an increase of 
2.1–2.3 mg in the grain mass in  drought  -stressed plants raised at enhanced CO 2  
compared with those grown at the ambient level, while  carbon dioxide   had no effect 
on the grain mass in the case of normal water supplies. 

 In the response of the qualitative parameters to  drought   stress, protein content 
was found to be in close positive correlation with the potential evapotranspiration 
and in negative correlation with the rainfall quantity (Mkhabela et al.  2010 ). The 
authors demonstrated an increase in the protein content of spring  wheat   in response 
to  drought  . Varga et al. ( 2010 ) found that the quantity of protein was modifi ed pri-
marily by  drought   during the period up to heading; when water was withheld at 
ripening the duration of  drought   had no infl uence on the protein content. Without 
 drought   stress, the authors detected lower protein contents at the higher CO 2  level, 
but the protein contents recorded at enhanced CO 2  after 14 days of water withhold-
ing were similar to those obtained at normal CO 2  with normal water supplies.    

12.3     Crop Responses to Biotic Stresses – Overview 

 Population growth in the next few decades will increase the need for food produc-
tion, however the changing climate and changing threats from pests and pathogens 
could impact yields of major food crops. Together with abiotic stresses, biotic 
stresses represent major limiting factors for high crop productivity worldwide. We 
report here the main biotic stresses and their response to  climate variability   with 
reference to  wheat   production. 

12.3.1     Weeds 

 Within the efforts to understand climate variable effect on weed population, Wittwer 
( 1990 ) suggested that the rising CO 2  levels will generally favor  crop production   
since the majority of important food crops have the C3 photosynthesis pathway, 
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while a high percentage of the major weed pests are C4 plants that will likely benefi t 
less from CO 2  enrichment (Bazzaz and Garbutt  1988 ; Patterson and Flint  1990 ). 
Reilly et al. ( 1996 ) detailed the effect of climate variables on weed community and 
distribution through collection of information from different studies. Some of them 
(e.g. Patterson  1993 ,  1995 ) found climate change and associated increase in CO 2  
levels to affect national and international efforts for controlling weeds. Some of the 
diffi culties that might face and infl uence the effi ciency of biological, chemical as 
well as mechanical control of weeds include different environmental variables (e.g. 
 precipitation  , soil type, humidity and wind). For example, some of these factors can 
infl uence the effi ciency of chemical herbicides by altering their metabolism and 
uptake by targeted weeds (Hatzios and Penner  1982 ). In addition, we reported ear-
lier in this chapter that elevated CO 2  increase starch concentrations in C3 plant 
leaves. This effect found to have an infl uence on herbicide effi ciency though the 
impact on its metabolic activity (Wong  1990 ). Moreover, under elevated CO 2  both 
chemical as well as mechanical control of weeds with deep rhizomes and tubers 
would be diffi cult because the growth of these sophisticated roots is simulated by 
CO 2  enrichment (Oechel and Strain  1985 ). 

 In the response of weeds to increased  temperature  , different responses can be 
expected depending on the area of origin or whether weed species belong to C3 or 
C4 plants. Usually, weeds grown in warm areas found to be more responsive 
(increase in growth) even to slight increase in day and/or night temperatures (Flint 
et al.  1984 ). However, some weed species are not stimulated by warmer climate 
(Patterson et al.  1986 ). In addition, the biomass of some C4 weed species showed 
remarkable increases under small increase in  temperature   (Flint and Patterson  1983  
and Patterson  1993 ).  

12.3.2     Pests 

 Most evidences suggest that insect pests represent huge threat to crops productivity 
(Rosenzweig and Hillel  1998 ; Patterson et al.  1999 ; Gutierrez  2000 ). This threat, 
due to pest damage, found to cause as much as 25 % of food losses worldwide 
(Sinha et al.  1988 ). The main effect of climate change on insect pests is on the sever-
ity of their outbreaks (Reilly et al.  1996 ) but this might also include some aspects 
related to the ability to modify the suitability of some areas, habitat or some crops 
to host these pests. Therefore, pests response to the changes in climate will vary 
between different environments and among pest species (Sutherst ( 1991 )) and 
Sutherst et al. ( 1995 ). 

 Usually, humid conditions together with increase in temperatures represent the 
most climate factors that are suitable for pests’ survival and could cause signifi cant 
increases in the pest populations. In addition, changing metabolic pathway of some 
plants due to  drought   stress, found to increase their  vulnerability   to the insect pests 
attack (Mattson and Haack  1987 ). Other factors (DeBach  1965 ; Rainey  1989 ) such 
as the availability of host plants, natural enemies and the ability of pests to adapt to 
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new climate scenarios under changing climate play also a fundamental role in the 
widespread of pests. However, the main concern remain is the ability of some pest 
species for regeneration more than once a year with the availability of suitable con-
ditions (e.g. warmer  temperature  ), which lead to change their geographical alloca-
tion and increase their numbers. This was the case for European Corn Borer (Ostrinia 
nubilalis) when a remarkable northward shift in distribution was observed for each 
1 °C increase in  temperature   (Porter et al.  1991 ). While expansion in range were 
also reported for some other pests in Japan (Mochida  1991 ). 

 In addition to the factors that affect the survival and distribution of insect pests, 
the direct effect of elevated CO 2  on insect pests is still not well understood. Modest 
efforts suggest that elevated CO 2  can directly affect the ability of some insect pests 
to locate their host plants (Bernklau et al.  2004 ). The most commonly observed 
effects of elevated CO 2  on insects are indirect (Bale et al.  2002 ; Murray et al.  2013 ) 
through changes in plant physiology and biochemistry (Berzitis  2013 ). For exam-
ple, increase CO 2  concentration thought to increase the carbon content in plant tis-
sues (Deka et al.  2009 ). This increase will be on the expense of  nitrogen   (N) 
availability in plant (Ainsworth et al.  2002 ; Robinson et al.  2012 ) making N, as sole 
nutrient source, not available for insects with enough quantity (Mattson  1980 ). This 
alteration in C/N ratio reduces the nutritional quality of the leaves (Ehleringer et al. 
 2002 ), which leads to acceleration in food quantity to compensate any lack of N in 
plant leaves. In addition to decreases in leaf N concentration, changes in plant 
chemical defences have been documented under elevated CO 2  and these changes 
could further impact herbivore performance (Robinson et al.  2012 ). 

 With reference to the climate factors mentioned before, excessive occurrence of 
each one of them may have a control role threatened the survival of pests at different 
stages of their life cycle. Heavy rain during growing season, for example, found to 
reduce the occurrence and success of oviposition by insects such as the European 
corn borer (Davidson and Lyon  1987 ). However, this control role may turn to be 
negative on crop plants depending on the time. Recently, in-depth understanding of 
pests behaviour allow the estimation of their potential threats to crop under chang-
ing climate using simulation models (Goodenough and McKinion  1992 ). This was 
done by the identifi cation of climate variable limitations (variation in temperatures 
and water limitation) for most widespread  agriculture   pests (e.g., Davidson and 
Lyon  1987 ).  

12.3.3     Diseases 

 Similar to other biotic stresses, wormer conditions,  precipitation   and other climate 
factors were found to have great infl uence on the seasonal  phenology  , population 
growth and the distribution of most  wheat  ’s common diseases (e.g. Chakraborty 
et al.  2000 ; Melloy et al.  2010 ; Sutherst et al.  2011  and West et al.  2012 ; Pangga 
et al.  2012 ; Ghini et al.  2012 ; Pautasso et al.  2012 ). Temperate winter with warmer 
temperatures present optimal conditions for most common diseases (e.g powdery 
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mildew) (Treharne  1989 ) and cause stronger outbreaks for some others (Parry et al. 
 1990 ). Whereas, the frequency of summer rainfall would increase incidences of 
some diseases because rainwater represents dynamic means by which disease spores 
will be diffused (Royle et al.  1986 ). However, plant resistant to most fungal diseases 
increases under higher summer temperatures and drier conditions. 

 In  wheat   cultivation, leaf and stem rust, was classifi ed to be amongst the most 
important diseases (Todorovska et al.  2009 ), which cause substantial  yield   losses 
worldwide. Within the international efforts to control this pathogen, the develop-
ment of new cultivars with resistant genes was the best method to control this dis-
ease (Roelfs  1990 ). Recent work by Mohammadi et al. ( 2015 ) using a landrace 
collection consisting of 380 durum  wheat   entries originating in several countries 
along with four check varieties were evaluated for biotic stress (in particular, yellow 
rust (Puccinia striiformis Westendorf f. sp. tritici)). The authors observed signifi cant 
changes in reactions of landraces to yellow rust. Moreover, percentage reduction 
due to the yellow rust was 11.4 % for 1000-kernel weight and 19.9 % for grain  yield  . 
Crop losses due to disease invasion may increase to 15 % as effect of doubling CO 2  
concentration Bergthorsson et al. ( 1988 ).   

12.4     Modelling and Simulation 

12.4.1     Growth Simulation Models to Understand Climatic 
Variability with Reference to  Wheat   

 Globally, impact assessment of future climate change is expected to affect  wheat   
yields (Deryng et al.  2011 ). However, it is still uncertain if the overall change in 
climate will result in  wheat    yield   increases or decreases (Wilcoxa and Makowskia 
 2014 ). General assumption suggests that the severity of the impact on crop  yield   
will depend on climatic and other factors and the interaction between them. This 
include the combined effects of changed  temperature  ,  precipitation  , and CO 2  con-
centrations which have been found to have variable effects on projected future 
 wheat   yields across the globe. 

 In Europe, the effect of climate change on  wheat   is expected to be more obvious 
throughout the continent threatened its productivity. However, the severity of the 
impact will depend on the occurrence and type of climate pattern, and will differ 
from site to another. Several researches conducted during the last decades over 
Europe on human driven environmental changes expected increases in  temperature   
and alteration of  precipitation   patterns. These environmental changes thought to be 
more pronounced in Pannonian Basin and northern Europe than other parts. In, fact 
both positive and negative impacts of climate change on European  wheat   can be 
expected. Late in the last century, Nonhebel ( 1996 ) predicted  wheat    yield   increase 
in Western Europe. Similar increase was predicted by Harrison and Butterfi eld 
( 1996 ) throughout Europe. Whereas Olesen et al. ( 2011 ) expected negative climate 
change impacts on European  wheat  . In fact, Ozdogan ( 2011 ) found that increased 
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CO 2   concentrations alone had relative positive effect on grain yields when exclud-
ing the effects of other climatic conditions. However, remarkable decrease in yields 
was observed when the crop experienced varied temperatures and  precipitation   
under increased CO 2  concentrations. In another study, both frequent occurrences in 
climatic stress (e.g. spatial variation in  temperature  ) and changes in  crop manage-
ment   (usually leads to changes in leaf area index and differences in maturity period) 
found to cause remarkable differences between the current and predicted  yield   in 
response to future climate change scenarios (Reidsma et al.  2010 ). 

 A meta-analysis concerning  wheat   yields prediction under climate change was 
carried out to by Wilcoxa and Makowskia ( 2014 ) to identify if the combined effects 
of these climate variables will lead to a  yield   increase or decrease. In their conclu-
sion, the authors reported increase in yields as a response to the increase above 640 
ppm in CO 2  concentrations. This effect found to overwhelm both the effect of  tem-
perature   increases and lower  precipitation  . However, results were varied greatly 
from site to site, likely due to differences in topography, soils and farming practices. 
Table 12.9  shows  wheat    yield   response to climate variables in different parts of the 
world.

   Different studies show that the predicted  wheat    yield   varied between counties 
and even within the country, among different regions (Table  12.9 ). This is due to the 
different circulation models, prediction period, climate change scenarios and simu-
lation model used in study. Among  wheat    yield   prediction results reported across 
the globe, a wide range of reduction has been reported from 1 % in Iran (Valizadeh 
et al.  2014 ) to 40 % in Italy (Tubiello et al.  2000 ) and Russia (Pavlova et al.  2014 ) 
(Table  12.9 ). The table shows, however, less variability in increase of predicted 
 wheat    yield   ranged from 3.55 % in Northwestern China (Xiao et al.  2008 ) to 36 % 
in Turkey (Yano et al.  2007 ). Climate variables as well as input information had a 
strong effect on  yield   prediction. International institutions such as ICARDA and 
CIMMYT estimated  wheat    yield   reduction by approximately 20–30 % by 2050 in 
key production areas of the developing countries due to the forecasting  temperature   
increase. 

 In the study of climate change related-issues, model-based tools are important to 
support decision makers and planners especially in  agriculture  . Their wide use in 
plant science researches (Sinclair and Muchow  2001 ; Debaeke and Aboudrare 
 2004 ; Porter and Semenov  2005 ) make it possible to identify and analyze the rela-
tionship between climate variables and simulated parameters (e.g.  wheat    yield  ) 
quantitatively (Tardieu  2003 ; Hansen  2005 ; Semenov et al.  2007 ). Since the second 
half of the last century different  crop models   have been tested to better understand 
their effi ciency in relation to  yield   prediction under different climate change sce-
narios for many crops. This enabled researchers to even highlight the potential 
threats for future  crop production   (Jamieson et al.  2000 ; Richter and Semenov  2005 ; 
Olesen et al.  2007 ). Recently, many model-based studies have been conducted for 
 wheat   (Palosuo et al.  2011 ; Zhao et al.  2015 ; Webber et al.  2015 ; Toumi et al.  2016 ; 
Huang et al.  2016 ) to understand how hard predicted changes in climate would be 
on crop growth (Nonhebel  1994 ; Semenov and Porter  1995 ; Asseng et al.  2013 ). 
Major results demonstrate that these changes would have a signifi cant impact on 
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crop growth. However, crop response to certain variables or their combined effect 
was found to be positive depending on the cultivar and local conditions. Asseng 
et al. ( 2011 ), for example, found predicted increase in average temperatures to cause 
a signifi cant reduction in  wheat   yields results in potential threat to global  food secu-
rity  . Whereas, a decrease in  temperature   (by 2 °C) simulated to cause a reduction in 
durum  wheat    yield   and biomass (Toscano et al.  2012 ). In the relation to predicted 
effects of combined increases in  temperature   and alteration of  precipitation   pattern, 
Long ( 1991 ) reported reduction in crop productivity. In combination with elevated 
CO 2 , Torriani et al. ( 2007 ) found Swiss winter  wheat   to be the only one respond 
positively to climate change among three studied crops. 

     Table 12.9    Predicted  wheat   yield   response to  climate variability   in different parts of the world   

 Region/country  Reference 
  yield   
trend  % 

 Denmark  Kristensen et al. ( 2011 )   ↓   8 
 Italy  Tubiello et al. ( 2000 )   ↓   10–40 
 United Kingdom  Ferrara et al. ( 2010 )   ↑   – 
 Finland  Laurila ( 2001 )   ↑   30 
 Switzerland  Torriani et al. ( 2007 )   ↑   – 
 Czech Republic  Trnka et al. ( 2004 )   ↑   7.5–25.3 
 Turkey  Yano et al. ( 2007 )   ↑   16–36 
 Turkey  Ozdogan ( 2011 )   ↓   5–35 
 India  Kaur et al. ( 2012 )   ↑   – 
 Pakistan  Sultana et al. ( 2009 )   ↑   – 
 China  Lin et al. ( 2005 )   ↑   5–15 
 North China Plain  Mo et al. ( 2009 ); Guo et al. 

( 2010 ) 
  ↑   13–19/9.8 

 Northwestern China  Xiao et al. ( 2008 )   ↑   3.55 
 Northern China  Jia et al. ( 2011 )   ↓   – 
 South-eastern Australia  Anwar et al. ( 2007 )   ↓   25 
 Southern Australia  Luo et al. ( 2005 )   ↓   13.5–32 
 South-east United States  Tsvetsinskaya et al. ( 2003 )   ↓   – 
 Colorado, United States  Ko et al. ( 2012 )   ↓   30 
 Québec, Canada  Brassard and Singh ( 2008 )   ↑   14.8 
 United States  Izaurralde et al. ( 2003 )   ↑   – 
 Midwestern United States  Southworth et al. ( 2002 )   ↑   20 
 Central and eastern Washington state  Thomson et al. ( 2002 )   ↑   – 
 Oklahoma, United States  Zhang ( 2005 )   ↑   14 
 Chile  Meza and Silva ( 2009 )   ↓   10 
 Seville, Spain  Semenov et al. ( 1996 )   ↑   – 
 Khuzestan, Iran  Andarzian et al. ( 2008 )   ↑   19 
 Sweden  Eckersten et al. ( 2001 )   ↑   10–20 
 Southern Russia and north-eastern 
Kazakhstan 

 Pavlova et al. ( 2014 )   ↓   20–40 

 Sistan and Baluchestan region, Iran  Valizadeh et al. ( 2014 )   ↓   1–37 

  Modifi ed from Wilcoxa and Makowskia ( 2014 ); ↓ = Decrease, ↑ = Increase and–= not indicated  

S.A. Ali et al.



287

 Semenov et al. ( 2014 ) simulated  wheat    yield   potential in ten  wheat  -growing 
areas of Europe. The authors used a simulation model to test the performance of 
 wheat   ideotypes to counteract future climatic changes and found that despite the 
predicted increase of heat frequency at meiosis and anthesis,  yield   improvement can 
be obtained through extending the maturity period. Supit et al. ( 2010 ) reported a 
reduction in European  wheat    yield   due to shortening crop cycle resulted from 
increased average growing season temperatures. However, Supit et al. ( 2012 ) pre-
dicted that winter  wheat    yield   will benefi ts from the  temperature   increase and ele-
vated CO 2  concentration up to 2050. In Australia, current  wheat   yields would not be 
reached by 2080 even if  crop management   was improved (N levels and crop culti-
vars changes) (Luo et al.  2009 ). This variation in  yield   prediction under future 
changes in climate scenarios will highly depend on the accuracy and robustness on 
the model used. In fact, several studies have been conducted to test the ability of 
different  wheat   models to simulate crop  yield   and other crop variables under differ-
ent climate conditions (e.g. Landau et al.  1998 ; Meinke et al.  1998  and Mishra et al. 
 2013 ). In Table  12.10  we report some of these studies. In Table  12.11 , however, we 
reported a list of the most common, widely used and well-documented  wheat   mod-
els with their reference studies.

    Most of  crop models   reported in Table  12.11  used different daily input of envi-
ronmental variables to simulate  wheat   growth and development as a response to 
variable  nitrogen  ,  precipitation  ,  temperature   and water conditions. Others (e.g. 
Southworth et al.  2002 ) simulate crop  yield   taking into consideration the CO 2  fertil-
ization affect (this is also applicable for studies reported in Table  12.8 ). In the frame 
of understanding the performance of simulation models and their predictability for 
crop growth and  yield   under different climate scenarios, Porter et al. ( 1993 ) used 
experimental data to compare the performance of three models (Table  12.10 ) for 
potential  yield   improvement using water and fertilizer as changing variables. Yield 
predictions varied largely between models when different climate variables and 
experimental data were used. Another comparison consisted the use of 5  wheat   
models, Semenov et al. ( 1996 ) tested the performance of these models (Table  12.10 ) 
in two sites in Europe (Rothamsted, UK, and Seville, Spain) which were considered 
representative of temperate and Mediterranean climate zone, respectively. The mod-
els were run for climate scenarios derived from a number of general circulation 
models (GCMs) with the corresponding increase in CO 2  concentration to study the 
effect of climatic variability changes on crop yields simulated by different  wheat   
models. The predicted  wheat   yields were very different in some of the European 
locations for scenarios with and without changed variability. Such climatic variabil-
ity changes, which result in both a large decrease in average grain  yield   and a large 
increase in  yield   variability and thus a high agricultural risk, would make the region 
around Seville unsuitable for  wheat   production. 

 The study of Jamieson et al. ( 1998b ) compared winter  wheat    yield   prediction 
response to varying water supply at Lincoln, New Zealand in 1991–1992 using fi ve 
simulation models (Table  12.10 ). General results showed good grain  yield   predic-
tion from the models with relative accuracy except for SWHEAT model which pre-
dicted  yield   reduction with lower accuracy as response to  drought   stress (Fig.  12.10 ). 

12 Climate Variability Impact on Wheat Production in Europe: Adaptation…



         Ta
bl

e 
12

.1
0  

  D
if

fe
re

nt
 s

im
ul

at
io

n 
m

od
el

s 
us

ed
 in

 d
if

fe
re

nt
 c

om
pa

ri
so

n 
st

ud
ie

s   

 C
ro

p 
si

m
ul

at
io

n 
m

od
el

s 
 A

FR
C

W
H

E
A

T
2 

  D
SS

A
T

   
( C

E
R

E
S  -

W
he

at
) 

 SW
H

E
A

T
 

 N
W

H
E

A
T

  S
IR

IU
S 

 SO
IL

N
  S

U
C

R
O

S2
  A

PE
S 

 C
R

O
PS

Y
ST

  D
A

IS
Y

  F
A

SS
E

T
 

 H
E

R
M

E
S 

 ST
IC

S 
 W

O
FO

ST
  S

SM
   A

PS
IM

   

 C
om

pa
ri

so
n 

st
ud

y 

 va
n 

L
aa

r 
et

 a
l. 

( 1
99

2 )
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 Po
rt

er
 

et
 a

l. 
( 1

99
3 )

 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 Se
m

en
ov

 
et

 a
l. 

( 1
99

6 )
 

 +
 

 +
 

 −
 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

  Ja
m

ie
so

n 
et

 a
l. 

(1
99

8b
)  

 +
 

 +
 

 +
 

 −
 

 +
 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 L
an

da
u 

et
 a

l. 
( 1

99
8 )

 

 +
 

 +
 

 −
 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 O
le

se
n 

et
 a

l. 
( 2

00
2 )

 

 +
 

 +
 

 +
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 Pa
lo

su
o 

et
 a

l. 
( 2

01
1 )

 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 −
 

 −
 

 So
lta

ni
 

an
d 

Si
nc

la
ir

 
( 2

01
5 )

 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 −
 

 −
 

 −
 

 −
 

 −
 

 +
 

 +
 

  +
 =

 u
se

d 
in

 th
e 

co
m

pa
ri

so
n 

st
ud

y 
an

d 
−

 =
 n

ot
 u

se
d  



289

However, biomass accumulation (e.g. aboveground biomass and leaf area index 
(LAI)) were predicted to vary signifi cantly between models due to the reductions in 
photosynthetic or light use effi ciency. Compared with experimental data, these fac-
tors found have relative small effect on the reduction. Across three studied  wheat   
models, van Laar et al. ( 1992 ) fi nal biomass was found to be in acceptable range. 
However, SUCROS2 predicted higher biomass and grain  yield   compared to other 
models. In two different climatic areas (using US and European data), the perfor-
mance of the three models was similar, but prediction results were always higher in 
Europe (Fig.  12.11 ) refl ecting the effect of different climate conditions on biomass 

    Table 12.11    List of the most common and widely used  wheat   simulation models with their 
reference studies   

 Model  Model description  Reference studies a  

  APSIM    (McCown et al.  1996 ; 
Keating et al.  2003 ) 

 (Zhao et al.  2014 ; Mohanty et al.  2012 ; 
Hammer et al.  2010 ; Luo et al.  2005 , 
 2009 ; Asseng et al.  1998 ,  2000 ) 

 EPIC  Williams et al. ( 1984 )  Tubiello et al. ( 2000 ) 
  CERES    (Ritchie and Otter  1985 ; 

Otter-Nacke et al.  1987 ; 
Ritchie et al.  1988 ) 

 (Jamieson et al.  2000 ; Southworth et al. 
 2002 ; Luo et al.  2003 ; Hoogenboom 
et al.  2013 ) 

 AquaCrop  Steduto et al. ( 2009 )  (Soddu et al.  2013 ; Andarzian et al. 
 2011 ) 

 Sirius  (Jamieson and Wilson  1988 ; 
 Jamieson et al. 1998a ) 

 Semenov et al. ( 2014 ) 

 CropSyst  (Stockle et al.  1994 ,  2003 )  (Pannkuk et al.  1998 ; Benli et al.  2007 ) 
 NWHEAT  Groot ( 1987 )  Semenov et al. ( 1996 ) 
  DSSAT    (Jones et al.  2003 ; 

Hoogenboom et al.  2012 ) 
 Brassard and Singh ( 2008 ) 

 AFRCWHEAT2  Porter ( 1984 ,  1993 ); Weir 
et al. ( 1984 ) 

 (Porter  1993 ; Toscano et al.  2012 ) 

 APES  Donatelli et al. ( 2010 )  (Palosuo et al.  2011 ; Therond et al. 
 2011 ) 

 DAISY  Hansen et al. ( 1990 ,  1991 )  (Ghaley and Porter  2014 ; Hansen et al. 
 2012 ) 

 HERMES  Kersebaum ( 1995 )  Palosuo et al. ( 2011 ) 
 STICS  Brisson et al. ( 1998 )  (Guillaume et al.  2011 ; Coucheney et al. 

 2015 ) 
 WOFOST  Van Diepen et al. ( 1989 )  (Huang et al.  2015 ; Boogaard et al. 

 2013 ; Supit et al.  2012 ,  2010 ) 
 SUCROS2  van Laar et al. ( 1992 )   Jamieson et al. (1998b)  
 SWHEAT  van Keulen and Seligman 

( 1987 ) 
 Porter et al. ( 1993 ) 

 SSM  (Amir and Sinclair  1991 ; 
Soltani and Sinclair  2012 ; 
Soltani et al.  2013 ) 

 Soltani and Sinclair ( 2015 ) 

   a  Studies in which the model has been tested for validation or compared to other models for crop 
 yield   prediction under different  climate variability    
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predictions. In contrast, in the prediction of  wheat   grain  yield  , Landau et al. ( 1998 ) 
found differences in  yield   predictions using simulation models (Table  12.10 ). The 
variability in  wheat    yield   predictions was found to be more related to the differences 
in leaf area index and light use effi ciency.

    Recently, long-term fi led data (including weather data, soil properties, crop  phe-
nology   and crop and soil management) collected throughout Europe (Palosuo et al. 
 2011 ) were used to evaluate the performance of widely used  crop models   (Table 
 12.10 ) in predicting winter  wheat    yield   with reference to variation in date set for 
model application. Special attention was given to the uncertainty related to the dif-
ferent model prediction and their large-scale applications. Within tested models, 
high inaccuracy was reported and showed signifi cant variability in terms of  yield   

0

2

4

6

8

10

12

Control
(full irrigation
(every week))

Early drought
(20mm at planting
then no irrigation

for 6 weeks)

Early drought
(20mm at planting
then no irrigation

for 10weeks)

Late drought
(irrigated only for 4

weeks from
planting)

Late drought
(irrigated only for 7

weeks from
planting)

Late drought
(irrigated only for

10 weeks from
planting)

Full drought (no
irrigation)

t h
a-1

 gr
ai

n 
yi

el
d

Observed AFRCWHEAT2 CERES Sirius SUCROS2 SWHEAT
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under different environments. Predicted  yield   was reported to be over or/and 
 under- estimated with close to the observed ones in some case. However, the average 
predicted yields was consistent with observed once (Fig.  12.12 ). The results high-
lighted the importance of calibration in applying crop simulation models to reduce 
uncertainty. Therefore, the use of different  crop models   rather than building our 
conclusion using just one model will be recommended in order to reduce 
inaccuracy.

   To acclimatize  wheat   cultivar to the different climate change scenarios in order 
to enhance future production under changing climate, more reasonable results for 
our future  yield   prediction should be obtained. To do that, some aspects related to 
the use of model calibration, complexity (e.g. number of parameters) and character-
istics have to be taken into consideration. The accuracy of predication is important 
element that has to be considered in the simulation studies. In most studies, simu-
lated yields are slightly below or above the observed level including some calibra-
tion steps. In the evaluation of  crop models   accuracy, Wallach et al. ( 2014 ) indicated 
that accuracy in prediction by a model could be obtained when avoid calibration 
with site-specifi c and local information (e.g cultivar choice,  nitrogen   fertilizer and 
water availability). It is important, however, to evaluate the model across different 
agro-environmental conditions as well as different output variables. Study by 
Asseng et al. ( 2013 ) indicates that the higher uncertainty in climate change impact 
projection is due to variation among  crop models  . Soltani and Sinclair ( 2015 ) com-
pared four  wheat   models (Table  12.10 ) to tested their transparency and robustness. 
Although the authors used simpler models (CropSyst (50 parameters) and SSM (55 
parameters)) and more complex models ( APSIM   (292 parameters) and  DSSAT   (211 
parameters)), the simulation results showed no signifi cant relationship between 
model performance and parameter number. Furthermore, results show that the two 
simpler models were found to be more robust than the complex models. Therefore, 
their conclusion highlighted that increasing model complexity does not necessarily 
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lead to model performance improvement. This was in agreement with the  conclusion 
of Sinclair and Seligman ( 2000 ) who indicate that models should be kept as simple 
as possible. To simulate potential yields at large-scale using process-based models, 
Adam et al. ( 2011 ) studied the effect of large data set on predicted  yield   under dif-
ferent climatic change scenarios in Europe. Comparing simple and detailed approach 
for simulating dry matter production and LAI changes, the authors found that the 
simple approach (constant RUE) for dry matter production simulated higher yields 
in southern Europe, while the detailed approach (the Farquhar approach) simulated 
higher yields in northern Europe. The results indicate that the effect of location was 
more pronounced than approach selected on simulated yields. However, for LAI, 
the authors found that different light interception via LAI approach had resulted in 
remarkable differences in  yield   simulation regardless the location. Their conclusion 
highlighted the importance of well understanding and  modeling   of the process 
regarding leaf deterioration with age to decrease model uncertainty in  yield   
simulations. 

 The results obtained from different simulation models can help to evaluate and 
improve  modeling   approaches for better management of the agro-system. This 
could also help to better assess crop  yield   potential (e.g.  wheat  ) under climate 
change in order to overcome potential threats on future crop  yield   and identify chal-
lenges in order to achieve sustainable production.   

12.5     Adaptation Options for Wheat to  Climate Variability   

 The unexpected changes in climate event will continue to threat cereal productivity 
in many part of the world if alternative management options are not adopted. As 
 temperature   increase during growing season is usually associated with water scar-
city. The frequent occurrence of these climate events will present major threats to 
future crop productivity. Any adoption efforts to counteract the negative impact of 
climate change should involve the development of resistant cultivars to both kinds 
of environmental stress (Tester and Bacic  2005 ). Recent experimental results agreed 
that the adoption of resistant cultivars show high effi ciency against abiotic as well 
as some biotic stresses. In addition, agronomical options including water and  nitro-
gen   use effi ciencies, the use of conservation practices and resource use effi ciency 
can also participate to the  mitigation   efforts of climate change (Hellin et al.  2012 ). 
In most cases, the response of the adapted management options was positive in 
terms of  yield   under different studied climate scenarios. However, this positive 
effect can be infl uenced depending on cultivars, region and, time and severity of the 
climate events. Therefore, there is a need for the development of new management 
option that can be adopted in different geographical areas, to different crops/culti-
vars and to the wide type of climate changes. 

 Nowadays, the improvement of agronomical options in order to fi ght the future 
changes in climate become of great importance (Howden et al.  2007 ). Several adop-
tion options were tested and applied to validate their workability in different climate 
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areas across the globe. In Europe, the adoption of these options was assessed under 
different  climate variability   Reidsma et al. ( 2010 ). We present here some of those 
that found to have great benefi ts for  wheat   cropping system under moderate climate 
change. However, their effectiveness under more severe climate changes is still 
questionable. 

12.5.1     Agronomic Options 

 The continuous occurrence of hot and dry summers weather in Europe urged many 
agricultural researchers to develop options in order to avoid these redundant stresses. 
Some of them (e.g. Akkaya et al. ( 2006 ) and Richards ( 2006 )) suggest that earlier 
maturation was found to be an option to reduce the negative impact of seasonal 
variations of light and water on  wheat   productivity. However, it may result in lower 
 yield  . Other studies (e.g. Evans and Fischer  1999 ) suggest that prolongation of grain 
fi lling period is important feature in improving  wheat   grain  yield  . By modifying 
crop development rate, Semenov et al. ( 2014 ) found increase grain fi lling duration 
to be the key factor to increase  wheat    yield  . But in order to achieve this increase in 
 yield  , the authors indicate that both green area index and the number of fertile fl o-
rets at anthesis should be kept to the maximum. In addition, Richards ( 1991 ) found 
the optimization of fl owering time to be the most important aspects in relation to 
grain  yield   increase in dry environments such as southern Europe. After anthesis, 
the improvement of N uptake by the plant was found to be another strategy to 
increase grain  yield  . But this will depend very much on the ability of roots to absorb 
N during grain fi lling (Andersson et al.  2004 ; Martre et al.  2006 ). Under Australian 
climate change scenarios, Reyenga et al. ( 1999a ) validated the workability for some 
 wheat   management options to negate the potential impacts of climate change and 
increased atmospheric CO 2  on  wheat   production. Results indicate that nitrous fertil-
ization lead to  yield   improvement under all studied scenarios, whereas late and 
early maturity resulted in lower  yield  . 

 At fi eld level,  agriculture   practices represent some other  mitigation   options, 
which could help to reduce the negative impact of changing climate on sustainable 
 wheat   production. For example, conservation tillage practices and  water use effi -
ciency   have been tested in different climate and proven to be less costly and viable 
 mitigation   options. Water supply, in particular, can cause land degradation through 
poor water management practices. FAO ( 1989 ,  1991 ) developed some conservation 
techniques to optimize water effi ciency during irrigation. One of these techniques 
involves the application of conservation tillage practices by which crop residues are 
incorporated into the soil. Together with the application of green manure and cover 
crop, conservation tillage provide options to restore soil organic matter in the soil, 
reduce the risk of erosion and supply the plants with the necessary means to survive 
(Langdale et al.  1992 ; Peterson et al.  1993 ). In addition, conservation tillage con-
sists mainly on the reduction of tillage operations, which can improve the income of 
rural communities and reduce the environmental loads. In fact, the application of 
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this tillage technique has led to improvement in  wheat    yield   throughout Europe 
including southern Italy with minimum environmental impacts (Alhajj Ali et al. 
 2015 ). However, the applicability of conservation tillage to compensate for the 
potential future  yield   losses due to climate change is site-specifi c. Recently, due to 
its success in different parts of Europe, the increasing interest of conservation tillage 
application is becoming more pronounced (Cameron and Oram  1994 ).  

12.5.2     Root Studies 

 In fact, the complexity of plants’ root system and their interaction with the sur-
rounded environments make them diffi cult to study. However, some efforts to 
understand the function of  wheat   root systems under environmental stresses show 
that they have a great effect on the resistance of environmental stress such as  drought   
due to their sophisticated characteristics (Hurd  1968 ; Blum  1988 ). Root length and 
density in particular are important traits for  yield   stability especially when water is 
scarce due to their ability to travel deeper in the soil looking for water. But when 
adequate amount of rainfall is supplied no  yield   advantages can be expected even 
from good plant rooting system. Semenov and Halford ( 2009 ) highlighted some 
root traits including growth and distribution and its role in water stress avoidance. 
Adaptation options of  wheat   to  climate variability   through its rooting system should 
involve the minimization of stress occurrence through development of a good root 
system. This include changing the root distribution among soil layers, prolonging 
the root growth duration, increasing root growth rate and enhancing the absorption 
ability of water and nutrition from deep soil layers (Wang et al.  2014 ). These options 
can, in the case of  drought  , permits water to be accessed deeper in the soil, whereas, 
in the case of heat, make a balance between transpiration rates and evaporative 
demand, which therefore lead to higher carbon fi xation rate (Reynolds et al.  2010 ) 
and  wheat   grain  yield   improvement. 

 Due to the fact that  wheat   aboveground and belowground biomasses are inter- 
correlated (Qin et al.  2012 ), plant green part exposure to high  temperature   can infl u-
ence root development and/or function. While the increases in CO 2  concentrations 
fount to stimulate root biomass (Benlloch-Gonzalez et al.  2014 ) and increase total 
root length, the combined occurrence of high  temperature   found to negated/reduce 
this positive effect.  

12.5.3     Breeding Approaches 

 The expected advent of more adverse weather conditions for  wheat   production as a 
consequence of changing climate events (Trnka et al.  2014 ; Yang et al.  2014 ) will 
require increasing efforts towards the release of new cultivars. The importance to 
 yield   stability to ensure  food security   (Cattivelli et al.  2008 ) urged many scientists 
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to develop new cultivars that are more adapted to abiotic and biotic stresses pre-
dicted to occur under global climate change. The development of new varieties 
using  wheat   landraces that are more adapted to local  biotic and abiotic stresses   pres-
ents a viable strategy to improve and sustain yields, especially under stresses and 
future changes in climate (De Oliveira et al.  2014 ; Mohammadi et al.  2015 ). 
However, landraces with high genetic diversity should be selected and crossed with 
locally adapted landraces and varieties to achieve breakthroughs in  wheat   genetic 
improvement (Mohammadi et al.  2015 ) in order to increase  tolerance   which there-
fore results in increase  yield   potential and to respond to climate change (Semenov 
et al.  2014 ). 

 In the effort to increase our understanding of how genes control different traits of 
importance and become transmitted from one generation to another, plant breeders 
started to incorporate gene(s) of choice to the desired genetic backgrounds through 
different hybridization and selection techniques (Talukdar and Talukdar  2013 ). 
However, genes are not independent of external and internal environment, and often 
show their impact through interactions. The understanding of statistics and bio-
metrical genetics helped in unraveling the role of the major and minor genes and the 
environment, and showed a way to manipulate such traits (i.e. the quantitative 
traits). The locus that governs such quantitative traits is often called quantitative 
traits locus (QTL)   . Using genetic principles in breeding, breeders succeeded in 
enhancing the  yield   of crops as well as crops’ ability to fi ght against disease and 
insect-pest attacks to a great extent. With development of specifi c alleles of genes, 
Talukdar and Talukdar ( 2013 ) reported that  yield   of  wheat   and  rice   were enhanced 
to such an extent that it saved millions of poor people from hunger, particularly in 
Asia and Africa. 

 To achieve comprehensive understanding of the genetic basis of  adaptation   
among elite cultivars, plant improvement has relied heavily on modifying the  phe-
notype   of crops. A very successful intervention has been made to modify phono-
logical patterns of crops to avoid stress (Ludlow and Muchow  1990 ). This include 
strategy to avoid water scarcity through modifying root traits, leaf area index and 
osmotic all of which has been proven to be important mechanism for  drought   stress 
 tolerance   in some crop species. Additional strategies to keep plant metabolism in 
action during water limitation include stem reserve mobilization after anthesis 
(Plaut et al.  2004 ) and functional stay green phenotype (Sanchez et al.  2002 ). 
Another intervention involves the reduction of stress occurrence through the devel-
opment of a good root system that permits water to be accessed deeper in the soil 
when  drought   occurs (e.g., Lopes and Reynolds  2010 ). 

 The increase interest in molecular breeding allows the identifi cation of  QTLs  , 
which helped for the creation of highly stress resistant cultivars. Identifi ed QTLs in 
 wheat   show high percentage of  phenotype   variation were responsible for  yield   
reduction under environmental stress (Pinto et al.  2010 ). Since the  QTLs   responsi-
ble for  yield   are linked to other traits, the identifi cation of physiological and genetic 
components that are responsible for  yield   responses under  drought   and heat stresses 
is fundamental in order to better draw strategic approach to breeding (Reynolds and 
Tuberosa  2008 ). 
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 Due to its importance in threatened world’s food production, salinity is becom-
ing of great interest to crop breeders. In durum  wheat  , aspects related to salinity 
 tolerance   have been deeply investigated under breeding program, which resulted in 
the identifi cation of major  QTLs   responsible for salt- tolerance   (James et al.  2006 ). 
The creation of this new cultivar found to increase durum  wheat    yield   by 25 % in 
some cases (Munns et al.  2012 ).  

12.5.4     Molecular Approaches 

 The discovery of a useful gene is a major scientifi c challenge determining the suc-
cess of developing plant varieties suitable for climate-resilient  agriculture  . The 
improvement of plant genotypes through breeding programs has led to the creation 
of resistant cultivars to dives environmental stresses. The development of such cul-
tivars was found to be important strategy to ensure  food security  . Within the recent 
breeding initiatives, there is an increasing interest for the development of new culti-
vars in order to improve crop  yield   potential and increase crop adaptability to cli-
mate changes (Araus et al.  2008 ). 

 Crop breeding, both through conventional techniques, and GM assisted breeding 
could help meet the challenge of adapting  wheat   to  climate variability  , if adequately 
supported by appropriate information on the future climate. With the raise of global 
population and corresponding increase in eco-environmental problems, the plant 
breeding techniques demand modernization for enhanced effi ciency and environ-
mental stability. This led to the introduction and application of molecular biology 
tools and techniques of modernization of conventional plant breeding which is 
called “molecular breeding” (Talukdar and Talukdar  2013 ). Molecular breeding 
involves gene discovery and  QTL   mapping at DNA level in order to improve traits 
of interest in plant though advanced breeding techniques such as molecular marker- 
assisted selection, gene manipulation and genomic selection (Jiang  2013 ). 
Genomics, for example, is the study of genetics that involves the use of DNA 
sequencing techniques to sequence, assemble, and analyze the function and struc-
ture of genomes with the aim to combat variability in food production (Henry  2014 ) 
under varied environmental stresses (Bansal et al.  2013 ). Molecular genetics tech-
nique, however, is applied to better understand the molecular function and interac-
tions among genes to identify their genetic variation through genetic markers in 
order to classify traits of agronomic and economic interest at a molecular level. 
There are two categories of genetic markers (DNA and classical markers) (Xu 
 2010 ). Their application in plant breeding is becoming widely used because of their 
ability to transmit specifi c traits to following generations, which permits the identi-
fi cation of individuals (Jiang  2013 ). 

 In plant pathology, in order to increase the accuracy of selection in  wheat   breed-
ing, important  QTLs   were mapped (Prasad et al.  1999 ) using DNA markers. For 
example, leaf rust resistance genes were tagged in  wheat   (Roy et al.  1999 ) in order 
to improve selection effi ciency in  wheat   breeding (Todorovska et al.  2009 ). 
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 The use of other biotechnological methods such as haploid and doubled haploid in 
 wheat   breeding program present innovative technologies that support the creation 
and improvement of targeted traits from genetic variations (Germana  2011 ) able to 
face future challenges due to climate changes. The use of doubled haploid technol-
ogy in plant breeding or genetic research has been effective because they reach 100 % 
homozygosity after one generation after the induction of haploids (instead of several 
generations of inbreeding through selfi ng). Recently, both Marker-aided breeding 
and doubled haploid technology have been used to improve host plant resistance in 
 wheat   (Dwivedi et al.  2015 ). This has found to lead to reduction in farm input through 
increase input-use effi ciency, therefore could present a potential  mitigation   strategy 
to the negative impact due to further climate change (Ortiz et al.  2014 ).  

12.5.5     Modelling Approaches 

 With regard to the information reported previously in this chapter, the projected 
changes in climate and other environmental factors are interacted in a way that will 
affect crop productivity. For more than a decade, researches on the potential impacts 
of changing climate on  wheat    yield   have been pursued worldwide (Luo et al.  2005 ). 
The obtained results highlighted the possibility of  yield   improvement if proper 
management and adoption option took place especially in most vulnerable areas. 
However, the main challenges still whether the agroecosystems will adapt to the 
projected changes in climate. 

 Wheat is of the most vulnerable crops to environmental stresses such as heat and 
 drought  , therefore holistic understanding of the potential impacts on its productivity 
will help fi nding a way to increase economical return to farmers and, at the same 
time, minimize risk. In this regard, modelling techniques through the use of crop 
growth simulation models are becoming widely applied in  agriculture   to achieve 
these goals (Toscano et al.  2012 ). They are able to deeply investigate the cause 
behind the potential crop  yield   reduction resulted from the interaction between dif-
ferent environmental as well as agronomical factors (Pannkuk et al.  1998 ; Ahmed 
and Hassan  2011 ). This will give the possibility for regional assessment to better 
identify and therefore manage any possible threat to  wheat   production under differ-
ent climate change scenarios (Challinor et al.  2010 ; Ahmed and Hassan  2011 ; 
Therond et al.  2011 ; White et al.  2011 ). In recent years, they are becoming widely 
applied at large scale to evaluate crop productivity under climate change impacts 
(Asseng et al.  2015 ). However, to be more accurate, crop simulation models will 
need intensive primary farm data concerning climate conditions, cultivars used, soil 
properties and  crop management  . Asseng et al. ( 2013 ) highlighted the importance 
of such information in the accurate prediction of crop productivity. Recent model- 
based studies have been conducted on  wheat   to understand crop growth response to 
foreseen changes in climate. Most results demonstrate that these changes would 
have a signifi cant impact on crop growth and  yield   if proper adoption strategies are 
not applied.   
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12.6     Conclusion 

 It is generally accepted that foreseen changes in European climate will cause a sub-
stantial crop  yield   losses. Therefore, the identifi cation of best adoption strategy to 
the wide variation in future climate will be a vital option to sustain crop productiv-
ity. Important strategy will include the modifi cation of phenological pattern to avoid 
stressful period during plant development. In addition, comprehensive understand-
ing of responses of each plant growth stage to environmental variables such as ele-
vated CO 2  concentration,  temperature   and  drought   stress alone or in combination 
will help to acclimatize crop plant to these changes. Likewise, in the study of the 
 climate variability   impact on  wheat   production, these variables need to be consid-
ered in any agenda concerning  mitigation   strategies to reduce the risk of climate 
change in crop  yield   and growth. Information about the time in which climate 
variable(s) occurred in the fi eld is important as the severity of its effect/their com-
bined effect can vary largely. Example could be made from the effects of  drought   on 
 wheat    yield   components which was found to rely heavily on which growth stage the 
stress occurs. In spite of climate variables, agronomic practices such as cultivar 
choices, water and  nitrogen   supply, nutrients availability and growing conditions 
affect crop responses to different climate variables and, therefore, need to be also 
taken into account. 

 In fact, environmental stresses (both abiotic and biotic) were tested in different 
climate regions across the globe. Their effects were found to be the main factors that 
signifi cantly limit crop productivity in many parts of the world. Reported informa-
tion from the literature agreed that the effect of individual variable on crop growth 
and  yield   can differ as being the sole variable or in combination with other 
variable(s). Understanding of the different crop growth stages and their response to 
varied environmental stresses will be crucial to minimize the negative impacts due 
to climate change. 

 Increase population pressure and climate uncertainty will be the major con-
straints to achieve global  food security  . the fail to balance between these two factors 
will lead to remarkable impact on the social, economic, and ecological aspects espe-
cially in the most vulnerable regions if proper actions are not taken. Some of these 
actions are already in place in some regions trying to acclimatize crops to current 
 climate variability   and to any potential changes in future climate. Important actions 
are the use of conservation practices including water harvesting technique and 
input-use effi ciency, modifying crop cycle through early or late sowing date accord-
ing to the accuracy seasonal weather forecasting and improved the selection of crop 
cultivars that are well adapted to different environmental conditions. 

 To some up with, climatic variability is and will be an issue regardless of the cur-
rent understanding of global  temperature   trends. The failure of  agriculture   to adapt 
to climatic variability will impact global food, especially  wheat   production. A holis-
tic approach will be paramount to sustaining  agriculture   and the vitality of the world 
in the face of climate change.     
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Abstract  Up to 95 % of food production in Tanzania depends on rainfall, whose 
timing, quantity and distribution is highly affected by climate variability and will 
highly likely change as a result of global warming. Several analyses have been done 
on the response of several crops in different agro-ecological zones and cropping 
systems to the impacts of changing climate and interactions of several climate vari-
ables have been highlighted. Many of the previous efforts have based on aggrega-
tions at sub-national and national scales, and have not considered the impacts and 
adaptation initiatives on individual fields, where the impacts will be directly felt. In 
this study, we quantify climate change impacts and adaptation for coping with 
future climate by individual farm fields in the Wami River sub-basin in Tanzania. 
The assessment was based on two RCPS and five downscaled GCMs with two time 
periods up to year 2100, involving a total of 168 farm fields. Maize yield change 
was projected to be in the negative direction for all the GCMs in both RCPs and 
periods. Organic matter application was an important climate change adaptation 
option whereas nitrogen fertilizer would only be suitable in more humid, rather than 
in semi-arid sections of the study area. We conclude that farm level climate change 
impacts quantification and adaptation assessment is key in designing sound adapta-
tion strategies based on biophysical and socioeconomic endowments.

Keywords  AgMIP • CERES • Quantification • Nitrogen • RCPs • Yield • Climate 
variability • Climate change

13.1  �Introduction

Food availability, access, stability and utilization are considered to be key dimen-
sions of food security that forms the essential component of the human survival and 
well-being of the global population (Schmidhuber and Tubiello 2007; Rowhani 
et al. 2011). Thus, food security of the world population is becoming a major con-
cern not only in developing countries including sub-Saharan Africa, Tanzania in 
particular, where up to 95 % of crop production by smallholder farmers relies on 
rainfall, but also at regional and global levels. Smallholder farmers in Tanzania are 
more vulnerable to the impacts because the majority of them are subsistence farm-
ers and directly derive their livelihood and food from agriculture related activities, 
both on and off-farm (Ito and Kurosaki 2009), with agriculture playing a significant 
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role in efforts to reduce rural as well as aggregate poverty (Sarris et al. 2006). On 
the other hand, food security is considered as a development issue and needs to be 
streamlined in the development agenda for a country to forge ahead (URT 2012b). 
In general, agriculture is the major employer of the majority of the population, 
employing more than 75 % of the working population (Tumbo et al. 2012; Mbungu 
et al. 2015; URT 2012b, c), and the sector accounts for about 50 % of national GDP 
and about 75 % of export earnings (Leyaro and Morrissey 2013; World_Bank 2009; 
URT 2008a). Apart from the many non-climatic factors such as use of low inputs 
(such as improved seeds and fertilizer) and application of low levels of technology 
(Sarris et al. 2006; Leyaro and Morrissey 2013; Lokina et al. 2011) resulting in low 
yields (URT 2008a), the agriculture and overall food availability in Tanzania is 
highly vulnerable to the impacts of changes in climate (Rowhani et al. 2011; Morton 
2007; Paavola 2008; URT 2008b, 2012b, c) because of high reliance on weather-
sensitive rainfed agriculture(Ahmed et al. 2011) and low adaptive capacity (URT 
2012b, c). According to the World Bank (2012), the percentage of population who 
lived on less than $1.25 at 2005 international prices was about 43.5 % and there are 
fears that this could get worse with climate variability and change (Ahmed et al. 
2009; Rowhani et al. 2011). The total area currently under irrigation is less than 0.5 
Mha, of which only 0.4 Mha (1.2 % of the total irrigation potential area) has good 
irrigation infrastructure, while another 0.1 Mha is still under traditional irrigation 
practice (URT 2012a). Estimates show that there are 2.3 Mha of high potential, 4.8 
Mha and 22.3 of medium and low irrigation potential land respectively (URT 2002).

Rainfall timing, quantity, distribution and reliability are changing and likely to 
continue to change and affect rain-fed agriculture as a result of global warming. 
There is ample evidence suggesting that, changes in weather extremes, especially 
rainfall, minimum and maximum temperatures are already occurring at local 
(Mbungu et al. 2012), regional and global scales (Lobell and Gourdji 2012; IPCC 
2014a) These changes have negative impacts on crop sector, along natural systems, 
in all regions of the world (IPCC 2014b; Morton 2007; Moore et al. 2012). As a 
result, rain fed cropping systems have become or will be highly vulnerable to these 
global climate changes (Rowhani et  al. 2011; Ahmed et  al. 2011). Smallholder 
farmers at subsistence level are more likely to be hit by hunger and poverty as 
destructive impacts of changing climate continue to be realized and lack of invest-
ments and clear policy to circumvent the situation at the local and national levels 
(Rowhani et al. 2011; Schlenker and Lobell 2010).

The National Adaptation Action Plan (NAPA) for Tanzania (URT 2007) acknowl-
edges the frequent and severe droughts that have hit many parts of the country and 
their consequences continue to be felt on food production and water sectors and 
ranked agriculture as the most vulnerable sector. And there are calls for assessments 
and studies on the impact of climate variability and change in crop production at 
farm, landscape, regional and national levels.

Assessments on what the climate change would bring on Tanzanian agricultural 
sector are generally available, with mixed results and most pointing to negative 
climate change impacts. Mwandosya et al. (1998) point out that central Tanzania 
would experience temperature increase of up to 4 °C, associated with decline in 
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rainfall towards the end of century under doubled carbon dioxide concentration 
scenario. Arndt et al. (2012) reported that food security will generally deteriorate by 
the mid-century, mainly due to increase in temperature and changes in rainfall pat-
terns. Rowhani et  al. (2011) indicated that in Tanzania by the mid-century, an 
increase in 2 °C projected temperature, maize, sorghum and rice yields would 
decline by 13 %, 8.8 % and 7.6 % respectively. This study concludes that climate 
change impacts on crop yields would be under estimated if the focus is on climatic 
or seasonal means rather than climatic variability or intra-seasonal variability. 
(Tumbo et al. 2012) in their study, focused on the significance of agronomic prac-
tices in reducing climate change impacts on maize yields in Same District, Tanzania. 
They concluded that maize yields would increase under conventional (no manure or 
fertilizers) and recommended (40 kg N/ha) agronomic practices towards the mid-
century time period if maize was planted during the months of October –December/
January (short rains) rather that during the long rains (March–June) season. In 
another study Mbungu et al. (2015) evaluated the performance of different practices 
on maize cultivars under changing climate noted a decrease in maize yield of some 
maize cultivars due to 2 °C rise in temperature in the long rainy season, and recom-
mended more site-specific climate change studies to evaluate other crop varieties in 
the area and other areas.

However, these and other studies linking climate change and food security have 
had some shortfalls. First, since climate change is expected to vary widely across 
the country, so will be its affects. At farm level, climate change impacts are rare in 
global change discourses. Although small scale farmers under rain fed cropping 
systems share common characteristics in terms of the type of agricultural enter-
prises, they differ in the ways they are prepared to dealing with climatic shocks 
(Lyimo and Kangalawe 2010; Mongi et  al. 2010). Due to the diversity existing 
among the farms, farmers and their locations, farm- or -location specific impacts 
assessment is significant for two reasons; to develop an understanding how avail-
able biophysical resources shield or expose the farmers to climate change impacts; 
and to develop farm tailored adaptation measures. Mwandosya et al. (1998) reported 
on the differences in temperature and rainfall projections between major agro-
ecological zones. National level assessment seems to be wide yet, since adaptation 
strategies need high resolution information possibly at subnational level (Lobell and 
Field 2007; Lobell et al. 2008). Second, agricultural crop models used in the assess-
ment are at most calibrated to crop parameters only, assuming uniform crop man-
agement and initial field conditions across the area of interest. However, the variation 
in planting dates, soil initial conditions, use of organic matter and fertilizers as well 
as the soil water conditions at planting, among farms, districts or river basins 
accounts for yield difference which is not normally explained by climate change 
assessment using crop models. Third, the representative concentration pathways 
(RCPs) (van Vuuren et al. 2011) which are based on anthropogenic greenhouse gas 
(GHG) emissions as driven by population size, economic activity, lifestyle, energy 
use, land use patterns, technology and climate policy has not been widely incorpo-
rated in climate change studies in Tanzania. RCPs are set of emission scenarios 
spanning the range of year 2100 radiative forcing. The RCPs include four scenarios, 
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RCP 2.6 – (strict mitigation scenario) RCP4.5 and RCP6.0 (two intermediate sce-
narios) and RCP8.5, a scenario with very high GHG emissions (International Panel 
on Climate Change-IPCC 2014a). A number of climate change assessments have 
employed Coupled Model Inter-comparison Project Phase Three (CMIP3) scenar-
ios (Rowhani et al. 2011; Tumbo et al. 2012; Mbungu et al. 2015) although we do 
not intend to make a comparison between CMIP3 and CMIP5 projections as they 
use different scenarios.

13.2  �Agro-Ecological Zones, Livelihood and Cropping 
Systems/Crops of Tanzania

Growth, development and sustainability of the agriculture sector is dependent on 
environmental resources such as land forest, air and water resources. Based on 
weather, altitude dependable growing seasons and average water holding capacity 
of the soils and physiographic features, Tanzania is divided into seven main agro-
ecological zones (AEZs) ranging from higher to lower rainfall areas as summarized 
in Fig. 13.1.

There are a lot of variations in the cropping systems in Tanzania and mostly 
associated with climatic and agro-ecological conditions (as in Fig. 13.1). Major 
subsistence food crops such as maize have wide coverage throughout the country, 
with the economic base of rural livelihoods varying among and within the AEZs 
(Fig. 13.2 and Table 13.1) (URT 2014). Areas with higher rainfall such as those in 

Fig. 13.1  Agro-ecological zones of Tanzania (Source: SUA (2010))
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the southern highlands in the Southern Agricultural Growth Corridor of Tanzania 
(SAGCOT) have diversity of crop livelihoods and areas in the lake zones have a mix 
of fishing and food crops. However, arid and semi-arid areas are dominantly 
pastoralists and have high dependence on drought-tolerant crops such as sorghum 
(URT 2014). On average Tanzania receives about 1071 mm of rainfall, while some 
areas such as the Lake Tanganyika basin and the southern highlands receiving up to 
3000 mm annually, and about half the country receives less than 762 mm annually. 
Two rainfall regimes are common in Tanzania, the bimodal rainfall regime which 
are characterized by long rains from March to May (locally known as masika) and 
short rains from October to December (locally known as vuli) mostly dominant in 
the northern part of the country and to areas extending up to some parts of Morogoro, 
while the rest of the country is unimodal with the majority of the rainfall falling 
between December and April. The El Niño/La Niña South Oscillation (ENSO) phe-
nomenon can also result in substantial impacts on intra-seasonal rainfall variability. 
Tanzania experiences a lot of rainfall variability in most areas with extreme dry and 
wet conditions throughout the year, with less changes and variations in annual tem-
perature (URT 2014).

As noted earlier, agricultural production is dominated by smallholder farmers 
with the use of low technology and low use of inputs farming an average of less than 
an acre to 3 acres. Maize, a staple food in Tanzania is produced by the majority of 
smallholder farmers, with Mbeya, Rukwa, Ruvuma, Iringa and Njombe being the 
main producing regions. Other important regions include Arusha, Dodoma and 

Fig. 13.2  Livelihood zones of Tanzania with dominant crops (Source: URT 2014)
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Table 13.1  Major cropping systems in Tanzania

Cropping system Where found Description

Maize/legume system Rukwa, Ruvuma, Arusha, 
Kagera, Shinyanga, 
Iringa, Mbeya, Kigoma, 
Tabora, Tanga, 
Morogoro, Kahama, 
Biharamulo

Shifting cultivation, maize & 
legumes, beans and groundnuts 
intercropped, Arabic coffee

Banana/coffee/horticulture 
system

Kagera, Kilimanjaro, 
Arusha, Kigoma, and 
Mbeya Regions

Tree crops, high intensive land 
use, volcanic soils with high 
fertility, land scarcity

Cashew/coconut/cassava system Coast region; eastern 
Lindi and Mtwara

Low rainfall, low soil fertility, 
cassava, coconut and cashew, 
land is not scarce, shifting 
cultivation

Rice/sugar cane system Alluvial river valleys Rice and sugarcanes
Sorghum/bulrush millet/
livestock system

Sukumaland; Shinyanga 
and rural Mwanza

Sorghum, millet, maize and 
cotton, oilseeds and rice, intense 
population pressure, declining 
soil fertility

Tea/maize/pyrethrum system Njombe and Mufindi 
districts in Iringa region

Tea, Maize, Irish potatoes, 
beans, wheat, pyrethrum, wattle 
trees and sunflower

Cotton/maize system Mwanza, Shinyanga 
Kagera, Mara, Singida, 
Tabora and Kigoma, 
Morogoro, Coast, Mbeya, 
Tanga, Kilimanjaro and 
Arusha

cotton, sweet potatoes, maize, 
sorghum and groundnuts, 
intensive cultivation, livestock 
kept

Horticulture based system Lushoto district; Tanga 
region, Morogoro rural; 
Morogoro region and 
Iringa rural in Iringa 
region

Vegetables, (cabbages, tomatoes, 
sweet pepper, cauliflower lettuce 
and indigenous vegetables) and 
fruits, (pears, apples, plums, 
passion fruits and avocado), 
Maize, coffee, Irish potatoes, tea 
and beans

Paddy rice and irrigated system River valleys and alluvial 
plains, Kilombero, Wami 
Valleys, Kilosa, Lower 
Kilimanjaro, Ulanga, 
Kyela, Usangu and Rufiji

Pastoralists and agropastoralist 
system

Semi-arid areas i.e. 
Dodoma, Singida, parts 
of Mara and Arusha; 
Chunya districts, Mbeya 
and Igunga district in 
Tabora

Livestock and simple cropping 
system, shifting cultivation of 
sorghum millet, moderate 
population density 30 per km2, 
limited resource base and poor 
and variable rainfall

Source, URT 2014
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Morogoro. Other important cereals include paddy rice, sorghum, wheat, and millet. 
According to statistics from FAO (2015) yields of the important food crops are vari-
able and hardly go beyond 3 tones/ha (as shown in Fig. 13.2) using data from 1961 
to 2012. The variability in yields apart from other non-climatic factors are mainly 
attributed to the variability of climate and climate change. Changing climate has 
resulted in a general decline in agricultural productivity, shifting agro-ecological 
zones (AEZ), prevalence of crop pests and diseases and increasing rainfall unreli-
ability (URT 2014), posing more challenge to agriculture. Studies and projections 
indicate that some of the previous highly productive areas such as the southern and 
northern highlands will continue to be affected by declining rainfall, frequent 
droughts and significant increase in spatial and temporal variability of rainfall with 
long term implications in the agricultural sector planning and resources allocation 
such as seeds, pesticides and even shift in types of agricultural produce (URT 2009b, 
2014). Alternating dry conditions with heavy rainfall combine with inadequate land 
management in many areas that exacerbates land degradation and increase vulner-
ability to weather-related shocks (Enfors and Gordon 2008).

It is highly likely also that the uncertainty in rainfall may encourage land degra-
dation and landscape fragmentation and ultimately affect agro-ecosystems (Soini 
2005) as shifting cultivation in search for more productive soils and land increase. 
Fischer et al. (2005) and Cassman et al. (2003) showed that land expansion will 
likely increase especially in sub-Saharan Africa and Latin America. There is com-
pelling evidence to suggest that agricultural productivity gains in Tanzania has basi-
cally come from land expansion (Salami et al. 2010) and not increase in crop yields 
(URT 2014). On the other hand, studies have indicated that land expansion and land 
use practices have played a role in changing the global climate and have degraded 
the ecosystems and services upon which we depend (Foley et al. 2005; Gibbs et al. 
2010; URT 2012b) (Fig. 13.3).

Fig. 13.3  Yield trends for selected food crops in Tanzania (Raw data from FAO 2015)
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13.3  �Quantification of Climate Change and Variability 
Impacts on Crops Productivity

The response of crops to the impacts of climate change and climate variability are 
likely to increase crop losses, and these have been assessed through experiments 
that are used for quantification of direct impacts of the elevated atmospheric CO2, 
management and change in such climate variables as higher temperatures, altered 
precipitation and transpiration regimes, increased frequency of extreme temperature 
and precipitation events, and weeds, pest and pathogen pressure or by crop simula-
tion models (Kang et al. 2009; Tubiello et al. 2007). Research in recent years has 
made progress towards quantification of the potential effects of the key 
interactions.

13.3.1  �High Temperature and Elevated CO2 Concentration 
Interaction

Crops productivity at local and global levels are and are likely going to be affected 
by the elevated concentrations of atmospheric CO2 and changes in related climatic 
variables (Abraha and Savage 2006; Kang et al. 2009). Crop development, growth 
and yield and total crop production will respond to the increases in atmospheric CO2 
concentration (Tubiello et al. 2007). Quantification has been done through research 
conducted in several places around the globe. Studies have confirmed that plant 
biomass and yield tend to increase as CO2 concentrations increase above certain 
levels. Various experiments mostly in controlled environment ranging from closed 
chambers, greenhouses, open and closed field top chambers and free-air carbon 
dioxide enrichment (FACE) experiments have provided robust results over the years 
for quantification of effects of elevated CO2 on crops. It has been shown that photo-
synthetic activities are simulated with CO2 concentrations that may lead to increased 
plant productivity and modified water nutrient cycles (Nowak et al. 2004; Kimball 
et al. 2002). Maize is one of the crops that has been experimented for its response to 
projected CO2 fertilization (Long et al. 2006).

Like other C4 plants, maize possesses CO2 concentrating mechanisms in its bun-
dle sheath cells (Long et al. 2006; Leakey 2009). The mechanism may increase CO2 
concentration six-times above that of ambient temperature (von Caemmerer and 
Furbank 2003). Enhanced atmospheric CO2 concentration increases the rates of net 
photosynthesis, and also reduces stomata conductance and thus reducing transpira-
tion per unit leaf area. Yield of C4 crops has been reported to increase between 0 
and 10 % for concentrations of atmospheric CO2 concentrations of 550 ppm from 
the current 350 ppm (Ainsworth and Long 2005; Long et al. 2004; Leakey 2009). 
Increases were also observed in above ground biomass in the range of 0–30 %. 
Sicher and Barnaby (2012) reported that CO2 enrichment delayed the onset of 
the effects of water stress by 2 days when CO2 concentration was increased from 
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380 ppm (ambient) to 700 ppm in growth chambers. However, under climate change 
scenarios, gains obtained from CO2 increase may be offset by rise in temperature, 
since higher temperatures shorten lifecycle thus reducing available time to accumu-
late photosynthates for the crop (Jat et al. 2016).

13.3.2  �High Temperature and Drought Interaction

High temperature and drought are considered as key factors with high potential 
impact on crop yield (Barnabás et al. 2008). Several regions and parts of the world 
are projected to experience water scarcity for crop production, and this is going to 
have detrimental effects to the growth of cereals such as maize. Heat-related 
include in cereals such as maize include the high-temperature-induced shortening 
of development phases, reduced light perception over the shortened life cycle and 
perturbation of the process associated with carbon assimilation (Stone 2001). 
Increased respiration requires greater carbon fixation for sustained growth and sur-
vival (Barnabás et al. 2008). Griffin et al. (2004) reported that plant photosynthesis 
was limited by the decreasing the activity of Rubisco as temperature rise above 35 
°C. The response of plants to heat and drought related stress very much depends on 
the different stages of the plant as the response occurs at the molecular, cellular 
and physiological levels (Barnabás et  al. 2008). Stress that reduces plant water 
status and photosynthesis during grain filling induces the conversion of stem 
reserves into soluble sugars and the mobilization of sugars into the grains (Blum 
2005). Some of the effects of heat stress include a reduced synthesis of normal 
proteins and the accelerated transcription and translation of heat shock proteins, 
the production of phytohormones and antioxidants (Maestri et  al. 2002). Other 
studies indicate that high temperature during critical flowering period of a crop 
may lower positive CO2 effects on yield by reducing grain number, size and quality 
(Caldwell et  al. 2005; Thomas et  al. 2003). Increased temperatures during the 
growing period may also reduce CO2 effects indirectly, by increasing water 
demand (Tubiello et al. 2007).

It is clear that water plays an important role in the growth of plants and therefore 
climate impacts on crops will depend on the precipitation scenarios assumed. As 
most of the crop systems in sub-Saharan Africa are rainfed, the general circulation 
model-projected changes in precipitation will determine the direction and magni-
tude of the overall impacts (Reilly et al. 2003; Tubiello et al. 2007). It is understood 
that ecosystem productivity and function will be highly modified by the evapotrans-
piration to precipitation ratio, and higher water use efficiency caused by stomatal 
closure and greater root densities under elevated atmospheric CO2 may help in 
reducing the drought pressures (Morgan et al. 2004).
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13.3.3  �Interactions of Elevated CO2 with Soil Nutrients

Experiments such as FACE have enabled us to understand the interaction of soil 
nutrients with elevated CO2 concentration. It was confirmed that high N soil con-
tents increase the relative response to elevated atmospheric CO2 concentrations 
(Nowak et al. 2004; Tubiello et al. 2007). Under high N supply through application 
of N fertilizer, yield of C3 plants was reported to increase in the 10 years of experi-
ments. Studies have indicated N availability may be maintained or restored through 
increase in biological N2 fixation under elevated CO2 concentrations. However, it is 
realized that legumes may benefit more from elevated atmospheric CO2 concentra-
tions than non-fixing species (Teyssonneyre et al. 2002; Tubiello et al. 2007).

13.3.4  �Overview of Biotic Stress (Weeds and Pests)

Interactions of weeds and insect pest as well as diseases with climate change, 
including CO2 concentrations has not been adequately quantified, unlike other 
experiments that manipulate climate management variables. However, it is equally 
important to understand the role and importance of the roles played by the interac-
tions amid changes in climate. The understanding is that the rise in carbon dioxide 
concentration is going to favor the growth of wanted and unwanted plants. As a 
result proliferation of different species of noxious plants may have a damaging 
effect on the current crops, and there is currently little understanding as to whether 
CO2 concentrations selects such noxious plants over the others within ecosystems 
(Ziska and George 2004). CO2–temperature interactions are recognized as a key 
factor determining plant damage from pests in future decades; CO2/precipitation 
interactions will be likewise important (Tubiello et al. 2007). Studies continue to 
investigate the damage by pests to crops as part of the increased CO2 rise and 
changes in climate especially temperature (Agrell et al. 2004).

13.4  �Modeling and Simulation

Addressing long term climate change impacts on crop production is important; not 
only for enabling development of adaptation policies but also understanding the 
exact process in plant growth that will be affected and enable researchers innovate 
new mitigation technologies such as breeding of future climate-adapted crop variet-
ies or new, tailored farm practices. Adaptation to the climate change impacts has a 
bearing on the farmers’ ability to sustain food security. Also is important for the 
policy machinery to develop programs that would enable effective use of biophysi-
cal resources for enhanced food production despite the negative effects of climate 
change.
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In this study, we employ Agricultural model inter-comparison and Improvement 
Project (AgMIP) (Rosenzweig et  al. 2014) modeling framework to evaluate the 
extent to which climate change affects maize (Zea mays L.) productivity at indi-
vidual farm fields in the Wami River sub basin, Tanzania. Specifically, we determine 
the yield change between baseline and climate change projections at mid-century 
and end century time periods; and evaluate effects of enhanced soil fertility as an 
adaptation measure for improved maize yield future emission scenarios.

13.5  �Materials and Methods

13.5.1  �Study Area Description

Wami river sub basin is located between 5–7°S and 36–39°E, covering an area of 
43,000 km2 (WRBWO 2007), with an altitudinal gradient of approximately 2260 m 
(Fig. 13.4). Wami sub basin receives annual rainfall between 550 and 700 mm in the 
highlands near Dodoma and 900–1000 mm in the lowlands near Dakawa and at the 
river estuary. Generally, dry periods occur from July to October and wet periods 
from November to December (vuli rains) and from March to June (masika rains) 

Fig. 13.4  Map of the Wami River sub-basin, Tanzania
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(Ngana et al. 2010). The annual mean temperature is approximately 26 °C, coolest 
month being August with average temperature of 18 °C and hottest month is 
February with 32 °C.

13.5.2  �Farming Systems of the Study Area

Agriculture is the main economic activity in the study area. Such crops as maize, 
sorghum, sesame, sunflower, and pear millet are grown under rain fed conditions in 
well drained areas. Rice is also cultivated under irrigation, mostly in river valleys 
(Ngana et al. 2010). Maize is the major food crop in the Wami River sub basin, 
accounting for over 65 % of total cereal output. All maize is grown under rain fed 
conditions, normally during long rains, and occasionally in short rains. Both 
improved maize cultivars and local landraces are grown in the basin. Such cultivars 
as Staha, Situka, TMV1, Kilima, SeedCo series. Nevertheless Staha and Situka are 
the most popular varieties (Mourice et al. 2014a). In this study, maize cultivar Situka 
was selected because it is a short term variety, maturing between 100 and 120 days, 
good yielding (6 t ha−1) and versatile, i.e. it grows across the study area. Main crop-
ping systems involving maize are practiced in the study area. They include mixed 
cropping – maize and other crop/s grown without regular arrangement in the same 
field; sole cropping – only maize crop grown in the field, normally in rows; inter-
cropping- maize and other crop/s are grown in alternating rows in the same field; 
and relay cropping- pigeon peas planted just before maize anthesis.

13.5.3  �CERES- Maize Model

CERES (Crop–Environment–Resource– Synthesis) – Maize module (Jones et  al. 
1986) within the DSSAT v (4.5) uses simplified functions to predict the growth of 
maize crop as influenced by major factors that affect yield. These factors include 
genetics, climate (daily minimum and maximum temperatures, solar radiation and 
rainfall), soils and management (Hunt and Boote 1998) The rationale of using this 
crop system model is that, amongst an array of dynamic crop models, CERES-
Maize has been used in a wide range of environments. Moreover, this model and 
other models of the DSSAT suite requires minimum data sets (MDS) (Hunt and 
Boote 1998) some of which can easily be estimated or obtained from field measure-
ments or observations. Moreover, CERES-Maize model has been fitted with cultivar 
specific parameters for four locally adapted maize cultivars (Mourice et al. 2014a) 
CERES-Maize model have the ability to simulate the effects of atmospheric carbon 
dioxide concentration and the effects of nitrogen deficiency and soil water deficit on 
the photosynthesis and pathways of carbohydrate movement in plants (Rosenzweig 
and Iglesias 1998) CERES-Maize CSM uses the radiation use efficiency (RUE) to 
calculate the total biomass production, given the amount of daily solar radiation 
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available for interception (PAR). The equation used for potential biomass produc-
tion (PCARB) for a day is (Ritchie et al. 1998)

	 PCARB RUE IPAR CO= × × 2 	 (13.1)

where IPAR is the fraction PAR intercepted by the plants and CO2 is a carbon diox-
ide modification factor.

	 IPAR PAR k LAI= × − − ×[ exp( )]1 	 (13.2)

where k is an extinction coefficient and LAI is the green leaf area index of the plant 
canopy. Under non-optimal conditions of low or higher temperature, water or nitro-
gen stress, the actual daily biomass production (CARBO) may be less than the 
PCARB. The equation used to reduce biomass due to non-optimal temperature 
defines the temperature reduction factor (PRFT) in terms of the weighted daytime 
temperature (TDAY)

	 PRFT T TDAY TC O= − × −1 2( ) 	 (13.3)

Where TC is a constant and TO is the optimum temperature for photosynthesis. 
Optimum temperature for photosynthesis in maize is 26 °C (Ritchie et al. 1998). 
Weighted daytime temperature is given as

	 TDAY TMAX TMIN= × +0 75 0 25. . 	 (13.4)

where TMAX and TMIN are respectively daily maximum and minimum tempera-
tures. Therefore, non-optimal temperature effects on reduction of biomass produc-
tion is defined as

	 CARBO PCARB PRFT= ×min( , )1 	 (13.5)

where min indicates the minimum value of PRFT. The PRFT varies between 0 and 
1, where 1 is non-limiting and 0 is the maximum deficit (Ritchie et al. 1998).

13.5.4  �CERES-Maize Model Calibration and Assumptions

CERES-Maize model was calibrated according to Mourice et al. (2015). Due to the 
fact that crop residues from previous crop were not measured for each farm, a mini-
mum of 500 kg ha was assumed to be the initial surface residue biomass from the 
previous crop for all fields. For fields which reported use of inorganic fertilizers, 
two rounds of application were assumed, the first at 14 days after sowing (DAS) 
(33 %) and the second at 45 DAS (67 %). For other crop growth limitations which 
could not be explicit in the survey data, eg insects, weeds or crop diseases, a soil 
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fertility factor (SPLF) of 1.0 was assumed for all farms across the study area. Start 
and end of model simulation was set to respectively 30 and 200 days before and 
after sowing.

13.5.5  �Future Climate Scenarios

Representative concentration pathways (RCPs) describe climate futures that are 
likely to occur depending on the extent of greenhouse gas emissions in the future 
years. There are four pathways with radiative forcing values of 2.6, 4.5, 6 and 8.5 
Wm−2 spanning the range of year 2100 (van Vuuren et al. 2011). They provide infor-
mation on possible trajectories for the main forcing agents of climate change. Of the 
four RCPs, two RCPs (4.5 and 8.5) were selected for this study. For each RCP, five 
CMIP5 global circulation models (GCMs) with daily weather data for mid-century 
(2040–2069) and end-century (2070–2099) time periods were used. The five GCMS 
include CCSM4, GFDL-ESM2G, HadGEM2-ES, MIROC5 and MPI-ESM-LR. The 
rationale for selecting the two RCPs were that; on one hand, RCP4.5 scenario pro-
vides a common platform for climate models to explore the climate system response 
to stabilizing the anthropogenic components of radiative forcing. Under this sce-
nario, it is assumed that high efficient energy systems, for example, shifting to use of 
electricity and low emission energy technologies and deployment of carbon capture 
and geologic storage technology are will be deployed (Thomson et al. 2011). On the 
other hand, RCP 8.5 corresponds to the scenario with highest GHG emission due to 
intensified energy demand and absence of climate change policies (Riahi et  al. 
2011). Therefore, the two RCPs were selected to understand on the impacts of cli-
mate change in situations where there is respectively, – mitigation and the emissions 
have plateaued; and no climate change consciousness (van Vuuren et al. 2011). For 
RCP4.5 mid-century and end-century, atmospheric CO2 concentration was respec-
tively 499 and 532 ppm, whereas for RCP 8.5 mid-century and end century CO2 
concentration value was 571 and 801 ppm respectively (Meinshausen et al. 2011).

13.5.6  �Soil, Crop, Weather and Management Data

CERES-Maize CSM requires detailed soil information from standard soil profile 
description. A total of 20 soil profiles were identified across the sub basin, 12 of 
which were obtained from Africa Soil Information Service (AfSIS) database 
(Leenaars 2013) and the remaining eight were newly opened, particularly in loca-
tions where soil information was not available. Soil hydrological properties for each 
layer in each soil profile were estimated using soil water properties calculator 
(Saxton and Rawls 2009). Inputs to the calculator were soil texture, (sand, silt and 
clay) and organic matter. For each soil profile horizon, drained lower limit (SLLL), 
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drained upper limit (SLDUL) saturation (SLSAT and available water capacity was 
estimated. In order to allocated each of the farms, soil profiles were sub divided 
into; good soil, where soil hydrologic properties and organic matter content were 
increased by 20 % from the measured; average soil where it was maintained to mea-
sured values and poor soils; where the measured values were reduced by 20 %. 
From the respondents ranking for each farm field, soil profiles were accordingly 
placed to reflect respondents’ assessment. Information regarding planting dates, 
plant population, fertilizer and organic matter applications and crop maturity dates 
were obtained from key informants’ interviews in which 50 farmers 12 extension 
workers and 3 agricultural officers were involved across the study area. This kind of 
information was not captured in the panel survey. Daily time series weather data 
(1981–2010) for 11 assessment weather stations comprising solar radiation, maxi-
mum and minimum temperature and precipitation were obtained from AgMERRA 
datasets.

13.5.7  �Climate Change Impacts Assessment Simulations

CERES-Maize model input files and simulations were organized using AgMIP 
framework (Rosenzweig et al. 2014). Under this framework, model input data were 
organized using data overlay for multi-model export (DOME) format. AgMIP 
framework has three DOME files, namely field survey DOME which comprises 
survey data such as yield as reported by farmers, plant population, plant population, 
and fertilizer application. Field overlay DOME contains datasets which were not 
measured from specific spot in the study area but are based on the best agronomic 
knowledge of cultural practices in the study area. Seasonal strategy DOME dataset 
contains baseline and future management and climate inputs for modifying existing 
sites data for analysis of hypothetical scenarios (Rosenzweig et al. 2014). Observed 
yields for each farm were obtained from National Bureau of Statistics (NBS) panel 
survey databases (NBS 2012). A QUADUI tool which translates survey, soil, and 
weather and DOME files into a model-ready format was used to interface the 
DSSAT model and data. Simulations were carried out for each farm, over each 
emission scenario and three time periods namely baseline, mid-century and end-
century time periods.

13.5.8  �Climate Change Adaptation Simulations

Organic matter, 1000 kg/ha and nitrogen fertilizer at a rate of 60 Kg N/ha were 
assessed as potential adaptation measures to climate change impacts in the study 
area for both emission scenarios (RCP 4.5 and RCP 8.5) and time periods (mid-
century and end century).
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13.5.9  �Statistical Analysis

Empirical cumulative distribution functions (ECDF) were employed to visualize 
climate change impacts and the effects of adaptation strategies on maize productiv-
ity in the study area. Excel 2010 and “ggplot2” and “plyr” packages of the 
R-Software (R_Core_Team 2013) were used in data analyses.

13.6  �Results and Discussion

13.6.1  �Results

13.6.1.1  �Climate Change Impacts on Maize Yields

CERES-Maize simulations of maize yields with respect to five GCMs and baseline 
indicate yield decline in both mid-century and end-century time periods under RCP 
4.5 emission scenario (Fig. 13.5). During the mid-century time period, all four 
GCMs projected more or less similar yield reduction versus the baseline climate. In 
the end-century time period, HadGEM2-EC projected substantial yield decline 
from the baseline yields in the study area. (Fig. 13.5b).

Under the RCP 8.5 emission scenario, climate change projections indicate maize 
yield decline with respect to the baseline simulations in the study area (Fig. 13.6). 
GCMs projections were less variable in the mid-century period, unlike in the end 
century time period where HaDGEM-EC GCM projected significant yield decline 
as compared to the baseline yields (Fig. 13.6a, b).

Fig. 13.5  Climate change impacts projections on maize yields for the RCP 4.5 emission scenario 
(a) in the mid-century (2040–2069) and (b) end-century (2070–2099) time periods
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13.6.1.2  �Climate ChangeAdaptation Options

In response to changes, smallholder farmers have developed different farming sys-
tems finely tuned to many aspects of their environment to cope and adapt to the 
same. Adaptation and coping mechanism include among others adjustments to 
planting dates, rainwater harvesting, introduction of legumes in the cropping sys-
tem, different aspects of conservation of agriculture for increased organic matter 
and sustainability of the cropping systems and selection of animal species. Effective 
and sustainable adaptation to climate change and variability depends on, among 
other things, our ability to assess and understand the impacts and potential oppor-
tunities in relation to and help develop functional strategies to address them. It is 
equally important to emphasize on the importance of improving weather forecast-
ing, its access and reliability in compatibility with local indigenous knowledge 
(Mahoo et al. 2015). Different challenges exist, but opportunities and possibility 
for direct observable benefits of the different practices are driving factors for the 
adoption by many smallholder farmers (Kahimba et al. 2014; Tumbo et al. 2011; 
Shetto and Owenya 2007). We explore the adaptation options based on model sce-
narios for quantifying their efficiency in improving smallholder farmers’ crop 
productivity.

13.6.1.3  �Organic Matter Application

Adding organic matter to the farms would cause maize yield increase from an aver-
age of 1 t/ha to over 1.75 t/ha using base climate. Yield increase was projected with 
all GCMs if there would be organic matter application practice as an adaptation 
option under RCP 4.5 climate change scenario during mid-century time period. 
However, during end-century time period, GCM HadGEM2-EC projects yield 
decline despite organic matter application as an adaptation option (Fig. 13.7a, b). 

Fig. 13.6  Climate change impacts projections on maize yields under RCP 8.5 emission scenario 
(a) in the mid-century (2040–2069) and (b) end-century (2070–2099) time periods
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GFDL-ESM2M projections indicate that maize yields would be maintained at or 
slightly higher than the baseline yield level when application of organic matter is 
opted as an adaptation strategy during both mid and end-century time periods (Fig. 
13.7a, b).

Under RCP 8.5 climate change scenario, organic matter application would result 
into yield increase above baseline yield for all GCMs except HaDGEM2-EC during 
both mid- and end-century time periods (Fig. 13.8a, b). HadGEM2-EC projections 
indicate yield reduction if organic matter application would be adapted in this cli-
mate change scenario, both during mid- and end-century time periods.

Fig. 13.7  Effects of organic matter application on maize yield as an adaptation measure to climate 
change under RCP 4.5 scenario during (a) mid-century (2040–2069) and (b) end-century (2070–
2099) time periods

Fig. 13.8  Effects of organic matter application on maize yield as an adaptation measure to climate 
change under RCP 8.5 scenario during (a) mid-century (2040–2069) and (b) end-century (2070–
2099) time periods
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13.6.1.4  �Effects of Nitrogen Fertilizer Application

Model projections indicate that nitrogen fertilizer application to the maize fields 
would be an important strategy in enhancing yields in the face of climate change. 
Future maize yields would be higher than the base yields if N fertilizers was gener-
ally adopted in the study area. During the mid-century time period, yield projections 
for most GCMs would exceed that of base climate except that of HadGEM2-EC 
under RCP 4.5 scenario (Fig. 13.9a). As regards to the end-century time period, 
projected maize yield for GCMs GFDL- ESM2M and CCSM4 would be higher than 
that of the base climate (Fig. 13.9b).

Like in RCP 4.5 climate change scenario, yield increase was projected when N 
fertilizer would be incorporated in GCM projections as compared to the baseline. 
HadGEM2-EC projected yields below the baseline climate yields despite nitrogen 
fertilizer application, whereas such GCMs as GFDL-ESM2M, CCSM4, MPI-LR 
and MIROC5 projected higher yields in both mid- and end-century time periods 
under RCP 8.5 climate scenario (Fig. 13.10).

On disaggregating fields per geographical area, organic matter application as an 
adaptation option gave varying response across the study area and also among the 
GCMs. Effects of organic matter on yield change are presented for RCP 4.5 during 
the mid-century period (Fig. 13.11). When compared to an no-adaptation scenario, 
yield increase was projected, ranged from 23 to 495 % for farms in Kibakwe and 
Mvumi divisions respectively (Fig. 13.11). Significant yield increase due to organic 
matter adaptation strategy was projected for farms in all locations except those in 
Kibakwe division, where it ranged between 23 and 47 %.

Fig. 13.9  Effects of Nitrogen fertilizer application on maize yield as an adaptation measure to 
climate change under RCP 4.5 scenario during (a) mid-century (2040–2069) and (b) end-century 
(2070–2099) time periods
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On the other hand, when nitrogen was used as an adaptation option, maize yield 
projections ranged from −18 to 106 % across the study area. Farms in such locations 
as Nala Ward (Dodoma Urban) Mlali village and Kibakwe would register negative 
maize yields if 60 Kg N was applied as an adaptation option in production (Fig. 
13.12). Farms in Mlali Ward, Mvumi, Morogoro, Handeni and Wami Prison are 
projected to benefit from nitrogen fertilizer application as a climate change adapta-
tion strategy in the mid-century time period.

Fig. 13.10  Effects of Nitrogen fertilizer application on maize yield as an adaptation measure to 
climate change under RCP 4.5 scenario during (a) mid-century (2040–2069) and (b) end-century 
(2070–2099) time periods
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13.7  �Discussion

Our results indicate varying effects of climate change based on emission scenarios 
and the time periods of the projections. However, model projections points to the 
declining maize yield, in both emission scenarios, as compared to the base climate. 
Similar trends were pointed out by Rosenzweig et al. (2013) when comparing yield 
projections under multiple global gridded crop models (GGCMs). They observed 
model agreement on the direction of yield changes in many agricultural regions at 
both low and high latitudes but uncertainties related to the representation of 
CO2nitrogen and high temperature effects constrain the better understanding of the 
effects of climate change. The difference in maize yield projections between GCMS 
may be attributed to the latter’s behavior as regards to the seasonal temperature and 
precipitation magnitude and distribution. For example, HaDGEM2-EC consistently 
projected high yield decline because it projects high maximum temperature at all 
locations in the study area.

Climate change is associated with mean temperature increase (IPCC 2014a, b), 
this would result in shorter crop duration, and thus reduce yield (Haefele et  al. 
2016). Warming increases vapor pressure deficit, leading to reduced water use effi-
ciency because more water has to be transpired per unit carbon gain (Ray et  al. 
2002). In low input, rain-fed agricultural systems, crop yields are bound to decline 
as a result of high temperatures. Rosenzweig and Iglesias (1998) point out a nega-
tive yield change in low latitudes (warmer) and positive yield change in higher or 
mid latitudes (cooler) as a result of climate change. Although CO2 was enhanced in 
both emission scenarios (Thomson et al. 2011; Riahi et al. 2011), its effect on maize 
yield was not obvious. This suggests that maize yield gains due to enhanced CO2 
concentration might have been offset by high temperatures associated with the 
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emission scenarios, especially during end-century time periods. Even though maize 
is a C4 crop, the interaction of enhanced CO2 concentration and stresses will likely 
modulate crop responses. Low nitrogen levels conditions used in simulating crop 
yields may also have prevented maize the maize crop from taking full advantage of 
enhanced CO2 concentration (Kimball 1983).

Adapting is a very fundamental process to ameliorate the negative effects associ-
ated with climate change. Common farm practices adaptation approaches in crop 
production include adopting new crop species/varieties adapted to harsh conditions, 
use of irrigation technologies, change of planting dates, etc. From this study, organic 
matter is a farm-level practice which indicate substantial yield gain when compared 
to unmitigated climate change impacts. Soil organic matter is very important espe-
cially in tropical systems where replenishment is often far less than its removal 
through erosion or degradation (Lal 2009). Organic matter improves soil water and 
nutrient holding capacity, water infiltration, and prevent soil erosion by enhancing 
soil aggregate stability (Skidmore et al. 1986). The fact that model projections point 
to maize yield improvement in all scenarios, it is an indication that adopting organic 
matter application would minimize risks of crop failure associated with high air tem-
peratures. For HadGEM2-EC GCM, it is apparent that most farms would still experi-
ence lower yields than the base climate. As pointed out earlier on, the benefits gained 
through organic matter application may be offset by unfavorable weather projected by 
the GCM. On per farm basis, farms in semi-arid locations such as Mvumi, Kongwa, 
Chamwino, Nala would benefit by adopting organic matter application as a climate 
impact mitigation option. Solomon et al. (2000) reported that in semi-arid areas of 
Tanzania, soil organic matter declines rapidly after natural woodlands are opened up 
for crop cultivation. This rapid decline of soil organic matter content has a bearing on 
sustainable food security and if no replenishment, the soil becomes less productive 
and prone to severe erosion, a characteristic typical to most arid areas in Tanzania.

Although nitrogen is important in plant growth and development, it is the most 
limiting in most cropping systems in Tanzania (Amuri 2015). However, plants 
response to soil N availability depends on soil available moisture (Mourice et al. 
2014b). Using Nitrogen fertilizer as an adaptation measure to climate change may 
work and may not work for some farms. Farms in semi-arid locations suffer yield 
loss. This is because, in situations where soil water is not sufficiently available, N 
supply would cause increased vegetative growth when there is ample water supply. 
In event of deficit soil moisture, the water demand for the plants due to increased 
transpiring surface become higher than the soil can supply, leading to closure of 
stomata and consequently ceasing photosynthesis. As shown from the results, nitro-
gen fertilizer application farms in such locations as Nala, Mlali village and Kibakwe 
pose crop failure risks.

As a way of comparison between the two climate change adaptation strategies, 
the gains from organic matter strategy outweigh those from nitrogen fertilizer 
approach. However, it doesn’t mean that farms in semi-arid areas do not need N 
fertilizer, but rather a small N amount may be required, which may not cause 
excessive vegetative growth which would eventually lead to high transpirational 
water losses (Mourice et al. 2014b; Aune and Coulibaly 2015).
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13.8  �Conclusion

This study has demonstrated the modeling approach to evaluate the impacts of pro-
jected climate change on maize crop production and adaptation strategies in the 
Wami River sub basin. The general consensus is that maize yield is bound to 
decrease in the event of the global change and these changes will have varying 
degree of change but in a negative direction. Due to an array of advantages associ-
ated with the use of soil organic matter, it is evident that the farmers are set to gain 
more yield if they adopt it in their cropping systems. Organic matter is most impor-
tant in semi-arid locations of the study area as it would rejuvenate the soils in terms 
of improved soil water capacity and nutrient retention and release capacity. Nitrogen 
fertilization, if used as climate change adaptation strategy, may increase crop failure 
risks in semi-arid locations. However, study is still required to understand the opti-
mum N levels which would reduce climate risks across the study area. What remains 
to be done is the trade-off analysis of the adaptation strategies presented in this 
study and more. This would fine tune appropriate climate change-ready farm prac-
tices to sustain or surpass current production levels in the future climate.

Acknowledgement  Authors of this study wish to acknowledge Agricultural Model Inter-
comparison Project (AgMIP) and Enhancing Climate Change Adaptation in Agriculture and Water 
Resources (ECAW) Project through the Soil Water Management Research Programme at Sokoine 
University of Agriculture (SUA) for technical and financial support for implementing this study.

References

Abraha, M., and M. Savage. 2006. Potential impacts of climate change on the grain yield of maize 
for the midlands of KwaZulu-Natal, South Africa. Agriculture, Ecosystems & Environment 
115: 150–160.

Agrell, J., P. Anderson, W. Oleszek, A. Stochmal, and C. Agrell. 2004. Combined effects of ele-
vated CO2 and herbivore damage on alfalfa and cotton. Journal of Chemical Ecology 30: 
2309–2324.

Ahmed, S.A., N.S.  Diffenbaugh, T.W.  Hertel, D.B.  Lobell, N.  Ramankutty, A.R.  Rios, and 
P. Rowhani. 2009. Climate volatility and poverty vulnerability in Tanzania, Policy research 
working paper. Washington, DC: World Bank.

Ahmed, S.A., N.S.  Diffenbaugh, T.W.  Hertel, D.B.  Lobell, N.  Ramankutty, A.R.  Rios, and 
P.  Rowhani. 2011. Climate volatility and poverty vulnerability in Tanzania. Global 
Environmental Change 21: 46–55.

Ainsworth, E.A., and S.P. Long. 2005. What have we learned from 15 years of free‐air CO2 enrich-
ment (FACE)? A meta‐analytic review of the responses of photosynthesis, canopy properties 
and plant production to rising CO2. New Phytologist 165: 351–372.

Amuri, N.A. 2015. Enhancing resilience of food production systems under changing climate and 
soil degradation in semi-arid and highlands of Tanzania. In Sustainable intensification to 
advance food security and enhance climate resilience in Africa. Cham: Springer.

Arndt, C., W. Farmer, K. Strzepek, and J. Thurlow. 2012. Climate change, agriculture and food 
security in Tanzania. Review of Development Economics 16: 378–393.

S.K. Mourice et al.



347

Aune, J.B., and A. Coulibaly. 2015. Microdosing of mineral fertilizer and conservation agriculture 
for sustainable agricultural intensification in Sub-Saharan Africa. In Sustainable intensification 
to advance food security and enhance climate resilience in Africa. Cham: Springer.

World Bank. 2012. The population below poverty line. http://data.worldbank.org/topic/poverty
Barnabás, B., K. Jäger, and A. Fehér. 2008. The effect of drought and heat stress on reproductive 

processes in cereals. Plant, Cell & Environment 31: 11–38.
Blum, A. 2005. Drought resistance, water-use efficiency, and yield potential – Are they compati-

ble, dissonant, or mutually exclusive? Crop and Pasture Science 56: 1159–1168.
Caldwell, C.R., S.J. Britz, and R.M. Mirecki. 2005. Effect of temperature, elevated carbon dioxide, 

and drought during seed development on the isoflavone content of dwarf soybean [Glycine max 
(L.) Merrill] grown in controlled environments. Journal of Agricultural and Food Chemistry 
53: 1125–1129.

Cassman, K.G., A. Dobermann, D.T. Walters, and H. Yang. 2003. Meeting cereal demand while 
protecting natural resources and improving environmental quality. Annual Review of 
Environment and Resources 28: 315–358.

Enfors, E.I., and L.J. Gordon. 2008. Dealing with drought: The challenge of using water system 
technologies to break dryland poverty traps. Global Environmental Change 18: 607–616.

FAO. 2015. FOASTAT Database. Food and Agriculture Organization, Rome Available from: fao-
stat.fao.org/. Accessed 20 Sept 2015.

Fischer, G., M. Shah, F.N. Tubiello, and H. Van Velhuizen. 2005. Socio-economic and climate 
change impacts on agriculture: An integrated assessment, 1990–2080. Philosophical 
Transactions of the Royal Society, B: Biological Sciences 360: 2067–2083.

Foley, J.A., R. Defries, G.P. Asner, C. Barford, G. Bonan, S.R. Carpenter, F.S. Chapin, M.T. Coe, 
G.C. Daily, and H.K. Gibbs. 2005. Global consequences of land use. Science 309: 570–574.

Gibbs, H.K., A.S. Ruesch, F. Achard, M.K. Clayton, P. Holmgren, N. Ramankutty, and J.A. Foley. 
2010. Tropical forests were the primary sources of new agricultural land in the 1980s and 
1990s. Proceedings of the National Academy of Sciences 107: 16732–16737.

Griffin, J.J., T.G. Ranney, and D.M. Pharr. 2004. Heat and drought influence photosynthesis, water 
relations, and soluble carbohydrates of two ecotypes of redbud (Cercis canadensis). Journal of 
the American Society for Horticultural Science 129: 497–502.

Haefele, S.M., Y. Kato, and S. Singh. 2016. Climate ready rice: Augmenting drought tolerance 
with best management practices. Field Crops Research 190: 60–69.

Hunt, L., and K.  Boote. 1998. Data for model operation, calibration, and evaluation. In 
Understanding options for agricultural production. Berlin: Springer.

IPCC. 2014a. In Climate change 2014: Impacts, adaptation, and vulnerability. Part A: Global and 
sectoral aspects. Contribution of working group ii to the fifth assessment report of the intergov-
ernmental panel on climate change, eds. C.B. Field, V.R. Barros, D.J. Dokken, K.J. Mach, 
M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, 
E.S. Kissel, A.N. Levy, S. Maccracken, P.R. Mastrandrea, and L.L. White. Cambridge/New 
York: Cambridge University Press.

IPCC. 2014b. Summary for policymakers. In: Climate change 2014: Impacts, adaptation, and vul-
nerability. Part A: Global and sectoral aspects. Contribution of working group ii to the fifth 
assessment report of the intergovernmental panel on climate change. In Climate Change 2014: 
Impacts, Adaptation, and Vulnerability, ed. C.B. Field, V.R. Barros, D.J. Dokken, K.J. Mach, 
M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, 
E.S. Kissel, A.N. Levy, S. Maccracken, P.R. Mastrandrea, and L.L.W. Cambridge/New York: 
Cambridge University Pres.

Ito, T., and T. Kurosaki. 2009. Weather risk, wages in kind, and the off-farm labor supply of agri-
cultural households in a developing country. American Journal of Agricultural Economics 91: 
697–710.

Jat, M.L., J.C.  Dagar, T.B.  Sapkota, S. Yadvinder, B.  Govaerts, S.L.  Ridaura, Y.S.  Saharawat, 
R.K. Sharma, J.P. Tetarwal, R.K. Jat, H. Hobbs, and C. Stirling. 2016. Chapter Three – Climate 
change and agriculture: Adaptation strategies and mitigation opportunities for food security in 

13  Quantification of Climate Change and Variability Impacts on Maize Production…

http://data.worldbank.org/topic/poverty
http://faostat.fao.org/
http://faostat.fao.org/


348

South Asia and Latin America. In Advances in agronomy, ed. L.S. Donald, 127–235. Academic 
Press.

Jones, C.A., J.R. Kiniry, and P. Dyke. 1986. CERES-Maize: A simulation model of maize growth 
and development. College Station: Texas A and M University Press.

Kahimba, F.C., K.D. Mutabazi, S.D. Tumbo, K.F. Masuki, and W.B. Mbungu. 2014. Adoption and 
scaling-up of conservation agriculture in Tanzania: Case of Arusha and Dodoma regions. 
Natural Resources 05: 161–176.

Kang, Y., S. Khan, and X. Ma. 2009. Climate change impacts on crop yield, crop water productiv-
ity and food security–A review. Progress in Natural Science 19: 1665–1674.

Kimball, B.A. 1983. Carbon dioxide and agricultural yield: An assemblage and analysis of 430 
prior observations. Agronomy Journal 75: 779–788.

Kimball, B., K. Kobayashi, and M. Bindi. 2002. Responses of agricultural crops to free-air CO 2 
enrichment. Advances in Agronomy 77: 293–368.

Lal, R. 2009. Challenges and opportunities in soil organic matter research. European Journal of 
Soil Science 60: 158–169.

Leakey, A.D.B. 2009. Rising atmospheric carbon dioxide concentration and the future of C4 crops 
for food and fuel. Proceedings of the Royal Society of London B: Biological Sciences 276: 
2333–2343.

Leenaars, J. 2013. Africa soil profiles database, version 1.1. A compilation of georeferenced and 
standardised legacy soil profile data for Sub-Saharan Africa (with dataset). ISRIC Report, 3.

Leyaro, V., and O. Morrissey. 2013. Expanding agricultural production in Tanzania. Scoping study 
for IGC Tanzania on the National Panel Surveys. International growth Centre (IGC), London 
School of Economic and Political Science, Houghton Street, London WC2A 2AE.

Lobell, D.B., and C.B. Field. 2007. Global scale climate–crop yield relationships and the impacts 
of recent warming. Environmental Research Letters 2: 014002.

Lobell, D.B., and S.M. Gourdji. 2012. The influence of climate change on global crop productivity. 
Plant Physiology 160: 1686–1697.

Lobell, D.B., M.B. Burke, C. Tebaldi, M.D. Mastrandrea, W.P. Falcon, and R.L. Naylor. 2008. 
Prioritizing climate change adaptation needs for food security in 2030. Science 319: 607–610.

Lokina, R., M. Nerman, and J. Sandefur. 2011. Poverty and productivity: Small-scale farming in 
Tanzania, 1991–2007. Preliminary results for International Growth Centre commissioned 
study.

Long, S.P., E.A. Ainsworth, A. Rogers, and D.R. Ort. 2004. Rising atmospheric carbon dioxide: 
Plants FACE the Future*. Annual Review of Plant Biology 55: 591–628.

Long, S.P., E.A. Ainsworth, A.D. Leakey, J. Nösberger, and D.R. Ort. 2006. Food for thought: 
Lower-than-expected crop yield stimulation with rising CO2 concentrations. Science 312: 
1918–1921.

Lyimo, J.G., and R.Y. Kangalawe. 2010. Vulnerability and adaptive strategies to the impact of 
climate change and variability. The case of rural households in Semiarid Tanzania. 
Environmental Economics 1: 88–96.

Maestri, E., N. Klueva, C. Perrotta, M. Gulli, H.T. Nguyen, and N. Marmiroli. 2002. Molecular 
genetics of heat tolerance and heat shock proteins in cereals. Plant Molecular Biology 48: 
667–681.

Mahoo, H., W. Mbungu, I. Yonah, M. Radeny, P. Kimeli, and J. Kinyangi. 2015. Integrating indig-
enous knowledge with scientific seasonal forecasts for climate risk management in Lushoto 
district in Tanzania. Copenhagen: CGIAR Research Program on Climate Change, Agriculture 
and Food Security (CCAFS).

Mbungu, W., V. Ntegeka, F.C. Kahimba, M. Taye, and P. Willems. 2012. Temporal and spatial 
variations in hydro-climatic extremes in the Lake Victoria basin. Physics and Chemistry of the 
Earth, Parts A/B/C 50–52: 24–33.

Mbungu, W.B., H.F. Mahoo, S.D. Tumbo, F.C. Kahimba, F.B. Rwehumbiza, and B.P. Mbilinyi. 
2015. Using climate and crop simulation models for assessing climate change impacts on agro-
nomic practices and productivity. In Sustainable intensification to advance food security and 
enhance climate resilience in Africa. Cham: Springer.

S.K. Mourice et al.



349

Meinshausen, M., S.J. Smith, K. Calvin, J.S. Daniel, M. Kainuma, J. Lamarque, K. Matsumoto, 
S. Montzka, S. Raper, and K. Riahi. 2011. The RCP greenhouse gas concentrations and their 
extensions from 1765 to 2300. Climatic Change 109: 213–241.

Mongi, H., A. Majule, and J. LYIMO. 2010. Vulnerability and adaptation of rain fed agriculture to 
climate change and variability in semi-arid Tanzania. African Journal of Environmental Science 
and Technology 4: 371–381.

Moore, N., G.  Alagarswamy, B.  Pijanowski, P.  Thornton, B.  Lofgren, J.  Olson, J.  Andresen, 
P. Yanda, and J. Qi. 2012. East African food security as influenced by future climate change 
and land use change at local to regional scales. Climatic Change 110: 823–844.

Morgan, J., D. Pataki, C. Körner, H. Clark, S. Del GROSSO, J. Grünzweig, A. Knapp, A. Mosier, 
P. Newton, and P.A. Niklaus. 2004. Water relations in grassland and desert ecosystems exposed 
to elevated atmospheric CO2. Oecologia 140: 11–25.

Morton, J.F. 2007. The impact of climate change on smallholder and subsistence agriculture. 
Proceedings of the National Academy of Sciences 104: 19680–19685.

Mourice, S. K., C.L. Rweyemamu, S.D. Tumbo, and N. Amuri. 2014a. Maize cultivar specific 
parameters for decision support system for agrotechnology transfer (DSSAT) application in 
Tanzania. American Journal of Plant Sciences, 5: 55–65.

Mourice, S., C. Rweyemamu, A. Nyambilila, and S. Tumbo. 2014b. Narrowing maize yield gaps 
under rain-fed conditions in Tanzania: Effect of small nitrogen dose. Tanzania Journal of 
Agricultural Sciences, 12: 821–833.

Mourice, S.K., S.D. Tumbo, A. Nyambilila, and C.L. Rweyemamu. 2015. Modeling potential rain-
fed maize productivity and yield gaps in the Wami River sub-basin, Tanzania. Acta Agriculturae 
Scandinavica, Section B—Soil & Plant Science 65: 132–140.

Mwandosya, M.J., B.S. Nyenzi, and M. Lubanga. 1998. The assessment of vulnerability and adap-
tation to climate change impacts in Tanzania. Dar es Salaam: Centre for Energy, Environment, 
Science and Technology.

NBS. 2012. National Bureau of Statistics, National panel survey 2009–2010. Available from: 
www.nbs.go.tz. Accessed on 24 Sept 2015.

Ngana, J., F. Mahay, and K. Cross. 2010. Wami basin: A situation analysis. Nairobi: International 
Union for Conservation of Nature (IUCN).

Nowak, R.S., D.S. Ellsworth, and S.D. Smith. 2004. Functional responses of plants to elevated 
atmospheric CO2–do photosynthetic and productivity data from FACE experiments support 
early predictions? New Phytologist 162: 253–280.

Paavola, J.  2008. Livelihoods, vulnerability and adaptation to climate change in Morogoro, 
Tanzania. Environmental Science & Policy 11: 642–654.

R_CORE_TEAM. 2013. R: A language and environment for statistical computing. R Foundation 
for Statistical Computing. Vienna. Available at www.R-project.org.

Ray, J.D., R.W. Gesch, T.R. Sinclair, and L.H. Allen. 2002. The effect of vapor pressure deficit on 
maize transpiration response to a drying soil. Plant and Soil 239: 113–121.

Reilly, J., F. Tubiello, B.  Mccarl, D. Abler, R.  Darwin, K.  Fuglie, S.  Hollinger, C.  Izaurralde, 
S. Jagtap, and J. Jones. 2003. US agriculture and climate change: New results. Climatic Change 
57: 43–67.

Riahi, K., S. Rao, V. Krey, C. Cho, V. Chirkov, G. Fischer, G. Kindermann, N. Nakicenovic, and 
P. Rafaj. 2011. RCP 8.5 – A scenario of comparatively high greenhouse gas emissions. Climatic 
Change 109: 33–57.

Ritchie, J., U. Singh, D. Godwin, and W. Bowen. 1998. Cereal growth, development and yield. In 
Understanding options for agricultural production. Netherlands: Springer.

Rosenzweig, C., and A. Iglesias. 1998. The use of crop models for international climate change 
impact assessment. In Understanding options for agricultural production. Netherlands: 
Springer.

Rosenzweig, C., J. Elliott, D. Deryng, A.C. Ruane, C. Müller, A. Arneth, K.J. Boote, C. Folberth, 
M.  Glotter, N.  Khabarov, K.  Neumann, F.  Piontek, T.A.M.  Pugh, E.  Schmid, E.  Stehfest, 
H. Yang, and J.W. Jones. 2014. Assessing agricultural risks of climate change in the 21st cen-

13  Quantification of Climate Change and Variability Impacts on Maize Production…

http://www.nbs.go.tz/
http://www.r-project.org/


350

tury in a global gridded crop model intercomparison. Proceedings of the National Academy of 
Sciences 111: 3268–3273.

Rowhani, P., D.B. Lobell, M. Linderman, and N. Ramankutty. 2011. Climate variability and crop 
production in Tanzania. Agricultural and Forest Meteorology 151: 449–460.

Salami, A., A.B. Kamara, and Z. Brixiova. 2010. Smallholder agriculture in East Africa: Trends, 
constraints and opportunities. Tunisia: African Development Bank Tunis.

Sarris, A., S. Savastano, and L. Christiaensen. 2006. The role of agriculture in reducing poverty in 
Tanzania: A household perspective from rural Kilimanjaro and Ruvuma, FAO commodity and 
trade policy research working paper. Rome: FAO.

Saxton, K.E., and W.J.  Rawls. 2009. Soil water properties calculator. Version 6.02. Available 
from: http://hydrolab.arsusda.gov/soilwater/Index.htm.

Schlenker, W., and D.B. Lobell. 2010. Robust negative impacts of climate change on African agri-
culture. Environmental Research Letters 5: 014010.

Schmidhuber, J., and F.N. Tubiello. 2007. Global food security under climate change. Proceedings 
of the National Academy of Sciences of the United States of America 104: 19703–19708.

Shetto, R., and M. Owenya. 2007. Conservation agriculture as practised in Tanzania: Three case 
studies: Arumeru district, Karatu district, Mbeya district. Nairobi: ACT, FAO, CIRAD, 
RELMA.

Sicher, R.C., and J.Y. Barnaby. 2012. Impact of carbon dioxide enrichment on the responses of 
maize leaf transcripts and metabolites to water stress. Physiologia Plantarum 144: 238–253.

Skidmore, E., J. Layton, D. Armbrust, and M. Hooker. 1986. Soil physical properties as influenced 
by cropping and residue management. Soil Science Society of America Journal 50: 415–419.

Soini, E. 2005. Land use change patterns and livelihood dynamics on the slopes of Mt. Kilimanjaro, 
Tanzania. Agricultural Systems 85: 306–323.

Solomon, D., J. Lehmann, and W. Zech. 2000. Land use effects on soil organic matter properties 
of chromic luvisols in semi-arid northern Tanzania: Carbon, nitrogen, lignin and carbohy-
drates. Agriculture, Ecosystems & Environment 78: 203–213.

Stone, P. 2001. The effects of heat stress on cereal yield and quality. In Crop responses and adapta-
tions to temperature stress, 243–291. New York: Food Products Press.

SUA. 2010. Soil Water Management Research Group (2010). Economics of climate change for the 
Agriculture Sector in Tanzania. Morogoro: Morogoro.

Teyssonneyre, F., C. Picon‐Cochard, J.F. Falcimagne, and R. Soussana. 2002. Effects of elevated 
CO2 and cutting frequency on plant community structure in a temperate grassland. Global 
Change Biology 8: 1034–1046.

Thomas, J., K. Boote, L. Allen, M. Gallo-Meagher, and J. Davis. 2003. Elevated temperature and 
carbon dioxide effects on soybean seed composition and transcript abundance. Crop Science 
43: 1548–1557.

Thomson, A.M., K.V. Calvin, S.J. Smith, G.P. Kyle, A. Volke, P. Patel, S. Delgado-Arias, B. Bond-
Lamberty, M.A. Wise, and L.E. Clarke. 2011. RCP4. 5: A pathway for stabilization of radiative 
forcing by 2100. Climatic Change 109: 77–94.

Tubiello, F.N., J.-F.  Soussana, and S.M.  Howden. 2007. Crop and pasture response to climate 
change. Proceedings of the National Academy of Sciences 104: 19686–19690.

Tumbo, S., K. Mutabazi, F. Kahimba, and W. Mbungu. 2011. Conservation agriculture in Tanzania. 
Dar es Salaam: Sokoine University of Agriculture.

Tumbo, S., F. Kahimba, B. Mbilinyi, F. Rwehumbiza, H. Mahoo, W. Mbungu, and E. Enfors. 2012. 
Impact of projected climate change on agricultural production in semi-arid areas of Tanzania: 
A case of same district. African Crop Science Journal 20: 453–463.

URT. 2002. National irrigation master plan of Tanzania. Dar Es Salaam: United Republic of 
Tanzania.

URT. 2007. United Republic of Tanzania, 2007. National adaptation program of action. Vice.
URT. 2008a. United Republic of Tanzania (URT), 2008. Agriculture sector review and public 

expenditure review 2008/09. Dar Es Salaam: Ministry of Agriculture Food Security and 
Cooperatives.

S.K. Mourice et al.

http://hydrolab.arsusda.gov/soilwater/Index.htm


351

URT. 2008b. United Republic of Tanzania (URT), 2008. The economic survey 2007. Dar-es 
Salaam: The Ministry of Finance and Economic Affairs.

URT. 2008c. Study on strategies for addressing negative effects of climate change in food insecure 
areas of Tanzania. In eds. Ministry of Agriculture, F.  A. C.  Dar Es Salaam: Ministry of 
Agriculture, Food and Cooperatives.

URT. 2009. Climate change and agriculture policy brief. Dar es Salaam: Vice President’s Offi ce, 
Division of Environment.

URT. 2012a. Priority investments: Irrigation development, water resources and land use manage-
ment. Tanzania: United Republic of Tanzania.

URT. 2012b. Tanzania national climate change strategy. Dar Es Salaam: Division of Environment, 
Vice President’s Office.

URT. 2012c. National climate change strategy. Dar Es Salaam: Vice President’s Office, Division 
of the Environment.

URT. 2014. Ministry of Agriculture, Food Security and Cooperatives (MAFC): Tanzania 
Agriculture Climate Resilience Plan, 2014–2019. Report 83 pp. Available from: http://www.
agriculture.go.tz/publications. Accessed on 25 Sept 2015. Dar Es Salaam: United Republic of 
Tanzania: Ministry of Agriculture, Food Security and Cooperatives (MAFC).

Van Vuuren, D.P., J.  Edmonds, M.  Kainuma, K.  Riahi, A.  Thomson, K.  Hibbard, G.C.  Hurtt, 
T. Kram, V. Krey, and J.-F. Lamarque. 2011. The representative concentration pathways: An 
overview. Climatic Change 109: 5–31.

Von Caemmerer, S., and R.T.  Furbank. 2003. The C4 pathway: An efficient CO2 pump. 
Photosynthesis Research 77: 191–207.

World_Bank. 2009. Tanzania: Country brief. Washington, DC: World Bank.
WRBWO. 2007. Environmental Flow Assessment (EFA), Wami River Sub-Basin, Tanzania: The 

Wami hydrology. Volume 1  – general description. Morogoro 2007. Morogoro: Wami/Ruvu 
Basin Water Office.

Ziska, L.H., and K. George. 2004. Rising carbon dioxide and invasive, noxious plants: potential 
threats and consequences. World Resource Review 16: 427–447.

13  Quantification of Climate Change and Variability Impacts on Maize Production…

http://www.agriculture.go.tz/publications
http://www.agriculture.go.tz/publications


353© Springer International Publishing Switzerland 2017 
M. Ahmed, C.O. Stockle (eds.), Quantifi cation of Climate Variability, 
Adaptation and Mitigation for Agricultural Sustainability, 
DOI 10.1007/978-3-319-32059-5_14

    Chapter 14   
 Climatic Variability Impact on Wheat-Based 
Cropping Systems of South Asia: Adaptation 
and Mitigation                     

     Amanpreet     Kaur    ,     Paramjit     Kaur     Sraw    , and     S.    S.     Kukal    

    Contents 

   14.1    Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   354   
   14.2    Causes and Evidences of Climate Change in South Asia  . . . . . . . . . . . . . . . . . . . . .   355   
   14.3    Wheat-Based Cropping Systems of South Asia . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   356   
   14.4    Quantifi cation of Climate Variability Impact on Wheat- Based Cropping System  . .   357   

   14.4.1    Overview of Responses to High Temperature, Drought, or [eCO2] . . . . . . .   357   
   14.4.2    High Temperature and Drought Interaction Impacts . . . . . . . . . . . . . . . . . .   359   
   14.4.3    Effect on Water Use Effi ciency  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   359   
   14.4.4    Effect on Agronomic Effi ciency: Grain Yield and Yield Components . . . . .   359   

   14.5    High Temperature and [eCO2] Interaction Impacts . . . . . . . . . . . . . . . . . . . . . . . . . .   361   
   14.5.1    Water Use Effi ciency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   361   

   14.6    Drought and [eCO2] Interaction Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   361   
   14.6.1    Agronomic Effi ciency: Grain Yield and Yield Components  . . . . . . . . . . . .   361   

   14.7    Adaption/Mitigation Strategies to Climate Variability  . . . . . . . . . . . . . . . . . . . . . . .   362   
   14.7.1    Genetic Modifi cations of Crops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   363   
   14.7.2    Change in Crop Management Practices . . . . . . . . . . . . . . . . . . . . . . . . . . . .   363   
   14.7.3    Introduction of Legume in the Cropping System . . . . . . . . . . . . . . . . . . . . .   364   

   14.8    Rain Water Harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   364   
   14.9    Increasing Soil Carbon Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   364   
   14.10    Reducing GHG Emissions Related to Agriculture  . . . . . . . . . . . . . . . . . . . . . . . . . .   365   
   14.11    Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   365   
  References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   366    

  Abstract     Climate change is now a reality, many people prefer to call it as climate 
variability instead of climate change, which in fact, is much more complex phenom-
enon from agricultural point of view. The seasons are no longer identifi able as these 
used to be previously. Sometimes, these prolong or get shortened replacing the other 
seasons. The increase in climate-extremes in precipitation, temperature, etc. has 
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already started taking a tool on the agricultural production as is evident from one of 
the most productive region of India i.e. Punjab, where the wheat productivity is 
affected considerably due to elevated temperature conditions over the last few years. 
Industry and domestic sectors can easily adapt to the changing climatic conditions 
but for agriculture sector it is not so easy. A lot still needs to be done especially in 
formulating strategies to mitigate such effects. The plant breeders have to play a big 
role in redefi ning the characters of crop plants through genetic engineering so as to 
develop cultivars to grow effi ciently in newer climatic condition. The cultivars for 
biofuel crops need to be developed as an alternate to fossil fuel energy sources. It is 
thus a collective effort on the part of plant breeder, soil scientist, agronomist, plant 
protection scientist and food technologist to work together to develop strategies for 
mitigating the ill effects of climate change in agricultural sector.  

  Keywords     Climate change   •   Climate variability   •   Climate extremes   •   Precipitation   
•   Temperature   •   Green house gases   •   Heat and cold waves   •   Agriculture and 
biofuel  

14.1       Introduction 

 Crops such as  rice  ,  wheat  , maize and barley account for a major proportion of global 
food grain production and are likely to be infl uenced by changing climate which in 
turn is predicted to severely impact the food production under future climate sce-
narios (IPCC  2013 ). Crop production can be affected by climate change aspects, 
such as increased atmospheric CO 2  concentration [CO 2 ], increased  temperature   and 
changed rainfall. In combination, these aspects can either positive or negative effect 
plant production or in other words, the net effect of climate change on crop  yield   
depends on the interactions between these climatic variables during different crop 
growth stages. The overall impact of climate change on  agriculture   is likely to be 
negative which in turn might result in price hike of agricultural commodities, food 
supplies and consequently livestock products like meat and milk. Thus, to meet the 
increasing demand for the food, productivity of  wheat  -based  cropping systems   in 
the region needs to be not only sustained but to be increased under changing cli-
matic conditions. Based on the simulations made with global climate models 
(GCMs), the projected global average  temperature   are expected to be between 2 °C 
and 4.5 °C in the present century (IPCC  2001 ) and CO 2  concentration to reach 700 
ppm at the end of the twenty-fi rst century. These projections made with simulations 
studies suggest that the increases in CO 2 , the major greenhouse  gas   after water 
vapour, will cause by the widespread rise in surface air temperatures; alteration in 
 precipitation   patterns and the global hydrologic cycle; and increase in the frequency 
of severe weather events, such as  drought   spells and fl ooding (IPCC  1996 ). In South 
Asia, the Indian subcontinent, the IPCC has projected 0.5–1.2 °C rise in  tempera-
ture   by 2020, 0.88–3.16 °C by 2050 and 1.56–5.44 °C by 2078, depending upon the 
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scenarios of future development. These environmental changes will further increase 
pressure on  agriculture   and scientifi c community, in addition to ongoing stress of 
 yield   stagnation, depleting land and water resources. As per an estimate, an increase 
in irrigation water requirements of 50 % in developing regions and 16 % in the 
developed regions is expected between 2000 and 2080. Similarly, higher tempera-
tures tend to reduce yields of many crops and encourage proliferation of weeds and 
pests. So there will be pressure mainly on  agriculture   to produce more food from 
same or even shrinking land and water resources. As  agriculture   is also a signifi cant 
contributor to the global climate change through release of green house gases 
(GHGs)    such as methane and nitrous oxide. These gases have 21 and 310 times 
higher warming potential than that of CO 2 . 

 The primary focus of this review is to present the research fi ndings on climate 
change, combined effect of different climatic variables and possible adaption and 
 mitigation   strategies for climate change impacts on  wheat  -based  cropping systems   
in South Asia.  

14.2     Causes and Evidences of Climate Change in South Asia 

  Climate change   is the long-term shift in weather conditions due to change in differ-
ent climatic variables like  temperature  ,  precipitation   and rainfall events, both 
amount and distribution of rain. Climate change may occur due to natural causes or 
human-induced causes. Natural causes include changes in volcanic activity and 
changes in solar radiation, whereas the human activities include fossil fuel burning, 
change in land use and  agriculture  . According to U.S. Geological Survey (USGS) 
reports, human activities are emitting more than 135 times as much CO 2  as volca-
noes each year. Fossil fuel burning emits large quantities of CO 2  into the atmo-
sphere. However, apart from fossil fuel combustion, other human activities like 
industrial processes, change in land use and particularly  agriculture  , emitting other 
green house gases like methane from  rice   fi elds, enteric fermentation in ruminants 
and nitrous oxide from application of fertilizers and manures to soils. The concen-
tration of CO 2 , methane and nitrous oxide has increased markedly from 280 ppm, 
715 ppb and 270 ppb since 1750 AD to 379 ppm, 1774 ppb and 319 ppb, respec-
tively in 2005 (IPCC  2007 ). This increase in GHG emission has resulted in warming 
of climate since 1860. The IPCC has also shown through series of observations and 
 modeling   that the rate of warming has been much higher in recent decades which 
further resulted in rise in sea level, decline in glaciers and snow cover, increased 
frequency of droughts, heavy  precipitation  , cold days, cold nights and frost has 
become less severe whereas hot days and hot nights have become more frequent. 
Yan et al. ( 2002 ) in China recorded a gradual decrease in the number of cold days 
over the twentieth century and an increase in the number of warm days since 1961. 
Klein et al. ( 2006 ) while analyzing data of 159 different meteorological stations 
from 13 countries of Central and South Asia from period between 1961 and 2000, 
documented that, 70 % of the stations showed decrease in cold nights and increase 
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in warm nights. Similarly Dhorde and Patel ( 2016 ) documented the increasing trend 
in minimum temperatures in Punjab especially during February and March, which 
is critical grain development phase of  wheat   crop. They also reported the average of 
incidence of  temperature   > 40 °C increased up to 1977–1983 and then decreased till 
1991–1997 and thereafter again showed an increasing trend till 2011. The incidence 
of extreme rainfall events also showed an increasing trend from 2005 to 2011. The 
global  temperature   likely to increase in the range of 1.8–4.0 °C by end of this cen-
tury depending upon different scenarios of future development. The  precipitation   is 
also likely to increase except in December-February (Table  14.1 ). Although impact 
of climate change is witnessed globally but South Asian countries like India, China 
are more likely to be affected because of the huge population which largely depend 
upon  agriculture   for their livelihood.

14.3        Wheat-Based  Cropping Systems   of South Asia 

 The three cereals viz.  rice  ,  wheat   and maize constitute the major sources of food 
energy and nutrients for the global population, and together these supply about two- 
thirds of the total food supply in SA. Other signifi cant staple foods are millets. Rice- 
 wheat   (RW) is the predominant cropping system with 12.37 million ha in the 
subtropical areas of the IGP. The cotton- wheat   (CW) system is the second important 
system after RW in terms of area covering 4.19 million ha dominant in northwest 
IGP (Pakistan and western India). The maize- wheat   (MW) system with 2.84 million 
ha is less dominant, but maize cultivation is increasing in recent times both in terms 
of area and production due to higher productivity and profi tability and lesser water 
requirement than winter  rice   or  wheat   (Timsina et al.  2010 ). Other  wheat  -based 
 cropping systems   in South Asia include sugarcane- wheat  , groundnut- wheat  ,  rice  /
maize-potato- wheat  , sorghum/pearl millet/pigeon pea- wheat  . The RW and MW 
systems are highly intensive in the northwest and parts of central IGP with a land 
use intensity of 1.82–1.90 and a liberal and often excessive use of irrigation water 

   Table 14.1    Projected changes in surface air  temperature   and  precipitation   for South Asia under 
different climate change scenarios   

 Season 

 Temperature 
(°C) 

 Precipitation 
(%) 

 Temperature 
(°C) 

 Precipitation 
(%) 

 Temperature 
(°C) 

 Precipitation 
(%) 

 A1F1  B1  A1F1  B1  A1F1  B1  A1F1  B1  A1F1  B1  A1F1  B1 

 Dec–
Feb 

 1.17  1.11  −3  4  3.16  1.97  0  0  5.44  3.93  16  −6 

 Mar–
May 

 1.18  1.07  7  8  2.97  1.81  26  24  5.22  2.71  31  20 

 Jun–
Aug 

 0.54  0.55  5  7  1.71  0.88  13  11  3.14  1.56  26  15 

 Sep–
Nov 

 0.78  0.81  1  3  2.41  1.49  8  6  4.19  2.17  26  10 
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and agrochemical inputs to maximize crop yields. Rice is the largest water requiring 
crop consuming 63 % of the water. Wheat is the second largest crop grown, both 
under rainfed and irrigated conditions. Total area under  wheat   cultivation in SA is 
about 36.1 million ha (73 % of this area is in India) with overall productivity of 
2.66 Mg ha −1  (Source: FAO  2007  Statistical database   http://www.fao-statfacts.org    ) 
and the productivity needs to be increased to around 3.8 Mg ha −1  from the same area 
by 2020 due to the population increase and growing urbanization. Sustainability of 
RW system is now become a major challenging issue due to some of the emerging 
problems like degradation of natural resources(water, soil and biodiversity), increas-
ing production cost due to high cost of land, labor and chemical inputs. Low input 
use effi ciency (fertilizers, pesticides, labor); environmental pollution, Extreme 
weather conditions, and fast changing socioeconomic conditions (population 
increase unemployment, increasing poverty, urbanization, shortage of farm labor, 
etc.) (Erenstein  2009 ; Ladha et al.  2009 ). On the other hand in some parts of IGP 
like eastern IGP, poor adoption of improved technologies in  wheat  -based systems 
resulted in lower productivity and income but land use intensity is high due to mul-
tiple cropping system.  

14.4       Quantifi cation   of  Climate Variability   Impact on  Wheat  - 
Based Cropping System 

14.4.1     Overview of Responses to High  Temperature  ,  Drought  , 
or [eCO 2 ] 

 Different variable of climate change are playing signifi cant role in agricultural  crop 
production   in cereal crops. High- temperature   stress causes signifi cant reduction in 
 crop production   at various growth stages. High  temperature   stress during vegetative 
stage limits photosynthesis in maize,  wheat  , resulting in decreased photo assimilate 
production and consequently lower shoot biomass accumulation (Wahid et al.  2007 ; 
Barnabas et al.  2008 ). However, reproductive stages of crop development are con-
sidered as the most sensitive phases to high- temperature   stress across cereals, which 
alters spikelet production and grain development due to an inadequate assimilate 
supply, thus resulting in fewer spikelets/grains and decreased sink size (Barnabas 
et al.  2008 ). High  temperature   is also known to advance fl owering, induce fl oral 
abnormalities such as stamen hypoplasia and pistil hyperplasia, which are hurdles 
for reproductive success in  rice   (Takeoka et al.  1991 ). Moreover, poor anther dehis-
cence, low pollen germination and decreased pollen viability are identifi ed as major 
causes of stress-induced sterility in  rice   and kernel abortion in maize and  wheat   
(Jagadish et al.  2007 ,  2010 ; Rang et al.  2011 ; Barnabas et al.  2008 ). Post-anthesis 
high  temperature   stress induces leaf senescence and decreases overall grain-fi lling 
duration. In addition, poor assimilate remobilization and loss of sink activity lead to 
unused assimilate reserves in the stem and poor grain fi lling, resulting in low grain 
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weight in  wheat   and  rice   (Gooding et al.  2003 ; Kim et al.  2011 ; Wang et al.  2012 ). 
During grain fi lling, high  temperature   stress also affects grain quality by altering 
protein and starch composition in  rice   (Lin et al.  2010 ) and  wheat   (Hurkman and 
Wood  2011 ). High- temperature   stress is also known to decrease antioxidants in the 
 rice   grains (Britz et al.  2007 ). Apart from the  temperature  , altered  precipitation   (also 
climatic variability parameter) may affect agricultural productivity. In India intense 
rainfall events together with reduced number of rainy days has been noted during 
the latter half of last 50 years and these predominantly affected the  rice    yield   in 
rainfed area during 1966–2002 (Auffhammer et al.  2012 ). The  drought   has been 
found to have much greater impact than extreme rainfall events. Drought stress also 
affects different phenological stages of the crop. During early vegetative phase it 
limits shoot elongation, leaf area, and tillering, possibly by decreased CO 2  assimila-
tion in the leaf and slow nutrient mobilization to growing tissues due to decreased 
 stomatal conductance  , transpiration, and low relative water  content   (Barnabas et al. 
 2008 ; Lipiec et al.  2013 ; Aslam et al.  2013 ). However,  drought   stress during the 
early reproductive stage leads to pollen and spikelet abortion, thus decreasing grain 
numbers in  rice   and  wheat   (Dolferus et al.  2011 ; Kato et al.  2008 ). At anthesis, 
 drought   stress increases pollen and ovary abortion, induces poor anther dehiscence 
and restricts panicle exertion due to shortened peduncle length, resulting in higher 
spikelet sterility in  rice  ,  wheat   and maize (Rang et al.  2011 ; Powell et al.  2012 ; 
Aslam et al.  2013 ). The terminal  drought   at grain fi lling stage results in early senes-
cence with shorter grain-fi lling duration and low green fl ag-leaf area persistence in 
 wheat   and barley (Samarah  2005 ; Foulkes et al.  2007 ). An increase in protein and/
or  nitrogen   content and change in their composition were documented in  wheat   
under  drought   stress (Gooding et al.  2003 ; Ozturk and Aydin  2004 ). In another 
study by (Serraj et al.  2011 ), total plant water use was reduced due to increased CO 2  
because  stomatal conductance   was reduced with increased levels of atmospheric 
CO 2 , thereby reducing the amount of water lost to the atmosphere. Therefore, the 
elevated atmospheric CO 2  stimulated the root growth and thus increased plant water 
acquisition and also reduced plant water loss by closing stomata. These two phe-
nomena typically enhance plant water-use effi ciency, even under conditions of less- 
than- optimal soil water content. Besides these physiological traits, [eCO2] promotes 
leaf area and leaf mass per unit area, thus providing increased surface area for pho-
tosynthesis and improves tillering and shoot biomass in  wheat   (Thilakarathne et al. 
 2013 ; Bourgault et al.  2013 ). In addition, a slight advancement of fl owering time in 
a majority of C3 crops under fi eld conditions has been documented (Craufurd and 
Wheeler  2009 ). However, during anthesis stage, [eCO2] has been reported to raise 
tissue  temperature   by lowering the critical  temperature   threshold, resulting in higher 
spikelet sterility in  rice   (Matsui et al.  1997 ). At the grain-fi lling stage, [eCO2] 
improves different  yield   component traits, including spikelet density, 1000- grain 
weight, panicle density and harvest index in  rice   and  wheat   (Shimono et al.  2009 ; 
Madan et al.  2012 ; Högy et al.  2013 ). The individual effects of these climatic vari-
ables but very few studies have looked at the interactions between different aspects 
of climate change. These climate variables may behave differently in presence of 
each other.  
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14.4.2     High  Temperature   and  Drought   Interaction Impacts 

 High  temperature   often accompanies or interacts with  drought   stress and as a result 
of low  precipitation   the  yield   of three major cereals ( rice  ,  wheat   and maize) declined 
signifi cantly in the northern part of China (Zhang and Huang  2012 ). Wassmann 
et al. ( 2009 ) documented the occurrence  drought   and high- temperature   stress during 
the critical developmental stages (fl owering and early grain fi lling) in the major 
 rice  -growing areas of Asia. The impact of combined stress has a signifi cantly more 
detrimental effect on cereal growth and productivity than either high  temperature   or 
 drought   stress applied individually (Shah and Paulsen  2003 ; Altenbach et al.  2003 ; 
Prasad et al.  2011 ). Hence,  drought   exacerbated by high- temperature   stress or vice 
versa will have serious implications for future cereal production in arid and semi-
arid regions.  

14.4.3     Effect on  Water Use Effi ciency   

 Photosynthesis (CO 2  uptake) and transpiration (H 2 O loss) processes share a com-
mon pathway and linkage between these processes is tightly regulated by the extent 
of stomatal regulation. High- temperature   and  drought   stress both limit the net  pho-
tosynthetic rate   and a decrease in net photosynthesis has been attributed to either 
stomatal or non-stomatal limitation (Hassan et al.  1998 ; Yordanov et al.  1999 ,  2000 ; 
Shangguan et al.  1999 ). In cereals, a few controlled growth chamber studies have 
quantifi ed the impact of combined  drought   and high- temperature   stress on photo-
synthesis and transpiration. In  wheat  , combined stress together resulted in a 66–93 % 
decrease in photosynthetic rate compared with non-stress conditions in three differ-
ent experiments and a higher decline was higher than the two stresses imposed 
independently. Moreover, 24 % increase in water use effi ciency (WUE) was 
observed with  drought   stress at intermediate/suboptimal, but it decreased by 34 % at 
higher  temperature   (Shah and Paulsen  2003 ; Hassan  2006 ; Prasad et al.  2011 ).  

14.4.4     Effect on Agronomic Effi ciency: Grain  Yield   and  Yield   
Components 

 Drought stress causes a decrease in  yield   primarily by a decrease in grain number 
either due to a decreased amount of biomass accumulated prior to fl owering or 
direct damage to pollen and ovule viability during the reproductive stage. According 
to Powell et al. ( 2012 ), post-anthesis  drought   has a strong negative effect on grain 
fi lling and grain weight due to an imbalance in grain-fi lling rate and duration 
dynamics. The decrease in spike number, more aborted spikes has been observed by 
El Soda et al. ( 2010 ) due to  drought   stress at various reproductive phases. Similarly 
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high- temperature   stress infl uences the  yield   and  yield   attributes by shortening the 
growth phases. Shortening of grain fi lling period due to increased  temperature   stress 
caused lower grain weight, increased pollen sterility, poor anther dehiscence, which 
ultimately had negative effect on grain  yield   reported as by Barnabas et al. ( 2008 ) 
and Powell et al. ( 2012 ). These fi ndings were further supported by Samra and Singh 
( 2005 ) by documenting the decreased  wheat   production by more than four million 
tonnes in India because in March the temperatures were higher in IGP by 3–6 °C, 
which was equivalent to 1 °C/day leading to  wheat   crop maturity earlier by 10–20 
days. According to Prasad et al. ( 2011 ), the decreases in leaf photosynthesis was 
more at elevated  temperature   as compared to  drought   alone. However, leaf  photo-
synthetic rate   was lowest as result of combined effect of high  temperature   and 
 drought  . Overall decrease of 48–56 % in spikelet fertility, grain numbers and grain 
 yield   was observed. Further, they reported that higher  temperature   decreased in 
grain weight and the grain  yield   by 25 % and 56 %, respectively. While the respec-
tive decrease due to  drought   was 48 and 35 % indicated the sensitivity of grain 
numbers towards higher  temperature   while the grain weight was more affected by 
 drought   stress. The combined effects of higher  temperature   and  drought   were 
greater than individual effects of higher  temperature   or  drought   alone for leaf chlo-
rophyll content, grain numbers and harvest index. However, according to van 
Ittersum et al. ( 2003 ), climate change would have positive effects in some regions 
of the world, especially in Mediterranean environments where lower temperatures 
is the main plant growth limiting factor. Global warming could potentially have 
positive effects on crop  yield   in these regions but on the other hand climate change 
will have a negative effect on yields of irrigated crops across regions, both due to 
increase in  temperature   and changes in water availability. Venkateswarlu and 
Shanker ( 2012 ) predicted that there would be change in rainfall variability and 
reduction in number of rainy days. Similarly, Changes in rainfall patterns both with 
respect to amount and distribution of rainfall can have both negative and positive 
effects on agricultural production. In semi-arid environments, higher rainfall will 
increase production where lower rainfall is the cause of lower production. However, 
in high rainfall zones, more rain can increase soil water logging and nutrient leach-
ing which can reduce crop growth. Further, rainfall patterns with a predicted increase 
in variability are projected to result in increased amounts on fewer rainy days lead-
ing to fl ash fl oods on the one hand and on and prolonged dry spells on the other, 
thereby jeopardizing the completion of crop cycles. Drought or water scarcity, 
owing to climate change has been a recurring challenge in many parts of the world 
and this is identifi ed as the most important factor limiting plant growth, develop-
ment, and cereal productivity (Mishra and Singh  2010 ; Ahuja et al.  2010 ). Past data 
showed increase in  temperature  , decrease in open pan evaporation and irregular 
trends in rainfall. The projected averaged annual  T max and  T min is predicted to 
increase by 1.1 ± 0.5 °C, 2.5 ± 0.7 °C and 3.5 ± 0.8 °C and1.7 ± 0.5 °C, 3.0 ± 0.4 °C 
and 4.1 ± 0.6 °C in the year 2020, 2050 and 2080 respectively, as per the GCM stud-
ies carried out in the region. If there would be more rainfall in future, the crop  yield   
can be increased because the  yield   is more sensitive to water availability than 
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 temperature  . If water availability is reduced in the future, soils of high water holding 
capacity will be better to reduce the frequency of  drought   and improve the crop 
yields. Challinor et al. ( 2005 ), Challinor and Wheeler  2008  reported by used 
PRECIS and the GLAM crop model under present (1961–1990) and future (2071–
2100) climate conditions hat extreme  temperature   has a negative effect on crop 
 yield   rather than the mean and high temperatures. Vashisht et al ( 2013 ) predicted a 
decreases in crop  yield   by 4, 32 and 61 % between the periods from 2021 to 
2030,2031–2040 and 2041–2050 respectively by using  DSSAT   model .   

14.5     High  Temperature   and [eCO 2 ] Interaction Impacts 

14.5.1      Water Use Effi ciency   

 Temperature and CO 2  are two major aspects related to climate change which affect 
most of the plant processes. Carbon dioxide affects  crop production   mainly through 
its direct effect on photosynthesis and stomatal physiology (Uprety et al.  2002 ; 
Shimono et al.  2013 ). Higher rates of photosynthesis and increased WUE with 
higher [CO2] have been documented by Drake et al. ( 1997 ) and Garcia et al. ( 1998 ). 
According to Guo et al. ( 2010 ), WUE increased by 40 and 25 % in  wheat   and maize 
crops, respectively in the treatment where atmospheric CO 2  concentration reaches 
nearly 600 ppm as compared to treatments without CO 2  fertilization. However, high 
 temperature   alone can negatively impact  crop production   directly through heat 
stress and indirectly through higher plant water demand due to increased transpira-
tion (van Herwaarden et al.  1998 ; Lawlor and Mitchell  2000 ; Peng et al.  2004 ). 
However, higher [CO2] can counteract these negative effects of higher temperatures 
through decreased  stomatal conductance  , which reduces transpiration and higher 
leaf water potential (Garcia et al.  1998 ; Wall  2001 ).   

14.6     Drought and [eCO 2 ] Interaction Impacts 

14.6.1     Agronomic Effi ciency: Grain  Yield   and  Yield   
Components 

 Elevated  carbon dioxide   has a signifi cant role in enhancing grain and biomass  yield   
of crops. Among the cereals, C3 plants like  rice   and  wheat   have benefi ted more than 
C4 plants like maize and sorghum due to increasing [CO 2 ] in terms of grain  yield  , 
while all these species had a relatively lower decline in grain  yield   and biomass 
under combined  drought   and [eCO 2 ] conditions than under independent  drought   
stress. The physiological responses, including photosynthesis and overall grain 
 yield   have a similar response to combined  drought   and [eCO 2 ] compared to 
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independent exposure to  drought  . The 1000-grain weight increased with [eCO 2 ] 
across both  wheat   and maize, while the ameliorative effect of [eCO 2 ] was clearly 
more evident with maize than with  wheat   with a 19 % increase compared to inde-
pendent  drought   stress exposure. The reduction in grain  yield   with combined 
 drought   and [eCO 2 ] conditions was possibly due to an increased number of panicles 
per plant in  rice   and a lesser decrease in grain number per ear or on an area basis in 
both  wheat   and maize. Harvest index, however, decreased across both C3 and C4 
cereals with [eCO 2 ], mainly due to a greater proportion of increase in vegetative 
biomass, and the decline was greater with combined  drought   and [eCO 2 ], particu-
larly with sorghum, due to a greater decrease in grain  yield  . In  wheat  , duration of 
grain-fi lling stage and rate, which are infl uenced by [eCO 2 ] and  drought   are nega-
tively correlated and infl uence fi nal grain weight (Li et al.  2001 ). It was observed 
that under  drought   stress, the [eCO 2 ] increased fi nal grain weight in the upper and 
lower sections of the main stem spike, while under well watered conditions, [eCO 2 ] 
increased grain weight in the lower sections of the main stem spike. The increase in 
grain weight caused by [eCO 2 ] was attributed to a faster grain-fi lling rate (Li et al. 
 2000 ). Further they reported, grains farther from the rachis or nearest to the rachis 
were affected proportionately more than those at the center (Li et al.  2001 ). Also, 
 drought   and [eCO 2 ] had a signifi cant impact on later-formed tillers than on main 
stem spikes (Li et al.  2000 ). Similarly, soybean had signifi cantly higher  photosyn-
thetic rate   (7–16 %) under normal and high soil moisture levels. Total dry matter 
production was increased signifi cantly from 74.3 to 137.3 % when plants were 
grown under elevated CO 2  with normal soil moisture level (Madhu and Hatfi eld 
 2014 ). Similarly, open top chamber studies conducted by Kimball ( 2016 ) revealed 
that the biomass and yield were increased by FACE in all C3 species, but not in 
C4 species except when water was limiting. Yields of C3 grain crops were increased 
on average about 19%.   

14.7     Adaption/Mitigation Strategies to  Climate Variability   

 Agriculture, as also among one of the major divers of climate change is also most 
likely to be affected which will threaten  food security   globally. So Adaption and 
 mitigation   strategies in this sector are urgently needed. Adaptation of  agriculture   to 
climate change has been broadly defi ned as “any response that improves an out-
come” (Reilly and Schimmelpfennig  2000 ). Adaptation measures also include 
establishment of disaster risk management plans and risk transfer mechanisms, such 
as crop insurance and diversifi ed livelihood systems (Reilly and John  1996 ). 
Similarly, IPCC ( 2007 ) defi ned  mitigation   as the “technological changes and substi-
tution that reduce resource inputs and emissions per unit of output”. Literature sup-
ports that Agriculture and allied fi elds like forestry, fi sheries/aquaculture provide a 
signifi cant potential for  GHG    mitigation  . The benefi ts of  mitigation   activities car-
ried out today will be evidenced in several decades because of the long residence 
time of GHGs in the atmosphere, whereas the effects of  adaptation   measures should 
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be apparent immediately or in the near future (Kumar and Parikh  2001 ). Key  adap-
tation   and  mitigation   strategies are mentioned below. 

14.7.1     Genetic Modifi cations of Crops 

 Development of crop varieties capable of withstanding high  temperature   stress, 
 drought   stress, pest load imposed by changing climate, needs a greater attention. 
There will be need to explore several adaptive traits including behavior of different 
growth regulators under different stress conditions. In addition to these, varieties 
with high nutrient and radiation use effi ciency and also the varieties that can tolerate 
coastal salinity and salt water inundation are needed. Projected rise in  temperature   
and change in  precipitation   pattern will reduce  nitrogen   use effi ciency under climate 
change scenarios through volatilization and leaching losses. So possibly farmers 
have to apply more nitrogenous crops. Along with this, because of added effect of 
elevated Carbon dioxide on growth of crops,  nitrogen   requirement of the crop is 
likely to increase. So, more effi ciency of roots are required for absorption of water 
and nutrients. Keeping all these points in view, future breeding efforts should be 
focused on improvement in germplasm of important crops to tolerate heat-stress, 
 drought   stress. This would require a great breeding efforts depending upon collec-
tion, conservation and distribution of appropriate crop genetic material. In India, 
considerable progress has been made in the genetic dissection of fl owering time, 
infl orescence architecture, and  temperature   and  drought    tolerance   in certain model 
plant system and by comparative genomics in crop plants. Transgenic seeds have 
several-fold higher germination potential and robust root system in terms of root 
biomass and length.  

14.7.2     Change in  Crop Management   Practices 

 Little changes in climatic parameters can be managed by  crop management   prac-
tices like altering the sowing time, plant spacing and supply of inputs. By altering 
the date of planting, fl owering can be avoided to coincide with hottest period (Gadgil 
 1995 ). Simulation studies by Jalota et al ( 2013 ) also predicted improvement in  rice   
and  wheat    yield   by shifting the transplanting date from June 20 to July 11 in  rice   and 
shifting sowing time from Nov 5 to November 26 in  wheat  . This improvement in 
 rice    yield   will be 3, 11 and 12 % in midcentury and 3, 14 and 18 % in End century 
by shifting transplanting date of  rice   from June 20 to June 27, July 5 and July 11, 
respectively. The improvement in  wheat    yield   was 69, 126 and 140 % in MC; and 
47, 100 and 127 % in EC by shifting planting date of  wheat   from November 5 to 
November 12, November 19 and November 26, respectively under A2 and B1 sce-
narios. The  DSSAT   model used but Ashish et al 2013 also predicted that Planting of 
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 wheat   up to November 25 till the years 2030–2031 seems to be helpful to mitigate 
the climate change effect under Punjab condition. The shift in planting time can be 
more benefi cial in arid and semi-arid regions to decrease the negative effect of  cli-
mate variability  , whereas in the case of rainfed  agriculture   closer spacing of the crop 
may help in quick cover of the soil surface and hence reduce the evaporation losses 
from the soil surface. When the crops are grown primarily on stored soil water, wide 
rows and low plant populations are highly desirable. A shift from sole crop rotation 
to a diversifi ed and integrated farming system is also helpful. Horticulture and agro- 
forestry need to be given more encouragement.  

14.7.3     Introduction of Legume in the Cropping System 

 Introduction of legume crop in prevailing crop rotation can also be helpful in future 
scenarios o climate change. Grain-legume intercrops have many benefi ts such as 
better use of resources, weed management, pest and disease reductions, increased 
protein content of cereals, reduced N leaching as compared to sole  cropping sys-
tems  . This will helpful in cost management and soil fertility management. 
Establishment of seed banks of major crops would be in highly helpful in major 
disaster management and extreme climatic events in future changed and unpredict-
able environments.   

14.8     Rain Water Harvesting 

 Rain water harvesting is simply capturing of rain where it rains and this stored water 
may be used for many purposes.  Climate change   will likely to alter the  precipitation   
pattern. There may be more amount of rain in one region and others may face the 
moderate to severe  drought   conditions. It is evidenced from the literature that pro-
longed aridity is associated with human migration to safer and productive areas. 

 Rain water harvesting has a potential for population stability. In India. Population 
developed in Thar dessert is an example for this. Indeed, the post -Sarswati society 
is essentially a rain water harvesting society. As an adaption to climate change, rain 
water harvesting is more important in present scenario, as reported by Jackson et al 
( 2001 ).  

14.9     Increasing Soil Carbon Storage 

 Soil carbon sequestration is also one of the most important options to reduce gas-
eous emission to atmosphere. By increasing carbon concentrations in the soil 
through better  agriculture   management practices, reduce the CO 2  emission to 
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atmosphere. Reforestation can also to sequester atmospheric CO 2  into biomass. 
Therefore, the forest land or land kept for tree plantation should not be used or other 
purposes. Stubble burning should be stopped. In Indian Punjab,  rice   residue burning 
is practiced on large scale because not effi cient technique was available for  rice   resi-
due management. But now “Happy seeder” is recommended by Punjab Agriculture 
University for Punjab farmers. By using this machine farmers can sow  wheat   in 
standing  rice   stubbles. However for its large scale adoption, high cost of machine 
and its availability, problem of choking while sowing are obstacle. These problems 
need to be rectify.  

14.10     Reducing  GHG   Emissions Related to  Agriculture   

 Continuously fl ooded  rice   fi elds are responsible for production, oxidation and trans-
port of methane gas which is major GHG gas. This emission can be reduced by 
practicing alternate wetting and drying (AWD) instead of continuous fl ooding. It 
can be further reduced by irrigating  rice   fi eld on the basis of soil matric potential. 
Research data has shown that by following such practices there is no signifi cant 
reduction in  crop production  . On the other hand, drainage may lead to increase in 
emission of nitrous oxide. These management practices have some potential in irri-
gated areas but it is diffi cult to follow in low land rainfed  rice  . Nitrous oxide emis-
sions can be reduced by following appropriate  crop management   practices which 
lead to increase in  nitrogen   use effi ciency and  yield  . The emission of gases can be 
reduced up to some extent by applying ammonium fertilizer in wet land crop and 
nitrate fertilizers in aerobic conditions. Nitrifi cation inhibitors can be used. Neem 
cake is alternate option to mitigate nitrous oxide emission from the soil. Improved 
management of livestock  diet   can be helpful in reducing methane emission. Increase 
in area under agroforestry and  biofuel   could mitigate GHG  emissions  .  

14.11     Conclusion 

  Climate change   is now a reality, many people prefer to call it as climate uncertainty 
instead of climate change, which in fact, is much more complex phenomenon from 
agricultural point of view. The seasons are no longer identifi able as these used to be 
previously. Sometimes, these prolong or get shortened replacing the other seasons. 
The increase in climate-extremes in  precipitation  ,  temperature  , etc has already 
started taking a toll on the agricultural production as is evident from one of the most 
productive region in IGPs of India i.e. Punjab, where the  wheat   productivity is 
affected considerably due to elevated  temperature   conditions over the last few years. 
The  GHG   emissions are now evident even to a common man, who feels chocked 
even to respire; the respiratory diseases are on the rise;  heat and cold waves   taking 
a toll on the lives of people every year. Most recently the heat wave during 2015 
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took a heavy toll in Pakistan region when about 1500 people died because of ele-
vated heat conditions. 

 It is the time now that we must make strategies which include not only  mitigation   
and  adaptation   measures in  agriculture   only but in all the sectors like industry, 
domestic, transport, etc so that GHG emissions are reduced and at the same time 
technologies are developed to mitigate the ill effects of climate uncertainty on  agri-
culture  , industry and domestic sectors. Industry and domestic sectors can easily 
adapt to the changing climatic conditions but for  agriculture   sector it is not so easy. 
A lot still needs to be done especially in formulating strategies to mitigate such 
effects. For example, the regions for various crops need to be specifi ed depending 
upon their feasibility. The plant breeders have to play a big role in redefi ning the 
characters of crop plants through genetic engineering so as to develop cultivars to 
grow effi ciently in newer climatic conditions. The cultivars for  biofuel   crops need 
to be developed as an alternate to fossil fuel energy sources. It is thus a collective 
effort on the part of plant breeders, soil scientists, agronomists, plant protection 
scientists and food technologists to work together to develop strategies for mitigat-
ing the ill effects of climate change in agricultural sector.     
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different physiological processes. Phosphorous plays an important role in the 
growth, development and yield of crops. However, P causes some environmental 
problems like eutrophication. The importance of the element necessitate its study 
through modeling and distribution under changing climate. Since P is present as 
organic and inorganic form but their fate is different in soils. The inorganic P 
accounts for 35–70 % while organic form of P accounts for 30–65 % of the total P 
but it is dominantly available as stabilized forms like diesters. The availability of 
this P depends upon mineralization processes by soil biota which has dependency 
upon soil moisture, temperature, physiochemical properties and soil pH. However, 
the transformation of organic p has strong infl uence on the availability of P in soil. 
Therefore, availability of P to crop is extremely complex and its needs to be evalu-
ated using modeling approaches. The Phosphorus Use Effi ciency (PUE) for crops 
might be increased by understanding P-dynamics which may be done by models. 
The understanding of P dynamics will help to optimized balance use of P. By moni-
toring P for longer period of time might increase P status of soil. The use of com-
puter models will help to modify fertilizer application which can reduce use of P but 
will increase PUE. The effects of high temperature, elevated CO 2  and drought on the 
availability of phosphorous, PUE and its dynamics could be modeled using dynam-
ics models like APSIM, AEP or by using regression modeling approaches.  

  Keywords     Phosphorus   •   Soil biota   •   Phosphorus use effi ciency   •   P-Dynamics   • 
  APSIM  

  Abbreviations 

   ATP    Adenosine Tri-Phosphate   
  ADP    Adenosine di-phosphate   
  NADP    Nicotinamide adenine dinucleotide phosphate   
  FADP    Falvin adenine dinucleotide phosphate   
  APSIM    Agricultural Production System Simulator   
  AEP    Agriculture Ecosystem model   
  PUE    Phosphorus Use Effi ciency   
  IPCC     Intergovernmental Panel on Climate Change    
  NFDC     National Fertilizer Development Centre    
  IFPRI     International Food Policy Research Institute    
  DNA    Deoxyribonucleic acid   
  RNA    Ribonucleic acid   
  PAE    P Acquisition Effi ciency   

15.1         Introduction 

  Phosphorus   the major macronutrient of plant is totally different from  nitrogen   as it 
does not come from air and have less solubility in water which leads to slow move-
ment of P to downstream (Tiessen  2008 ). P is the 11th most abundant element in 
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earth crust and its concentration reaches to 1200 mg P per kg. However, most of the 
soils contain 200–800 mg per kg while older soils have less compared to younger 
soils. The binding of P is maximum with Ca or Mg and its solubility in water 
becomes 0.5 mg P per liter. The decreased solubility than Ca 3 (PO 4 ) 2  after weather-
ing is due to Ca leaching which resulted to abundance of Fe and Al. Different physi-
cal and chemical reactions (mineralization, immobilizations, dissolution/ precipitation   
and sorption/desorption) controls the availability of P to crops. P fi xation is a mis-
nomer as every chemical reaction to some extent is reversible however, since release 
of P is so negligible therefore, it is considered as non-signifi cant. The organic phos-
phate esters and inorganic phosphates constitutes 99 % of naturally occurring 
P. Similarly high negative charge density due to four oxygen per P, (PO 4 ) 3−  resulted 
to its loving attraction to all positively charged ions. P is essential component of 
heredity material (DNA and RNA) and energy carriers like ATP. The phospho-
dieaster linkage maintains life on earth which is maintained by P. Since P is present 
as organic and inorganic form but their fate is different in soils (Turner et al.  2007 ). 
The inorganic P accounts for 35–70 % and dynamics of P in soil is further illustrated 

  Fig. 15.1    P dynamics in the soil/rhizosphere-plant continuum (Source: Shen et al.  2011 )       
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by Shen et al. ( 2011 ) (Fig.  15.1 ). However, organic form of P accounts for 30–65 % 
of the total P but it is dominantly available as stabilized forms like diesters (Condron 
et al.  2005 ). The availability of this P depends upon mineralization processes by  soil 
biota   which has dependency upon soil moisture,  temperature  , physiochemical prop-
erties and soil pH. However, the transformation of organic p has strong infl uence on 
the availability of P in soil (Turner et al.  2007 ). Therefore, availability of P to crop 
is extremely complex and it needs to be evaluated using  modeling   approaches since 
it is associated with P dynamics (s).

   The crop productivity over the globe has strong relationship with soil fertility 
and most of world soils are limited in N and P hence leading to lower soil productiv-
ity. However, P defi ciency is more often in old weather soils (Lynch and Brown 
 2011 ; USDA  2012 ) (Figs.  15.2  and  15.3 ). The limited availability of P might be due 
to several factors like its binding with Fe and Al, human activities (50 % of the 
 agricultural soils in the world) erosion, acidifi cation and mining of nutrients 
(Hartemink  2003 ). The developed countries have potential to increase the P status 
of soil however, in developing countries where P as fertilizer (World Bank  2004 ) 
use is limited might result to  food security   (Lynch  2007 ). Therefore, use of crops 
having high  phosphorus use effi ciency (PUE)      and development of  cropping systems   
with greater productivity might tackle the problem of  food security   (Lynch  2007 ). 
P-acquisition is the adoptive value of crop/plant to acquire P and it can be consid-
ered as trait called “Phene” (a  phenotype   is comprised of many distinct phenes). 
These “Phenes” determines the fi tness of crop therefore; it needs to be considered 
in the domestication of crops. The “phene” which is important for P-acquisition is 
root hair length (Fig.  15.4 ). The phenes adaptability is interlinked with surrounding 
environments like in case of root hairs; length has strong synergism with root hair 

  Fig. 15.2    The  Phosphorus   Retention Potential map (Source: USDA, NRCS  2012 )       
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density (Ma et al.  2001a ) for P acquisition. Therefore, this type of interactions needs 
to be considered for phenes consideration in context with surrounding environment. 
The  adaptation   of crops under P limited conditions could be achieved by identifi ca-
tion of phenes and understanding of physiological and ecological interactions. 
This could also be useful for breeding P-effi cient crops having high  PUE   under 

  Fig. 15.3    Map of global soil  Phosphorus   availbility (Source: Lynch  2011 )       

  Fig. 15.4    Root phenes associated with genotypic differences in  adaptation   to low  phosphorus   
(Source: Modifi ed from Lynch  2007 )       
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limited P. Since P is less mobile therefore, roots display features like mycorrhizal 
symbioses (Smith and Read  1997 ), root hair elongation and proliferation (Ma et al. 
 2001a ,  b ), including rhizosphere modifi cation through secretion of organic acids 
(Ryan et al.  2001 ), protons (Hinsinger  2001 ), and phosphatases (Hayes et al.  1999 ), 
and modifi cation of root architecture to maximize P acquisition effi ciency (Fig. 
 15.5 , Lynch and Ho  2005 ).

      The increase in R/S ratio (root to shoot) is another feature which plant adapts to 
compensate P-defi ciency (Mollier and Pellerin  1999 ). Therefore, root growth might 
be considered to increase  PUE   (Manske et al.  2000 ,  2001 ). In general low P in soil 
is a constraint and crop adopt different strategies (P acquisition, Topsoil foraging 
P-solubilizing root exudates, Basal root gravitropism, and Lateral root branching, 
Reduced metabolic costs of soil exploration, Mycorrhizal symbioses, Phenological 
and morphological plasticity). The understanding of these strategies might lead to 
development of such crop genotypes which have high PUE under changing climate. 
The models might be used to study the role of root architecture in P-acquisition. The 
earlier results about this aspect using  modeling   approach indicated that root archi-
tecture have signifi cant relationship with PAE (P acquisition effi ciency). The change 
in root architecture resulted to change in PAE. The authors concluded that shallower 
root architecture might better explore P- rich upper soil layer which might increases 
the PAE (Yan et al.  2002 ). 

  Fig. 15.5    Conceptual model of root/rhizosphere and soil-based nutrient managements for improv-
ing P-use effi ciency and crop productivity in intensive  agriculture   (Source: Shen et al.  2011 )       
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 The  PUE   for crops might be increased by understanding  P-dynamics   which is 
possible by using simulation  modeling   paradigm. The understanding of P dynamics 
will help to optimized balance use of P. By monitoring P for longer period of time 
might increase P status of soil by adopting suitable strategies. The use of computer 
models will help to modify fertilizer application which can reduce use of P but will 
increase  PUE  . This will save P by maintaining crop productivity (Fig.  15.4 ) (Shen 
et al.  2011 ). The models like Agriculture Ecosystem (AEP model) could be used to 
describe P dynamics on farm scale. Cassell et al. ( 1998 ) concluded in their work that 
simulation  modeling   could be used to understand complex P dynamics and to design 
management strategies which could achieve the goal of resource sustainability and 
climate protection. 

  Phosphorus   export from  agriculture   is major cause of eutrophication (Cassell 
et al.  1998 ). P export pattern over time and space is dependent upon human activity, 
hydrology and physiochemical and biological processes those store and transform 
P. The ecosystem paradigm was suggested to study P dynamics (Cassell et al.  1998 ). 
The AEP model depicted P dynamics with good accuracy and describes P dynamics 
on farm scale driven by amount of P stored in agricultural soils and systems. Cassell 
et al. ( 1998 ) in their studies concluded that dynamic simulation  modeling   is valu-
able tool to study P dynamics for development of policies and management options 
to achieve climate sustainability. Models are of extreme importance in scientifi c 
systems (Frigg and Hartman 2006). A model is a schematic demonstration of the 
ideology of a system or a set of equations, which shows the performance of a sys-
tem. Also, a model is “A demonstration of an object, structure or proposal in some 
form other than that of the individual itself”. Models are used to describe and 
improve the behavior of a system in real and simple form and this simplicity results 
in the effectiveness of models as it presents the complete explanation of problem 
(Ahmed  2011 ; McCown et al.  1996 ; Murthy  2002 ). Building, testing, comparing 
and revising models needs a great deal of time of scientists and the introduction, 
application and interpretation of these imperative tools needs much general space 
(Frigg and Hartman 2006). Physiological sub models of complex crop growth 
includes basic physiological, biophysical and biochemical processes even at cellular 
or organ level, and it is diffi cult to conclude a large number of model parameters 
with which the modelers will have to deal (Mo and Beven  2004 ). The reaction 
which occurs within the plants and the interaction of plants with environment is 
represented in the agricultural models. The agricultural models are the clear picture 
of reality as it is very diffi cult and impossible to represent the complete system in 
arithmetical expressions due to incomplete status of present knowledge and compli-
cacy of the system. In the agricultural sector, universal models do not exist as in the 
fi elds of engineering and physics. Complexity level is adopted according to the 
principle of the model and for different systems; different models can be used 
(Kumar and Chaeturvedi  2009 ).  
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15.2     Statistical and Mechanistic Models 

 Models are grouped in to different types according to their principle. These include 

  Statistical Models     These models are used to describe the correlation between 
 yield   and climate parameters. Crop reaction to the fertilizers can be described by 
using the simple linear and quadratic models as the scientists used these models as 
in those researches where the goal is to achieve maximum  yield   (Willcutts et al. 
 1998 ).  

  Mechanistic Models     Models which can describe the correlation between  yield   
and climate parameters along with the function or action of these models. Similarly, 
“visualization  modeling  ” and “mechanistic” or physiologically based  modeling   is 
to describe how a real plant functions using a virtual crop.  

  Deterministic Models     Deterministic models have defi ned coeffi cients and pre-
dicts accurate  yield  .  

  Stochastic Models     In these models a possibility factor is involved to every output. 
These models describe the  yield   at particular rate.  

  Dynamic Models     Time is taken as variable in these models and both variables 
remain stable over a known time period.  

  Static     Time is not taken as variable in these models and both variables remain 
stable over a known time period.  

  Simulation Models     These models are the numerical expression of actual world 
system and the major objective of crop simulation model is to predict the agricul-
tural  yield   as a purpose of climate, soil situation as well as  crop management  .  

  Descriptive Models     These models describe the performance of a system in a sim-
ple way and comprises of one or more arithmetical equations.  

  Explanatory Models     These models comprises of quantitative explanation of the 
functions and processes that causes the performance of the system (Murthy  2002 ). 
These models are used to predict the behavior of crop in an area where no crop has 
been grown earlier and helps in predicting about weather risks and selection of suit-
able varieties (Van keulen and Wolf  1986 ).  

  Process-Based Models     These models are used to estimate the infl uence of fl uctu-
ating climate at local and international scales on crops (Rosenzweig and Parry  1994 ; 
IFPRI  2009 ) and the absence of these models for several minor crops confi nes the 
opportunity of this technique (Wolf and Van  2003 ).  
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  Generic Models     These models calculate possibly achievable than the real  yield  . In 
developing countries where there is a great difference between the expected and the 
real  yield  , it is diffi cult to explain the calculated climatic variations in the real crop 
 yield  . These models forecast progressive infl uence of changing climate on the crop 
 yield   than the real possible in fi elds in regions with great  yield   differences (Tubiello 
and Fischer  2007 ). Future fi tness of land for different crops can be compared by 
using this technique (Stockle et al.  2001 ). A model can predict the possibilities of 
production levels in a certain soil type based on rainfall (Kiniry and Bockholt  1998 ). 
In short there is a key role of models in the modern science. The role and  signifi cance 
of models in the scientifi c practice with increasing attention is recognized by the 
philosophers (Frigg and Hartman  2006 ). 

 Phosphorous (P) is the most important  yield   boosting nutrient for the crops 
(Schjorring and Nielsen  1987 ). According to (NFDC  2011 ), P defi ciency in Pakistani 
soils reaches up to 93 %. These soils have pH >7(alkaline), hence majority of these 
are Calcareous in nature (CaCO 3  > 3.0 %). A large amount of P fertilizers are pre-
cipitated or adsorbed and a very small fraction of it added to soil solution and used 
by plants (Ahmed et al.  2003 ). High alkalinity in Pakistani soils decreases the P 
accessibility to the plants. So the suffi cient amount of P fertilizers should be applied 
to sustain certain level of P in the soil (NFDC  2011 ). Organic and Inorganic P are 
two main sources of P (Fig.  15.6 ; Shen et al.  2011 ).

  Fig. 15.6    P cycling in crop-soil systems       

 

15 Models to Study Phosphorous Dynamics Under Changing Climate



380

15.3         Sources of  Phosphorus   

 Organic sources of P includes  beef   manure, dairy manure, dairy compost, vermi-
compost, bone meal, compost having 1, 1, 1, 2, 11–22 and 0.05–2 % of P contents 
respectively while in poultry manure its concentration is 17 lb/ton (Zublena et al. 
 1993 ). Inorganic sources of P include super phosphate, concentrated super phos-
phate, mono ammonium phosphate, di ammonium phosphate and rock phosphate 
which contain 21, 45, 49, 47 and 34 % of P contents. Ortho phosphate is better than 
Poly phosphate (Rehm et al.  2011 ).  Phosphorus   plays an important role in plants 
metabolism, cellular energy transfer, respiration and photosynthesis. It is also the 
main element of genetic nucleic acid, chromosomes, phosphoproteins and phospho-
lipids. Plant leaf area was reduced to 80 % due to phosphorous defi ciency and it also 
affects the light saturated photosynthesis per unit of leaf area. Similarly, chlorophyll 
in the leaves of nutrient stressed plants was lowered. Meanwhile highest  yield   
increase was recorded up to 22 % in  wheat   by the addition of 90 kg P 2 O 5  per hectare 
(Khan et al.  2007 ). Similarly, suffi cient application of P is essential at early stage of 
crop. P shortage at early crop stage effects the crop growth and it was reported that 
after this even the amplifi ed application of P cannot recovers crop growth (Bertrand 
et al.  2003 ). Agronomically a plant showing good response to the P will be more 
valuable particularly from the present monetary and ecological point of view. 
Differences in uptake and use of P resulted in different  yield   responses of plants 
(Schjorring and Nielsen  1987 ). Physiological factors including root morphology 
(Romer et al.  1988 ) and Mycorrhizae (Smith and Gianinazzi-Pearson  1988 ) greatly 
affect the P uptake effi ciency of the plants. Low solubility of P compounds in soil 
results in the low uptake of P by the plants. Excessive application of P results in 
leaching of P through macro pores water movement or through transportation in 
runoff and erosion (Sharpley et al.  2003 ). Review of  modeling   of P in current study 
will enhance our understanding of P availability, application requirement and effi -
cient utilization by each sown crops for monetary as well as environmental points 
of view.  

15.4     Phosphorous  Modeling   in Soil-Plant Atmosphere 

 Exact prediction of fertilizer application is becoming more diffi cult due to growing 
fi nancial and ecological concerns related to its consumption. The accurate fertilizer 
rates for the crops can better be predicted by the modifi ed quadratic plateau model 
than the quadratic plateau model (Bock and Sikora  1990 ). The correlation of acces-
sible P fertilizer with  wheat   production can be described better using quadratic and 
linear plateau models than the quadratic plateau model (Zamune et al.  2005 ). A 
signifi cant increase of dry matter production was observed by using linear response 
and plateau model (Swami and Singh  2008 ). Spatial variability of soil test P, spe-
cifi c characteristics of soil and production of winter  wheat   on dry landscapes of 
central huge plains determines that there are variations of winter  wheat   production 
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and soil characteristics across landscape. The variables show extreme auto correla-
tion and it helps the Kringing model in exact forecasting of soil characteristics and 
 wheat   production (Ortega et al.  1997 ). The effect of P on individual leaf growth rate 
and reduced assimilate accessibility for leaf growth in low P situation were testifi ed. 
The P shortage resulted decline in plants leaf area, grain production and 32 % 
increase in Phyllochron. Leaf area expansion decreased and photosynthesis per unit 
leaf area even at higher radiations decreased up to 57 %. It was concluded that the 
gentle P defi ciency at leaf appearance and tillering stage results in 80 % decrease in 
plant leaf area. The simulation model fails to describe the results due to severe P 
shortage as well as due to some other effects like direct effects of P on leaf expan-
sion which cannot be explained by model (Rodriguez et al.  1998 ). The amount of P 
uptake by  wheat   plants and its effects on production of different varieties in rain fed 
as well as irrigated areas having acidic and calcareous soils was determined in an 
experiment which concludes that production increased signifi cantly in acidic and 
calcareous soil after the application of P fertilizers. High P in acidic and low P con-
centration in calcareous soils results in high  wheat   production (Manske et al.  2001 ). 
Integrated effects of N, P, K along with organic matter and water greatly enhance the 
production which increased with increasing P dosage and 35.6 kg per hectare appli-
cation of P gives maximum production by using water fertilizer  yield   model (Duan 
et al.  2004 ). P requirement of  wheat   to get 95 % relative  yield   by using adsorption 
isotherm in Freundlich model observed by addition of different amount of P solu-
tions concludes that the highest  wheat   grain and straw  yield   was observed by adding 
0.15 mg P L −1  and 0.50 mg P L −1  respectively. Highest P concentration in  wheat   
grain and straw was 0.41 % and 0.16 % respectively. So it is concluded that to get 
95 % relative  yield   0.2 mg P L −1  exterior soil solution and interior P requirement is 
0.27 %. The adsorption isotherm in the Freundlich model calculates the P require-
ment of  wheat   effi ciently (Rehman et al.  2005 ). It is essential to assess the point to 
which the nutrient availability decreases the crop  yield   and the PARJIB model pre-
dicts the response of nutrient application to get maximum  yield   in better way (Reid 
 2002 ). 

15.4.1     Modeling Phosphorous Availability Under Changing 
Climate 

 There will be a major change in production of food due to changing global climate 
(Rosenzweig and Parry  1994 ). Nutrient defi cits greatly reduce soil productivity. 
Plants need accessible mineral nutrients in the soil for vigorous development. 
Shortage of accessible P in soil is a severe problem. P problem is challenging for 
farmers having small land holdings because of their low accessibility to inputs. The 
major factors responsible for the shortage of P are: Natural process: High  tempera-
ture  ,  precipitation  , percolation and chemical disintegration are responsible for the 
nutrient loss. P defi ciency is noticed in sandy loam and granite derivative soils.  
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15.4.2     Human Action 

 Defi ciency of P in the soil is caused due to farm managing techniques, extension of 
 agriculture   and further human accomplishments. Reaping of crops, burning of crop 
remains and the soil destruction directed to the phosphorous loss from the soil. P 
shortage inhibits growth, cause dark blue green or purple coloration and distresses 
the root growth (Anonymous  2012 ). Organic and inorganic phosphorous is pro-
duced from plants and bacterial action. These forms of P develop a series of instantly 
accessible to slowly accessible P which is bonded in an established compound to 
form a balance between each other. Roots of trees and mycorrhizae cause disinte-
gration which results in phosphorous defi ciency (Dijkstra et al.  2003 ). In an experi-
ment fi re showed adverse effects on P accessibility during fi rst year and reduction in 
available P after 5 years.  

15.4.3     Effects of High  Temperature   

 Extremely high incineration  temperature   reduces the half of P availability to the 
plants (Thygesen et al.  2011 ). If the constant rise in  temperature   cross the specifi c 
limit it will also cause decline in crop  yield   with decreasing soil moisture (Monteith 
 1981 ). Effects of P on oat were observed under different  temperature   to determine P 
uptake. Soil fertilized with mono and di ammonium phosphate showed high P uptake 
at 5° C than in 16 and 27° C (Beaton and Read  1965 ). P concentration in entire plant, 
leaf, trunk, and roots was highest at 27° C. Increase in P concentration results in 
maximum phosphorous uptake in leaves and stem. At the  temperature   of 21° C and 
27° C there was maximum P in panicle. There was poor growth at sub optimal  tem-
perature   which restricts plant growth due to low P contents (Ercoli et al.  1995 ).  

15.4.4     Effects of Elevated CO 2  

 The global warming and climate change due to increased CO 2  had resulted to the 
efforts which can reduce the discharge of worldwide CO 2  radiations by inter- 
governmental panel on climate change (IPCC  2007 ; Raupach et al.  2007 ). 
Supplementary intensifi cation of CO 2  will effect the plant growth considerably, by 
encouraging the process of photosynthesis directly (Drake et al.  1997 ) and second-
arily by encouraging global warming IPCC ( 2007 ). Increasing CO 2  and  temperature   
results in more biomass production and restrictive nutrient accessibility to the plants. 
Ectoenzymes enhance rhizodeposition due to high atmospheric CO 2  (Lagomarsino 
et al.  2008 ) so the demand of P for microbes and plants is also increased (Dijkstra 
et al.  2003 ). Sweet gum woodland was treated with high CO 2  to observe the effects 
of high CO 2  on P availability but no impacts were found on the amount of 
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phosphorous after 2 years of its supplementation. Plantation of popular under higher 
rate of CO 2  does not deplete P from soil but enhances P in the root zone (Khan et al. 
 2008 ). Excessive CO 2  cause 8.6 % decline in P accessibility after the fertilization of 
soil with P during fi rst year but it shows 69 % rise in above ground trunk develop-
ment (Webber  1990 ).  

15.4.5     Effects of  Drought   

 Availability of P to the plants decreased in the  drought  . Even a very slight phospho-
rous scarceness confi nes the accessibility of phosphorous to the shoots (Turner 
 1985 ). Decrease in the mineralization rate of soil is caused by the water stress which 
results in the reduction of P contents and also causes P accumulation (Sardans and 
Penuelas  2004 ). Due to limited presence/supply of water the nutrient availability is 
also restricted. Decrease in moisture up to 22 % results in 40 % decrease in P uptake 
by the plants. So the direct impact of low moisture results in the non-availability of 
P to the plants which will effects the plant growth and consequently there will be a 
severe effect on the environment (Sardans and Penuelas  2004 ).   

15.5     Conclusion 

 The present review of P dynamics concluded that it plays an important role in the 
growth development and all the metabolic processes of the plants thus leaves great 
impact on the  yield   of all agronomic crops. Variations in the climatic conditions 
would result in the limited availability of P to the plants so there is an extreme need 
of  modeling   P dynamics under the changing climatic conditions to get optimum 
 yield  . The dynamic models like STELLA,  APSIM  ,  DSSAT   and AEP might be used 
to understand the P dynamics on farm scale. Since P dynamics was largely driven 
by short term events like seasons and bio-physiochemical changes therefore, simu-
lation models might be used to understand P dynamics for managerial decisions and 
policy making. Such decisions and policy making might promote long term envi-
ronmental, economic and resource sustainability for future generations.     
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Abstract  Today global climate change and its impact on crop production is a major 
issue. Climatic factor such as temperature has been closely linked to agricultural 
production. According to the international panel on climate change (IPCC) these 
changes are very rapidly affecting crop productivity. To explore the future climate 
change impacts on wheat yield in Pakistan, especially the rain fed region of Pothwar 
which is considered vulnerable to climate change, a wheat crop simulation study 
was conducted. The specific objectives of the study were to (a) simulate the impact 
of climate change using DSSAT on wheat yield in the Pothwar region using IPCC 
climate change scenario for Pakistan and (b) generate spatial maps of wheat yield 
and correlate with climatic factors. The crop simulation study assessed the impact 
of rise in maximum and minimum Temperature on the wheat yield. The CERES-
Wheat which is a component of the Decision Support System for Agrotechnology 
Transfer (DSSAT) model was used to input soil, crop management practices and 
weather data. IPCC Fourth Assessment report B1 scenario for increasing tempera-
ture was used in the simulations. The simulated results were imported into ArcGIS 
to produce regional impact maps for visual assessment and spatial analysis under 
different climate change scenarios levels through an interface of ArcMap. The 
DSSAT model simulated results showed that the rise in maximum and minimum 
temperature decreased the wheat yields across the Pothwar region. The similar 
methodology could be adopted for different crops in other parts of the country for 
better mitigation of future food security.

Keywords  DSSAT • ArcMap • CERES-wheat • Climate change • Wheat • ArcGIS

16.1  �Introduction

Agriculture plays main role in the national economy of Pakistan. Wheat (Triticum 
aestivum L.) is the major worldwide staple food, cash crop and one of the important 
and older edible cereal crops. Today’s climate change is the most emerging issues 
for the agriculture production in Pakistan and all over the world. Basically change 
in climate is because of rise in anthropogenic activities and concentration of green-
house gases (GHGs). Greenhouse gasses trap the solar radiation and increase the 
earth’s temperature. This high temperature might adversely influence the wheat 
development phases because increase in temperature shortens the crop growing 
period (Parry et al. 2004).

Greenhouse gases (GHGs) produced due to many anthropogenic activities e.g. 
(1) Carbon dioxide produced during the discharge of wood, fossil fuels, wastes, and 
carbon. (2) Methane emitted from industry, agriculture, and waste management 
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activities. (3) Nitrous oxide produced both natural and human sources. Human 
sources of nitrous oxide are animal manure management, nitric acid production and 
sewage treatment. Nitrous oxide (N2O) also produced from biological sources in 
water and soil, especially microbial action in wet tropical forests. Carbon dioxide 
(CO2) concentrations have increased from 220 ppm to 380 ppm because of burning 
of fossil fuels and deforestation, and so forth. Without any strategy the GHGs out-
flow, CO2 would increment from 550 ppm to700 ppm at the mid of the current 
century and this level of GHGs would result in the rise in temperature from 3 °C to 
6 °C (IPCC 2014). Wheat production in all over the world for the period of 2009–
2010 decreased up to 0.32 % as compared to earlier wheat crop period (2008–2009) 
whereas 5.4 % reduction in production of wheat was projected for the period of 
2010–2011. This decrease in wheat production was because of several reasons such 
as poor management, inadequate agronomic practices, and unfavorable climatic 
situations such as drought, high temperature and salinity. Recent researches on cli-
mate change effects predict that temperature and rainfall both have been increased 
and at the end of the century in south Asia temperature rise will be 3–4 °C (IPCC 
2006). Future climate change scenarios depicted global warming might be benefi-
cial in some wheat crop regions, but could decrease the wheat productivity in zones 
where already temperatures is high (Ortiz et al. 2008).

The high temperature stress is a major factor in limiting the wheat yield. This 
factor adversely affecting development and growth of wheat and produces low yield 
in many areas of the world (Buriro et al. 2011). Fluctuation in minimum and maxi-
mum temperature from wheat germination to maturity affected the developmental 
period of wheat grain. “Global warming” and “climate change” both terms have 
different meanings and have been used from last decades. Both terms are refer to 
two different physical phenomena and they are frequently used in scientific 
literature. Basically “Global Warming” is rising trend of average global temperature 
in long term. And “Climate Change” is the changes in average global temperature, 
For example, extreme condition of weather, increased prevalence of droughts, 
changes patterns in precipitation, and other, etc.

Climate changes may result by the anthropogenic and natural phenomena. 
Variations in the earth’s orbit around the sun, volcanic eruptions, and variations in 
solar output are natural causes of climate change and burning of fossil fuels, indus-
trial pollutants, changes in the earth’s albedo due to deforestation of tropical rainfor-
est and warming of average annual temperature due to urbanization are the results of 
human activities. It is believed that greenhouse gases are main cause of global warm-
ing. Earth temperature depends upon the heat energy budget that how much incom-
ing and outgoing heat energy on the earth. Human and anthropogenic activities are 
the natural causes of changes in balance of energy on earth’s surface. Anthropogenic 
activities hazardly effected the climate by adding carbon dioxide (Janjua et al. 2010) 
and CH4, in atmosphere in the age of the industrial revolution began in 1750.

Since last few years in Pakistan there are so many factors responsible in decreas-
ing wheat yield (Shakoor et al. 2011). Some land in Pakistan was affected by floods 
and production also decreased due to excessive rainfall, delayed harvesting of 
wheat, increase in salinity and water logging conditions, fluctuation in environmen-
tal factors, sudden rise in environmental temperature at reproductive stage of crop, 
large attacked of insects on crop and improper agronomic practices during cropping 
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season. The most significant Green House Gases directly emitted by human activi-
ties in the atmosphere includes carbon di oxide, methane and nitrous oxide.

When people of this world first started planting crops thousand years past, the 
requirement of agriculture was manifest. The question that raised in our forefathers 
mind are; why do only specific grow in the region? Would there be adequate 
resources for planting these crops in that area? Perhaps of all agriculture is the first 
sector where humans realized that there is a strong relation between the agriculture 
and climate. And over the time human understand and select the appropriate time 
and condition for the plants growth. They were of course frustrated with the insta-
bility of the weather and their impacts on crops, but their coping strategy developed 
from long time and continue to be used right up to the current day. With change over 
the time humans change their occupations and start industries with the material that 
they grow from agriculture sector e.g. sugar industries starting from sugarcane. 
Increase in industries becoming a major cause of global warming and temperature 
increased day by day due to ozone depletion. Since the late nineteenth century 
Global temperature has increased by 0.3–0.6 °C. The warmest period was 1990s 
from the last 140 years (Jones and Briffa 1992). In Indian context Hingane et al. 
(1985) stated an increase in average annual temperature by 0.4 °C over 100 years 
during the twentieth century till 1980s. However, the rise in temperature pattern is 
not substantial over the whole country; the northeast and northwest South Asia dem-
onstrate some cooling effects. GHG’s emissions in Pakistan nearly doubled in the 
last 16 years (Sayed 2011). Kothawale et al. (2010) reported a rise of 0.5 °C in mean 
yearly temperature throughout the most recent century. The pattern of spatial and 
temporal changes in climatic variables because of global warming need more debate 
and studies are being conducted globally (Herrero et al. 2010).

The study area (Pothwar) lies in the region where the wheat (Triticum aestivum 
L.) is the major food crop. Climate change is the major factor that effect wheat crop 
in the Pothwar region. Climate effect more severe in the arid region comparatively 
other region. This study was conducted to assess the effect of temperature change 
on yield of wheat in connection to future temperature change using DSSAT crop 
model. This study will help to change the food crop into other valuable crops that 
can use low water and high temperature for blooming and it might be helpful in 
earning income and imports. It will also identify the potential adaptation strategies 
for sustaining the yield of wheat crop. The objectives of the study were to:

•	 To simulate the climate change and its impact on wheat yield by using DSSAT in 
Pothwar region using climate change scenario for Pakistan

•	 To generate spatial maps of wheat yield and correlate with climatic factors.

16.2  �Materials and Methods

In an attempt to evaluate the change in climate and its impacts on wheat yield, an 
analysis of the current climate was made together with an analysis of the between 
future climate change and wheat crop yield. The analysis involves the development 
of a number of climate change scenarios and use of DSSAT crop model. The output 
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will give likely changes in wheat crop yield as a result of increasing or decreasing 
temperature and precipitation. This detailed analysis was made in a step-wise man-
ner. First, it involves the description of emissions scenarios, climate model, and 
selection and evaluation of Global Climate Models. The second step involves the 
description of crop model and its calibration. Last, the potential impacts of the cli-
mate scenarios on wheat crop.

16.2.1  �Study Area

The study area include Pothwar region which consist of 4 districts Attock, Chakwal, 
Jhelum, Rawalpindi and Islamabad Capital Territory (Fig. 16.1). It is located on 
32.5° N to 34.0° N Latitude, 72° E to 74° E Longitude and altitude 462 m between 
Indus and Jhelum rivers and surrounded by the Hazara Hills on the north and the 
Salt Range on the south. This area was selected because of number of reasons: (i) It 
is among the area where wheat is major crop reported by National Agriculture 
Research Centre (NARC) Pakistan. (ii) It is among the areas of Pakistan where no 
irrigation system is developed and the climate change effects could be more severe 
in future.

The long term climate data (1981–2010) of the study sites were used to calibrate 
DSSATCERES-Wheat model.

Fig. 16.1  Location map of study area, Pothwar Region, Pakistan
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The 90 year projected weather data daily temperature (°C), daily solar radiation 
(MJ/m2), and daily total rainfall (mm) was downloaded from MarkSim DSSAT 
weather file generator (http://gismap.ciat.cgiar.org/MarkSimGCM) using B2 sce-
nario of projected temperature changes in Pakistan over the twenty-first century 
under IPCC, SRES (Special Report on Emissions Scenarios).

Soil element has been connected as independent variable. This element has been 
calculated by using the digital soil map of Pothwar Region provided by the Soil 
Survey of Pakistan. In this map soil classification of the whole area of Pothwar 
region was performed. This classification considers pedological (soil type) as well 
as topological (altitude, inclination) components. Soil series data provides informa-
tion about the soil texture and spatial variability across the field. The data obtained 
from the Soil Survey of Pakistan digitized was for the further GIS and Statistical 
analysis. Soil properties data consist of upper and lower horizon depth (cm), per-
centage of sand, silt and clay, bulk density, organic carbon and pH in water. Crop 
management data provides information about the field, planting, cultivar, irrigation, 
fertilizer and harvest was collected from National Agriculture Research Centre 
(NARC) Pakistan (Fig. 16.2). Historical data of wheat yield was used for the out-
puts validation of DSSAT model.

16.2.2  �DSSAT Calibration

DSSAT calibration is the adjustment of functions and parameters so that simulated 
data is the same or very close to data obtained from the experimental field. DSSAT 
model has been validated by a holdout cross-validation. Performing this cross-
validation, the information records of the explanatory variables have been divided 
into a training and into a test information set.

16.2.2.1  �Modeling Climate Change Impacts on Agriculture

Due to climate change, conditions of wheat crop will change in the next years. Now 
the question arises how projected climatic conditions impact on wheat yield. In the 
past decades many studies estimated the climate change and its impacts on agricul-
ture on the basis of crop development simulation models. DSSAT model simulate 
crop growth and crop yield levels by means of different input variables (for exam-
ple, soil characteristics, daily weather parameters, crop characteristics, cropping 
system management options). Examples of recent crop growth simulation models 
are DSSAT, CropSyst, CERES and CROPGROW.
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16.2.2.2  �Projection of Future Yields

In this research, for the assessment of wheat yield under different conditions of 
climate, only climate descriptive variables have been altered. Crop management and 
soil properties variables on the other hand, have been kept constant. Current and 
historical wheat yield have been simulated by use of the actual weather data, the 
fixed averages of soil data and management data. Future yield simulation is gener-
ated by using future climatic scenarios and constant soil conditions.

16.2.2.3  �Soil Type Map

Soil map contained the all types of soil in the Pothwar region. Twelve types of soil 
are available in the Pothwar region named Calcareous clayey soils, Calcareous 
loamy and Clayey Soils, Calcareous loamy soils, Calcareous sandy soils, Calcareous 
silty soils – gullied land complex, Gullied land and bad land, Noncalcareous clayey 
soils, Noncalcareous loamy soils, Noncalcareous silty soils, Rough broken land, 
Salt affected soils and Sand dunes and sandy soils. In these soil types 3 or 4 soil 
types are not suitable for wheat yield but the others are suitable for wheat crop.

16.2.2.4  �Projected Climatic Variable Maps

Daily data of Climatic variables for all locations in the Pothwar region were pro-
jected by using MarkSim DSSAT weather generator B2 Scenario. Maps of Tmax 
and Tmin, precipitation and solar radiation created by using Inverse Distance 
Weighting (IDW) interpolation method because the points are dispersed in the study 
area so the IDW interpolation method is best for dispersed points.

16.2.2.5  �Inverse Distance Weighting (IDW)

The IDW is function used when set of points is dense enough to capture the extent 
of local surface variation needed for analysis. IDW determines cell values using a 
linear-weighted combination set of sample points. The weight assigned was a func-
tion of the distance of an input point from the output cell location. The greater the 
distance, the less influence the cell has on the output value. IDW is sensitive to outli-
ers. Furthermore, unevenly distributed data clusters result in introduced errors. The 
simplest form of IDW interpolation is called, Shepard method and it uses weight 
function wi  given by:
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Where p is an arbitrary positive real number called the power parameter (typically 
p = 2) and hj  are the distances from the dispersion points to the interpolation point, 
given by:

	
h x x y yi i i= −( ) + −( )2 2

	
(16.2)

Where (x, y) are the coordinates of the interpolation point and (xi , yi ) are the coor-
dinates of each dispersion point. The weight function varies with a value of unity at 
the dispersion point to a value close to zero as the distance to the dispersion point 
increase. The weight functions are normalized as a sum of the weights of the unit. 
Then, the interpolated value of the electric field E(x, y) is given by

	
E x y w E x y

j

n
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(16.3)

In order to improve the computational time is possible to set bounds to the disper-
sion points that contribute to the calculation of the interpolated value, to all those 
dispersion points within a given search radius centered on the interpolated point. 
For the particular application developed in this work, it was determined that the 
most appropriate search radius was 500 m, so that the computation times were 
manageable.

16.2.3  �Model Output Coupled with GIS

After simulation of wheat yield using DSSAT, the next step was to generate wheat 
yield maps of Pothwar region. To accomplish this objective simulation results were 
put in ArcMap and generated the projected wheat yield maps for the time period of 
2011–2090.

16.3  �Results

The DSSAT model was used in simulating wheat yield while ArcGIS was used for 
spatially displaying the crop yield in Pothwar region from 2010 to 2090. Historical 
data of wheat yield and other climatic variables was used for calibrating the DSSAT 
Model. The regression method was used to determine the relationship between 
wheat yield and different climatic variables.
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16.3.1  �Future Projections

16.3.1.1  �Maximum and Minimum Temperature

Global warming resulted from increased concentration of Greenhouse Gases 
(GHGs) in the atmosphere caused The reported average annual temperature 
increased was 0.6 °C during 1901–2000 in Pakistan. Annual increase in temperature 
was 0.24 °C over the period of 1960–2007 as compared to 0.06 °C per decade dur-
ing 1990–2000 and it has been projected further increase by 1.8–4.0 °C by the end 
of this century (Sheikh et al. 2011). Table 16.1 depicted the decadal base maximum 
temperature change in the next century and showed the gradually increasing trend. 
In Attock district maximum temperature will increase by 2.28 °C from 2011 to 
2090. Chakwal district shows maximum temperature increase 2.44 °C from 2011 to 
2090. In Islamabad the capital city of Pakistan and hilly area, maximum tempera-
ture will increase up to 2.21 °C at the end of twenty-first century. In Jhelum maxi-
mum temperature will increase up to 1.98 °C from 2011 to 2090 and Rawalpindi 
district maximum temperature will increase to 2.07 °C in the next twenty-first cen-
tury (Table 16.1). Overall maximum temperature increased in all four districts and 
capital city was in the range of 1.98–2.44 °C while minimum temperature was in the 
range of 1.87–1.93 (Table 16.1). However, the change in maximum temperature was 
high in Chakwal district and Jhelum as compared to other districts in the study area. 
The change in maximum and minimum temperature at the study sites was presented 
in Figs. 16.3 and 16.4 and Table16.2.

16.3.1.2  �Projected Solar Radiation (MJ/m2)

Solar Radiation will also increase due to change in climate and global warming in 
the next twenty-first century. In Attock district solar radiation will increase up to 
0.49 (MJ/m2) from 2011 to 2090. In Chakwal district solar radiation will increase 
0.19 (MJ/m2) in the next century from 2011 to 2090 while in Islamabad it will 
increase up to 0.31 (MJ/m2) at the end of twenty-first century. In Jhelum solar 

Table 16.1  Change in maximum temperature from 2011 to 2090

Years Attock Chakwal Islamabad Jhelum Rawalpindi

2011–2090 2.28 °C 2.44 °C 2.21 °C 1.98 °C 2.07 °C
2011–2020 28.31 29.56 27.15 30.32 29.77
2021–2030 28.69 29.87 27.37 30.63 30.05
2031–2040 28.98 29.97 27.62 30.87 30.34
2041–2050 29.27 30.27 27.99 31.17 30.65
2051–2060 29.77 30.76 28.27 31.56 30.95
2061–2070 29.9 31.86 28.3 31.74 31.27
2071–2080 30.43 31.88 28.36 32.02 31.56
2081–2090 30.59 32 29.36 32.3 31.84
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Table 16.2  Change in minimum temperature (°C) from 2011 to 2090

Projected change in minimum 
temperature (°C) Attock Chakwal Islamabad Jhelum Rawalpindi

2011–2090 1.93 °C 1.9 °C 1.93 °C 1.87 °C 1.93 °C
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radiation will increase up to 0.25 (MJ/m2) from 2011 to 2090. In Rawalpindi district 
solar radiation will increase up to 0.34 (MJ/m2) in the next twenty-first century. 
Overall solar radiation increased in all four districts and capital Pakistan. But the 
change in solar radiation was high in Attock, Rawalpindi and Islamabad as com-
pared to other districts in the Pothwar region.

Decaded map showed that the solar radiation increase in next twenty-first cen-
tury (Fig. 16.5). The first map was from 2011 to 2020 in which the projected solar 
radiation rises up to 17.33 (MJ/m2) in all areas of Pothwar region. The South-East 
part of the Pothwar region showed the highest rate of solar radiation change and 
these areas were presented as red color in the map. In next decade 2021–2030 pro-
jected solar radiation rise up to 17.35 (MJ/m2) in all areas of Pothwar region.

Similarly, during 2031–2040 projected solar radiation rises up to 17.35 (MJ/m2) 
in all districts and capital city. While in 2041–2050 projected solar radiation rise up 
to 17.4 (MJ/m2) in Rawalpindi, Jhelum, Attock and capital city. In general, the aver-
age increase in solar radiation from 2011 to 2090 was 17.5 MJ/m2.

16.3.1.3  �Rainfall

The change in rainfall pattern was observed in all districts of Pothwar region. 
Rainfall showed both decreasing and increasing trend in different decades from 
2011 to 2090 (Fig. 16.6). In Attock district rainfall showed decreasing trend from 
2011 to 2090. The change in rainfall was −0.21 mm in Attock district. In Chakwal 

Fig. 16.5  Solar radiation (MJ/m2) from 2011 to 2090
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district the behavior of rainfall was increasing during 2041–2050 and 2081–2090 
while all other decades showed the decreasing trend. The change in rainfall in 
Chakwal district was −0.19 mm. Islamabad showed the gradually decreasing behav-
ior in twenty-first century that was −0.26 mm. Jhelum district showed very little 
change in rainfall from 2011 to 2090 where, the change in rainfall was about−.05 mm. 
Rawalpindi district also showed the decreasing trend of rainfall and the change in 
rainfall was about −0.1 mm from 2011 to 2090.

Rainfall maps showed the rainfall behavior in Pothwar region. Some parts of 
Pothwar region showed the high decreasing trend (Chakwal and Attock) and other 
districts (Jhelum and Rawalpindi) showed the low or minimum change in rainfall. 
Islamabad showed the −0.21 mm change in rainfall in the next century and Attock 
district shows the highest rate of change in rainfall −0.26 mm.

16.3.2  �Simulation Results

16.3.2.1  �DSSAT Yield Estimation

The simulated historical wheat yield data has been presented in Figs. 16.7, 16.8, 
16.9, and 16.10 which was used for simulation. Simulation result for all locations of 
Pothwar region from 1981 to 2010 showed the yield of wheat crop that was com-
pared with the observed values of wheat crop. The model was assessed with 

Fig. 16.6  Rainfall (mm) map of Pothwar region from 2011 to 2090
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observed wheat yields for the whole region and per district. Simulated mean wheat 
yield was larger than statistical mean of yield. The calibrated results were illustrated 
using Figs. 16.11, 16.12, 16.13, and 16.14 furthermore Figs. 16.15, 16.16, 16.17, 
16.18, and 16.19 showed the projected wheat yield from 2011 to 2090. The pro-
jected wheat yield show the overall decreasing trend in the next century.
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Fig. 16.10  Historical simulated wheat yield (000 tonnes) of Jhelum from 1981 to 2010
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16.3.2.2  �Impact of Different Climatic Factors on Wheat Yield

Temperature is one of the important climatic variable that is important for wheat 
crop. Temperature effects directly and indirectly wheat yield during many develop-
mental phases of grain filling. Different components of yield and yield severely 
decreased due to increase in temperature (Laghari et al. 2012). The rise in tempera-
ture during crop growth result in reduced wheat yield (IPCC 2014). The wheat yield 
is dependent on different climatic factors and showed the negative correlation 
between climatic factors and wheat yield. Temperature and other climatic factors 
influence the development and growth of plant through their effects on physiologi-
cal processes and stomatal openings (Kayam et al. 2000).
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Fig. 16.12  After calibration historical simulation results of Chakwal from 1981 to 2010
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16.3.2.3  �Wheat Yield Maps

The predicted values of yield using DSSAT have been shown spatially by using 
ArcGIS. The predicted maps of yield was based on soil type and its different cli-
matic variables. Figure 16.20 showed the predicted wheat yield from 2011 to 2020. 
Part of Jhelum and Chakwal district showed the highest wheat yield that was 2698 
kg/ha and lowest yield found in some part of Attock, Rawalpindi and Jhelum areas. 
Wheat yield from 2021 to 2030 showed the highest value of yield in Pothwar region 
(2578 kg/ha, Fig. 16.21). Figure 16.22 depicted the wheat yield from 2031 to 2040 
where the Jhelum, Attock, and Chakwal has the highest wheat yield (2489 kg/ha) 

Fig. 16.20  Wheat yield (kg/ha) map of Pothwar region from 2011 to 2020

Fig. 16.21  Wheat yield (kg/ha) map of Pothwar region from 2021 to 2030

16  Studying Impact of Climate Change on Wheat Yield by Using DSSAT and GIS:…



406

and the lowest yield in all other parts of the region (1108 kg/ha). The range of wheat 
yield from 2041 to 2050 as shown in Fig. 16.23 was 1035–2269 kg/ha. The wheat 
yield in Pothwar region from 2051 to 2060 as shown in Fig. 16.24 was in the range 
of 1019–2176 kg/ha, while it was 985–2174 kg/ha 2061–2070 (Fig. 16.25). 
Meanwhile, yield range from 2071 to 2080 was 963–2178 (Fig. 16.26). During last 
decade (2081–2091) the yield trend remained decreasing (Fig. 16.27).

Fig. 16.22  Wheat yield (kg/ha) map of Pothwar region from 2031 to 2040

Fig. 16.23  Wheat yield (kg/ha) map of Pothwar region from 2041 to 2050
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16.3.3  �Statistical Analysis Results

Statistical analysis was performed by using SPSS statistical software. The results 
showed that the climatic variables were negatively related to wheat yield. Each cli-
matic variable (Tmax, Tmin, Rainfall, and Solar Radiation) affect differently on 
wheat yield on different locations. At Attock district SPSS results showed that the 
Tmax, Tmin and Solar radiation effected the wheat yield more as compared to rain-
fall because increase in temperature shortens the growing period (Table16.3). Slope 
of the regression equation B showed that Tmax, Tmin, Solar radiation effect 

Fig. 16.24  Wheat yield (kg/ha) map of Pothwar region from 2051 to 2060

Fig. 16.25  Wheat yield (kg/ha) map of Pothwar region from 2061 to 2070
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negatively on wheat yield. Table 16.3 showed Chakwal district has the same behav-
ior like Attock district. Islamabad showed negative affect on wheat. Jhelum district 
and Rawalpindi districts also showed the negative behavior of climatic variables on 
wheat yield but rainfall showed the less negative effects as compared to other vari-
ables. The results showed that the Tmax and Tmin had negative effect on wheat 
yield.

Fig. 16.26  Wheat yield (kg/ha) map of Pothwar region from 2071 to 2080

Fig. 16.27  Wheat yield (kg/ha) map of Pothwar region from 2081 to 2090
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16.4  �Conclusion and Recommendations

16.4.1  �Conclusion

With the change of climatic conditions, smallholder farmers will find very difficult 
to operate sustainable agriculture production therefore it is necessary to adopt appro-
priate strategies in place. Climate model projections using future emissions scenar-
ios showed progressively greater changes in 2050–2090s. The increase in average 
temperature in Pothwar region by the end of the twenty-first century was between  
2 °C and 3 °C. The results of the projections further suggest that, in the medium 
terms (2050s to 2090s), the abundance of water for agriculture will decline drasti-
cally under severe climate conditions. A major implication of precipitation projec-
tions is that irrigation and drainage technology are likely to become even more 
important in the coming decades than they are now. The crop-modeling approach 
proved to be very useful for evaluating crop water use across a Pothwar region.

Under the IPCC B2 Scenario, different districts have different results. The B2 
scenario produces impact of climate, showing the negative effects on districts future 
wheat yield. The outputs of the DSSAT model confirm that in the future and the 
medium-term (2050s) under B2 Scenario, the rain fed wheat yield would reduce in 
all districts. The decrease for the districts located in the south and south east of the 
Pothwar region is relatively higher as compared to rest of the districts. Generally, 
the climate change impact on Pothwar region on wheat yield would have more 
negative impacts. This high sensitivity of crop shows that they should receive more 
attention. However, some factors, aspects, and uncertainties have not been fully 
involved in this analysis, like the effects of diseases and pests on crop, future adap-
tation approaches, which would also modify the results on crop yields. Since the 
projected climate change impacts on crop yields would be more severe, several 
strategies are suggested to farmers that they should change according to the new 
conditions of climate. The simplest one strategy is advance crop sowings taking 
benefit of the lengthy frost-free time. As the shift in growing season is evidenced 
from the climate change results, it is worth concluding that shift in planting dates is 
an effective adaptive measure among many suggested measures.

16.4.2  �Recommendations

The current research study recommend the following measures:

•	 A1B and A2 scenario should be studied for detailed research and predictions in 
industrial areas

•	 By altering irrigation specifications proposed methodology can be implemented 
in irrigated areas

•	 Similar methodology could be adopted for different crops in other parts of the 
country for better mitigation of future food security.

M. Jabeen et al.
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 macromolecules that use in interpreting and decoding plant genome. The broad 
amounts of data produced in life sciences resulted to the evolution and development 
of bioinformatics. Omics, bioinformatics and computational tools are very essential 
to understand genomics and the molecular systems that underlie several plant func-
tions. Various new omic layers such as genome, hormonome, metabalome, interac-
tome, and epigenome analysis have emerged by technological advances. Such 
integration of information enables and facilitates the identifi cation of expression of 
gene which helps to interpret the relationship between phenotype and genotype, thus 
approving from genome to phenome system-wide analysis. Earlier biological research 
that used laboratories, plant clinics and fi eld is now at  In-silico  or computers level 
(Computational). Bioinformatics develops software, algorithms, databases and tools 
of data analysis to make discoveries and infer the information. Application of various 
bioinformatics tools and databases enable analysis, storage, annotation, visualization 
and retrieval of outcomes to helps enhanced understanding in living system research. 
Thus it will help to improve the plant quality based on health care disease diagnosis. 
In this chapter we describe the bioinformatics approaches (databases and tools) in 
plant science and implication of next generation sequencing technology (NGS) on 
crop genetics.  

  Keywords     Bioinformatics   •   Omics   •   Agriculture   •   Sustainable development   • 
  Sequencing technology  

  Abbreviations 

   NGS    next generation sequencing technology   
  ETLs    economic trait loci   
  DNA    deoxyribose nucleic acid   
  EST    expressed sequence tag   
  EMBL    European molecular biology laboratory   
  BLAST    Basic Local Alignment Search Tool   

17.1         Introduction 

17.1.1     The  Bioinformatics   Era in twenty-fi rst Century 

   The data explosion produced by Human Genome Project has called forth the conception/
creation of novel discipline- bioinformatics  , whose focus is on the storage, acquisition, 
analysis, distribution and  modeling   of various types of information embedded in protein 
and DNA sequence data. 

   In the amount of biological information (genomic era) a gigantic explosion have 
been seen due to advances in genomics and molecular biology. The deluge of 
genomic information has led to the requirement for databases, specialized tools and 
computerized methods to organize, store, index, analyze and view the data. 
Computational biology and  bioinformatics   are rooted deep in life sciences as well 
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as computer technologies and information sciences. Both approaches maintain 
close interaction along life sciences to comprehend their full potential. 

 Bioinformatics could be defi ned as “enable logical interrogation of structuring of 
living system information”. Bioinformatics is an interdisciplinary fi eld involving 
physics, mathematics, behavioral sciences, engineering biology, statistics and com-
puter science to analyze and predict structure and function of macromolecules, bio-
logical sequence data and genome content as depicted in (Fig.  17.1 ). The  bioinformatics   
fi eld has emerged as the pressing task involves interpretation and analysis of data 
related to protein, nucleotide and amino acid sequences and expression of central 
dogma of cellular biology. This actually (organizing and analyzing data) referred to:

•     The implementation and development of tools and software which integrate dif-
ferent type of information related to plant phenomics  

•   Use of innovative statistics/algorithms to evaluate interactions among large data-
sets such as to predict protein structure or function and locate gene within a 
sequence (Vassilev et al.  2005 ).    

 Omictechnologies are expanded form of  bioinformatics   and it sits as an umbrella 
over biotechnology. Bioinformatics fi eld facing challenges like, to build direct links 
between genetics (traditional) and across the omic platform complex data 
integration- through the observed  phenotype   of plant and the transcriptome, genome, 
metabalome and proteome. Researchers now demands candidate functions for DNA 
sequence or for proteins, projected structures. Biotechnology wants smart examin-
ing and sieving of diverse, intricate data forms to address particular problems, 
 ranging from wide fi elds of research to individual knowledge. Meanwhile  bioinfor-
matics   is increasing and elaborating its applications together with the advancement 
of postgenomic and new ‘omic’ technologies, its strength and focus remain in the 
genomes and DNA sequence analysis (Batley and Edwards  2008 ,  2009 ). 

  Fig. 17.1    Bioinformatics, an interdisciplinary fi eld       
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 This new knowledge of  bioinformatics   concerned not only with the news han-
dling, facts and information collection but it also deals with the information extrac-
tion procedures from the collected data. Bioinformatics have intellectual impacts on 
different fi eld such as ecology, botany, biology, agronomy, environment and human 
health.   

17.2     Why Bioinformatics? 

 The community of molecular biology facing the greatest challenge to convert huge 
amount of data into sensible form which has been produced by sequencing of proj-
ects related to genome. The research related to living system such as molecular and 
genetics level was conducted in the laboratories traditionally but now due to 
advancement in  bioinformatics   all information can be generated by the use of com-
puter technologies (Singh et al.  2011 ). 

 Bioinformatics emerged as a signifi cant tool to use large amount of data gener-
ated by omic technologies in order to deduce logical conclusion about problems. 
Since use of omic technologies are increasing with great pace with its utilization in 
different disciplines of sciences. Therefore, it might have vital role in future deci-
sion making process under wide spectrum of problems. The use of computer soft-
ware in the system biology will further help to promote  bioinformatics   application 
(Batley and Edwards  2008 ,  2009 ). Similarly, by the use of new databases and tools 
in the molecular biology fi eld the researcher will be able to carry out the exploration 
and investigation not only genomic level but also at transcriptome, metabalome and 
proteome. Today the  bioinformatics   community confronted challenges like effi cient 
and intelligent storage of reliable data generated in vast amount and easy approach 
to the data. Therefore, such type of computational tools needs to be developed 
which can extract deep, signifi cant and consequential biological information. The 
latest example of use and implementation of  bioinformatics   is in the fi eld of pharma 
industry to implement  bioinformatics   tools to depreciate cost and time in the devel-
opment of molecular markers and drugs (Untergasser et al.  2007 ).  

17.3     Bioinformatics in Agriculture 

 With the development of modern technologies,  bioinformatics   came to age with the 
ability at an ever-decreasing cost to produce sequence information in large amount. 
Bioinformatics in  agriculture   (agri-informatics) playing an increasing role. Genome 
projects for Poaceae family plants like  rice   and corn plants are in progress and gen-
erated genomic data could be used to develop disease insect, pests control pro-
grams. The discovery of new genes using computer software were aimed at targeting 
or improving seed quality, adding micronutrients of plants for human health (nutri-
tional genomics) and engineering plants to deal/cope with metals 
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(phytoremediation). The genetic or genomic data are being shifted to fi nd genes 
associated with desirable  phenotypes   called economic trait loci (ETLs), infectious 
disease resistance and hereditary disorders. 

 The desired plants for the industrial purposes could be produced by using omics 
technologies as it can provide guideline from gene to organism level. The funda-
mental aims of plant genomics research are to have lower cost, safer food, improve 
food supply raw materials for higher quality and better process ability.  Genome- wide 
research by novel approaches could be used to enhance the effectiveness and effi -
ciency of breeding for plants improvement. The food quality could be increased by 
the use of biotechnology accelerated by  bioinformatics   and genomics. High- 
throughput gene discovery initiated in 1991 by sequencing of expressed sequence 
tag (EST); set the searchable and large sequence database requirement. Although in 
many crops the sequencing of EST for gene discovery is still the standard proce-
dure. Reduction in the DNA sequencing cost compelled sequencing of whole- 
genome (Batley and Edwards  2009 ). In 2000 by the Arabidopsis Genome Initiative, 
plant genomics was reformed by the release of Arabidopsis thaliana whole genome 
sequence. The completion of  rice   genome sequence was announced by public con-
sortia, 2 years later. Owing to the association/similarities between important crop 
species and  rice   ( Oryza sativa ) at genomic level, genome of  rice   completion had a 
meaning full infl uence on both crop  bioinformatics   and biotechnology (Edwards 
and Batley  2004 ). 

 The genome sequencing of animals and plants will provide tremendous benefi ts 
for community of  agriculture  . Bioinformatics tools and methods could be utilized to 
fi nd/pursuit specifi c genes inside the particular genomes which might be benefi cial 
for community related to  agriculture   and to annotate their functions. The distinct 
and peculiar genetic information might be later used to have resistant crops related 
to  drought  , insects and diseases and to improve the livestock quality making them 
more productive, healthier and disease resistant. 

 Plant genomes comparative genetics (genome structure and functions relation-
ship across different strains) revealed that genes organization over evolutionary time 
has remained more sustained and conserved than was formally believed (Mace et al. 
 2008 ; Matthews et al.  2003 ; Caetano-Anolles  2005 ). These outcomes recommend 
that knowledge obtained from crop systems model could be utilized to propose 
perfections and advancements to food crops such as  wheat  ,  rice   and maize.  Triticum 
aestivum  (Wheat),  Oryza sativa  (Rice),  Zea mays  (Maize), and  Arabidopsis thali-
ana  (water cress) are models of entire ground plant genomes (Paterson et al.  2005 ; 
Varshney et al.  2006 ; Crespi  2013 ). 

 The huge amount of sequence data as well as complete genome sequences, is 
directing on other views on how this data can be interrogated and organized. The 
great redundancy level in programs of gene innovation is being compressed through 
reference to complete genome or consensus sequences. Closely related synthetic 
sequence for a specifi c crop can be used if complete genome sequence is not avail-
able. The ever-growing databases of DNA sequence size remain to accelerate/push 
competences of  bioinformatics  , and there is an increasing demand to condense 
extravagant or redundant data. 
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 The databases development has been supplemented by advancement in data 
analysis tools, enabling researchers for valuable biological knowledge to mine com-
plex/complicated interacting data and to fully annotate sequences (Edwards and 
Batley  2004 ; Batley and Edwards  2008 ,  2009 ). 

17.3.1     Enhancement for Plant Tolerance Aligned with Stresses 
(Abiotic and Biotic) 

 Insect genomics application helps in fi nding the target sites (novel) and resistance 
mechanism identifi cation.  Bacillus thuringiensis  genes control severe pests and it 
has been transferred effectively to potato, maize and cotton. The added characteris-
tics (resist insect attack) resulted to build defensive mechanism in plants means 
reduced the amount of insecticides that being used. 

 Roots are the principal organ of plant’s which build defense against different 
type of abiotic stresses. If the plant holding by soil is strong and diverse biologi-
cally, the plant might have a greater chance of persisting/enduring stressful situa-
tions. Generally the adaptive response of plants to stresses is not so much quick 
although they are extremely sensitive. Meanwhile adaptive mechanism also differs 
from species to species. The response of plants to different stresses such as 
cold/ drought  /high  temperature   remained different so every plant have unique trend. 
Barely any of the feedback or response was found similar. Therefore, plants might 
become endangered even extinct and their population threatened, where and when 
 abiotic stress   is severe specially. The computational and in silico genomics tech-
nologies could be used by the scientists to identify gene-enzyme resistance to dis-
ease with their transcription factor and promoter region which could help to start 
resistance mechanism and to augment immunity (Kummerfeld and Teichmann 
 2006 ; Pandey and Somssich  2009 ).  

17.3.2     Enhance Nutritional Quality in Depleted Soils 

 The aim of Nutritional genomics (gene- diet   disease interaction) is to provide dietary 
interventions and study or analysis of susceptible genes of particular species against 
diseases so that remedy measures can be opted. Recently researchers have suc-
ceeded to increase the level of iron, micronutrients and vitamin A into  rice   by trans-
ferring genes, and this could have intellectual impact in reducing anemia and 
blindness occurrences caused by iron and Vitamin A defi ciency respectively. 
Similarly, technologists of plants have transplanted a gene into tomato from yeast 
which resulted to increased shelf life of tomato (Singh et al.  2011 ). 

 Bioinformatics play a key role to detect metals from contaminated soil from 
Metagenomics sequencing (Handelsman  2004 ). The greatest intricate or complex 
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microbial populations lives in soil (arguably houses) and because of complicated 
sets of interrelating gradients, its ancient history and stable, comparatively resource 
poor, isolating and protective physical structure. Incredibly this results to different 
or various set of gene sequence. Advancement has been completed in cultivating 
and evolving cereal cultivars that have free iron and aluminum toxicities and a 
greater  tolerance   for alkalinity of soil (Singh et al.  2011 ).   

17.4     Plant Genomic Databases and Tools of Similarity 
Searching in Bioinformatics 

 Crop plants form a vital and large part of global  diet  ; from paper making to pharma-
ceuticals, their products are highly signifi cant in manufacturing industries. 
Therefore, studies of plant genomes are of great economic importance. The ever- 
growing population places increasing demand to improve characteristics of crops 
such as disease resistance, nutritional value, environmental factors and  yield   on 
plant breeders by new technologies such as genetic modifi cations or by conven-
tional breeding. The key to attain said improvement and advancement lies increas-
ingly in having approach to the latest genomic data (Dicks  2000 ). 

 The omic/genomics exponential growth is because of computational tasks of 
consistently and scientifi cally storing, gathering, manipulating, consolidating, ana-
lyzing and envisioning huge amount of living system information emanate/derive 
from trials conducted by researchers. Thus, in the comprehensive sense,  bioinfor-
matics   could be considered as hub of scientifi c and infrastructure framework in 
which researchers might take information and convert into knowledge with the help 
of computers (Singh et al.  2011 ). Recent development such as new software, stan-
dards and tools in  bioinformatics   have produced better access to the data held within 
them across the internet as depicted in Fig.  17.2 . Since it is fact that  bioinformatics   
discipline is recently organized; there is a remarkable and extraordinary multiplicity 
of resources of  bioinformatics   currently available (some are freely available and 
some are suited to specifi c tasks ideally).

   The rapid growth in the DNA sequence information required the development of 
databases of particular DNA sequence. In 1986 largest sequence databases emerged 
from association of GenBank and European molecular biology laboratory (EMBL). 
This meta-sequence database comprises over 7.4 million DNA sequences of plant 
and is considered to be standard repository for worldwide public DNA sequences. 
Based on numerous crops, number of sequencing projects increase in different labo-
ratories, has been contributing progress in databases (Edwards and Batley  2004 ; 
Batley and Edwards  2008 ,  2009 ). 

 A database forms a substantial part of any genome project. Database resources 
can systematize large quantities of data with its hierarchal structures and complex 
relationships. It is clear that by linking together data sources, much knowledge may 
be inferred for plant genomes (Dicks  2000 ). Sequence comparison and assembly 
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tools have been grown resulting to the enlargement of datasets. Tools for sequence 
assembly and similarity search are basis of various software applications for exam-
ining, analyzing and interpreting crop genome information (Edwards and Batley 
 2004 ; Duran et al.  2009 ; Batley and Edwards  2009 ). Plant genomic databases play 
a key role in the dissemination and archiving data proceeding from the international 
genome projects (Dicks  2000 ). Many of the analysis tools and databases described 
(Table  17.1 ), here are available on web as user friendly interfaces.

17.4.1       Sequence and Function Analysis of Protein 

 In biology the “sequence analysis” term implies subjecting a peptide sequence or 
DNA to sequence alignment, repeated sequences searches, sequence databases or 
other methods of  bioinformatics   on a computer. Sequence alignment in  bioinfor-
matics   is ordering the sequences of RNA, protein or DNA to fi nd similarity regions 
that may be a signifi cance of structural, evolutionary or functional relationship 

Sequence                       Structure                         Function
Analysis                         Analysis Analysis

Sequence database 
searching

Alignment of 
sequence
Genome 

comparison
promoter and gene 

prediction
Motif discovery

Phylogeny

Prediction of 
nucleic acid 

structure
Protein structure 

prediction
Comparison and 
classification of 

protein structure

Profiling of Gene 
expression 
Modeling of 
metabolic 
pathways

Prediction of 
protein structure

Prediction of 
protein 

subcellular 
localization

Algorithm Construction

Software Construction

Database Development

  Fig. 17.2    Computation and applications of bioinformatics under sequence, structure and function 
analysis       
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   Table 17.1    Plant/crop Bioinformatics online databases   

 Databases  Description/Organisms  References/URL 

 BGI Rice 
Information 
System 

 Genome data of  rice    Zhao et al. ( 2004 ) 

 Gateway of 
Brassica Genome 

 Brassica  Brassica Genome Gateway ( 2012 ) 

 ChloroplastDB  Chloroplast genome data 
available 

 Mochida and Shinozaki ( 2010 ) 

 CR-EST  The Crop Expressed 
Sequence Tag database 

 Kunne et al. ( 2005 ) 

 Cry-Bt identifi er  Database of Cry genes  Singh et al. ( 2009 ) 
 Genomics 
Database OF 
Cucurbit 

 Cucurbitaceae  Cucurbit Genomics Database ( 2012 ) 

 CyanoBase  Cyanobacteria  Mochida and Shinozaki ( 2010 ) 
 DDBJ  DNA Data Bank of 

Japan 
 Tateno et al. ( 2002 ) 

 EMBL  European Molecular 
Biology Laboratory 
nucleotide sequence 
database 

 Lai et al. ( 2012 ) 

 Ensemble Plants  Whole genome data of 
plant species 

 EnsemblPlants ( 2012 ) 

 EXPASY  Index to other plant- 
specifi c databases 

   http://www.expasy.org/links.html     
 ExPASy ( 2012 ) 

 Genome Database 
for Rosaceae 
(GDR) 

 Rosaceae  Mochida and Shinozaki ( 2010 ) 

 Genevestigator  Gene networks in 
 Arabidopsis  and  rice   

   https://www.genevestigator.com/gv/     
 (Genevestigator ( 2012 )) 

 GRAINGENES  Small-grain crops 
Genome database 

 Matthews et al. ( 2003 ) 

 GRAMENE  Cereal genome database  Jaiswal et al. ( 2006 ) 
 GRIN  Plant genetic resources    http://www.ars-grin.gov/     

 Germplasm Resources Information Network 
( 2012 ) 

 ICIS  International Crop 
Information System 

 Fox and Skovmand ( 1996 ) 

 INSDC  International Nucleotide 
Sequence Database 
Collaboration 

 Sugawara et al. ( 2008 ) 

 IRFGC  International Rice 
Functional Genomics 
Consortium 

 Bruskiewich et al. ( 2006 ) 

 IRIS  International Rice 
Information System 

 The International Rice Information System 
( 2010 ) 

(continued)

17 A Role of Bioinformatics in Agriculture

http://www.expasy.org/links.html
https://www.genevestigator.com/gv/
http://www.ars-grin.gov/


422

Table 17.1 (continued)

 Databases  Description/Organisms  References/URL 

 KEGG PLANT  Whole genome data of 
plant species 

 Mochida and Shinozaki ( 2010 ) 

 KOME database  Oryza Molecular 
Biological Encyclopedia 

 Bruskiewich et al. ( 2006 ) 

 LIS  Legume Information 
System 

 Lai et al. ( 2012 ) 

 MaizeGDB  Maize  MaizeGDB ( 2012 ) 
 MATDB   Arabidopsis thaliana     http://mips.helmholtz-muenchen.de/plant/athal/     

  ( MAtDB ( 2012 )) 
 MOsDB  MIPS  rice   database  Bruskiewich et al. ( 2006 ) 
 MPSS  Massive parallel 

signature sequencing 
gene expression data 

 Nakano et al. ( 2006 ) 

 NASC   Arabidopsis thaliana     http://arabidopsis.info     
 Beale et al. ( 2002 ) 

 NCBI  National Center for 
Biotechnology 
Information 

 Pruitt et al. ( 2007 ) 

 OMAP  Comparative genome 
physical maps of  Oryza  
wild relatives 

 Ammiraju et al. ( 2006 ) 

 OryGenesDb  Reverse genetics for  rice    Droc et al. ( 2008 ) 
 Oryzabase  NIG Oryza genetics 

database 
 Integrated Rice Science Database ( 2012 ) 

 OryzaSNP  IRFGC hosted  rice   
single nucleotide 
polymorphism survey 

   http://www.oryzasnp.org     
 Clark et al. ( 2007 ) 

 PGD  Plant Genome Data base  Dong et al. ( 2005 ) 
 PGV  Pathogenic Genome 

Viewer 
 Marla and Singh ( 2007 ) 

 Phytozome  Plant species (whole 
genome data available) 

 Mochida and Shinozaki ( 2010 ) 

 PinTFDB  Plant transcription factor 
database 

 Riano-Pachon et al. ( 2007 ) 

 PLACE db  Plant cis-acting 
regulatory DNA 
elements database 

 Higo et al. ( 1999 ) 

 PlantCare  Plant cis-acting 
regulatory DNA 
elements database 

 Higo et al. ( 1999 ) 

 PlexDB  Plant expression data    http://www.plexdb.org/     
  ( Dash et al. ( 2012 )) 

 PRGdb  Platform for plant 
resistance gene analysis 

 Sanseverino et al. ( 2009 ) 

(continued)
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among the sequences. Sequence analysis used to assign function on the basis of 
resemblances between compared sequences to proteins and genes (Stormo  2000 ). 
Now a day many techniques and tools are available that could provide sequence 
alignment comparisons. This could further analyze the alignment product to explain, 
understand and interpret biological information. BLAST (Basic Local Alignment 
Search Tool) method is used abundantly for similarity search. It is a heuristic (speed 
enhancement) amendment of smith-waterman algorithm. Statistical methods in 
BLAST determine the possibility of specifi c alignment among sequence regions or 

Table 17.1 (continued)

 Databases  Description/Organisms  References/URL 

 RAP DB  “Rice Annotation 
Project” database 

 Ouyang et al. ( 2007 ) 

 RARGE  Arabidopsis  Mochida and Shinozaki ( 2010 ) 
 RED  Rice expression database  Yazaki et al. ( 2002 ) 
 Rice Array Db  NSF-funded oligo  rice   

gene expression array 
 Jung et al. ( 2008 ) 

 Rice Blast   Magnaporthe grisea  
genomics 

   http://www.riceblast.org     

 Rice Genome 
Project/IRGSP 

 International Rice 
Genome Sequencing 
Project 

 Bruskiewich et al. ( 2006 ) 

 Rice Proteome 
Database 

 NIAS  rice   proteome 
database 

 Bruskiewich et al. ( 2006 ) 

 RICE-GAAS  Rice Genome 
Automated Annotation 
System 

 Sakata et al. ( 2002 ) 

 RIKEN   Arabidopsis  and  rice   
functional genomics data 

 Bruskiewich et al. ( 2006 ) 

 SIGnAL  Arabidopsis  Kayoko et al. ( 2003 ) 
 SOL genomics 
network 

 Solanaceae  Sol genomic network ( 2012 ) 

 SoyBase  Soybean  Mochida and Shinozaki ( 2010 ) 
 TAIR  The  Arabidopsis  

Information Resource 
 The Arabidopsis Information Resource (TAIR) 
( 2012 ) 

 T-DNA Rice 
Insertion lines 

 (Gyn An) Korean 
T-DNA  rice   insertion 
mutants 

 Plant functional genomics laboratory ( 2012 ) 

 TIGR Rice   rice   genome database  Bruskiewich et al. ( 2006 ) 
 Tos17  rice   
mutants 

 NIAS  rice   TOS 17 
insertion mutants 

 Rice  Tos17 Insertion Mutant Database ( 2012 ) 

 TREP  The Triticeae Repeat 
Sequence Database 

 (Wicker et al.  2002 ; Wicker and Buell  2009 ) 

 Wheat genome 
information 

 Wheat  Lai et al. ( 2011 ) 

 Yale Plant 
Genomics 

 Gene expression from 
 rice   tissues 

 Yale Plant Genomics ( 2012 ) 
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sequence that occur by chance and given the composition and size of the databases 
being searched. The BLAST can be controlled by number of different criteria or 
parameters which determines the expression of particular characteristics and these 
demand to be considered carefully (Smith and Waterman  1981 ). The tools set help 
us to do more detailed analysis on our concerning or query sequence including 
mutation identifi cation, compositional biases, CpG islands, hydropathy regions and 
evolutionary analysis. In  bioinformatics   sequence alignments are valuable for pro-
ducing and developing phylogenetic trees, homology models of protein structure 
and identifying sequence similarity (Singh et al.  2011 ). In functional studies of 
protein we contrast the protein succession to derive databases of secondary proteins 
which have information on protein signatures, domain as well as motifs. Extremely 
important or indicative hits in opposition to pattern databases can help to estimate 
the biochemical activity of concerning protein. Profi le analysis also acknowledged 
as motif fi nding creates global MSA (multiple sequence alignment) which is aimed 
to arrange conserved undersized sequence motifs amongst the query set sequence. 
Set of Profi le matrices are constructed after the isolation of highly conserved 
regions. For every conserved constituency, profi le matrix is aligned similar to scor-
ing matrix. The incidence count derived at each position from character distribution 
of conserved region’s for each nucleotide or amino acid rather than from empirical 
distribution. Then other sequences for motif incidence are searched out by profi le 
matrices (Singh et al.  2011 ). The highly sequential datasets availability sanctions 
withdrawal of biological characteristics for example, simple sequence repeats 
molecular markers and single nucleotide polymorphism, which may be used in 
research of plant biotechnology as in mapping of inherited traits. The accessibility 
to complete-genome sequence further facilitates mining of dogmatic characteristics 
such as sequences of novel promoters as well as micro-RNAs. Such tertiary level 
explanation accommodates or linked to both complex regulatory mechanisms as 
well as  phenotype   that response to the environment and governs development 
(Edwards and Batley  2004 ; Batley and Edwards  2009 ).  

17.4.2     Insilco Studies of Transcription Factors (TFs) 
and Cis- acting Elements 

 DNA binding transcription factors that are sequence-specifi c are very important 
molecular switches which infl uence as well as control several directions including 
response to climatic variations and development. Genome-wide detection in plants 
for gene conservation was reported fi rst by transcription factors encoding of 
Arabidopsis genome (Riechmann et al.  2000 ). Transcription of eukaryotes is very 
diffi cult than prokaryotes. Primarily, DNA or hereditary material and its transcrip-
tion thus are restricted to nucleus and at this stage nuclear membrane and cytoplasm 
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are separated from each other. In mitochondria DNA is already exists for transcrip-
tion, mitochondria use specifi ed RNA polymerase. This concedes for sequential 
control of gene expression in nucleus through RNA sequestration and allow for 
RNAs selective transport to site where ribosome reside or the cytoplasm (Singh 
et al.  2011 ). 

 The core promoter of genes encoded protein among eukaryotes is within about 
50 bps (base pairs) upstream of transcription initiation site, and contains RNA poly-
merase II and binding sites. Further UCE’s (upstream control elements) is provided 
transcriptional regulation, generally present in beginning site of upstream within a 
range of about 200 bps. Sometimes, a TATA box is enclosed for Pol II in core pro-
moter which is extremely preserved sequence of DNA detection for TBP (TATA 
box binding protein) with its binding at the promoter begins assembly of transcrip-
tion complex. Combination of enhancers and these UCE’s amplifi ed and regulate 
the basal transcription complex formation. The  cis -acting elements can regulate 
gene transcription within the DNA regulatory regions as well as  trans -acting ele-
ments which comprise basal transcription complex and transcription factors (Singh 
et al.  2011 ). Presently, various catalogs are used which presents genes statistics 
putatively in several plant species encoding TFs. These are based on generally com-
putational tools or methods such as hidden Markov model search conserved DNA- 
binding areas and sequence similarity search (Table  17.2 ). Recently, integration of 
TFs-encoding genes data sets has been performed, hence establishing knowledge- 
based, integrative resource of TFs in terms of comparative genomics of/regarding 
transcription regulating networks across related plant species (Mochida and 
Shinozaki  2010 ).

   Table 17.2    Databases of transcription factor in plants   

 Databases  Description/Species  References 

 DRTF  Database of transcription factor  Gao et al. ( 2006 ) 
 DATF  Database of  Arabidopsis  transcription 

factor 
 Guo et al. ( 2005 ) 

 PlantTFDB  22 species of plant  Guo et al. ( 2008 ) 
 RARTF  RIKEN  Arabidopsis  transcription factor  Lida et al. ( 2004 ) 
 SoybeanTFDB  Soybean  Mochida et al. ( 2009 ) 
 LegumeTFDB   Lotus japonicas, Medicago truncatula , 

Soybean 
 Mochida et al. ( 2010 ) 

 AGRIS, AtTFDB   Arabidopsis   Palaniswamy et al. ( 2006 ) 
 PinTFDB  20 species of plant  Riano-Pachon et al. ( 2007 ) 
 TOBFAC  Tobacco  Rushton et al. ( 2008 ) 
 DBD  >700 plant species  Wilson et al. ( 2008 ) 
 GRASSIUS, 
GrassTFDB 

 Sugarcane, sorghum, maize,  rice    Yilmaz et al. ( 2009 ) 

 DPTF  Poplar  Zhu et al. ( 2007 ) 
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17.5         Next Generation Sequencing (NGS) Technology 

 With advancement made in the fi eld of nanotechnology, informatics and microfl uid-
ics, alternative technologies have recently emerged to increase the throughput and 
rapidity of DNA sequencing. The term Next Generation Sequencing (NGS) tech-
nology is used to explain techniques collectively other than Sanger sequencing 
(Service  2006 ). It is possible to resequence the entire genomes of plants using NGS 
technology in greater depth, more economically and effi ciently than ever before. 

 The NGS techniques are capable to produce nucleotide sequence data economi-
cally at faster pace than that of traditional technology (Sanger Sequencing method-
ology) (Varshney et al.  2009a ; Crespi  2013 ). The NGS technologies are either 
available commercially or in development (Shendure et al.  2004 ; Kling  2005 ). 
Commercially available NGS technologies such as Solexa/Illumina, AB SOLiD and 
Roche/454 have previously exhibited the capability to evade the Sanger sequencing 
restraining features (Hudson  2008 ). Currently, Solexa/Illumina, AB SOLiD and 
Roche/454 are the predominant technologies used in breeding applications and crop 
genetics. Although Roche/454 is superior in terms of longer sequence reads to 
Solexa/Illumina and AB SOLiD and highest data output is greater or for both AB 
SOLiD as well as Solexa/Illumina (Gupta  2008 ). In terms of sequence data genera-
tion or costs per run, Roche/454 is more costly than any AB SOLiD or Solexa/
Illumina techniques (Varshney et al.  2009b ; Crespi  2013 ). 

17.5.1     Bioinformatics Tools for Analysis of NGS Data 

 NGS technologies generated DNA sequence reads are diminutive Sanger sequences 
(traditional method), that make analysis and assembly of NGS data challenging. 
The NGS technologies can also generate data fi les of terabyte-sized with each run 
of instrument, considerably increasing the computer resource sequencing laborato-
ries requirements. Although several algorithms and tools of  bioinformatics   are pres-
ently available (Table  17.3 ), intentions are in progress to enhance or advance the 
NGS data arrangement in several laboratories (Varshney et al.  2009a ; Crespi  2013 ).

   Most of the software and tools accommodate limited analysis and assembly. 
However, because Next Generation Sequencing  technologies   are suited particularly 
for variation discovery and for resequencing for SNP (single nucleotide polymor-
phism), available software is biased against this application. However, the gap is 
open; but still there is a thrust for the advancement of better platforms and  bioinfor-
matics   tools to assist the sequence analysis of next generation sequencing data in a 
trustworthy, accessible and effi cient way (Varshney et al.  2009a ; Crespi  2013 ).  
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   Table 17.3    Bioinformatics tools for analysis of NGS data   

 Sequence Variant Discovery Tools 

  SNPsniffer   Tool for discovery of SNP designed specifi cally for Roche/454 
sequences (Varshney et al.  2009a ). 

  SeqMap:   Tool to detect indels and multiple substitutions and map short 
sequences to reference genome (Jiang and Wong  2008 ). 

  ssahaSNP:   Tool to detect indels and homozygous SNPs (Varshney et al.  2009b ). 
  Atlas-SNP:   Tool for invention of SNPs as well as indel through genome 

resequencing by means of NGS technologies (Wheeler et al.  2008 ). 
  Assembly, Alignment and visualization Tools  
  Velvet:   Tool for short reads as well as paired assembly of de novo (Zerbino 

and Velvet  2008 ). 
  GMAP:   Program for alignment of map using minimal memory plus time with 

genome sequence as well as cDNA sequences (Wu and Watanabe 
 2005 ). 

  EULER:   To produce short-read assembly and assist Sanger sequencing 
assembly of combined reads as well as NGS (Chaisson and Pevzne 
 2008 ). 

  RMAP   Tool for aligning of short reads with reference genome (Varshney 
et al.  2009b ). 

  MOSAIK   Tool used for pair wise confi guration of NGS data (Varshney et al. 
 2009b ). 

  SOAP   Program for alignment of gapped as well as ungapped short reads to 
assist smRNA discovery, Pair-end resequencing, reference sequences 
and mRNA tag sequence mapping (Li et al.  2008 ). 

  SHARCGS   Device for short reads assembly of de novo (Varshney et al.  2009a ). 
  Zoom   Tool to carry out post-analysis and millions of short reads mapping 

with reference genomes (Varshney et al.  2009a ,  b ). 
  VCAKE   Tool with robust error detection for de novo assembly of short reads 

(Jeck et al.  2007 ). 
  EagleView   Display tool to inspect the excellence of genome assembly visually 

(Varshney et al.  2009b ). 
  Integrated Tools  
  PanGEA   Tool for mapping of NGS data to entire genomes, with the 

identifi cation of SNP (Kofl er et al.  2009 ). 
  CLCbio Genomics 
Workbench  

 Tool for Sanger sequence data, NGA reference assembly and de novo 
(Varshney et al.  2009b ). 

  SeqMan genome 
analyzer  

 Software with capability of detection of SNPs and aligning of NGS 
and Sanger data (Varshney et al.  2009b ). 

  MAQ   Short reads mapping and assembly program. It may also use simple 
assembly visualizer to report SNPs as well as indel (Maqview) 
(Varshney et al.  2009b ). 

  NextGENe   TM    Software to investigate NGS data for transcriptome analysis, de novo 
assembly, SNP and indel detection (Varshney et al.  2009b ). 
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17.5.2     Uses of NGS Technology 

 NGS technology has been applied on a wider scale. For example, number of plant 
species developing SNP based markers, both where reference genome is accessible 
(Medicago and Arabidopsis) and where it is not (Eucalyptus and maize). NGS tech-
nologies used for draft sequencing where reference genome sequences are not avail-
able through methods including pool of BACs (Bacterial artifi cial chromosomes) 
clones that can facilitate or promote quick genome assembly. Interestingly, the Next 
generation sequencing technologies for orphan or so-called minor crop species are 
proved valuable for effi cient as well as rapid improvement in genomic possessions 
(Varshney et al.  2009b ; Crespi  2013 ). NGS technologies are fast and becoming 
excellent or valuable techniques for analysis of gene expression particularly for spe-
cies where reference genome sequences are available already (Weber et al.  2007 ; 
Cheung et al.  2006 ). Intentions are underway to avail/use NGS technologies for 
mapping, population biology, alien and wide crosses introgression, epigenetic mod-
ifi cation and association mapping (Varshney et al.  2009a ; Crespi  2013 ).  

17.5.3     Prospects of NGS for  Crop Improvement   

 The initial goal of NGS technologies was resequencing. They are presently being 
used in various crop species to explore/investigate de novo genome sequencing, 
including common bean, pigeon pea and  wheat  . NGS technologies have signifi cant 
suggestions/implications for breeding and crop genetics. The development of 
genomic resources at large scale, including sequence data and transcript, physical 
and genetic maps and molecular markers along with further potential applications is 
signifi cant. Genome sequencing (both de novo and resequencing) and transcriptome 
is increasing for crop plants using NGS technology. In the amount of available 
genomic data, NGS technique use becomes a quantum leap for crops such as pigeon 
pea and  chicken   pea for which many genomic resources were not available (Varshney 
et al.  2009b ). 

 An important use of NGS technologies is in studies of gene appearance, for 
which NGS technologies has capability to substitute trials of microarray in coming 
years; in contradiction to further approaches of gene demonstration like real-time 
PCR along with microarray. NGS applications render insights into temporal and 
spatial gene expression control due to their capability to recognize all records of 
RNA developed at a particular occasion (Varshney et al.  2009a ). NGS technologies 
may also hasten the conversion skill development for crop plants as it will be effort-
less to alter/modify genes due to convenience of increasing genomic statistics. 
While at present, the analysis of wider-scale NGS technologies has a challenge, 
advancement is being made for this task both in developing new approaches and 
improving existing tools (Varshney et al.  2009a ).   
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17.6     Future Horizons 

 Organisms include bacteria, fungi, viruses, nematodes, oomycetes, viroids, phyto-
plasmas, virus-like organisms, parasitic plants and protozoa cause infectious diseases. 
Plant pathology concerns the study of origin, nature, course of disease, pathogen 
identifi cation, syndrome cycle, resistance of plant diseases, epidemiology of plant 
diseases, plant disease management, pathosystem genetics and how diseases of plant 
affect animals and humans. Genome progression from parasitic plants, viruses, virus-
like organism, fungi, bacteria, viroids, oomycetes, nematodes, protozoa along with 
phytoplasmas gives opportunities to analyze and understand interaction of plant-
pathogens which helps to disease diagnose, make transgenic  plant   (disease resistance) 
and management (Kim et al.  1997 ). Gene-to-gene assumption articulate that plants 
holds foremost resistance single R genes that contain complementary avirulence 
genes that recognize pathogens specifi cally. Virulence genes may be described as 
genes that program protein production in pathogens which is recognized temporarily 
by plants (that contain complementary R genes) indirectly or directly. 

 Plants should protect themselves to survive from several pathogens. Few ram-
parts are activated by pathogen recognition and some are very essential (like a vari-
ety of anti-microbial agents). The recognition process comprises the semi-dominant 
and dominant product of resistance gene (R) exists in the plant as well as  Avr  (lead-
ing avirulence aspect) derived or programmed by pathogen.  Avr  factor detection by 
host plant simulates and activates plant’s defenses by starts signal transduction path-
ways thus compromising the pathogen ability to colonize plant. The interaction 
between pathogens and plants are dynamic, simple and complex. 

 Several strategies have been recently envisaged for characterization, functional 
analysis and identifi cation of plant genes involved in signaling, responses to abiotic 
and biotic stresses and triggering.  In-silico  biology, Bioinformatics and computa-
tional techniques play key function to identify pathogen plant interface at genome 
with genes of pathogens as well as plants (Wan et al.  2002 ).  

17.7     Conclusion 

 Bioinformatics is a rapidly evolving and expanding fi eld. Understanding and inter-
preting specifi c functions of plants that arise in particular plant species is necessary 
to discover useful genes to enhance and promote plant functions. The integration of 
 bioinformatics   and omics data sets from diverse plant species is then important and 
essential to promote/enhance translational research (to engineer plant systems) in an 
outcome or response to the emanating demands of mankind. We are also confront-
ing the various global issues such as food, water, climate changes and global warm-
ing. Globally, for computational biology the international society serves as a global 
community of experiment or practice in the fi eld. Meanwhile for  bioinformatics   in 
Asia, the Asia Pacifi c Bioinformatics Network (apbionet.org) is a good regional 
source.     
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