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Abstract Climate change has been identified the major environmental constraint
affecting the vegetation all over the globe. Environmental variations such as increase
in temperature, carbon dioxide (CO,), change in precipitation pattern and associated
abiotic stresses such as heat, drought, salinity, soil nutrient status affect the growth
and productivity of plants. Alterations in the growth and yield of crop plants limit
agricultural productivity thus affecting the food production required to sustain
growing human population. Models suggest that change in flowering pattern due to
alterations in temperature and effects on other factors such as nutrient availability,
carbon sequestration, microbial dynamics, and increased pathogen infestation are
likely to affect growth and yield of agricultural crops. Abiotic stress due to climatic
variations will cause disturbance in essential phenological, physiological and bio-
chemical events in plants. Studies suggest differential responses of plants to changes
in temperature and CO,, Crop yields of both C3 and C4 species are expected to
increase within the range of 5-20% under conditions of increasing CO, conditions,
but supposed to decrease by about 10% with every 1 °C rise in temperature. Plants
can minimize the effect of stress induced by various climatic factors by developing
adaptive traits and tolerance mechanisms. Biotechnological approaches can also
prove useful in developing crop plants with enhanced capacity for withstanding
abiotic stresses such as drought, salinity and flooding. Transgenic crop plants devel-
oped by genetic engineering technology can grow under adverse environmental
conditions.
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8.1 Introduction

Crop plants occupy around 61% of the world arable area (Ewert et al. 2005). About
two third of the world cropland area is cultivated with crop species such as wheat,
maize, barley, rice, rye, millet, sorghum, cassava, potatoes, sugar beets, sugar cane,
pulses, soybeans, groundnuts/peanuts, rapeseed/canola, sunflower, oil palm fruit,
and cotton (FAO 2009; 2012) (Table 8.1). Most crop plants are C3 species but few
crops such as maize, millet, sorghum, and sugar cane are C4 species (Fig. 8.1).
Majority of the crop plants grown all over the world are annuals.
Intergovernmental Panel on Climate Change (IPCC 2007a) reported that increase
in concentration of greenhouse gases and mean temperature has progressive
increased since pre-industrial times. Predictions suggest increase in the earth’s

Table 8.1 Major crop species of the world

Crop species Global production (m/t) Area occupied (million ha)
Cereals

Maize 822,712,527 139
Wheat 689,945,712 211
Rice 685,013,374 146
Barley 54
Sorghum 42
Oats - 13
Pulses

Soybeans 262,037,569 79
Cowpea - 9
Chick pea - 11
0Oil

Groundnut 40,016,584 26
Rapeseed - 23
Sesame - 7
Coconut - 11
Vegetables

Beans - 25
Sugar cane 1,743,092,995 20
Potatoes 314,140,107 19
Cassava 256,404,044 17
Sweet potatoes - 9
Tomatoes 159,347,031 4
Peas - 6
Yam - 4
Fruits

Grapes 69,093,293 7
Bananas 107,142,187 4

Source: FAOSTAT (2012)


https://en.wikipedia.org/wiki/Soybean
https://en.wikipedia.org/wiki/Tomato
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Fig. 8.1 Categorization of
crop plants

surface temperature by 1.4 °C-5.8 °C by 2100 (IPCC 2007b). Increases in the CO,
concentrations to 1000 ppm by 2100 have also been projected. Rise in temperature
leading to global warming is expected to affect weather events such as increase in
intensity of storms, altered rainfall pattern and other environmental stresses such as
drought, salinity, and floods throughout the globe (Parry et al. 2004; Kang et al.
2009). The climatic variations are likely to produce negative effects on growth and
productivity of crop plants, hence altering the agricultural output to a significant
extent (Wheeler et al. 2000; Porter and Semenov 2005; Challinor and Whee’ler
2008; Challinor et al. 2009; Ahmed and Stepp 2016). Changes in the biotic factors
such increase in disease outbreaks, pest and pathogens infestations/infection, weed
invasion are also supposed to affect the agricultural productivity indirectly (Reynolds
et al. 2015).

Impact of climate change on agricultural crop productivity is supposed to vary
with the region. The response of crop plants is likely to depend upon the species and
the extent of variation in climatic factors. The extent of damage from climate change
depends on the developmental stage of the plant (Lobell and Gourdji 2012). Other
factors that highly influence the response of crop species include fluctuations in day
and night temperatures, timing of crop, frequency and intensity of cropping. Since
many factors are contributing to growth and development of crop plants, hence it
becomes difficult to suggest the exact trend of responses to climate change.
According to recent surveys, El Nifio Southern Oscillation phenomenon and associ-
ated cycles of droughts (water scarcity) and flooding events are expected to bring
around 20-36% reduction in crop yield. Yield of major crops like wheat, oilseeds
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are expected to show significant variation of 15-35%. Increase in global tempera-
ture by 1°C is also likely to cause a decline in production of cereals such as wheat
by 4-6%. Studies report reduction in maize yield by approximate 7% in the past few
years (Lobell et al. 2011). Crop species such as corn, rice and soybean have also
shown high vulnerability to changing climatic conditions. According to research
studies, growth and productivity of both C3 and C4 crop species is likely to get
equally affected by climate change (Menzel et al. 2006; Tao et al. 2006; Estrella
et al. 2007; Sun et al. 2009; Hasegawa et al. 2013). The reduction in crop yields is
likely to account for huge economic losses in agriculture sector (Garrett et al. 2006;
IPCC, 2007a, b).

The decrease in yield and productivity of crop plants results from alterations in
the e ssential physiological, phenological and metabolic events. Photosynthesis and
respiration are the primary physiological events significantly affected in crop spe-
cies. Alterations in time of flowering and delay in life cycle are the major phenologi-
cal processes affected by climate change (Ziska and Bunce 2007).

Crop plants show variation in their distribution throughout different zones of
globe (Lobell et al. 2008). Detailed studies need to be carried out to assess the effect
of climate change on each crop distributed in various zones of globe with emphasis
on each climatic variation. The data obtained from these studies help in predicting
in overall change in cropping pattern. The results obtained from such studies can
prove useful in developing strategies for the sustenance of crop yield and productiv-
ity in changing climatic conditions to ensure food security for humans at the global,
regional, and local level.

8.2 Modeling Studies for Assessment of Climate Change
in Crops

Effects of climatic variations on crop plants have been studied using various higher
spatial resolution models. Climate models provide accurate predictions about
impact of climate change on distribution of crop plants. They also prove as a valu-
able approach for assessing and analyzing the probable effects of climate change on
crop yield under different scenarios. Some of the important models include General
Circulation Models (GCMs), CERES (Crop Environment Resource Synthesis),
SOYGRO, SWAP (Soil-Water—Atmosphere—Plant), and InFoCrop. Alterations in
the growth and distribution pattern of major crop species such as wheat, rice, maize
and soybean localized in different regions of the world have been studied using
these models (Parry et al. 2004).

International Benchmark Sites Network for Agrotechnology Transfer (Rauff and
Bello 2015) is a crop model that has been used to estimate alteration in yields of
world crops at 112 sites in 18 countries. Crops such as wheat, maize, rice and soy-
bean have been studied in response to increasing levels of carbon dioxide using this
model. Effect of climate variables such as temperature, precipitation, water
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availability and changes in soil characteristics on crop growth have been evaluated
using this model. The models have been validated for a range of soil and climate
conditions. Both rainfed and irrigated lands have been taken into consideration for
the study. The data collected from different regions and sites are clubbed. The data
obtained is based on physiological events such as transpiration and photosynthesis.

Models have been developed for specifically for various crops. The models used
to study wheat, maize, rice and soybean crop is CERES-Wheat, CERES-Maize,
CERES-Rice and SOYGRO (Rauff and Bello 2015). The Basic Linked System of
National Agricultural Policy Models (BLS) have been developed using around 35
national/regional models, 18 national models, 14 aggregate models of various coun-
tries involving European Union and former USSR. BLS models have been used to
assess the changes in crop yields and agricultural productivity for the time period of
1990 to 2060.

8.3 Climatic Variations and Crop Production

Increase in temperature, CO, concentration, change in water availability/scarcity
and associated stresses such as salinity, drought have been considered as the major
environmental constraints affecting the productivity of crop species.

8.3.1 Increasing Temperature

Temperature regulates the essential physiological and metabolic growth events in
plants. An optimum temperature is required for functioning of physiological and
metabolic activities in plants. Temperature of around 15-20 °C is required for sus-
tenance of C3 species, while 25-30 °C is essential for growth of C4 crops (Sage and
Kubien 2007). Plant response to increased temperature varies among species. This
is because each crop has a different optimal temperature requirement for growth and
reproduction. The degree of damage depends on the species of crop plant and stage
of development.

Changes in temperature cause severe damage to plant growth because of changes
in physiological and metabolic events. Alterations in growth of crop plants have
serious implications on agricultural productivity (Wollenweber et al. 2003).
According to various models, growth of crops like soybean, maize, potato and beet
is likely to get severely affected from alterations in temperature. Recent studies
predicted that global food production will increase with slight rise in temperatures
i.e. 1-3 °C but decrease at significantly higher temperatures (Gornall et al. 2010;
Jaggard et al. 2010). Predictions suggest that for every one-degree increase in tem-
perature crop yields will decrease by 10% (Zinn et al. 2010). Exposure to high tem-
perature causes reduction in crop yield. The extent of decrease depends upon the
duration of exposure and crop genotypes. Studies suggest that global warming
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might benefit production of crop plants such as wheat in some regions but reduce
productivity in other areas.

Moderate warming proves beneficial to plants (Jin et al. 2011). Developmental
events such as seed germination are promoted at moderate temperatures. Soil warm-
ing exerts positive effects on plant growth by increasing mineralization of nitrogen
(Hungate et al. 2013). Agricultural production gets affected at extremely high tem-
perature due to loss of soil organic matter caused due to warming. The damage to
embryo affects germination of seeds in plants exposed to extremely high tempera-
tures (Essemine et al. 2002; Prasad et al. 2006). High temperature (warming)
enhances plant development by shortening life cycle and causing early maturity.
Increase in soil temperature reduces the time required for emergence of seedlings
and establishment of crop plants. The reduction in yield results from early maturity
of pods and seeds (Ellis et al. 1995; Barnabas et al. 2008).

Reproductive development show greater sensitivity to heat stress in comparison
to vegetative growth. Floral bud formation, development/differentiation of flower,
pod set, grain filling and grain quality have been reported to be negatively affected
in plants exposed to heat stress (Fuhrer 2003; Craufurd and Wheeler 2009; Bita and
Gerats 2013). Premature degeneration of the tapetal layer result in formation of
infertile pollen and cause/induce dehiscence of anther under warming conditions.
Low pod production is caused by male sterility. Early development of pod increases
leads to malformation of embryo, development of smaller pod with fewer seeds.
The accelerated reproductive development negatively influences productivity.
Reduction in kernel weight, grains/spike, grain yield has been reported in cereal
crops exposed to high temperatures (45 °C and above). Research studies indicated
that temperature leads to activation of FT (Flowering Locus T), and PHYA
(Phytochrome A), phytochrome genes which promote flowering at high tempera-
tures (Balasubramanian et al. 2006; Heschel et al. 2007). Apart from these, altera-
tions in the assimilation and mineral uptake also affect the grain yield (Fuhrer 2003;
Prasad et al. 2006). The reduction in translocation ability i.e. less sink activity also
affects the productivity of crop plants to a significant extent (Maheswari et al. 1999;
Al-Khatib and Paulsen 1999; Shah and Paulsen 2003). These responses are com-
monly noted in cereals crop species such as wheat, rice and maize.

High temperature induces decrease in vegetative growth. This correlates to
decrease in leaf, shoot, seed and total biomass production in crop plants. Decrease
in relative growth rate in response to high temperature has been well reported for
crop species such as Zea mays, Pennisetum glaucum, Saccharum officinarum,
Glycine max (Schlenker and Roberts 2009). Alterations in leaf structure, function-
ing and properties such as relative water content, water potential, osmotic potential
and turgor potential has also been commonly reported in plants exposed to heat
stress (Jin et al. 2011).

Photosynthesis is one of the major physiological processes affected by stress
caused by high temperature (43 °C and above). The major cause for decrease in
photosynthesis at high temperature is increase in the rate of transpiration, deactiva-
tion of RuBisco (enzyme involved in the fixation of CO,). Stomatal closure (around
15-30%) noted in high temperature exposed plants limit the photosynthetic potential
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of plants due to less influx of CO, into leaves. Damage to components of photosyn-
thetic machinery particularly photosystem II and membrane components are mainly
responsible for decline in photosynthetic potential. Reduction in the production of
photosynthetic pigments noted in these plants also restricts the photosynthetic
capacity. The reduction in the production of photosynthetic pigments such as chlo-
rophyll has been attributed to the inhibition of its biosynthesis, changes in ultra
structure of chloroplast (Tewari and Tripathy 1998; Sage et al. 2008).

In contrast, increase in the photosynthetic capacity of plants noted under moder-
ately high temperatures is attributed to the increase in stomatal density, number of
chloroplasts and chlorophyll content (Jin et al. 2011). Research studies have reported
an enhancement of 12% in chlorophyll content (Liu et al. 2013). Increase in size of
mitochondria and need for more energy for cell growth and maintenance leads to
increase in rate of respiration (Jin et al. 2011). According to estimates, 10 °C rise in
temperature will increase the double the rate of respiration. The increase can be
attributed to increase in the activity of enzymes.

Perennial plants are more susceptible to changes in temperatures than annual
plants. Under warming conditions, fruit development gets restricted in perennial
crops causing a decrease in yield (Hatfield et al. 2014). Decreases in fruit set have
been reported for fruit crops such as cherries, citrus (Citrus sinensis) exposed to
increase in temperature by 3 °C (Siebert et al. 2014).

High temperatures produce detrimental effects on crops by

» Faster crop development and shortening crop duration leading to lower yields.

e Alteration in essential processes such as photosynthesis, and respiration (Crafts-
Brandner and Salvucci 2002).

* Exponential increase vapor pressure deficit (VPD) because of reduced water-use
efficiency.

* Alteration in reproductive events such as sterility leading to low grain filling and
crop failure (Teixeira et al. 2012).

* High susceptibility to attack of biotic agents such as pests and diseases (Ziska
etal. 2011).

* Changes in the microbial dynamics due to increase in soil temperature and high
root respiration.

In nutshell, warming (extremely high temperatures) results in severe heat and
water stress, leading to acceleration in growing periods for crops and higher yield
losses in crop plants (Hatfield et al. 2011; Hatfield and Prueger 2015).

8.3.2 Rise in CO, Concentration

Increase in atmospheric CO, concentrations (doubling) promotes growth of crop
plants by exerting CO, fertilization effect (McGrath and Lobell 2013). Increased
availability of CO, promotes rate of essential physiological processes such as pho-
tosynthesis by 30%. The response of crop plants to increasing CO, varies among C3
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and C4 species (Tissue et al. 1995). Research studies have shown that C3 plants
(temperate and boreal) are greatly affected by increase in CO, and show promotion
in growth. In contrast C4 plants do not show any significant variation. Literature
reports have shown that CO, concentrations of around 380 ppm increase yields of
C3 and C4 crop species by about 10-20% and 0—10% respectively. An increase in
CO, concentration by 50% accelerates the rate of photosynthesis by 30%—-50% as
reported in C3 plant species and 10%—-25% in C4 species. Increase in the rate of
photosynthesis in C3 occurs because of high optimum for CO, (Leakey et al. 2009).
C3 species such as wheat, rice, barley, sunflower has been reported an average
increase of 36% in photosynthesis with increasing CO, concentration. Research
studies suggest that C; crops are likely to produce more harvestable products, while
both Csand C, crops are likely to use less water under conditions of rising atmo-
spheric CO,. An approximate increase of 21 and 28% has been noted in the above
and belowground biomass. The production of belowground biomass is significantly
higher (about 40%) as compared to aboveground biomass. Increased biomass pro-
duction results from higher rate of photosynthesis and carbon input in soil through
rhizodeposition (Kimball et al. 2002; Nowak et al. 2004; Ainsworth and Long 2005;
Inauen et al. 2012). Studies have reported a decline in the yield of crop species such
as rice, maize, soybean and wheat exposed to high CO, conditions (Erda et al. 2005;
Yin et al. 2006; Yang et al. 2009). A significant decline of 63—70% in yield has been
noted in crop species including wheat, corn, and cotton subjected to very high CO,
concentrations (Schlenker and Roberts 2009).

In some plants exposure to high CO, leads to increase in vegetative growth evi-
dent from increase in parameters such as plant height, stem thickness, total dry
weight (Lawlor and Mitchell 1991; Kimball et al. 2002; Ainsworth and Long 2005;
Long et al. 2006; Ziska and Bunce 2007). Increase in productivity results from
increased photosynthetic rates and improved water-use efficiency. Increases in
atmospheric CO, concentration favor CO, fixing efficiency of Rubisco (Luomala
et al. 2003; Ainsworth and Long 2005; Ainsworth et al. 2002, 2008a, 2008b).
Increased CO, levels reduce stomatal conductance and transpiration rate. A signifi-
cant reduction of 30% has been reported in the transpiration rate (Polley 2002;
Tubiello and Ewert 2002). Crops plants are supposed to get benefitted from decrease
in stomatal conductance and increased water-use efficiency (Ainsworth and Long
2005). Increase in leaf temperature support faster rate of plant development.
Increased water potential stimulates growth by increasing leaf area (Ainsworth and
Long 2005). Increase in leaf area can be attributed to changes in food partitioning,
delayed leaf senescence and improved water potential resulting from closure of
stomata (Ainsworth and Rogers 2007). The positive effect of rising CO, is reflected
in high biomass and yield production (40-60%). Improved water relations and
nutrient status support the growth of crop plants (Kimball et al. 2002; Long et al.
2006; Leakey et al. 2009; Ziska et al. 2012; Hussain et al. 2013). C4 plants includ-
ing maize and sugarcane have reported a nominal increase in productivity (approx.
5-10%) under rising CO, conditions (Jablonski et al. 2002).

Very high CO, concentrations exert a negative effect on chlorophyll biosynthesis
and PSII photochemistry thereby limiting the photosynthetic potential of cop plants
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(Riikonen et al. 2005). High starch accumulation noted in leaves of plants grown
under elevated CO, conditions occurs when carbohydrate supply from photosynthe-
sis exceeds growth and respiratory needs (Kimball and Bernacchi 2006). Elevated
CO, stimulates the respiratory breakdown of carbohydrates resulting in an increase
in R:S ratio (Ainsworth and Long 2005; Ainsworth and Rogers 2007; Leakey et al.
2009; Hussain et al. 2013). Altered carbohydrate pools and carbon allocation result
from increased carbon assimilation and enhanced carbon storage in the soil under
elevated CO, conditions. The respiratory breakdown of carbohydrates provides
increased energy and biochemical precursors for leaf expansion and growth under
elevated CO, conditions (Ziska 2000; Ziska and George 2004).

Elevated CO, affects nutrient status in plants. High CO, lowers plant nutrient
concentrations via carbohydrate dilution and increased nutrient use efficiency
(Dijkstra et al. 2008, 2010a, 2010b). Increases in carbon and decreases in nitrogen
content have been noted in above and belowground tissues in response to elevated
CO, (Burkart et al. 2009)_ Allocation of carbon to root increases thereby altering C:
N ratio leaves though show low levels of total nitrogen and protein (Gifford 2003;
Leakey et al. 2009). The reduced nitrate assimilation and hence lower protein con-
centrations have been reported in harvestable parts of plants (Alagarswamy et al.
2006; Taub et al. 2008). Increase in soil microbial carbon, organic matter and micro-
bial respiration supports plant growth under elevated CO, conditions (Kim et al.
2003; Morgan et al. 2004). Soil carbon contents increases, while nitrogen leaching
decreases under elevated CO, conditions suggesting a positive effect on plant nitro-
gen uptake (Porter and Semenov 2005; Johnson 2006; Van Groenigen et al. 2006).
Increase in root production or mycorrhizal colonization in response to CO, enrich-
ment increases the efficiency for uptake of nutrients (Easterling et al. 2007; Ziska
et al. 2012).

Increase in the level of various metabolites such as soluble sugar, starch, cellu-
lose, structural carbohydrate, polyphenol and tannin contents have been noted in
response to elevated CO,. Increases in carbohydrates result from greater carbon
reallocation from proteins to carbohydrates under elevated CO, conditions (Long
et al. 2004). Increased synthesis of polyphenols, fructans and other secondary
metabolites has been reported in crop plants exposed to high CO, concentrations.
The increase can be attributed to increased shikimate metabolism and high carbon
availability. The production of nitrogenous compounds increase in response to high
nitrogen availability (Temperton et al. 2007).

Elevated CO, affect phenological and reproductive development of plants
(Jablonski et al. 2002; He et al. 2005). Studies suggest that short-day and long-day
species respond differently to increases in CO,. According to studies short-day crop
plants such as soyabean, rice, cowpea and long-day species such as barley, pea, faba
bean showed earlier flowering, while delayed flowering response has also been
reported in species such as maize, sorghum in response to exposed to increased CO,
(Springer and Ward 2007). Open-Top Chambers (OTCs) and the Free-Air Carbon
Enrichment (FACE) experiments suggest that high CO, conditions show slight
changes in flowering and fruiting (Springer and Ward 2007; Craufurd and Wheeler
2009). Genes involved in flowering respond to changes in CO, concentration
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(Blazquez et al. 2003; Lee et al. 2007). The down-regulation of FLC (Flowering
Locus C) and up-regulation of SOCI (Suppressor of Overexpression Constans 1)
and LFY (Leafy) gene has been noted in response to elevated CO,. The delay in
flowering is associated with up-regulation of SOCI and LFY expression (Welch
et al. 2003, 2004).

CO,-responsive genes that play a crucial role in cellular functions such as cell
cycle, RNA regulation of transcription, DNA synthesis, and cell organization show
higher expression under elevated CO, conditions. Up-regulation of genes has been
indicated by increased transcript levels. Increased expression of transcription fac-
tors suggest increased synthesis of proteins such as ubiquitin-specific proteases,
cysteine proteinases, and enzymes such as inositol phosphate, isoprenoid biosyn-
thesis, nitrate transport and assimilation proteosome subunits. Genes involved in
nitrogen (N), hormone and secondary metabolism get differentially expressed under
elevated CO, conditions. It is supposed that under high CO, conditions, flow of
carbon stock gets diverted into secondary metabolism i.e. cell wall, lignin, and fatty
acid biosynthesis.

Improvement in growth of crop plants under elevated CO, conditions result from

» Stimulation in the photosynthetic carbon gain and net primary production.
e Improved nitrogen use efficiency

e Decrease in water use at both the leaf and canopy scale.

e Stimulation in dark respiration (Rogers et al. 1996; Kimball et al. 1999).

8.3.3 Risein CO, and Temperature

Increase in temperature masks the positive effects of elevated CO, (Yin et al. 2006).
The reduction in the positive effects of CO, has been noted in terms of reduction in
yield parameters such as grain number, size, and quality (Drake et al. 1997; Boote
et al. 2004; Hasegawa et al. 2013). In contrast, few studies have also reported no
significant changes in plant growth when high temperatures exposure is accompa-
nied by increase in CO, (Ziska and Bunce 2007; Wang et al. 2012).

8.4 Effect of Abiotic Stresses Induced by Climate Change
on Crop Plants

Water scarcity/drought and salinity have been identified as the major abiotic stresses
that can be indirectly induced by changes in climatic conditions such as warming.
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8.4.1 Drought

Most of the agriculture practiced throughout the world comprises of about 40-45%
of irrigated land. Global warming is expected increase the flow of water via melting
of glaciers which could benefit to agriculture but increase risk of flooding to crop
lands. In contrast, water scarcity due to drought and altered precipitation patterns
can also prove detrimental to agricultural productivity (IPCC 2001a; b). Drought or
water scarcity lowers water potential in plants but increases solute potential. It
changes cell osmoticum and turgor pressure which affects growth negatively.
Inhibition in cell elongation occurs due to low turgor pressure as mitosis gets
impaired (Hussain et al. 2008). The decrease in soil water potential affects the pro-
duction of leaves and reduces leaf size in plants. Stem diameter and root prolifera-
tion also get adversely affected in these plants. Impairment in growth-related traits
affects the biomass production in crop plants (Farooq et al. 2009). Water scarcity
reduces the soil microbial biomass which affects the availability of nutrients to
plants and hence the crop quality.

Among the physiological processes, photosynthesis is the major event that gets sig-
nificantly affected due to reduction in leaf area and premature leaf senescence (Anjum
etal. 2011a, 2011b). Reduction in leaf area reduces light interception and hence causes
inhibition of photosynthesis. Drought stress induced increase in leaf temperature alters
the leaf water potential, relative water content and transpiration rate (Yang and Miao
2010). Stomatal closure induced by drought conditions restricts the supply of CO, thus
reducing carbon assimilation and photosynthetic potential (Flexas et al. 2004; Samarah
et al. 2009). Disruption of thylakoid membranes of the photosynthetic apparatus,
decreased chlorophyll synthesis, structural changes in chloroplasts also lead to decline
in photosynthesis. The decrease in chlorophyll content can be ascribed to photo-oxida-
tion of pigments, chlorophyll degradation and structural deformities in chloroplast such
as damage of chloroplast membranes, excessive swelling and distortion of the lamellae
and vesiculation (Anjum et al. 2011c). Apart from these, non-stomatal mechanisms
such as accumulation, transport, and distribution of assimilate also account for decrease
in photosynthetic capacity (Manivannan et al. 2007a, 2007b).

Plants develop various adaptive strategies to withstand drought. These mainly
include avoidance and tolerance mechanisms. Major adaptations noted in plants
include

(a) Reducing the length of life cycle via changes in pre-flowering and/or post-
flowering phases

(b) Formation of deeper roots to extract more water from soil and have better water
supply (Salih et al. 1999)

(c) Reduction in canopy size i.e. smaller leaves limit water loss via transpiration
(Salih et al. 1999)

(d) Accumulation of solutes viz. carbohydrates and dehydrins in basal tissues such
as buds and meristems (Volaire 2002)

(e) Increased expression of aquaporins and stress proteins.

(f) Stomatal closure resulting from loss of turgor due to efflux of K* ions from the
guard cells.
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8.4.2 Salinity

Changes in the environmental conditions produce significant changes in soil profile.
The change in soil properties affects the growth, sustenance and productivity of
crop plants in the long run threatening the food security at global scale. Salinity has
been recognized as one of the common factors influencing the crop production in a
negative way. High uptake of sodium ions (Na*) by plants roots leads to its accumu-
lation in shoots and mature leaves. Salt accumulation followed by its sequestration
in plant organs induces oxidative stress by production of reactive oxygen species
(ROS). These ROS damage cellular components such as proteins, lipids, and DNA
via interrupting vital cellular functions, essential physiological and biochemical
events in plants (Hasegawa et al. 2000). Hyperosmotic stress induced by excessive
uptake of Na* affects the physiological activities such as photosynthesis and respira-
tion. The damage to chloroplast i.e. swelling of thylakoids, disintegration of grana
and intergranal lamellae in plants exposed to high salinity (150 mM) conditions
leads to reduction in photosynthetic rate thus causing a decline in biomass produc-
tion. Nutrient imbalance resulting from uptake of high concentrations of Na* induces
loss of turgor, growth reduction, wilting, leaf curling, epinasty, leaf abscission, loss
of cellular integrity, tissue necrosis, and potentially death of the plant (Yamaguchi
and Blumwald 2005).

The negative effects of salinity on growth and productivity of crop plants also
result from reduced water absorption capacity of roots and water loss from leaves
due to osmotic stress induced by high salt accumulation in soil and plants. The most
common mechanisms operating in plants regulating the effects of salinity stress
include sodium transport, cellular ion homeostasis, and salt response signaling
(Hasegawa et al. 2000). The changes in the pollen viability and reduction in pod
filling affect grain yield under saline conditions (Mohammadi-Nejad et al. 2010).

Salt Overly Sensitive (SOS) stress signaling pathway plays a significant role in
ion homeostasis and salt tolerance in plants (Ji et al. 2013) (Fig. 8.2). It consists of
three major components which include proteins namely SOS1, SOS2, and SOS3.
SOSI encodes a plasma membrane Na*/H* antiporter which regulates Na* efflux at
cellular level and facilitates long distance transport of Na* from root to shoot. SOS2
gene encodes a serine/threonine kinase which gets activated by salt stress elicited
Ca?* signals. SOS3 is a myristoylated Ca?* binding protein. Interaction between
SOS2 and SOS3 protein results in the activation of the kinase which then phos-
phorylates SOS1 protein thereby increasing its transport activity (Liu et al. 2000).
Increase in the Na* concentration followed by a sharp increase in the intracellular
Ca?* level facilitates the binding with SOS3 protein. Ca** modulates intracellular
Na* homeostasis along with SOS proteins. The SOS3 protein activates SOS2 pro-
tein by preventing its self-inhibition. The SOS3-SOS2 complex is loaded onto
plasma membrane where it phosphorylates SOS1 (Géalvez et al. 2012). The phos-
phorylated SOSI1 results in the increased Na* efflux, reducing Na* toxicity.
Overexpression of these proteins confers salt tolerance in plants (Quintero et al.
2002; Guo et al. 2004).
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Fig. 8.2 Mechanism of Na® Root cell
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Various tolerance and adaptive mechanisms operate in plants exposed to high
salinity stress. Tolerance mechanisms include ion exclusion mechanisms which
restrict the entry of Na* ion into the cell. Vacuolar Na*/H* antiporters, H*-ATPase
and H*-translocating pyrophosphatase aid in pumping toxic Na* ions out of the cell
and restricting the entry of Na* (Blumwald 2000). Increased expression of these
vacuolar transporters including NHX1 (Na* H* exchanger 1) contributes to salinity
tolerance (Fukuda et al. 2004). These transporters direct salt to vacuole where it gets
sequestered in large quantities thereby protecting the plant machinery from salinity
stress. A large number of genes and proteins such as HKT and NHX, encoding K*
transporters and channels have been identified and cloned in various plant species.
Class 1 HKT (histidine kinase transporter) removes excess Na* from xylem, thus
protecting the photosynthetic leaf tissues from the toxic effect of Na*. Sodium ion
entering the cytoplasm gets transported to the vacuole via Na*/H* antiporter. Class
1 HKT transporter removes excess Na* from xylem, thus protecting the photosyn-
thetic leaf tissues from the toxic effect of Na* (Schroeder et al. 2013). Intracellular
NHX proteins are Na*, K*/H* antiporters play a role in K* homeostasis. V-ATPase is
another dominant H* pump that plays an important role in maintaining solute
homeostasis and facilitates vesicle fusion during non-stress conditions present
within the plant cell.

Physiological and biochemical tolerance mechanisms help in curtailing salinity
conditions (Gupta and Huang 2014). These mainly include synthesis of compatible
solutes which function as protector or stabilizer of enzymes or membrane struc-
tures (Flowers 2004; Saxena et al. 2013). They also play role in osmoprotection,
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carbon storage, and ROS scavenging (Munns 2005; Munns and Tester 2008).
Amino acid such as proline and compounds such as glycinebetaine, sugar alcohols,
polyamines increase in response to salinity stress and improve tolerance by increas-
ing the activity of enzymes involved in antioxidant defense system, mitigation and
protection of the cell. These compounds also assist in osmotic adjustment, stabili-
zation of proteins, and reduction in ROS generation. Increased accumulation of
carbohydrates such as sugars (glucose, fructose, fructans, trehalose) and starch has
been reported in plants exposed to salt stress (Guptaetal. 2013,2015; Hasanuzzaman
et al. 2014). The role of proteins such as heat shock, pathogen-related proteins,
protein kinases, ascorbate peroxidase, osmotin, ornithine decarboxylase in with-
standing salt stress is also acknowledged. Antioxidant enzymes and antioxidant
compounds combat salinity stress by detoxifying ROS generated. The genes
involved in the biosynthesis of antioxidants, ion homeostasis show an upregulation
in plants exposed to extreme salinity (Blumwald and Grover 2006; Zhao et al.
2006a, 2006b; Jiang et al. 2012; Kumari et al. 2013; Zhang and Shi 2013; Liu et al.
2014a; Rachmat et al. 2014).

8.4.3 Soil Nutrient Status

Soil nutrient status is greatly influenced by the environmental conditions. Water
holding capacity, cation exchange capacity, soil nutrient content, organic matter are
some soil properties that get severely affected by changes in temperature and water
availability. Excessive soil warming and drying led to reduction in soil carbon. CO,
enrichment conditions are supposed to increase the soil C: N ratio (Brevik 2013).
Modeling studies predict that drastic changes in climatic conditions might cause
decrease in soil organic carbon by 2—10% by the year 2100 (Dijkstra et al. 2010a;
b). Soil nutrient content is also influenced by microbial dynamics. This is because
microbes present in the soil help in the mineralization of nutrients essential for plant
growth. Any changes in the biotic and abiotic factors affect the distribution of
microbial communities (Pinay et al. 2007). Decline in the microbial population
reduces the supply of nutrients such as nitrogen thereby limiting plant growth and
productivity. Changes in the root symbionts such as rhizobia bacteria and mycor-
rhizal fungi alter plant nutrient status by influencing the rate of decomposition
thereby altering carbon inputs which subsequently affects plant productivity
(Clemmensen et al. 2013, 2015; Moore et al. 2015).

8.5 Indirect Effects of Climate Change on Crops

Climatic changes such as rise in atmospheric CO,, temperature (warming), humid-
ity, cyclones/hurricanes and drought alter the biotic components of the ecosystem.
Changes in the climatic factors influence the distribution and biology of plant
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pathogens with positive, negative or neutral effects (Coakley et al. 1999; Fuhrer
2003; Newton et al. 2011). Studies predicted that climate change is likely to pro-
mote the survival and infestation of pathogens that cause disease in food crops such
as wheat, rice, soybean and potato. Decreasing resistance and increased pathogenc-
ity affect the growth of crops to a significant extent hence limiting agricultural pro-
ductivity. The rate of multiplication, sporulation, survival and vigor of pathogens is
regulated by environmental conditions. The growth of pests and disease is promoted
by warming, thus increasing the incidence of pest and disease outbreaks. Elevated
CO, support the survival and infection of pests such as aphids (Newman 2004) and
weevils (Staley and Johnson 2008). Increased temperatures reduce the mortality of
aphids enabling their widespread dispersion. Elevated CO, also reduced expression
of induced resistance (Pangga et al. 2004; Plessl et al. 2005). Enhanced growth of
Colletotrichum gloeosporioides, Fusarium pseudograminearum Candida albicans
has been noted at high CO, (Chakraborty and Datta 2003; Hall et al. 2010; Luck
et al. 2011).

8.6 Climate Effects on Crop Nutritional Quality

Changes in precipitation, temperature, carbon dioxide levels, soil composition
influence the production of various compounds contributing to the nutritional qual-
ity and secondary defense responses in plants (Baranski et al. 2014; Myers et al.
2014). Fruits, vegetables, cereals and nuts respond to climate variables and show
changes in quality (Erda et al. 2005). High CO, and temperature conditions induce
change in food quality as evident by changes in protein, lipid and mineral nutrient
content.

Changes in temperature and CO, affect carbohydrate composition of cops plants
though the response is variable and species/cultivar dependent. Increases in tem-
perature are supposed to have a larger effect on carbohydrate content than elevated
CO,. Carbohydrate content changes significantly with increasing temperature. Most
crops report increase in sucrose concentration, alteration in starch content but no
effects on sugars such as glucose, raffinose and fructose in high temperature condi-
tions. Increased CO, do not induce any change in carbohydrate content (Thomas
et al. 2009), though alteration has been noted in plants exposed to combined effects
of temperature and CO,. Total soluble sugars and starch reported a decrease, while
glucose concentration noted increase in plants exposed to increases in temperature
and CO, (700 ppm). Wheat grains and sugar beet have shown minor alterations in
carbohydrate composition in response to CO, enrichment (Porteaus et al. 2009).
The changes in the developmental events such as flowering, grain maturity are
responsible for reducing the accumulation of sugars such as starch in wheat and
barley (Barnabas et al. 2008). Crops such as tomato show improved quality of fruits
and increase in concentrations of sucrose, glucose and fructose in response to CO,
enrichment (De Souza et al. 2008; DaMatta et al. 2010). Increase in sucrose concen-
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tration by approximate 29% has been reported in sugarcane plants grown at CO,
concentration of 740 ppm.

Wheat and barley cultivars grown at elevated CO, concentrations show decreases
in macronutrients and micronutrients, though the responses of plants to elevated
CO, are species and cultivar dependent. The decrease in concentration of essential
mineral elements of leaf has been reported (Idso and Idso 2001). Crops like rice and
wheat show decrease in concentrations of nutrients in CO, enriched conditions.
Concentrations of elements such as N, P, S, Fe and Zn showed a decrease in rice and
wheat plants growing under elevated CO, conditions (Hogy and Fangmeier 2008;
Singh 2014). Decrease in essential elements in grains of major crops such as wheat
and rice are likely to affect nutritional quality. The plant mineral deficiencies need
fertilizer inputs in agricultural soils (Idso and Idso 2001).

Lipid profile of plants change under the influence of warming and increase in
CO,. Increased temperature exposure showed reduction in amounts of non-polar
lipids. Oil content of crop plants such as soybean and sunflower increase in response
to increasing temperature (Izquierdo et al. 2002). Increase in temperature by 4 °C
changed oil composition in wheat, while rise in CO, have shown minimal effects on
composition and quality of oil composition (Thomas et al. 2003). Increase in oleic
acid and decrease in linolenic acid concentration has been reported in plants exposed
to increasing temperature. Combined exposure of high temperature and CO, pro-
duce high yield of oil in soybean seeds (Thomas et al. 2003).

A meta-analysis (228 studies) suggested a reduction of 10% to 15% in protein
concentration of major food crops such as wheat, barley and rice to study the effect
of elevated atmospheric CO, (540-958 ppm) (Taub et al. 2008). Research studies
suggested that nitrogen fertilizer application can minimize the effect of reduced
protein production and may lead to high biomass and yield production in conditions
of increased atmospheric CO, (Bloom 2006; Hogy and Fangmeier 2008; Taub et al.
2008). Elevated CO, changes the amount and type of grain proteins in rice and
wheat (Hogy and Fangmeier 2008). In wheat, gluten storage proteins (glutenin and
gliadin) show a significant decrease. Concentrations of these proteins have been
shown to decrease at elevated CO, in open top chamber (OTC) experiments (Hogy
and Fangmeier 2008). The concentration and composition of protein in grains
decreases as the concentrations of amino acids decline by 7-23% except for proline,
glycine, tyrosine, histidine, and lysine. The proportion of the essential amino acids
has shown an increase under elevated CO, conditions.

Secondary metabolites act as defense compounds and provide protection from
various abiotic and biotic stresses, aid in pollination (Piasecka et al. 2015; Wink
2015). Climatic variations produce adverse effect on synthesis of secondary metab-
olites including phenolics, terpenoids, alkaloids, and fatty acids involved in nutri-
tion, antioxidant, and anti-inflammatory properties (Wink 2015). Temperature
variations affect anthocyanin accumulation in pomegranates (Borochov-Neori et al.
2011). CO, enrichment positively affects production of compounds such as tannin
and terpene contents, vitamin C (Idso and Idso 2001).
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8.7 Adaptations in Crop Plants

Crop plants develop certain morphological, biochemical traits that help them to
survive in adverse environmental conditions. These mainly include morphological
adaptations such as formation of deeper and proliferated roots that promote uptake
of nutrients such as phosphorus, water from subsoil and aid in carbon sequestration.
Changes in the leaf structure such as leaf thickness, leaf dry to fresh mass ratio has
also been noted in plants in response to increased CO,, This correlates to increased
photosynthesis and accumulation of carbohydrates (Sakai et al. 2006).

The crop species having better adaptation to abiotic stress show anatomical
changes such as decrease in stomatal density resulting from increased water use
efficiency (Xu and Zhou 2008).

Changes in crop varieties and cropping pattern play a significant role in over-
coming the effects due to climatic changes. Selection of varieties with appropriate
thermal time and vernalization requirements, increased resistance to heat shock and
drought can prove as an asset in overcoming stressful conditions. Alteration in the
timing of cropping activities and extension of the growing season of short-season
cereals such as wheat, rice, barley, oats and vegetable crops has been identified as
the major strategies that can be followed to overcome adverse environmental condi-
tions. Agricultural diversification by varietal and/or crop substitution, alteration in
amounts and timing of irrigation help in sustaining growth of plants. Increase in soil
inputs particularly fertilizers can help in maintaining grain or fruit quality.

Quarantine, pest, disease, and weed management practices, use of resistant vari-
eties and species prove useful in sustaining crop plants in adverse growth conditions
(Mtui 2011). Studies indicate that good irrigated agricultural lands are less suscep-
tible to stress in comparison to dryland agriculture. Management of soil organic
matter, carbon sequestration and organic agriculture through improvement of water
allocation or irrigation increase efficiency of survival of plants under unfavorable
conditions. Protective mechanisms such as upregulation of antioxidant pathways,
curtail oxidative stress induced by alterations in abiotic factors. Synthesis of com-
patible solutes reduces tissue desiccation and protects macromolecules from stress
(Almeselmani et al. 2009; Djanaguiraman et al. 2010). Biotechnological approaches
such as raising abiotic and biotic stress tolerant plants also help in adapting plants
to changing environmental conditions (Tester and Langridge 2010; Varshney et al.
2011; Bita and Gerats 2013).

8.8 Biotechnological Techniques

Biotechnological techniques such as genetic engineering assist in developing trans-
genic plants which possess higher resistance to abiotic and biotic stresses such as
salinity, drought, heat, flooding, pests and diseases (Fita et al. 2015). Genetically
modified plants raised by manipulating/introducing genes involved in metabolic
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pathways, enzymes, proteins and synthesis of various metabolites/osmolytes that
play a major role in curtailing oxidative stress induced by stress can prove as an
asset in combating changing environmental conditions. Marker-assisted approaches
such as genes/quantitative trait loci (QTLs) developed to select genes desired for
raising superior breeding line can also prove an effective way to overcome adverse
conditions (Collard and Mackill 2008). Identification and mapping of major QTLs
also prove as an effective way of identifying genes involved in tolerance against
abiotic stresses (flooding, salinity, drought, heat).

Genes involved in stress response pathways overexpressed in transgenic plants
confer tolerance to abiotic conditions (Budak et al. 2015). These mainly include
activation of enzymatic and non-enzymatic antioxidant systems. Many genes
responsive to abiotic stresses such as drought, salinity have been identified (Hu
et al. 2008; Hussain 2015). These genes confer variable levels of tolerance in plants
against drought, salinity, high temperatures, and/or other abiotic stresses (Ashraf
2009; Tiirkan and Demiral 2009). Transcription factors, protein kinases, receptor-
like kinases, and osmoprotectants (Todaka et al. 2015) and dehydration-responsive
element-binding factors such as OsDREB 1A have been identified as some elements
playing a major role in abiotic stress responses in plants (Chen et al. 2013; Liu et al.
2014b; Hussain 2015). Transgenic plants with capacity for increased production
and vacuolar storage of solutes including proline, glycine-betaine, mannitol, and
trehalose that help in maintaining water balance have been developed (Borrell et al.
2014). The genes responsible for synthesis of specific proteins such as heat-shock
proteins (HSPs), late embryogenesis-abundant (LEA) proteins, osmotin have been
overexpressed in plants. Genes encoding for ion transporters such as AINHX1 gene
encoding a vacuolar Na*/K* antiporter aiming at increased salt tolerance has been
overexpressed in transgenic plants (Arabidopsis thaliana)(Shi et al. 2003).
Transgenic alfalfa and tobacco plants with enhanced by expression of different anti-
oxidant enzymes such as glutathione S-transferase/glutathione peroxidase or super-
oxide dismutase have also been raised (Kasuga et al. 1999; Fita et al. 2015). The
genetic and biotechnological approaches can prove useful in raising crop plants
with enhanced resistance for various abiotic stresses (heat, flooding, drought, salin-
ity) induced by climatic variations.

8.9 Conclusions

Climatic changes such as rise in CO, concentration, temperature, alteration in pre-
cipitation and transpiration regimes affect the essential physiological and biochemi-
cal events in crop plants thereby altering the growth and productivity to a greater
extent. Shortening of the growth period via early flowering and maturity is primarily
responsible for reducing the yield at high temperatures. The changes nutrient avail-
ability, carbon sequestration and water scarcity have been identified as the major
abiotic factors altering the dynamics of crop production. Changes in the microbial
dynamics, increase in weed, pest and pathogen infestation are the biotic variables
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affecting the crop growth and agricultural output. Stress induced by climatic changes
are supposed to affect quality of crops by altering nutritional content (proteins, car-
bohydrates, lipid, minerals) and induce loss in their active components or essential
secondary compounds. Adaptive traits contribute to plants capacity to withstand
various abiotic stresses induced by climatic variations. Biotechnological approaches
also prove as an asset in developing plants robust varieties with enhanced capacity
for tolerating abiotic and biotic stresses such as drought, salinity, flooding and pest
infestations induced by climatic change. Research studies need to carried out to
assess the impact of climatic variations on crop species growing in various regions
of the world. Evaluation need to be done at both individual and landscape level with
an emphasis on strategies and measures to develop crop plants that can survive/
withstand climatic alterations so that food security for human population can be
ensured.

Acknowledgements The financial support from University Grants Commission (UGC), India to
author is gratefully acknowledged.

References

Ahmed S, Stepp JR (2016) Beyond yields: climate change effects on specialty crop quality and
agroecological management. Elementa 4:92. https://doi.org/10.12952/journal.elementa.000092

Ainsworth E, Long SP (2005) What have we learned from 15 years of free-air CO, enrich-
ment (FACE)? A meta-analytic review of the responses of photosynthesis, canopy
properties and plant production to rising CO,. New Phytol 165:351-372. https://doi.
org/10.1111/5.1469-8137.2004.01224.x

Ainsworth EA, Rogers A (2007) The response of photosynthesis and stomatal conductance to ris-
ing CO,: mechanisms and environmental interactions. Plant Cell Environ 30:258-270. https://
doi.org/10.1111/j.1365-3040.2007.01641.x

Ainsworth EA, Davey P, Bernacchi C, Dermody O, Heaton E, Moore D (2002) A meta-analysis
of elevated [CO,] effects on soybean (Glycine max) physiology, growth and yield. Glob Chang
Biol 8:695-709. https://doi.org/10.1046/j.1365-2486.2002.00498.x

Ainsworth EA, Beier C, Calfapietra C et al (2008a) Next generation of elevated CO, experiments
with crops: a critical investment for feeding the future world. Plant Cell Environ 31:1317-
1324. https://doi.org/10.1111/j.1365-3040.2008.01841.x

Ainsworth E, Leakey A, Ort D, Long SP (2008b) FACE-ing the facts: inconsistenceies and inter-
dependence among field, chamber and modeling studies of elevated CO, impacts on crop yield
and food supply. New Phytol 179:5-9. https://doi.org/10.1111/j.1469-8137.2008.02500.x

Alagarswamy G, Boote KJ, Allen LH, Jones JW (2006) Evaluating the CROPGRO-soybean
model ability to simulate photosynthesis response to carbon dioxide levels. Agron J 98:34-42.
https://doi.org/10.2134/agronj2004-0298

Al-Khatib K, Paulsen GM (1999) High temperature effects on photosynthesis process in temperate
and tropical cereals. Crop Sci 39:119-125. https://doi.org/10.2135/cropsci1999.0011183X00
3900010019x

Almeselmani M, Deshmukh PS, Sairam RK (2009) High temperature stress tolerance in wheat
genotypes: role of antioxidant defence enzymes. Acta Agron Hung 57:1-14. https://doi.
org/10.1556/AAgr.57.2009.1.1


https://doi.org/10.12952/journal.elementa.000092
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1365-3040.2007.01641.x
https://doi.org/10.1111/j.1365-3040.2007.01641.x
https://doi.org/10.1046/j.1365-2486.2002.00498.x
https://doi.org/10.1111/j.1365-3040.2008.01841.x
https://doi.org/10.1111/j.1469-8137.2008.02500.x
https://doi.org/10.2134/agronj2004-0298
https://doi.org/10.2135/cropsci1999.0011183X003900010019x
https://doi.org/10.2135/cropsci1999.0011183X003900010019x
https://doi.org/10.1556/AAgr.57.2009.1.1
https://doi.org/10.1556/AAgr.57.2009.1.1

232 B. Dhir

Anjum SA, Xie X, Wang L, Saleem MF, Man C, Lei W (201 1a) Morphological, physiological and
biochemical responses of plants to drought stress. Afr J Agric Res 6(9):2026-2032. https://doi.
org/10.5897/AJAR10.027

Anjum SA, Wang LC, Farooq M, Hussain M, Xue LL, Zou CM (2011b) Brassinolide
application improves the drought tolerance in maize through modulation of enzy-
matic antioxidants and leaf gas exchange. J Agron Crop Sci 197:177-185. https://doi.
org/10.1111/1.1439-037X.2010.00459.x

Anjum SA, Wang LC, Farooq M, Khan I, Xue LL (2011c) Methyl jasmonate-induced alteration in
lipid peroxidation, antioxidative defense system and yield in soybean under drought. J Agron
Crop Sci 197(4):296-301. https://doi.org/10.1111/j.1439-037X.2011.00468.x

Ashraf M (2009) Biotechnological approach of improving plant salt tolerance using antioxidants
as markers. Biotechnol Adv 27:84-93. https://doi.org/10.1016/j.biotechadv.2008.09.003

Balasubramanian S, Sureshkumar S, Lempe J, Weigel D (2006) Potent induction of Arabidopsis
thaliana flowering by elevated growth temperature. PLoS Genet 2:0980-0989. https://doi.
org/10.1371/journal.pgen.0020106

Baranski M, Srednicka-Tober D, Volakakis N, Seal C, Sanderson R et al (2014) Higher antioxidant
and lower cadmium concentrations and lower incidence of pesticide residues in organically
grown crops: a systematic literature review and meta-analyses. Br J Nutr 112:794-811. https://
doi.org/10.1017/S0007114514001366

Barnabas B, Jager K, Feher A (2008) The effect of drought and heat stress on reproductive processes
in cereals. Plant Cell Environ 31:11-38. https://doi.org/10.1111/j.1365-3040.2007.01727.x

Bita CE, Gerats T (2013) Plant tolerance to high temperature in a changing environment: scientific
fundamentals and production of heat stress-tolerant crops. Front Plant Sci 4:273. https://doi.
org/10.3389/fpls.2013.00273

Blazquez M, Hoon Ahn J, Weigel D (2003) A thermosensory pathway controlling flowering time
in Arabidopsis thaliana. Nat Genet 33:168—171. https://doi.org/10.1038/ng1085

Bloom AJ (2006) Rising carbon dioxide concentrations and the future of crop production. J Sci
Food Agric 86:1289-1291. https://doi.org/10.1002/jsfa.2502

Blumwald E (2000) Sodium transport and salt tolerance in plants. Curr Opin Cell Biol 12:431-
434, https://doi.org/10.1016/S0955-0674(00)00112-5

Blumwald E, Grover A (2006) Salt tolerance. In: Halford NG (ed) Plant biotechnology: current
and future uses of genetically modified crops. John Wiley, Chichester, pp 206-224. https://doi.
org/10.1002/0470021837.ch11

Boote KJ, Bennett JM, Sinclair TR, Asseng S, Jamieson PD, Kimball B et al (2004) Simulated
wheat growth affected by rising temperature, increased water deficit and elevated atmospheric
CO,. Field Crop Res 85:85-102. https://doi.org/10.1016/S0378-4290(03)00154-0

Borochov-Neori H, Judeinstein S, Harari M, Bar-Ya’akov I, Patil BS et al (2011) Climate effects
on anthocyanin accumulation and composition in the pomegranate (Punica granatum L.) fruit
arils. J Agric Food Chem 59:5325-5533. https://doi.org/10.1021/jf2003688

Borrell AK, Mullet JE, George-Jaeggli B, Van Oosterom EJ, Hammer GL, Klein PE, Jordan DR
(2014) Drought adaptation of stay—green sorghum is associated with canopy development, leaf
anatomy, root growth, and water uptake. J Exp Bot 65:6251-6263. https://doi.org/10.1093/jxb/
eru232

Brevik EC (2013) The potential impact of climate change on soil properties and processes and
corresponding influence on food security. Agriculture 3:398-417. https://doi.org/10.3390/
agriculture3030398

Budak H, Hussain B, Khan Z, Ozturk NZ, Ullah N (2015) From genetics to functional genomics:
improvement in drought Signaling and tolerance in wheat. Front Plant Sci 6:1012. https://doi.
org/10.3389/fpls.2015.01012

Burkart S, Manderscheid R, Weigel HJ (2009) Canopy CO, exchange of sugar beet under different
CO, concentrations and nitrogen supply: results from a free-air enrichment study. Plant Biol
11:109-123. https://doi.org/10.1111/j.1438-8677.2009.00240.x


https://doi.org/10.5897/AJAR10.027
https://doi.org/10.5897/AJAR10.027
https://doi.org/10.1111/j.1439-037X.2010.00459.x
https://doi.org/10.1111/j.1439-037X.2010.00459.x
https://doi.org/10.1111/j.1439-037X.2011.00468.x
https://doi.org/10.1016/j.biotechadv.2008.09.003
https://doi.org/10.1371/journal.pgen.0020106
https://doi.org/10.1371/journal.pgen.0020106
https://doi.org/10.1017/S0007114514001366
https://doi.org/10.1017/S0007114514001366
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.3389/fpls.2013.00273
https://doi.org/10.3389/fpls.2013.00273
https://doi.org/10.1038/ng1085
https://doi.org/10.1002/jsfa.2502
https://doi.org/10.1016/S0955-0674(00)00112-5
https://doi.org/10.1002/0470021837.ch11
https://doi.org/10.1002/0470021837.ch11
https://doi.org/10.1016/S0378-4290(03)00154-0
https://doi.org/10.1021/jf2003688
https://doi.org/10.1093/jxb/eru232
https://doi.org/10.1093/jxb/eru232
https://doi.org/10.3390/agriculture3030398
https://doi.org/10.3390/agriculture3030398
https://doi.org/10.3389/fpls.2015.01012
https://doi.org/10.3389/fpls.2015.01012
https://doi.org/10.1111/j.1438-8677.2009.00240.x

8 Crop Productivity in Changing Climate 233

Chakraborty S, Datta S (2003) How will plant pathogens adapt to host plant resis-
tance at elevated CO, under changing climate? New Phytol 159:733-742. https://doi.
0rg/10.1046/j.1469-8137.2003.00842.x

Challinor A, Whee’ler TR (2008) Crop yield reduction in the tropics under climate change:
processes and uncertainties. Agric For Meteorol 148:343-356. https://doi.org/10.1016/j.
agrformet.2007.09.015

Challinor AJ, Wheeler T, Hemming D et al (2009) Ensemble yield simulations: crop and climate
uncertainties, sensitivity to temperature and genotypic adaptation to climate change. Clim Res
38:117-127. https://doi.org/10.3354/cr00779

Chen LJ, Wuriyanghan H, Zhang YQ, Duan KX, Chen HW, Li QT, et al (2013) An S-domain
receptor-like kinase, OsSIK2, confers abiotic stress tolerance and delays dark-induced leaf
senescence in rice. Plant Physiol 163:1752—1765. https://doi.org/10.1104/pp.113.224881

Clemmensen KE, Bahr A, Ovaskainen O, Dahlberg A, Ekblad A, Wallander H, Stenlid J, Finlay
RD, Wardle DA, Lindahl BD (2013) Roots and associated fungi drive long-term carbon seques-
tration in boreal forest. Science 339:1615-1618. https://doi.org/10.1126/science.1231923

Clemmensen KE, Finlay RD, Dahlberg A, Stenlid J, Wardle DA, Lindahl BD (2015) Carbon
sequestration is related to mycorrhizal fungal community shifts during long-term succession in
boreal forests. New Phytol 205:1525-1536. https://doi.org/10.1111/nph.13208

Coakley SM, Scherm H, Chakraborty S (1999) Climate change and plant disease management.
Annu Rev Phytopathol 37:399-426. https://doi.org/10.1146/annurev.phyto.37.1.399

Collard BCY, Mackill DJ (2008) Marker-assisted selection: an approach for precision plant breed-
ing in the twenty-first century. Phil Trans R Soc Ser B 363:557-572. https://doi.org/10.1098/
rstb.2007.2170

Crafts-Brandner SJ, Salvucci ME (2002) Sensitivity of photosynthesis in C4 plant maize to heat
stress. Plant Physiol 129:1773-1780. https://doi.org/10.1104/pp.002170

Craufurd PQ, Wheeler TR (2009) Climate change and the flowering time of annual crops. J Exp
Bot 60:2529-2539. https://doi.org/10.1093/jxb/erp196

DaMatta FM, Grandis A, Arenque BC, Buckeridg MS (2010) Impacts of climate changes on crop
physiology and food quality. Food Res Int 43:1814-1823

De Souza AP, Gasper M, Silva EA, Ulian EC, Waclawovsky AJ et al (2008) Elevated CO,increases
photosynthesis, biomass and productivity and modifies gene expression in sugarcane. Plant
Cell Environ 31:1116-1127

Dijkstra FA, Pendali E, Mosier AR, King JY, Milchunas DG, Morgan JA (2008) Long-term
enhancement of N availability and plant growth under elevated CO, in a semi-arid grassland.
Funct Ecol 22:975-982. https://doi.org/10.1111/j.1365-2435.2008.01398.x

Dijkstra FA, Blumenthal D, Morgan JA, LeCain DR, Follett RF (2010a) Elevated CO, effects
on semi-arid grassland plants in relation to water availability and competition. Funct Ecol
24:1152-1161. https://doi.org/10.1111/j.1365-2435.2010.01717.x

Dijkstra FA, Blumenthal D, Morgan JA, Pendall A, Carrillo Y, Follett RF (2010b) Contrasting
effects of elevated CO, and warming on nitrogen cycling in a semiarid 1015 grassland. New
Phytol 187:426-437. https://doi.org/10.1111/j.1469-8137.2010.03293.x

Djanaguiraman M, Prasad PVV, Seppanen M (2010) Selenium protects sorghum leaves from oxi-
dative damage under high temperature stress by enhancing antioxidant defense system. Plant
Physiol Biochem 48:999-1007. https://doi.org/10.1016/j.plaphy.2010.09.009

Drake BG, Gonzalez-Meier MA, Long SP (1997) More efficient plants: a consequence of rising
atmospheric CO,? Annu Rev Plant Physiol Plant Mol Biol 48:609-639. https://doi.org/10.1146/
annurev.arplant.48.1.609

Easterling WE, Aggarwal PK, Batima P, Brander KM, Erda L, Howden SM et al (2007) Food, fibre
and forest products. In: Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE
(eds) Climate change: impacts, adaptation and vulnerability. Contribution of working group II
to the fourth assessment report of the intergovernmental panel on climate change. Cambridge
University Press, Cambridge, UK, pp 273-313


https://doi.org/10.1046/j.1469-8137.2003.00842.x
https://doi.org/10.1046/j.1469-8137.2003.00842.x
https://doi.org/10.1016/j.agrformet.2007.09.015
https://doi.org/10.1016/j.agrformet.2007.09.015
https://doi.org/10.3354/cr00779
https://doi.org/10.1104/pp.113.224881
https://doi.org/10.1126/science.1231923
https://doi.org/10.1111/nph.13208
https://doi.org/10.1146/annurev.phyto.37.1.399
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1104/pp.002170
https://doi.org/10.1093/jxb/erp196
https://doi.org/10.1111/j.1365-2435.2008.01398.x
https://doi.org/10.1111/j.1365-2435.2010.01717.x
https://doi.org/10.1111/j.1469-8137.2010.03293.x
https://doi.org/10.1016/j.plaphy.2010.09.009
https://doi.org/10.1146/annurev.arplant.48.1.609
https://doi.org/10.1146/annurev.arplant.48.1.609

234 B. Dhir

Ellis RH, Craufurd PQ, Summerfield RJ, Roberts EH (1995) Linear relations between carbon
dioxide concentration and rate of development towards flowering in sorghum, cowpea and
soyabean. Ann Bot 75:193-198. https://doi.org/10.1006/anbo.1995.1012

Erda L, Wei X, Hui J, Yinlong X, Yue L, Liping B et al (2005) Climate change impacts on crop
yield and quality with CO, fertilization in China. Philos Trans R Soc B 360:2149-2154. https://
doi.org/10.1098/rstb.2005.1743

Essemine J, Ammar S, Jbir N, Bouzid S (2002) Sensitivity of two wheat species seeds (Triticum
durum, variety Karim and Triticum aestivum, variety Salambo) to heat constraint during germi-
nation. Pak J Biol Sci 10:3762-3768. https://doi.org/10.3923/pjbs.2007.3762.3768

Estrella N, Sparks T, Menzel A (2007) Trends and temperature response in the phenology of crops in
Germany. Glob Chang Biol 13:1737-1747. https://doi.org/10.1111/j.1365-2486.2007.01374.x

Ewert F, Rounsevell MDA, Reginster I, Metzger MJ, Leemans R (2005) Future scenarios of
European agricultural land use I. Estimating changes in crop productivity. Agric Ecosyst
Environ 107:101-116. https://doi.org/10.1016/j.agee.2004.12.003

FAOSTAT (2012) Online Database available at http://faostat.fao.org/

Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA (2009) Plant drought stress: effects,
mechanisms and management. Agron Sustain Dev 29:185-212. https://doi.org/10.1051/
agro:2008021

Fita A, Rodriguez-Burruezo A, Boscaiu M, Prohens J, Vicente O (2015) Breeding and domesti-
cating crops adapted to drought and salinity: a new paradigm for increasing food production.
Front Plant Sci 6:978. https://doi.org/10.3389/fpls.2015.00978

Flexas J, Bota J, Loreto F, Cornic G, Sharkey TD (2004) Diffusive and metabolic limitations
to photosynthesis under drought and salinity in C3 plants. Plant Biol 6:1-11. https://doi.
org/10.1055/s-2004-820867

Flowers TJ (2004) Improving crop salt tolerance. J Exp Bot 55:307-319. https://doi.org/10.1093/
jxb/erh003

Food and Agricultural Organization of the United Nations (FAO) (2009) The state of food insecu-
rity in the world: economic crises: impacts and lessons learned. Electronic publishing policy
and support branch communication division

Food and Agricultural Organization of the United Nations (FAO) (2012) FAO statistical databases.
Food and Agriculture Organization of the United Nations. http://faostat.fao.org

Fuhrer J (2003) Agroecosystem responses to combinations of elevated CO,, ozone, and global cli-
mate change. Agric Ecosyst Environ 97:1-20. https://doi.org/10.1016/S0167-8809(03)00125-7

Fukuda A, Nakamura A, Tagiri A, Tanaka H, Miyao A, Hirochika H, Tanaka Y (2004) Function,
intracellular localization and the importance in salt tolerance of a vacuolar Na+ /H+ antiporter
from rice. Plant Cell Physiol 45:146—159

Galvez FJ, Baghour M, Hao G, Cagnac O, Rodriguez-Rosales MP, Venema K (2012) Expression
of LeNHX isoforms in response to salt stress in salt sensitive and salt tolerant tomato species.
Plant Physiol Biochem 51:109-115. https://doi.org/10.1016/j.plaphy.2011.10.012

Garrett KA, Dendy SP, Frank EE, Rouse MN, Travers SE (2006) Climate change effects on plant
disease: genomes to ecosystems. Annu Rev Phytopathol 44:489-509. https://doi.org/10.1146/
annurev.phyto.44.070505.143420

Gifford RM (2003) Plant respiration in productivity models: conceptualization, representation and
issues for global terrestrial carbon-cycle research. Funct Plant Biol 30:171-186. https://doi.
org/10.1071/FP02083

Gornall J, Betts R, Burke E, Clark R, Camp J, Willett K, Wiltshire A (2010) Implications of climate
change for agricultural productivity in the early twenty-first century. Philos Trans R Soc B
365:2973-2989. https://doi.org/10.1098/rstb.2010.0158

Guo Y, Qiu QS, Quintero FJ, Pardo JM, Ohta M, Zhang C, Schumaker KS, Zhu JK (2004)
Transgenic evaluation of activated mutant alleles of SOS2 reveals a critical requirement for
its kinase activity and C-terminal regulatory domain for salt tolerance in Arabidopsis thaliana.
Plant Cell 16:435-449. https://doi.org/10.1105/tpc.019174


https://doi.org/10.1006/anbo.1995.1012
https://doi.org/10.1098/rstb.2005.1743
https://doi.org/10.1098/rstb.2005.1743
https://doi.org/10.3923/pjbs.2007.3762.3768
https://doi.org/10.1111/j.1365-2486.2007.01374.x
https://doi.org/10.1016/j.agee.2004.12.003
http://faostat.fao.org/
https://doi.org/10.1051/agro:2008021
https://doi.org/10.1051/agro:2008021
https://doi.org/10.3389/fpls.2015.00978
https://doi.org/10.1055/s-2004-820867
https://doi.org/10.1055/s-2004-820867
https://doi.org/10.1093/jxb/erh003
https://doi.org/10.1093/jxb/erh003
http://faostat.fao.org/
https://doi.org/10.1016/S0167-8809(03)00125-7
https://doi.org/10.1016/j.plaphy.2011.10.012
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1071/FP02083
https://doi.org/10.1071/FP02083
https://doi.org/10.1098/rstb.2010.0158
https://doi.org/10.1105/tpc.019174

8 Crop Productivity in Changing Climate 235

Gupta B, Huang B (2014) Mechanism of salinity tolerance in plants: physiological, biochemi-
cal, and molecular characterization. Int J Genomics 2014:701596. 18 pages https://doi.
org/10.1155/2014/701596

Gupta K, Dey A, Gupta B (2013) Plant polyamines in abiotic stress responses. Acta Physiol Plant
35:2015-2036. https://doi.org/10.1007/s11738-013-1239-4

Gupta K, Dey A, Gupta B (2015) Polyamines and their role in plant osmotic stress tolerance.
In: Tuteja N, Gill SS (eds) Climate change and plant abiotic stress tolerance. Wiley-VCH,
Weinheim, pp 1053-1072

Hall RA, De Sordi L, MacCallum DM, Topal H, Eaton R, Bloor JW, Robinson, GK, Levin LR,
Buck J, Wang Y, Gow NAR, Steegbom C, Miihlschlegel FA (2010) CO, acts as a signalling mol-
ecule in populations of the fungal pathogen Candida albicans. PLoS Pathog 6(11):e1001193.
https://doi.org/10.1371/journal.ppat.1001193

Hasanuzzaman M, Nahar K, Fujita M (2014) Regulatory role of polyamines in growth, develop-
ment and abiotic stress tolerance in plants. In: Plant adaptation to environmental change: sig-
nificance of amino acids and their derivatives, CAB ebooks. CABI, Wallingford, pp 157-193

Hasegawa PM, Bressan RA, Zhu JK, Bohnert HJ (2000) Plant cellular and molecular responses
to high salinity. Annu Rev Plant Biol 51:463-499. https://doi.org/10.1146/annurev.
arplant.51.1.463

Hasegawa T, Sakai H, Tokida T, Nakamura H, Zhu C, Usui Y et al (2013) Rice cultivar responses to
elevated CO, at two free-air CO, enrichment (FACE) sites in Japan. Funct Plant Biol 40:148-
159. https://doi.org/10.1071/FP12357

Hatfield JL, Prueger JH (2015) Temperature extremes: effect on plant growth and development.
Weather Clim Extremes 10:4—10. https://doi.org/10.1016/j.wace.2015.08.001

Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, Thomson AM, Wolfe DW
(2011) Climate impacts on agriculture: implications for crop production. Agron J 103:351—
370. https://doi.org/10.2134/agronj2010.0303

Hatfield JL, Takle G, Grothjahn R, Holden P, Izaurralde RC, Mader T, Marshall E, Liverman D
(2014) Agriculture. In: Melillo JM, Richmond TC, Yohe GW (eds) Climate change impacts in
the United States: the third national climate assessment, pp 150-174

He JS, Wolfe-Bellin KS, Bazzaz FA (2005) Leaf-level physiology, biomass, and reproduction of
Phytolacca americana under conditions of elevated CO, and altered temperature regimes. Int
J Plant Sci 166:615-622

Heschel MS, Selby J, Butler C, Whitelam GC, Sharrock RA, Donohue K (2007) A new role for
phytochromes in temperature-dependent germination. New Phytol 174:735-741. https://doi.
org/10.1111/j.1469-8137.2007.02044.x

Hogy P, Fangmeier A (2008) Effects of elevated atmospheric CO, on grain quality of wheat.
J Cereal Sci 48(3):580-591. https://doi.org/10.1016/j.jcs.2008.01.006

Hu H, You J, Fang Y, Zhu X, Qi Z, Xiong L (2008) Characterization of transcription factor gene
SNAC?2 conferring cold and salt tolerance in rice. Plant Mol Biol 67:169-181. https://doi.
org/10.1007/s11103-008-9309-5

Hungate BA, Dijkstra P, Wu Z, Duva BD, Day FP, Johnson DW, Megonigal JP, Alisha LP, ALP
B, Garland JL (2013) Cumulative response of ecosystem carbon and nitrogen stocks to
chronic CO, exposure in a subtropical oak woodland. New Phytol 200:753-766. https://doi.
org/10.1111/nph.12333

Hussain B (2015) Modernization in plant breeding approaches for improvingbiotic stress resis-
tance in crop plants. Turk J Agric For 39:515-530. https://doi.org/10.3906/tar-1406-176

Hussain M, Malik MA, Farooq M, Ashraf MY, Cheema MA (2008) Improving drought tolerance
by exogenous application of glycinebetaine and salicylic acid in sunflower. J Agron Crop Sci
194:193-199. https://doi.org/10.1111/j.1439-037X.2008.00305.x

Hussain MZ, Vanloocke A, Siebers MH et al (2013) Future carbon dioxide concentration decreases
canopy evapotranspiration and soil water depletion by field-grown maize. Glob Chang Biol
19:1572-1584. https://doi.org/10.1111/gcb.12155


https://doi.org/10.1155/2014/701596
https://doi.org/10.1155/2014/701596
https://doi.org/10.1007/s11738-013-1239-4
https://doi.org/10.1371/journal.ppat.1001193
https://doi.org/10.1146/annurev.arplant.51.1.463
https://doi.org/10.1146/annurev.arplant.51.1.463
https://doi.org/10.1071/FP12357
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.1111/j.1469-8137.2007.02044.x
https://doi.org/10.1111/j.1469-8137.2007.02044.x
https://doi.org/10.1016/j.jcs.2008.01.006
https://doi.org/10.1007/s11103-008-9309-5
https://doi.org/10.1007/s11103-008-9309-5
https://doi.org/10.1111/nph.12333
https://doi.org/10.1111/nph.12333
https://doi.org/10.3906/tar-1406-176
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.1111/gcb.12155

236 B. Dhir

Idso SB, Idso KE (2001) Effects of atmospheric CO, enrichment on plant constituents related
to animal and human health. Environ Exp Bot 45:179-199. https://doi.org/10.1016/
S0098-8472(00)00091-5

Inauen N, Korner C, Hiltbrunner E (2012) No growth stimulation by CO, enrich-
ment in alpine glacier for field plants. Glob Chang Biol 18:985-999. https://doi.
org/10.1111/j.1365-2486.2011.02584.x

Intergovernmental Panel on Climate Change (IPCC) (2001a) Climate change: the scientific basis.
Contribution of working group I to the third assessment report of the intergovernmental panel
on climate change, Cambridge, UK, Cambridge University Press

Intergovernmental Panel on Climate Change (IPCC) (2001b) Climate change: impacts, adaptation,
and vulnerability. Contribution of working group II to the third assessment report of the inter-
governmental panel on climate change. Cambridge University Press, Cambridge, UK

Intergovernmental Panel on Climate Change (IPCC) (2007a) Climate change: the physical science
basis contribution of working group I to the fourth assessment report of the intergovernmental
panel on climate change. Cambridge University Press, Cambridge, UK

Intergovernmental Panel on Climate Change (IPCC) (2007b) Climate change: impacts, adaptation
and vulnerability. Contribution of working group II to the fourth assessment report of the inter-
governmental panel on climate change. Cambridge University Press, Cambridge, UK

Izquierdo N, Aguirrezabal L, Andrade F, Pereyra V (2002) Night temperature affects fatty acid
composition in sunflower oil depending on the hybrid and the phenological stage. Field Crop
Res 77:115-126. https://doi.org/10.1016/S0378-4290(02)00060-6

Jablonski LM, Wang XZ, Curtis PS (2002) Plant reproduction under elevated CO, conditions: a
meta-analysis of reports on 79 crop and wild species. New Phytol 156:9-26

Jaggard KW, Qi A, Ober ES (2010) Possible changes to arable crop yields by 2050. Philos Trans
R Soc B 365:2835-2851. https://doi.org/10.1098/rstb.2010.0153

Ji H, Pardo JM, Batelli G, Van Oosten MJ, Bressan RA, Li X (2013) The salt overly sensitive
(SOS) pathway: established and emerging roles. Mol Plant 6:275-286. https://doi.org/10.1093/
mp/sst017

Jiang SY, Bhalla R, Ramamoorthy R, Luan HF, Venkatesh PN, Cai M et al (2012) Over-expression
of OSRIP18 increases drought and salt tolerance in transgenic rice plants. Transgenic Res
21:785-795. https://doi.org/10.1007/s11248-011-9568-9

Jin B, Wang L, Wang J, Jiang K, Wang Y, Jiang X, Ni C, Wang Y, Teng N (2011) The effect
of experimental warming on leaf functional traits, leaf structure and leaf biochemistry in
Arabidopsis thaliana. BMC Plant Biol 11:35. https://doi.org/10.1186/1471-2229-11-35

Johnson DW (2006) Progressive N limitation in forests: review and implications for long-term
responses to elevated CO,. Ecology 87:64-75

KangY, Khan S, Ma X (2009) Climate change impacts on crop yield, crop water productivity and
food security — a review. Prog Nat Sci 19:1665-1674. https://doi.org/10.1890/04-1781

Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K, Shinozaki K (1999) Improving plant drought,
salt, and freezing tolerance by gene transfer of a single stress-inducible transcription factor. Nat
Biotechnol 17:287-291. https://doi.org/10.1038/7036

Kim HY, Lieffering M, Kobayashi K, Okada M, Miura S (2003) Seasonal changes in the effects
of elevated CO, on rice at three levels of nitrogen supply: a free air CO, enrichment (FACE)
experiment. Glob Chang Biol 9:826-837. https://doi.org/10.1046/j.1365-2486.2003.00641.x

Kimball B, Bernacchi CJ (2006) Evapotranspiration, canopy temperature, and plant water rela-
tions. In: Nosberger J, Blum H (eds) Managed ecosystems and rising CO,: case studies, pro-
cesses, and perspectives. Springer Verlag, Berlin, pp 311-324

Kimball BA, LaMorte RL, Jr P, Wall PJ, Hunsaker GW, Adamsen DJ, Leavitt FJ, Thompson
SW, Matthias TL, Brooks AD (1999) Free-air CO, enrichment and soil nitrogen effects on
energy balance and evapotranspiration of wheat. Water Resour Res 35:1179-1190. https://doi.
org/10.1029/1998WR900115

Kimball BA, Kobyashi K, Bindi M (2002) Responses of agricultural crops to free air CO, enrich-
ment. Adv Agron 77:293-368. https://doi.org/10.1016/S0065-2113(02)77017-X


https://doi.org/10.1016/S0098-8472(00)00091-5
https://doi.org/10.1016/S0098-8472(00)00091-5
https://doi.org/10.1111/j.1365-2486.2011.02584.x
https://doi.org/10.1111/j.1365-2486.2011.02584.x
https://doi.org/10.1016/S0378-4290(02)00060-6
https://doi.org/10.1098/rstb.2010.0153
https://doi.org/10.1093/mp/sst017
https://doi.org/10.1093/mp/sst017
https://doi.org/10.1007/s11248-011-9568-9
https://doi.org/10.1186/1471-2229-11-35
https://doi.org/10.1890/04-1781
https://doi.org/10.1038/7036
https://doi.org/10.1046/j.1365-2486.2003.00641.x
https://doi.org/10.1029/1998WR900115
https://doi.org/10.1029/1998WR900115
https://doi.org/10.1016/S0065-2113(02)77017-X

8 Crop Productivity in Changing Climate 237

Kumari S, Roy S, Singh P, Singla Pareek SL, Pareek A (2013) Cyclophilins: proteins in search of
function. Plant Signal Behav 8:8—15. https://doi.org/10.4161/psb.22734

Lawlor DW, Mitchell RAC (1991) Effects of increasing CO, on crop photosynthesis and
productivity: a review of field studies. Plant Cell Environ 14:807-818. https://doi.
org/10.1111/j.1365-3040.1991.tb01444.x

Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP, Ort DR (2009) Elevated CO,
effects on plant carbon, nitrogen, and water relations: six important lessons from FACE. J Exp
Bot 60:2859-2876. https://doi.org/10.1093/jxb/erp096

Lee J, Yoo S, Park S, Hwang I, Lee J, Ahn J (2007) Role of SVP in the control of flowering
time by ambient temperature in Arabidopsis. Genes Dev 21:397-402. https://doi.org/10.1101/
gad.1518407

Liu J, Ishitani M, Halfter U, Kim CS, Zhu JK (2000) The Arabidopsis thaliana SOS2 gene encodes
a protein kinase that is required for salt tolerance. Proc Natl Acad Sci U S A 97:3730-3734.
https://doi.org/10.1073/pnas.060034197

Liu Q, Wu X, Li T, Ma J, Zhou X (2013) Effects of elevated air temperature on physiological
characteristics of flag leaves and grain yield in rice. Chil J Agric Res 73:85-90. https://doi.
org/10.4067/S0718-58392013000200001

Liu G, Li X, Jin S, Liu X, Zhu L, Nie Y et al (2014a) Overexpression of rice NAC gene SNAC1
improves drought and salt tolerance by enhancing root development and reducing transpiration
rate in transgenic cotton. PLoS One 9:e86895. https://doi.org/10.1371/journal.pone.0086895

Liu C, Mao B, Ou S, Wang W, Liu L, Wu Y (2014b) OsbZIP71, a bZIP transcription factor, con-
fers salinity and drought tolerance in rice. Plant Mol Biol 84:19-36. https://doi.org/10.1007/
s11103-013-0115-3

Lobell DB, Gourdji SM (2012) The influence of climate change on global crop productivity. Plant
Physiol 160:1686-1697. https://doi.org/10.1104/pp.112.208298

Lobell DB, Burke MB, Tebaldi C, Mastrandrea MD, Falcon WP, Naylor RL (2008) Prioritizing
climate change adaptation needs for food security in 2030. Science 319:607-610. https://doi.
org/10.1126/science.1152339

Lobell DB, Schlenker WS, Costa-Roberts J (2011) Climate trends and global crop production
since 1980. Science 333:616-620. https://doi.org/10.1126/science.1204531

Long SP, Ainsworth EA, Rogers A, Ort DR (2004) Rising atmospheric carbon dioxide: plants
FACE the future. Annu Rev Plant Biol 55:591-628. https://doi.org/10.1146/annurev.
arplant.55.031903.141610

Long SP, Ainsworth EA, Leakey ADB, Nosberger J, Ort DR (2006) Food for thought: lower than
expected crop yield stimulation with rising CO concentrations. Science 312:1918-1921

Luck J, Spackman M, Freeman A, Trebicki P, Griffiths W, Finlay K, Chakraborty S (2011) Climate
change and diseases of food crops. Plant Pathol 60:113-121. https://doi.org/10.1080/154275
28.2014.865412

Luomala EM, Laitinen K, Vapaavuori E, Kelloméki S (2003) Variable photosynthetic accli-
mation in consecutive cohorts of scots pine needles during three years of growth at
elevated CO, and elevated temperature. Plant Cell Environ 26:645-660. https://doi.
org/10.1046/j.1365-3040.2003.01000.x

Maheswari M, Joshi DK, Saha R, Nagarajan S, Gambhir PN (1999) Transverse relaxation time of
leaf water protons and membrane injury in wheat (Triticum aestivum L.) in response to high
temperature. Ann Bot 84:741-745. https://doi.org/10.1006/anbo.1999.0974

Manivannan P, Jaleel CA, Kishorekumar A, Sankar B, Somasundaram R, Sridharan R,
Panneerselvam R (2007a) Changes in antioxidant metabolism of Vigna unguiculata L. Walp. By
propiconazole under water deficit stress. Colloids Surf B 57:69-74. https://doi.org/10.1016/].
colsurfb.2007.01.004

Manivannan P, Jaleel CA, Sankar B, Kishorekumar A, Somasundaram R, Alagu Lakshmanan
GM, Panneerselvam R (2007b) Growth, biochemical modifications and proline metabolism in
Helianthus annuus L. as induced by drought stress. Colloids Surf B 59:141-149. https://doi.
org/10.1016/j.colsurfb.2007.05.002


https://doi.org/10.4161/psb.22734
https://doi.org/10.1111/j.1365-3040.1991.tb01444.x
https://doi.org/10.1111/j.1365-3040.1991.tb01444.x
https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1101/gad.1518407
https://doi.org/10.1101/gad.1518407
https://doi.org/10.1073/pnas.060034197
https://doi.org/10.4067/S0718-58392013000200001
https://doi.org/10.4067/S0718-58392013000200001
https://doi.org/10.1371/journal.pone.0086895
https://doi.org/10.1007/s11103-013-0115-3
https://doi.org/10.1007/s11103-013-0115-3
https://doi.org/10.1104/pp.112.208298
https://doi.org/10.1126/science.1152339
https://doi.org/10.1126/science.1152339
https://doi.org/10.1126/science.1204531
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1080/15427528.2014.865412
https://doi.org/10.1080/15427528.2014.865412
https://doi.org/10.1046/j.1365-3040.2003.01000.x
https://doi.org/10.1046/j.1365-3040.2003.01000.x
https://doi.org/10.1006/anbo.1999.0974
https://doi.org/10.1016/j.colsurfb.2007.01.004
https://doi.org/10.1016/j.colsurfb.2007.01.004
https://doi.org/10.1016/j.colsurfb.2007.05.002
https://doi.org/10.1016/j.colsurfb.2007.05.002

238 B. Dhir

McGrath JM, Lobell DB (2013) Regional disparities in the CO, fertilization effect and implications
for crop yields. Environ Res Lett 8:014-054. https://doi.org/10.1088/1748-9326/8/1/014054

Menzel A, Sparks T, Estrella N et al (2006) European phenological response to climate
change matches the warming pattern. Glob Chang Biol 12:1969-1976. https://doi.
org/10.1111/j.1365-2486.2006.01193.x

Mohammadi-Nejad G, Singh RK, Arzanic A, Rezaiec AM, Sabourid H, Gregorio GB (2010)
Evaluation of salinity tolerance in rice genotypes. Int J Plant Prod 4:199-207

Moore JAM, Jiang J, Post WM, Classen AT (2015) Decomposition by ectomycorrhizal fungi
alters soil carbon storage in a simulation model. Ecosphere 6:29. https://doi.org/10.1890/
ES14-00301.1

Morgan JA, Mosier AR, Milchunas DG, LeCain DR, Nelson JA, Parton WJ (2004) CO, enhances
productivity of the shortgrass steppe, alters species composition, and reduces forage digest-
ibility. Ecol Appl 14:208-219. https://doi.org/10.1890/02-5213

Mtui YS (2011) Involvement of biotechnology in climate change adaptation and mitigation:
improving agricultural yield and food security. Int J Biotechnol Mol Biol Res 2:222-231.
https://doi.org/10.5897/1IBMBRX11.003

Munns R (2005) Genes and salt tolerance: bringing them together. New Phytol 167:645-663.
https://doi.org/10.1111/j.1469-8137.2005.01487 .x

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651-681.
https://doi.org/10.1146/annurev.arplant.59.032607.09291 1

Myers SS, Zanobetti A, Kloog I, Huybers P, Leakey ADB et al (2014) Increasing CO, threatens
human nutrition. Nature 510:139-142. https://doi.org/10.1038/nature13179

Newman JA (2004) Climate change and cereal aphids: the relative effects of increasing CO,
and temperature on aphid population dynamics. Glob Chang Biol 10:5-15. https://doi.
org/10.1111/j.1365-2486.2003.00709.x

Newton AC, Johnson SN, Gregory PJ (2011) Implications of climate change for diseases, crop
yields and food security. Euphytica 179:3—-18. https://doi.org/10.1007/s10681-011-0359-4

Nowak RS, Ellsworth DS, Smith SD (2004) Functional responses of plants to elevated atmospheric
CO,: do photosynthetic and productivity data from FACE experiments support early predic-
tions? New Phytol 162:253-280. https://doi.org/10.1111/j.1469-8137.2004.01033.x

Pangga IB, Chakraborty S, Yates D. (2004) Canopy size and induced resistance in Stylosanthes
scabra determine anthracnose severity at high CO,. Phytopathology 4:221-227. https://doi.
org/10.1094/PHYTO.2004.94.3.221

Parry ML, Rosenzweig C, Iglesias A, Livermore M, Ficher G (2004) Effects of climate change on
global food production under SRES emissions and socio-economic scenarios. Glob Environ
Chang 14:53-67. https://doi.org/10.1016/j.gloenvcha.2003.10.008

Piasecka A, Jedrzejczak-Rey N, Bednarek P (2015) Secondary metabolites in plant innate
immunity: conserved function of divergent chemicals. New Phytol 206:948-964. https://doi.
org/10.1111/nph.13325

Pinay G, Barbera P, Carreras-Palou A, Fromin N, Sonie” L, Couteaux MM, Roy J, Philippot L,
Lensi R (2007) Impact of atmospheric CO, and plant life forms on soil microbial activities.
Soil Biol Biochem 39:33-42

Plessl M, Heller W, Payer H, Elstner E, Habermeyer J, Heiser I (2005) Growth parameters and
resistance against Drechslera teres of spring barley (Hordeum vulgare L. cv. Scarlett) grown
at elevated ozone and carbon dioxide concentrations. Plant Biol 7:694-705. https://doi.
org/10.1055/s-2005-873002

Polley HW (2002) Implications of atmospheric and climatic change for crop yield and water use
efficiency. Crop Sci 42:131-140

Porteaus F, Hill J, Ball AS, Pinter PJ, Kimball A, Wall GW (2009) Effect of free air carbon dioxide
enrichment FACE on the chemical composition and nutritive value of wheat grain and straw.
Anim Feed Sci Technol 149:322-332. https://doi.org/10.1016/j.anifeedsci.2008.07.003

Porter JR, Semenov MA (2005) Crop responses to climatic variation. Philos Trans R Soc B
360:2021-2035. https://doi.org/10.1098/rstb.2005.1752


https://doi.org/10.1088/1748-9326/8/1/014054
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1890/ES14-00301.1
https://doi.org/10.1890/ES14-00301.1
https://doi.org/10.1890/02-5213
https://doi.org/10.5897/IJBMBRX11.003
https://doi.org/10.1111/j.1469-8137.2005.01487.x
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1038/nature13179
https://doi.org/10.1111/j.1365-2486.2003.00709.x
https://doi.org/10.1111/j.1365-2486.2003.00709.x
https://doi.org/10.1007/s10681-011-0359-4
https://doi.org/10.1111/j.1469-8137.2004.01033.x
https://doi.org/10.1094/PHYTO.2004.94.3.221
https://doi.org/10.1094/PHYTO.2004.94.3.221
https://doi.org/10.1016/j.gloenvcha.2003.10.008
https://doi.org/10.1111/nph.13325
https://doi.org/10.1111/nph.13325
https://doi.org/10.1055/s-2005-873002
https://doi.org/10.1055/s-2005-873002
https://doi.org/10.1016/j.anifeedsci.2008.07.003
https://doi.org/10.1098/rstb.2005.1752

8 Crop Productivity in Changing Climate 239

Prasad V, Boote KJ, Allen LH Jr (2006) Adverse high temperature effects on pollen viability,
seed-set, seed yield and harvest index of grain-sorghum [Sorghum Bicolor (L.) Moench] are
more severe at elevated carbon dioxide due to high tissue temperature. Agric For Meteorol
139:237-251. https://doi.org/10.1016/j.agrformet.2006.07.003

Quintero FJ, Ohta M, Shi HZ, Zhu JK, Pardo JM (2002) Reconstitution in yeast of the Arabidopsis
SOS signaling pathway for Na+ homeostasis. Proc Natl Acad Sci USA 99:9061-9066. https://
doi.org/10.1073/pnas.132092099

Rachmat G, Nugroho S, Sukma D, Aswidinnoor H, Sudarsono S (2014) Overexpression of
OsNAC6 transcription factor from Indonesia rice cultivar enhances drought and salt tolerance.
Emir J Food Agric 26:519-527. https://doi.org/10.9755/ejfa.v26i6.17672

Rauff KO, Bello R (2015) A review of crop growth simulation models as tools for agricultural
meteorology. Agric Sci 2015(6):1098-1105. https://doi.org/10.4236/as.2015.69105

Reynolds TW, Waddington SR, Leigh AC, True ACZ, Alison C (2015) Environmental impacts and
constraints associated with the production of major food crops in sub-Saharan Africa and South
Asia. Food Sec 7:795-822. https://doi.org/10.1007/s12571-015-0478-1

Riikonen J, Holopainen T, Oksanen E, Vapaavuori E (2005) Leaf photosynthetic characteristics of
silver birch during three years of exposure to elevated concentrations of CO, and O; in the field.
Tree Physiol 25:549-560. https://doi.org/10.1093/treephys/25.5.621

Rogers HH, Prior SA, Runion GB, Mitchell RJ (1996) Root to shoot ratio of crops as influenced
by CO,. Plant Soil 187:229-248

Sage RF, Kubien DS (2007) The temperature response of C3 and C4 photosynthesis. Plant Cell
Environ 30:1086-1106. https://doi.org/10.1111/j.1365-3040.2007.01682.x

Sage RF, Way DA, Kubien DS (2008) Rubisco, Rubisco activase, and global climate change. J Exp
Bot 59:1581-1595. https://doi.org/10.1093/jxb/ern053

Sakai H, Hasegawa T, Kobayashi K (2006) Enhancement of rice canopy carbon gain by elevated
CO, is sensitive to growth stage and leaf nitrogen concentration. New Phytol 170:321-332.
https://doi.org/10.1111/j.1469-8137.2006.01688.x

Salih AA, Ali IA, Lux A, Luxova M, Cohen Y, Sugimoto Y, Inanaga S (1999) Rooting, water uptake
and xylem structure adaptation to drought of two sorghum cultivars. Crop Sci 39:168-173

Samarah NH, Alqudah AM, Amayreh JA, McAndrews GM (2009) The effect of late-terminal
drought stress on yield components of four barley cultivars. J Agron Crop Sci 195:427-441.
https://doi.org/10.1111/j.1439-037X.2009.00387.x

Saxena SC, Kaur H, Verma P et al (2013) Osmoprotectants: potential for crop improvement under
adverse conditions. In: Plant Acclimation to Environmental Stress. Springer, New York, NY,
pp 197-232

Schlenker W, Roberts MJ (2009) Nonlinear temperature effects indicate severe damages to US
crop yields under climate change. Proc Natl Acad Sci USA 106:15594-15598. https://doi.
org/10.1073/pnas.0906865106

Schroeder JI, Delhaize E, Frommer WB, Guerinot ML, Harrison MJ, Harrera-Estrella L et al
(2013) Using membrane transporters to improve crops for sustainable food production. Nature
497:60-66. https://doi.org/10.1038/nature11909

Shah N, Paulsen G (2003) Interaction of drought and high temperature on photosynthesis and
grain-filling of wheat. Plant Soil 257:219-226

Shi H, Lee B, Wu SJ, Zhu JK (2003) Overexpression of a plasma membrane Na*/H* antiporter
improves salt tolerance in Arabidopsis. Nat Biotechnol 21:81-85. https://doi.org/10.1038/
nbt766

Siebert S, Ewert F, Rezaei EE, Kage H, Grall R (2014) Impact of heat stress on crop yield on
the importance of considering canopy temperature. Environ Res Lett 9:1-8. https://doi.
org/10.1088/1748-9326/9/4/044012

Singh A (2014) Impact of climate change on quality and nutritional value of food. Asian J BioSci
9:118-122

Springer C, Ward J (2007) Flowering time and elevated atmospheric CO,. New Phytol 176:243—
255. https://doi.org/10.1111/1.1469-8137.2007.02196.x


https://doi.org/10.1016/j.agrformet.2006.07.003
https://doi.org/10.1073/pnas.132092099
https://doi.org/10.1073/pnas.132092099
https://doi.org/10.9755/ejfa.v26i6.17672
https://doi.org/10.4236/as.2015.69105
https://doi.org/10.1007/s12571-015-0478-1
https://doi.org/10.1093/treephys/25.5.621
https://doi.org/10.1111/j.1365-3040.2007.01682.x
https://doi.org/10.1093/jxb/ern053
https://doi.org/10.1111/j.1469-8137.2006.01688.x
https://doi.org/10.1111/j.1439-037X.2009.00387.x
https://doi.org/10.1073/pnas.0906865106
https://doi.org/10.1073/pnas.0906865106
https://doi.org/10.1038/nature11909
https://doi.org/10.1038/nbt766
https://doi.org/10.1038/nbt766
https://doi.org/10.1088/1748-9326/9/4/044012
https://doi.org/10.1088/1748-9326/9/4/044012
https://doi.org/10.1111/j.1469-8137.2007.02196.x

240 B. Dhir

Staley JT, Johnson SN (2008) Climate change impacts on root herbivores. In: Johnson SN, Murray
PJ (eds) Root feeders: an ecosystem perspective. CABI, Wallingford, UK

Sun J, Yang L, Wang Y, Ort DR (2009) FACE-ing global change: opportunities for improvement
in photosynthetic radiation use efficiency and crop yield. Plant Sci 177:511-522. https://doi.
org/10.1016/j.plantsci.2009.08.003

Tao F, Yokozawa M, Xu 'Y, Hayashi Y, Zhang Z (2006) Climate changes and trends in phenology
and yields of field crops in China, 1981-2000. Agric For Meteorol 138:82-92. https://doi.
org/10.1016/j.agrformet.2006.03.014

Taub DR, Miller B, Allen H (2008) Effects of elevated CO, on the protein concen-
tration of food crops: a meta-analysis. Glob Chang Biol 14:565-575. https://doi.
org/10.1111/5.1365-2486.2007.01511.x

Teixeira EI, Fischer G, van Velthuizen H, Walter C, Ewert F (2012) Global hot-spots of heat stress
on agricultural crops due to climate change. Agric For Meteorol 170:206-215. https://doi.
org/10.1016/j.agrformet.2011.09.002

Temperton V, Mwangi P, Scherer-Lorenzen M, Schmid B, Buchmann N (2007) Positive interac-
tions between nitrogen-fixing legumes and four different neighbouring species in a biodiversity
experiment. Oecologia 151:190-205. https://doi.org/10.1007/s00442-006-0576-z

Tester M, Langridge P (2010) Breeding technologies to increase crop production in a changing
world. Science 327:818-822. https://doi.org/10.1126/science.1183700

Tewari K, Tripathy C (1998) Temperature-stress-induced impairment of chlorophyll biosyn-
thetic reactions in cucumber and wheat. Plant Physiol 117:851-858. https://doi.org/10.1104/
pp.117.3.851

Thomas JMG, Boote KJ, Allen LH, Gallo-Meagher M, Davis JM (2003) Elevated temperature
and carbon dioxide effects on soybean seed composition and transcript abundance. Crop Sci
43:1548-1557. https://doi.org/10.2135/cropsci2003.1548

Thomas JMG, Prasad PVV, Boote KJ, Allen LH (2009) Seed composition, seedling emergence
and early seedling vigour of red kidney bean seed produced at elevated temperature and carbon
dioxide. J Agron Crop Sci 195:148-156. https://doi.org/10.1111/j.1439-037X.2008.00348.x

Tissue DT, Griffin KL, Thomas RB, Strain BR (1995) Effects of low and elevated CO, on C3
and C4 annuals. II. Photosynthesis and leaf biochemistry. Oecologia 101:21-28. https://doi.
org/10.1007/BF00328895

Todaka D, Shinozaki K, Yamaguchi-Shinozaki K (2015) Recent advances in the dissection of
drought-stress regulatory networks and strategies for development of drought-tolerant trans-
genic rice plants. Front Plant Sci 6:84. https://doi.org/10.3389/fpls.2015.00084

Tubiello FN, Ewert F (2002) Modeling the effects of elevated CO, on crop growth and yield: a
review. Eur J Agron 18:57-74. https://doi.org/10.1093/aob/mch101

Tiirkan I, Demiral T (2009) Recent developments in understanding salinity tolerance. Environ Exp
Bot 67:2-9. https://doi.org/10.1016/j.envexpbot.2009.05.008

Van Groenigen KJ, Six J, Hungate BA, de Graaff MA, van Breemen N, van Kessel C (2006)
Element interactions limit soil carbon storage. Proc Natl Acad Sci 103:6571-6574. https://doi.
org/10.1073/pnas.0509038103

Varshney RK, Bansal KC, Aggarwal PK, Datta SK, Craufurd PQ (2011) Agricultural biotechnol-
ogy for crop improvement in a variable climate: hope or hype? Trends Plant Sci 16:363-371.
https://doi.org/10.1016/j.tplants.2011.03.004

Volaire F (2002) Drought survival, summer dormancy and dehydrin accumulation in
contrasting cultivars of Dactylis glomerata. Physiol Plant 116:42-52. https://doi.
0rg/10.1034/5.1399-3054.2002.1160106.x

Wang X, Cai J, Liu F, Jin M, Yu H, Jiang D et al (2012) Pre-anthesis high temperature acclima-
tion alleviates the negative effects of post-anthesis heat stress on stem stored carbohydrates
remobilization and grain starch accumulation in wheat. J Cereal Sci 55:331-336. https://doi.
0rg/10.1016/j.jcs.2012.01.004

Welch S, Roe J, Dong Z (2003) A genetic neural network of flowering time control in Arabidopsis
thaliana. Agron J 95:71-81


https://doi.org/10.1016/j.plantsci.2009.08.003
https://doi.org/10.1016/j.plantsci.2009.08.003
https://doi.org/10.1016/j.agrformet.2006.03.014
https://doi.org/10.1016/j.agrformet.2006.03.014
https://doi.org/10.1111/j.1365-2486.2007.01511.x
https://doi.org/10.1111/j.1365-2486.2007.01511.x
https://doi.org/10.1016/j.agrformet.2011.09.002
https://doi.org/10.1016/j.agrformet.2011.09.002
https://doi.org/10.1007/s00442-006-0576-z
https://doi.org/10.1126/science.1183700
https://doi.org/10.1104/pp.117.3.851
https://doi.org/10.1104/pp.117.3.851
https://doi.org/10.2135/cropsci2003.1548
https://doi.org/10.1111/j.1439-037X.2008.00348.x
https://doi.org/10.1007/BF00328895
https://doi.org/10.1007/BF00328895
https://doi.org/10.3389/fpls.2015.00084
https://doi.org/10.1093/aob/mch101
https://doi.org/10.1016/j.envexpbot.2009.05.008
https://doi.org/10.1073/pnas.0509038103
https://doi.org/10.1073/pnas.0509038103
https://doi.org/10.1016/j.tplants.2011.03.004
https://doi.org/10.1034/j.1399-3054.2002.1160106.x
https://doi.org/10.1034/j.1399-3054.2002.1160106.x
https://doi.org/10.1016/j.jcs.2012.01.004
https://doi.org/10.1016/j.jcs.2012.01.004

8 Crop Productivity in Changing Climate 241

Welch S, Dong Z, Roe J (2004) Modelling gene networks controlling transition to flowering in
Arabidopsis. In: 4th international crop science congress, Brisbane, Australia, p 2

Wheeler TR, Craufurd PQ, Ellis RH, Porter JR, Vara Prasad PV (2000) Temperature variabil-
ity and the yield of annual crops. Agric Ecosyst Environ 82:159-167. https://doi.org/10.1016/
S0167-8809(00)00224-3

Wink M (2015) Modes of action of herbal medicines and plant secondary metabolites. Medicine
2:251-286. https://doi.org/10.3390/medicines2030251

Wollenweber B, Porter JR, Schellberg J (2003) Lack of interaction between extreme high-
temperature events at vegetative and reproductive growth stages in wheat. J Agron Crop Sci
189:142-150. https://doi.org/10.1046/j.1439-037X.2003.00025.x

Xu Z, Zhou G (2008) Responses of leaf stomatal density to water status and its relationship with
photosynthesis in a grass. J Exp Bot 59:3317-3325. https://doi.org/10.1093/jxb/ern185

Yamaguchi T, Blumwald E (2005) Developing salt-tolerant crop plants: challenges and opportuni-
ties. Trends Plant Sci 10:615-620. https://doi.org/10.1016/j.tplants.2005.10.002

Yang F, Miao LF (2010) Adaptive responses to progressive drought stress in two poplar species
originating from different altitudes. Silva Fennica 44:23-37. http://www.metla.fi/silvafennica/
full/sf44/sf441023.pdf

Yang L, Wang H, Liu Y, Zhu J, Huang J, Liu G et al (2009) Yield formation of CO,-enriched
inter-subspecific hybrid rice cultivar Liangyoupeijiu under fully open-air field condition in
a warm sub-tropical climate. Agric Ecosyst Environ 129:193-200. https://doi.org/10.1016/].
agee.2008.08.016

Yin X, Prasad, PVV, Allen B (2006) Adverse high temperature effects on pollen viability, seed-set,
grain yield and harvest index of grain sorghum (Sorghum bicolor L.) are more severe at ele-
vated carbon dioxide due to higher tissue temperatures. Agric Meteorol 139:237-251. https://
doi.org/10.1016/j.agrformet.2006.07.003

Zhang JL, Shi H (2013) Physiological and molecular mechanisms of plant salt tolerance.
Photosynth Res 115:1-22. https://doi.org/10.1007/s11120-013-9813-6

Zhao FY, Guo SL, Zhang H, Zhao YX (2006a) Expression of yeast SOD2 in transgenic rice results in
increased salt tolerance. Plant Sci 170:216-224. https://doi.org/10.1016/j.plantsci.2005.08.017

Zhao F, Wang Z, Zhang Q, Zhao Y, Zhang H (2006b) Analysis of the physiological mechanism
of salt-tolerant transgenic rice carrying a vacuolar Na*/H* antiporter gene from Suaeda salsa.
J Plant Res 119:95-104

Zinn KE, Tunc-Ozdemir M, Harper JF (2010) Temperature stress and plant sexual reproduction:
uncovering the weakest links. J Exp Bot 61:1959-1968. https://doi.org/10.1093/jxb/erq053

Ziska LH (2000) The impact of elevated carbon dioxide on yield loss from a C;
and C; weed in field grown soybean. Glob Chang Biol 6:899-905. https://doi.
0rg/10.1046/j.1365-2486.2000.00364.x

Ziska LH, Bunce JA (1997) Influence of increasing carbon dioxide concentration on the photo-
synthetic and growth stimulation of selected C4 crops and weeds. Photosynth Res 54:199-208.
https://doi.org/10.1023/A:1005947802161

Ziska LH, Bunce JA (2007) Predicting the impact of changing CO, on crop yields: some thoughts
on food. New Phytol 175:607-618. https://doi.org/10.1111/j.1469-8137.2007.02180.x

Ziska LH, George K (2004) Rising carbon dioxide and invasive, noxious plants: potential threats
and consequences. World Resour Rev 16:427-447

Ziska LH, Blumenthal DM, Runion GB, Hunt ER, Diaz-Soltero H (2011) Invasive species and
climate change: an agronomic perspective. Clim Chang 105:13-42. https://doi.org/10.1007/
$10584-010-9879-5

Ziska LH, Bunce JA, Shimono H, Gealy DR, Baker JT, Newton PCD et al (2012) Food secu-
rity and climate change: on the potential to adapt global crop production by active selection
to rising atmospheric carbon dioxide. Proc R Soc B 279:4097-4105. https://doi.org/10.1098/
1spb.2012.1005


https://doi.org/10.1016/S0167-8809(00)00224-3
https://doi.org/10.1016/S0167-8809(00)00224-3
https://doi.org/10.3390/medicines2030251
https://doi.org/10.1046/j.1439-037X.2003.00025.x
https://doi.org/10.1093/jxb/ern185
https://doi.org/10.1016/j.tplants.2005.10.002
http://www.metla.fi/silvafennica/full/sf44/sf441023.pdf
http://www.metla.fi/silvafennica/full/sf44/sf441023.pdf
https://doi.org/10.1016/j.agee.2008.08.016
https://doi.org/10.1016/j.agee.2008.08.016
https://doi.org/10.1016/j.agrformet.2006.07.003
https://doi.org/10.1016/j.agrformet.2006.07.003
https://doi.org/10.1007/s11120-013-9813-6
https://doi.org/10.1016/j.plantsci.2005.08.017
https://doi.org/10.1093/jxb/erq053
https://doi.org/10.1046/j.1365-2486.2000.00364.x
https://doi.org/10.1046/j.1365-2486.2000.00364.x
https://doi.org/10.1023/A:1005947802161
https://doi.org/10.1111/j.1469-8137.2007.02180.x
https://doi.org/10.1007/s10584-010-9879-5
https://doi.org/10.1007/s10584-010-9879-5
https://doi.org/10.1098/rspb.2012.1005
https://doi.org/10.1098/rspb.2012.1005

	Chapter 8: Crop Productivity in Changing Climate
	8.1 Introduction
	8.2 Modeling Studies for Assessment of Climate Change in Crops
	8.3 Climatic Variations and Crop Production
	8.3.1 Increasing Temperature
	8.3.2 Rise in CO2 Concentration
	8.3.3 Rise in CO2 and Temperature

	8.4 Effect of Abiotic Stresses Induced by Climate Change on Crop Plants
	8.4.1 Drought
	8.4.2 Salinity
	8.4.3 Soil Nutrient Status

	8.5 Indirect Effects of Climate Change on Crops
	8.6 Climate Effects on Crop Nutritional Quality
	8.7 Adaptations in Crop Plants
	8.8 Biotechnological Techniques
	8.9 Conclusions
	References


