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Abstract Crops are often exposed to multiple factors of climate change 
including: (1) enhanced ultraviolet-B (UV-B) radiation, (2) elevated carbon 
dioxide concentrations (CO2), and (3) episodes of elevated temperatures and 
water stress during critical stages of crop development. Our understanding 
of crop responses to individual climate change stress factors has significantly 
advanced in recent years. However, crop responses to a combination of 
stress factors are less understood and need attention. In addition to direct 
effects on various physiological, growth, and yield traits of plants, the 
interaction of plants with biotic factors (particularly insects and pathogens) 
will play an important role in determining crop productivity. The objective of 
this chapter is to provide a summary of crop responses to UV-B, CO2,
temperature, drought, and a combination of multiple stresses. Exposure to 
above ambient UV-B radiation decreases crop productivity through negative 
effects on photosynthesis, growth, dry matter production, yield, and grain 
quality. Elevated CO2 often improves photosynthesis, growth, and yield of most 
crop species. Alternatively, exposure to both above optimum temperatures and 
water stress significantly decreases crop productivity and quality, particularly 
when stress occurs during sensitive stages (reproductive phase) of crop 
development. The positive effects of elevated (CO2) on photosynthesis and 
growth do not generally overcome the negative effects of UV-B radiation, 
elevated temperatures, or water stress on productivity and quality of grain 
crops. Crop species and cultivars within crop species vary in their responses 
to both individual and a combination of stress factors, suggesting a scope 
for genetic improvement. Further research should be focused on breeding 
for tolerance to multiple stresses of regional and local importance. An 
increased knowledge of crop responses to multiple stresses and genetics 
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may also improve crop simulation models resulting in a better understanding, 
prediction and management of crops in a changing environment. 

Keywords climate change, crop growth and yield, drought stress, genetic 
variability, multiple abiotic stresses, temperature 

14.1 Introduction

The growing population of today’s world (6.7 billion, U.S. Census Bureau, 2008) 
faces great challenges due to limited resources for the production of adequate 
amounts of food, fiber, feed, industrial products, and ecosystem services. As the 
global population increases by nearly 80 million each year, policies must be 
developed to ensure the needs of a future population of 8 billion by 2025 and 
more than 12 billion by 2050 (U.N. Population Division, 2008) are met. About 
84% of this growth is expected to occur in developing countries. Since there is 
essentially no new arable land that can be cultivated, the increased food supply 
must primarily come from more intensive cultivation of existing arable land. 
Furthermore, with intensive agriculture, soil degradation will become a major 
concern. The world’s water resource is also finite, and the increased demands 
will result in reduced availability of water for agriculture. Urban communities do 
not generally give high priority to the preservation of agricultural resources, such 
as land and water. In many highly populated countries, food and fiber needs are 
being met by irrigating up to 75% of the arable land and introducing high 
yielding cultivars of most grain crops that have higher input use efficiency thus 
maximizing production. In addition, the benefits humans derive from natural 
ecosystems, such as marketable products and goods (i.e., timber, fish, 
pharmaceuticals), recreational opportunities (i.e., camping, boating, hunting, 
hiking, fishing), maintaining biodiversity, aesthetic and spiritual experiences, and 
other services (i.e., erosion control, water purification, carbon sequestration, 
oxygen production), are being threatened by the growing human population 
through habitat destruction and air and water pollution. In addition to these 
stresses, there is a threat of global climate change due to increased greenhouse 
gas concentrations in the atmosphere and the depletion of the ozone layer assumedly 
due to anthropogenic activities. 

Climate change is not a new phenomenon. The planet’s climate has changed 
tremendously over geological time, and the changes are still occurring. However, 
what appears to be different is the possibility of a new driving force and the 
cause of the climate change. Changes that were observed over a geological time 
period now occur over a shorter time span, particularly since the beginning of the 
industrial revolution. Apparently, human activities are causing climate change. 
Concentrations of key anthropogenic greenhouse gases, such as carbon dioxide 
(CO2), methane (CH4), nitrous oxide (N2O), and tropospheric ozone (O3) have 
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reached their highest levels ever, primarily due to the combustion of fossil fuels, 
agriculture, and land-use changes. Pre-industrial concentrations of CO2, CH4, and 
N2O were about 280 ppm, 700 ppb, and 270 ppb, respectively. Ozone depleting 
chemicals, such as chlorofluorocarbons (CFC-11) and hydrofluorocarbons (HFC-23), 
did not exist during that period, and perfluoromethane was about 40 ppt. The current 
CO2 concentration is about 380 ppm (increasing at the rate of 1.9 ppm/year), 
CH4 is about 1745 ppb (7.0 ppb/year), and N2O is about 314 ppb (0.8 ppb/year) 
(IPCC, 2007). Even if we curtail emissions today, these gases will stay in the 
atmosphere for a long time as the atmospheric lifetimes for these chemicals vary 
(5 to 200 years for CO2, 12 years for methane, and 114 years for N2O). These 
changes in the atmospheric chemistry are causing the so called “greenhouse” 
effect (Fig. 14.1(a)). 

Figure 14.1 Process of global warming (a) and stratospheric ozone depletion (b). 
Long wave radiation is absorbed by various greenhouse gases in the atmosphere 
leading to increased temperatures. Anthropogenic emissions of chlorofluorocarbons 
(CFCs), hydrofluorocarbons, and bromocarbons released in the troposphere move 
up into the stratosphere. Upon exposure to radiation, atomic chlorine or bromine is 
released; these react with ozone and convert into oxygen, leading to depletion of 
ozone. Stratospheric ozone depletion leads to an increase in UV radiation reaching 
the earth’s surface. Adapted with permission from Prasad et al. (2003b) 

As the sun’s energy passes through the atmosphere and warms the earth’s 
surface, some is reflected back into the atmosphere and dissipates into space. The 
greenhouse effect refers to accumulation of specific gases that absorb the reflected 
radiation, effectively trapping heat in the lower atmosphere similar to what 
occurs in a glasshouse. The most important heat trapping gases are CO2, water 
vapor, CH4, N2O, CFC-11, and ozone. 

If current greenhouse gas emission rates continue, both agricultural and natural 
ecosystems will face enormous pressure from the stresses caused by these heat 
trapping gases. Past changes have presumably resulted in an increase in global 
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temperature of about 0.6 C over the last century. Climate models project even 
greater warming during the 21st century. The CO2 concentration is projected to 
reach 405 ppm to 460 ppm by 2025, 445 ppm to 640 ppm by 2050, and 720 ppm 
to 1,020 ppm by 2100 (IPCC, 2007). The projected global mean temperature 
increases (above values in 1990) for those CO2 stabilization scenarios are 
0.4 C 1.1 C by 2025, 0.8 C 2.6 C by 2050, and 1.4 C 5.8 C by 2100. 
Similarly, the projected mean sea level rise for these same periods is 3 cm 14 cm, 
5 cm 32 cm, and 9 cm 88 cm, respectively. These changes in climate were 
unprecedented during the last 10,000 years. It is also projected that all land areas 
will warm more rapidly than the global average, particularly at high northern 
latitudes in the cold season. Projections additionally indicate there will be more 
hot days, fewer cold days, cold waves, and frost days, and a reduced diurnal 
temperature range with higher nighttime temperatures. As the world becomes 
warmer, the hydrological cycle will also become more intense, resulting in more 
uneven and intense precipitation. This will result in increased summer drying and 
an associated risk of both droughts and floods. The projected climate change will 
have both beneficial and adverse effects on environmental as well as socioeconomic 
systems, but the larger and more abrupt climate changes will cause more adverse 
effects to be more damaging, particularly on seed-bearing plants.  

In addition to the greenhouse effect, another phenomenon known as “ozone 
hole” is occurring. Ozone, a form of oxygen, plays two roles in the atmosphere. 
Near the ground, ozone is an air pollutant and a minor greenhouse gas that damages 
human health and the environment. In the upper atmosphere, known as the 
stratosphere (10 miles to 30 miles above the earth’s surface), ozone forms a layer 
that helps protect life on earth from the ultraviolet (UV) radiation; sun’s harmful 
rays. The term “ozone hole” refers to the thinning of this layer due to chemical 
reactions in the stratosphere, especially at higher latitudes, that are caused by the 
release of ozone-depleting chemicals known as halocarbons (Fig. 14.1(b)). The 
rate of change in chlorofluorocarbons (CFC) has declined due to the agreement 
of member countries to the guidelines proposed by the Montreal Protocol. 
Nonetheless, the concentrations are still high (268 ppb), and other chemicals, 
such as HFC-23 and perfluoromethane, are present at about 14 ppt and 80 ppt, 
respectively. Atmospheric concentrations of many of these gases are either 
decreasing or increasing in response to reduced emissions under the regulations 
of the Montreal Protocol and its amendments. However, the resident atmospheric 
times for these chemicals vary greatly (45 years for CFC-11, 260 years for HFC-23, 
and more than 50,000 years for perfluoromethane), and will have long-term effects 
on climate systems. Thus, the ozone layer within the stratosphere has thinned 
substantially, resulting in an increased ground-level UV radiation of about 35% 
from the pre-industrial period.  

There are strong chemical interactions between greenhouse gases and ozone. 
Ozone and CFCs are minor greenhouse gases. Several gases involved in the 
ozone depletion chemistry are also greenhouse gases. For example, water vapor, 



14 Effects of Ultraviolet-B Radiation and Its Interactions with Climate Change Factors 
on Agricultural Crop Growth and Yield

399

CH4, and N2O can ultimately lead to increases of stratospheric gases (such as 
NO2), which can catalytically destroy ozone. It is predicted that increases in 
greenhouse gases could delay recovery of ozone and may even lead to increased 
ozone depletion late in the current century (Randeniya et al., 2002; McKenzie et 
al., 2003). Another chemical feedback is concerned with decreased stratospheric 
temperatures that could occur as a result of future global warming at the earth’s 
surface. This will tend to slow reactions that destroy ozone at mid-latitudes and 
thus, may facilitate recovery of the ozone layer (Rosenfield et al., 2002). Ozone 
depletion at high latitudes proceeds much more rapidly through heterogeneous 
chemistry on the surfaces of ice and acid crystals that occur when temperatures 
are below a critical threshold which could be influenced by global warming and 
delay ozone recovery in the polar region. Several radiative feedback processes 
also exist (McKenzie et al., 2003). Increases in temperature can lead to changes 
in cloud cover, rainfall patterns, ice accumulation, and surface albedo. Similarly, 
radiative changes caused by stratospheric ozone depletion have offset some global 
warming effects, and could, in the event of future ozone recovery, exacerbate 
future global warming. Interactions between ozone depletion and global warming 
are complex. It is suggested that although current ozone depletion is dominated 
by chlorine and bromine (Fig. 14.1(b)) in the stratosphere, in the longer term 
(~100 years), the impact of climate change will dominate through the effects of 
changes in atmospheric dynamics and chemistry (McKenzie et al., 2003). 

The main consequence of ozone depletion is increased UV radiation reaching 
the earth’s surface. Ultraviolet radiation is an electromagnetic form of energy  
that comes from the sun. This energy is classified into several regions based on 
wavelength, which is measured in nanometers (nm). One nanometer is a millionth 
of a millimeter. The shorter the wavelength is, the greater the energy of the 
radiation. The main components of radiation in order of decreasing energy are 
gamma rays, X-rays, UV, visible light, infrared radiation, microwaves, and radio 
waves. Ultraviolet radiation is further divided into three categories based on 
wavelength: UV-A (between 320 nm and 400 nm); UV-B (between 280 nm and 
320 nm); and UV-C (between 200 nm and 280 nm). Calculations based on relations 
with total ozone and total irradiance suggests that UV irradiance has increased 
since the early 1980s by 6% 14% in middle and high latitudes of the northern 
and southern hemispheres. It is projected that every 1% decrease in ozone will 
increase UV exposure by 2% 3% in the lower atmosphere.  

Shorter wavelength radiation causes more damage to biological systems. 
UV-A is the least damaging component within the UV spectrum and reaches the 
earth’s surface in large quantities. Both UV-B and UV-C are very harmful. Most 
UV-C radiation is absorbed by ozone, rarely reaching the stratosphere and never 
reaching the earth’s surface. UV-B radiation is most likely to reach the earth’s 
surface with increased ozone depletion. Factors, such as altitude, latitude, and 
time of day, influence the amount of UV-B exposure. Current global terrestrial 
UV-B radiation levels range between 0 and 12 kJ m–2 on a given day with near 
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Equator and mid-latitudes receiving higher doses (Total Ozone Mapping 
Spectrometer, 2009, http://toms. gsfc. nasa. gov/ery_uv/euv_v8. html). Small 
increases in solar UV-B radiation can have substantial effects on plants at both 
the cellular and the whole-plant levels. Relationship and plant responses to 
various climate change factors are illustrated in Fig. 14.2. 

Figure 14.2 Linkages between various facets of greenhouse gas emissions, climate 
change, ecosystem goods and services, and drivers of adaptations and mitigation

14.2 Abiotic Stress Factors and Crop Yield 

Agricultural production and productivity are highly sensitive to changes in climate 
and weather conditions. Therefore, changes in regional and global climate, 
particularly climatic variability, affect local as well as global food, fiber, and 
forest production (Easterling et al., 2007). Atmospheric carbon dioxide, temperature, 
rainfall patterns, ozone, and UV-B radiation have changed since the dawn of 
industrial revolution, and the scientific community expects current trends to 
continue into the future (Houghton et al., 2001; IPCC, 2007). Although crop 
productivity may benefit from rising CO2 levels, the increased potential for 
abiotic stresses, such as increased incidence of drought, flooding, heat waves, 
and higher UV-B radiation, may challenge community dependence on local 
agricultural production. Hence, the overall impact of climate change on agriculture 
will depend on the balance among these climatic factors. These climate change 
factors have reduced productivity of many crops at both regional and global 
scales (Teramura, 1983; Lobell and Asner, 2003; Ciais et al., 2005; Lobell et al., 
2008). A recent study suggests that, due to climate change, southern Africa could 
lose production of approximately 30% of its main crop maize (Zea mays L.) by 
2030, and in southern Asia, production loss of many regional staples, such as rice 
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(Orzya sativa L.), millets (Pennisetum sp.), and maize could be up to 10% 
(Lobell et al., 2008). Similarly, Lobell and Asner (2003) estimated that each 
degree centigrade of increased temperature during an average growing season 
may reduce U.S. soybean (Glycine max L. Merril) and maize production by 17%. 
Studies indicate that climate change scenarios that include a combination of 
factors, such as heat stress, drought, and flooding, reduce crop yields more than a 
change in a single factor alone (Easterling et al., 2007). Therefore, it is expected 
that the interaction of abiotic stress factors will influence crop productivity in 
future climates.  

The genotype (thus the genetic background) of a plant defines its range of 
performance and is determined by a set of heritable traits (Hall, 2001). Consequently, 
the phenotype produced by a particular genotype results from the interaction of 
these genotypic traits within the environment where the plant is grown. Therefore, 
crop yield is determined by genotypic effect, environmental effect, and the effect 
attributed to the genotype by environmental interaction. In the natural habitat, 
crop plants are subject to a combination of abiotic conditions that may include 
one or more stresses, such as heat, drought, and UV-B radiation. Interactions 
among these factors elicit a variety of responses in plants depending upon the 
intensity, duration, and timing (developmental stages in a plant species) of the 
stress. In most cases, abiotic stress conditions reduce crop performance and yield. 
One important strategy for coping with abiotic stresses is to develop new cultivars 
with tolerance to the abiotic stress conditions that have minimum yield loss or 
stable yield under multiple stress conditions. Selection of tolerant cultivars and 
genetic traits in a population is crucial for developing new cultivars that can 
adapt to a wide range of environments. This can only be accomplished by subjecting 
the species of interest to different abiotic stress conditions and determining 
responses of various growth- and yield-related traits to these stressors. Studies 
utilizing vegetative and reproductive parameters simultaneously under realistic 
growth conditions are limited. Therefore, plant processes to a combination of 
stress factors are not well understood (Rizhsky et al., 2004; Koti et al., 2007; 
Tegelberg et al., 2008).  

14.3 Crop Responses to UV-B and Other Climate Change 
Factors

Even though UV-B represents a small fraction (0.5%) of total solar radiation, 
exposure to UV-B at the current and projected levels is known to elicit a variety 
of responses to all living organisms, including crop plants (Teramura, 1983; 
Runeckles and Krupa, 1994; Teramura and Sullivan, 1994; Caldwell et al., 1998; 
Kakani et al., 2003a). Changes in CO2 and temperature accompanied by emission 
of ozone-depleting compounds, such as CFCs, CH4, and N2O caused by 
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anthropogenic activities, reduces the thickness and affects distribution of the 
stratospheric ozone column (IPCC, 2007). The increase in UV-B radiation is 
closely associated with stratospheric ozone depletion as ozone absorbs the UV-B 
radiation portion of the solar spectrum (Long, 1991). Relative to the 1970s, the 
midlatitudes’ O3 column losses for the period of 2002 2005 were approximately 
3% in the northern and 6% in the southern hemisphere (WMO, 2007). Current 
global distribution of mean daily doses of UV-B radiation during summer in most 
crop growing regions ranges from 2 to 9 kJ m–2 (McKenzie et al., 2007). 

Previous reviews and published studies clearly demonstrate the extent of damage 
caused by both ambient (Teramura, 1983; Caldwell et al., 1989; Teramura and 
Sullivan, 1994) and elevated UV-B radiation (Teramura, 1983; Rozema et al., 
1997; Krupa, 1998; Searles et al., 2001; Kakani et al., 2003a) on crop growth and 
yield. Damage varies widely among species and among cultivars of the same 
species. Teramura (1983) reported that more than 70% of 130 species were 
significantly affected by elevated UV-B in terms of total biomass production. In a 
statistical analysis of 77 crop species, mostly based on vegetative growth and a 
few yield parameters, Krupa (1998) reported sensitivity of more than 50% crop 
species, including several agriculturally important crops. In a recent review of 
129 reports of 35 crop species, including cereals, legumes, oil, sugar, fiber, and 
tuber crops, enhanced UV-B radiation was shown to directly affect most of the 
crop growth (Kakani et al., 2003a). Affects included photosynthesis, production 
of defensive compounds (UV-B absorbing compounds and wax contents), and 
decreased vegetative growth which led to a myriad of secondary and tertiary 
effects, including altered crop growth and development. This, in turn, affected 
light interception which lowered canopy photosynthesis, reduced fruit production 
and retention, and finally yield. 

14.3.1 Specific Effects of UV-B Radiation on Plants 

Plants are highly sensitive to UV-B radiation because of their sessile nature. In 
plants, UV-B radiation damages cell membranes and all organelles within the cell, 
including the chloroplasts, mitochondria, and deoxyribonucleic acid (DNA) within 
the nucleus. Damage to these cell organelles directly or indirectly affects basic plant 
metabolic processes, such as photosynthesis, respiration, growth, and reproduction. 
Consequently, UV-B damage harms crop yield and quality. An overview of various 
processes affected by UV-B radiation at cellular and plant levels is presented in 
Tables 14.1 and 14.2. However, the effect of UV-B radiation varies with intensity 
and duration of irradiation and stage of plant development. In addition, sensitivity 
to UV-B radiation varies widely among plant species and cultivars of the same 
species. Studies on physical or physiological reasons for differences in tolerance 
to UV-B radiation among species need further attention. 
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Table 14.1 Effects of exposure to UV-B radiation on various physiological processes 
in plants. Adapted with permission from Prasad et al. (2003b) 

Trait Decreases Increases No Effect 
DNA damage  
Protein destruction  
Fatty acid destruction  
Photosynthesis 
     Photosystem 
     Photosystem 
     Rubisco 
     Stomata closure 
Chlorophylls    
Flavonoids  
Waxes  
Epidermal hairs  
Cuticle thickness  
Reproduction
     Pollen viability 
     Pollen tube growth 
     Fertilization 
Cell division    
Cell size   

Table 14.2 Effects of exposure to UV-B radiation on various growth and yield 
parameters in plants. Adapted with permission from Prasad et al. (2003b) 

Trait Decreases Increases No Effect 
Photosynthesis    
Stomatal conductance    
Phenology   
Senescence  
Plant height    
Branching
Leaf area    
Leaf growth and expansion    
Leaf thickness  
Specific leaf weight  
Dry mater production    
Flowering
Fruit (grain) number    
Fruit (grain) weight    
Yield    
Quality    
Disease incidence 
   Powdery mildew 
   Rust 
Insect  
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14.3.1.1 Genetic (DNA) and Ultra-Structural Damage  

Ultraviolet radiation is efficiently absorbed by most organic substances, which 
causes many photochemical reactions in the living cells. The nucleus of each cell 
consists primarily of genetic material in the form of DNA. Nuclear DNA is 
inherently unstable and can be damaged by spontaneous or metabolically induced 
changes generated by environment. DNA is highly sensitive to UV-B radiation 
which can cause damage resulting in heritable mutations if not repaired and thus, 
can significantly influence various physiological processes. DNA is considered 
the primary absorbing compound in the cell in the UV-B region of the spectrum. 
Exposure of DNA to UV-B radiation can result in: (1) breakage of bonds in the 
DNA and DNA-protein cross links; (2) chromosomal breakage; (3) chromosomal 
aberrations; and (4) exchange and production of toxic and mutagenic photoproducts 
(e.g., cyclobutane pyrimidine dimmers (CPDs), 6, 4 pyrimidine- pyrimidone or 6, 
4-photoproduct, thymine glycols, and pyrimidine hydrates). These changes in DNA 
alter transcription, replication, and recombination of genes and cause significant 
changes in plant metabolic and genetic processes. Proteins, membrane lipids, and 
other essential substances in the cell can also be altered through exposure to UV-B 
radiation, resulting in protein degradation and lipid peroxidation. These damages 
influence genetic makeup and affect protein synthesis, enzyme activities, and gene 
expression. All cellular life-forms possess DNA repair enzymes that recognize 
chemically modified bases, including those formed by UV radiation. Furthermore, 
cells have evolved through a variety of biochemical mechanisms to restore the 
integrity of the genetic material after DNA damage and retain its stability. These 
processes are called “DNA repair mechanisms.” There are two main mechanisms 
of DNA repair of CPDs and 6, 4-photoproduct, photo repair, and dark repair. In 
photo repair, the enzyme photolyase mediates the repair by forming a complex 
with the CPDs and 6, 4-photoproducts in a lesion-specific matter that is stable in 
the absence of light. In dark repair, the 6, 4-photoproducts are removed from the 
DNA by nucleotide excision of the damaged oligonucleotide, gap-filling DNA 
synthesis, and restore ligation in the correct pairing order (Sancar, 1994). 

Exposure to UV radiation can result in changes in the ultrastructure of various 
cellular components in many plant species. Ultrastructural changes are generally 
caused by damage and dilation of the nuclear membrane. UV-B radiation causes 
damage to chloroplast structure through swelling of chloroplasts, rupture of the 
chloroplast wall, dilation of thylakoid membranes, disruption of the thylakoid 
structure, and disintegration of the double membrane that envelops surrounding 
chloroplasts accompanied by the accumulation of large starch granules (He et al., 
1994). It is also known to cause swollen cisternae in the endoplasmic reticulum, 
damage to the mitochondria and plastids, and vesiculation of plasmalemma and 
tonoplasts. In addition, UV-B radiation alters cell shape and structure. These 
changes in ultrastructure can potentially affect various physiological processes, 
such as cell division, photosynthesis, respiration, and reproduction. However, 
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plants have some defense and repair mechanisms that help minimize and deal 
with expected damages at the cellular level by removing or repairing damaged 
parts, and at the whole-plant level by producing UV-B absorbing compounds and 
pigments in leaves. These compounds mainly include flavonoids and anthocyanins, 
which are accumulated in the vacuoles of the epidermal and subepidermal cell 
layers.  

14.3.1.2 Plant Photosynthesis 

Photosynthesis is the process by which plants convert carbon dioxide and water 
into carbohydrate in the presence of sunlight. The photosynthetic apparatus is 
one of the important target sites of UV-B damage (Vu et al., 1982; 1984; Allen et 
al., 1997). Direct effects of enhanced UV-B radiation on photosynthesis include: 
(1) damage to ultrastructure of chloroplasts that are principal sites for photosynthesis; 
(2) impairment of light energy transfer (i.e., electron transport system of 
photosystem (PS ) and to a lesser extent, photosystem (PS ); (3) decrease 
in activity of Ribulose 1, 5-bisphosphate carboxylase/oxygenase (Rubisco); 
(4) decreased carbon dioxide fixation and oxygen evolution; and (5) decreased 
starch and chlorophyll content. Components affected in PS  are the water- 
oxidizing system, light-harvesting complex, and synthesis of chlorophyll a/b- 
binding proteins. Exposure to UV-B radiation decreases both activity and 
concentration of Rubisco. UV-B inactivation of Rubisco could mainly be due to 
modification of the peptide chain, degradation of the protein, and/or diminished 
transcription of the gene. As indicated previously, almost every facet of photosynthetic 
machinery can be directly or indirectly damaged by exposure to UV-B radiation. 
However, electron transport mediated by PS  appears to be the most sensitive 
(Fiscus and Booker, 1995). Within PS , all parts from the Mn binding sites to 
the plastoquinone acceptor sites on thylakoid membrane are sensitive. 

In addition to the direct effects of UV-B radiation, photosynthesis may also be 
indirectly affected by: (1) induction of stomatal closure; (2) decreased individual 
leaf area and total canopy leaf area; (3) changes in leaf thickness and anatomy; 
and (4) changes in canopy architecture and morphology. All these changes can 
potentially decrease light interception and gas exchange, which results in lower 
canopy photosynthesis. However, the stomatal closure mechanism reduces evapo- 
transpiration water losses and increases water use efficiency, which leads to 
increased plant growth and yield.  

14.3.1.3 Plant Morphology and Architecture 

Although UV-B radiation constitutes a small portion of the solar spectrum, it 
induces a range of strong morphological effects in plants, including leaf thickness, 
leaf discoloration, cotyledon curling, inhibition of hypocotyl growth, stem and 
leaf elongation, axillary branching, and shifts in root-shoot ratio (Jansen, 2002). 
In most plant species, leaves exposed to UV-B radiation initially develop irregular 
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patches (Fig. 14.3). With continued exposure to UV-B radiation, these chlorotic 
patches become brown necrotic spots and die (Singh et al., 2008a). The appearance 
of chlorotic and necrotic patches is generally attributed to decreases in leaf 
chlorophyll content (Zhao et al., 2003). 

Elevated UV-B radiation can result in slower stem extension rates, shorter 
internode lengths leading to shorter plant height, decreased individual leaf size, 
fewer leaves leading to less leaf area, and fewer tillers and branch lengths (Kakani 
et al., 2003b; Reddy et al., 2003; Zhao et al., 2003). Overall, these morphological 
changes result in a smaller canopy. Plant architecture is modified by UV-B radiation. 
When exposed to UV-B radiation, both attached and detached tendrils of pea 
plants form spiral coils. In addition, enhanced UV-B radiation causes increased 
leaf epicuticular wax and stomatal index, and reductions in thickness of palisade 
and mesophyll tissues without altering the thinness of the epidermal layers (Kakani 
et al., 2003b). 

(a) Control (b) Chlorotic patches (c) Necrotic patches 

Figure 14.3 Typical symptoms of exposure to UV-B radiation on control leaves of 
cotton plants: (a) No symptoms, (b) Initial chlorotic patches, and (c) Necrotic patches 
after prolonged exposure. Adapted with permission from Prasad et al. (2003b) 

14.3.1.4 Plant Development and Growth 

Elevated UV-B radiation can delay flowering time in several different crops 
(Kakani et al., 2003a; Singh et al., 2008a). However, in some crops, UV-B radiation 
does not influence early bud or flower development, or the time to first flower 
(Sinclair et al., 1990). UV-B radiation does affect flower size, anther number, and 
pollen production, germination, and tube growth in many plant species (Kakani 
et al., 2003a). Cotton (Gossypium hirsutum L.) flowers produced on plants exposed 
to elevated UV-B were smaller due to reduced petal and bract size, and had fewer 
anthers (Kakani et al., 2003b). In general, reproductive organs of most plant species 
(pollen and ovules) are highly protected by sepals, petals, and ovary walls. In 
these plants, pollen is susceptible after it falls on the stigma. Exposure to UV-B 
radiation decreases pollen germination and rate of pollen tube growth by 10% 25% 
in several crop species (e.g., maize, rye (Secale cerale L.) and tobacco (Nicotiana 
tabacum L.); Torabinejad et al., 1998). Increased UV-B radiation decreased total 
pollen production, pollen germination, and tube growth (Koti et al., 2004). 
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Consequently, it affects the fertilization process, which results in fewer seeds in 
sensitive plants. However, once the pollen tube penetrates the stigma surface, the 
walls of the style and ovary may provide some protection against UV-B radiation. 

Growth is the rate of increase in weight and size of plant organs, such as leaf, 
stem, or root. Dry matter is the total weight of all plant organs. Exposure to UV-B 
radiation caused decreases in growth of leaves and stems in many plant species 
in both controlled environment and field studies (Kakani et al., 2003a). However, 
the effects of UV-B radiation on plant growth and dry matter accumulation were 
generally smaller under field conditions than under controlled environmental 
conditions (Caldwell et al., 1994; Olszyk et al., 1996). The decrease in growth of 
leaves, main stem, and branches is due to reduced cell division rather than 
decreased cell size. Reduction in plant height from exposure to UV-B is due in 
part to decreased levels of a growth hormone (indole acetic acid) in plants. The 
smaller and more compact canopy reduces the amount of UV-B intercepted by 
the plant, but also reduces the potential or total photosynthetic area essential for 
growth. The combination of these various factors results in decreased total dry 
matter or biomass production. In regard to exposure to UV-B radiation, the 
majority of crop species (60%) show a reduction in dry matter production, a 
moderate 24% show no change, and only 8% of crop species show an increase in 
dry matter production (Kakani et al., 2003a). 

14.3.1.5 Plant Yield and Quality 

Yield is the economic product harvested from plants (e.g., grain from wheat 
(Triticum aestivum L.), seeds from pods of soybean, roots from carrot (Daucus 
carota L.), seed and lint from cotton). Similar to changes in dry matter production, 
change in yield of crop species from exposure to UV-B varies with species. Some 
species (e.g., pea (Pisum sativum L.), barley (Hordeum vulgare L.), and mustard 
(Brassica juncea L.)) show severe reduction; others (e.g., cowpea (Vigna 
unguiculata L.), millets, and tobacco) show less or no yield reduction. The main 
causes of yield loss are reduced fruit (grain) number due to failure in fertilization, 
abortion of fruiting structures, and decreased fruit size due to reduced supply of 
assimilates to the growing sink (fruits). Kakani et al. (2003a) reviewed responses 
of various crops to UV-B radiation in both controlled environmental and field 
studies; almost half the studies showed that enhanced UV-B radiation decreased 
yield, the other half showed no UV-B effect on yield, and a few studies showed 
increased yields. These differential responses were due to variability in intensity 
of UV-B radiation. The UV-B radiation in these studies varied and ranged from 
2.5 63 kJ m–2 d–1 simulating 10% 50% of stratospheric O3 depletion. In addition, 
the variable responses can also be due to differences in responses of cultivar and 
crop species to UV-B radiation. 

Ultraviolet-B radiation also affects the quality of the economic product. For 
example, seed oil and protein content in soybean are reduced on exposure to 
UV-B radiation. Enhanced UV-B radiation decreased grain size and increased total 
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nitrogen and storage protein (glutelin), thus affecting the taste of food products 
(Hidema et al., 2005). Similarly, Gao et al. (2004) investigated UV-B effects 
under field conditions and showed that increased UV-B not only decreased dry 
matter production and grain yield, but also affected grain quality by decreasing 
protein, sugar, and starch levels while improving lysine levels. Overall, studies 
conducted to date suggest that climate models predict UV-B radiation will decrease 
the growth, yield, and quality of crops (Hidema and Kumagai, 2006).  

To date, the most comprehensive knowledge on the impact of UV-B radiation 
on various physiological, growth, and yield components has been developed at 
Mississippi State University within controlled environmental growth chambers 
maintained at optimum water, temperature, and nutrient conditions (Reddy et al., 
2001; Reddy et al.; 2002, Reddy et al., 2003). Recently, Reddy et al. (2009) used 
an environmental productivity index to develop functional algorithms to accurately 
quantify and model impacts of UV-B radiation on the physiology, growth, 
development, and yield of cotton. On the basis of the critical limit, defined as 
90% of optimum or the control, they showed that canopy photosynthesis and 
total dry weights were most sensitive with lower critical limits of 7 kJ m–2 d–1 and 
7.3 kJ m–2 d–1, respectively, compared with stem elongation (8.7 kJ m–2 d–1 UV-B) 
or leaf expansion (11.2 kJ m–2 d–1 UV-B). The identified critical limits and 
algorithms are currently being incorporated into the mechanistic cotton model 
GOSSYM to predict yields under present and future climate change conditions 
across the U.S. cotton belt (Liang et al., 2008). The evaluation and understanding 
of the impact of UV-B radiation on yield and yield quality of economically 
important crops requires further study under both field and controlled environmental 
conditions. The knowledge gained should be incorporated into existing crop 
simulation models. 

14.3.1.6 Pest Damage 

The impact of elevated UV-B radiation on plant species is well understood, but 
knowledge of the effects of UV-B on insect pests and disease-causing pathogens 
(fungi and bacteria) is limited. Research conducted thus far has shown both a 
decrease and an increase in disease and pest damage in response to increased UV-B 
radiation. Effects of UV-B on diseases and insects could be attributed to direct 
effects on their growth and indirect effects through changes in tissue characteristics 
and/or composition. Caldwell et al. (2003) summarized the literature and concluded 
that higher levels of UV-B radiation generally led to less herbivore and/or reduced 
insect growth compared with lower levels of UV-B. The magnitude of the effects 
was sizable, with potential ecosystem-level consequences for species composition, 
organic matter decomposition, and nutrient cycling. Solar UV-B can affect insect 
herbivores through reduced growth, survivorship, and fecundity (Lindroth et al., 
2000) through changes in leaf characteristics (appearance and composition). Insects 
can perceive UV-B (Mazza et al., 2002), modify their behavior to avoid UV-B 
radiation, and protect themselves by regulating their cuticular pigmentation to 
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screen damaging wavelengths (Gunn, 1998). Studies demonstrated that thrips 
consumed less leaf tissue and Lepidopeteran larvae had lower survivorship in 
laboratory assay when fed on leaves grown under near-ambient solar UV-B 
compared with leaves from UV-B excluded plots (Mazza et al., 1999; Zavala et 
al., 2001). The lower larvae survival was attributed to higher levels of soluble 
phenolics and lower lignin content in the foliage exposed to UV-B radiation. 
Similarly, bioassay studies suggested that adult specimens of leaf beetles tend to 
preferentially feed on plants not exposed to UV-B if given the opportunity to 
choose between UV-B exposed and unexposed plant materials (Ballare et al., 
1996). However, the impact of UV-B radiation on mechanisms of other behavior 
of adult insects, such as oviposition and breeding, that are more relevant under 
natural conditions are not well understood and need investigation. 

Ultraviolet-B radiation changes the chemistry, morphology, and physiology of 
plants. This can directly influence pest and disease incidence. For example, 
UV-B can affect leaf nitrogen content, available carbohydrate, and fiber (Zavala 
et al., 2001) indirectly influencing insect growth and survival. Plants exposed to 
UV-B can also stimulate production of secondary metabolites, i.e., phenolics and 
jasmonic acid (Mazza et al., 2000; Izaguirre et al., 2003; Izaguirre et al., 2007) 
which can influence insect incidence or behavior by acting as either a deterrent 
or attractant (Harborne, 1988). Some insects protect themselves from UV-B 
radiation by feeding on the underside of the leaves where UV-B penetration is 
lower (Paul et al., 1997) and avoiding areas of plants where defensive chemicals 
accumulate (McCloud et al., 1992). UV-B radiation effects on insect herbivores 
can also have consequences on parasitoids by affecting host quality (Soler et al., 
2005) which leads to decreased survival and growth of parasitoid larvae (Holton 
et al., 2003). 

Plant pathogen and disease incidence, as well as intensity, are also influenced 
by exposure to UV-B radiation (Raviv and Antignus, 2004). The effect of UV-B 
on plant pathogens can occur either through direct effects on various stages of 
pathogen development, such as spore germination, germ tube extension (Paul et 
al., 1997; Fourtouni et al., 1998), and sporulation (Ensminger, 1993) or indirectly 
by influencing host-plant resistance by damaging cells, decreasing plant growth 
and morphology (decreasing leaf and cuticle thickness), or modifying gene 
expression (Caldwell et al., 2003). However, it is very difficult to differentiate 
the effects of UV-B radiation on the host from those on the pathogen itself under 
field conditions. Stimulated compounds in plants that are localized in epidermis 
or mesophyll can also function as phytoalexins or antifungal compounds (Keller 
et al., 2003). Most studies on the effect of UV-B on fungi have focused on 
reproductive development. Fungal propagules showed high sensitivity (Rotem 
and Aust, 1991), but some exhibited enhanced sporulation in response to UV-B 
radiation. However, sensitivity of fungi to UV-B is not always reflected in a 
reduced infection of the plant (Raviv and Antignus, 2004). In fact, the spread of 
several disease-causing fungi can be decreased by filtering out UV-B radiation 
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(Fourtouni et al., 1998). In contrast, several pathogenic fungi (e.g., wheat leaf 
blotch causing fungi (Septoria tritici)) exhibit reduced infection under UV-B 
(Paul et al., 1997). In general, increasing disease severity primarily involves 
modification of host plant tissues, whereas decreased severity appears to involve 
either host plant changes or direct UV-B damage to the pathogen (Caldwell et al., 
2003). Despite linkages between plants and herbivores, limited information is 
available on impacts of UV-B on host plant-insect interactions. A more definite 
understanding of the effects of UV-B on diseases and insects is needed to 
accurately predict consequences of ozone depletion on plant ecosystems. 

14.3.2 Strategies for Protection against UV-B Radiation 

Plants have evolved through several mechanisms by which they protect themselves 
from the damaging effects of UV-B radiation (Table 14.3). 

Table 14.3 Protective mechanisms against damage by UV-B radiation in plants. 
Adapted with permission from Prasad et al. (2003b) 

Repair mechanisms  
 DNA repair: photo-reactivation enzymes (photolyase); excision repair by removing 

damaged part of DNA; bypass damaged DNA and fill gaps later from sister duplex. 
Defense mechanisms 
 Increase reflectance to avoid entry of UV-B radiation through cuticle wax, leaf hairs, and 

trichomes. 
 Increase absorption of UV-B radiation at epidermal cells by production of pigments, such 

as flavonoids, carotenoid, and anthocyanins. 
 Production of antioxidant enzymes (e.g., superoxide dismutase, ascorbate peroxidase, 

glutathione reductase) and compounds (ascorbates, alpha-tocopherol, and polyamines) 
that protect against oxidative stress caused by UV-B exposure. 

14.3.2.1 Repair Mechanisms 

Plants have constantly been exposed to sunlight, including UV radiation before 
formation of the ozone layer. In the process of evolution, certain plants developed a 
tolerance to solar UV-B radiation that limits the amount of DNA damage they 
suffer. All cellular life-forms possess DNA repair enzymes that recognize chemically 
modified bases, including those formed because of UV radiation. Furthermore, 
cells have evolved through a variety of biochemical mechanisms to restore the 
integrity of the genetic material after DNA damage and thus retain its stability. 
These processes, called “DNA repair mechanisms,” include photo-reactivation, 
excision repair (nucleotide and base excision repair), and post-replication repair. 
Photoreactivation mainly involves photolyase, an enzyme responsible for the 
direct splitting of cyclobutane pyrimidine dimers. Excision repair is done by 
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nicking the damaged part of DNA, removing the bases in the damaged strand, 
and synthesis of the gap. In post-replication repair, DNA damage is bypassed during 
DNA replication and the resulting gaps are filled in later using the information 
from the sister duplex. Such DNA repair mechanisms are observed in both nuclear 
and chloroplast DNA. However, different plant species and varieties within a 
species vary in their ability to repair the damage caused by UV-B. 

14.3.2.2 Defense Mechanisms 

Plants are exposed to UV-B radiation as it passes through the epidermal layers  
to reach the sensitive sites. Therefore, the surface structure, physiology, and 
composition of the epidermal layer play an important role in protecting (shielding) 
cells from UV-B radiation. The important surface characteristics of the epidermal 
layer, which reduces penetration of UV-B radiation, include protective structures, 
such as trichomes and wax coating. These structures have the capacity to attenuate, 
absorb, and reflect UV-B radiation because of their optimal structure and presence 
of chemical compounds. 

Studies have also shown that UV-B radiation leads to oxidative stress in plant 
systems as observed in many other abiotic (temperature and light) and biotic (insects 
and diseases) stress conditions. Therefore, as a result of UV-B exposure, plants 
increase production of flavonoids and antioxidant enzymes (e.g., superoxide 
dismutase, ascorbate peroxidase, and glutathione reductase) that provide defense 
against UV-B radiation. Other chemicals, such as alpha tocopherol (vitamin E), 
peroxidases, ascorbates, beta carotene, and polyamines, provide protective functions 
against UV-B damage. 

Flavonoids are produced and mainly deposited in epidermal and mesophyll 
layers and leaf hairs. The presence and distribution of flavonoids at different 
locations can provide an efficient screen to UV-B radiation. Flavonoids are very 
effective in screening (absorbing) UV-B radiation and reducing damage to sensitive 
cell organs (i.e., DNA, chloroplasts, and mitochondria). In addition, anthocyanins 
and carotenoids could potentially screen UV radiation, particularly in flowers, 
and provide protection to pollen grains. These compounds attenuate the damaging 
solar UV-B radiation, but they transmit photosynthetically active radiation through 
the epidermis. Thus, these compounds do not directly influence photosynthesis and 
other physiological processes.  

UV-B-mediated alterations in plant growth and yield are dependent upon species 
sensitivity and combined responses to other abiotic and biotic stresses (Teramura 
and Sullivan, 1994). The inconsistencies may be explained by either genotypic 
differences in UV-B sensitivity, different environmental conditions under which 
plants were grown, and/or the intensity of UV-B (Musil et al., 2002; Kakani et al., 
2003a). A bulk of these studies conducted in growth chambers, greenhouses, or 
the field use different types of exposure systems that may be responsible for 
interpreting the results as intraspecific differential sensitivity of crop species 
(Runeckles and Krupa, 1994).  
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14.3.3 Crop Response to Atmospheric CO2 Concentration 

The projected increase in atmospheric CO2 is expected to enhance growth and 
production of agricultural terrestrial plants (Easterling et al., 2007). Studies have 
also shown that the effects of elevated CO2 on plant growth and yield may 
depend on photosynthetic pathway, plant species, growth stage, and management 
practices, such as water and nitrogen applications (Jablonski et al., 2002; Kimball 
et al., 2002; Ainsworth and Long, 2005). Crops with C3 photosynthetic pathway 
respond markedly to increasing CO2 concentrations compared to C4 crops. Common 
C3 crops are small grain cereals (wheat, rice, barley, oat (Avena sativa L.), and rye); 
grain legume or pulses (soybean, peanut (Arachis hypogaea L.), various beans 
(Phaseolus sp.) and peas), root and tuber crops (potato (Solanum tuberosum L.), 
cassava (Manihot esculenta L.), sugar beet (Beta vulgaris L.), and yams (Dioscorea
sp.), and most oil, fruit, nut, vegetable, and fiber crops. Common C4 crops are maize, 
sugarcane (Saccharum officinarum L.), sorghum (Sorghum bicolor L. Moench), 
millet, and many tropical and subtropical zone (warm-climate) grass species. 
Elevated CO2 generally increases both above- and belowground biomass, volume 
and length of roots, and biomass allocation to roots (increased root-shoot ratio). 
Root and tuber crops tend to have a greater yield response to elevated CO2 than 
seed or forage crops. Increased photosynthesis also favors symbiotic nitrogen 
fixation in legumes. Since legumes can supply nitrogen via symbiotic nitrogen 
fixation, legumes (both seed and forage) respond relatively more to increased 
CO2 than non-legumes. Seed yields generally increase in a nonlinear fashion in 
response to increased CO2; however, this increase in not as much as photosynthesis 
because part of the fixed carbon goes to increased vegetative biomass. Averaged 
across several species and under unstressed conditions, analysis shows that, 
compared with the current CO2, crop yields increased at 550 ppm, CO2 was 
10% 12% for C3 crops and 0% 10% for C4 crops (Ainsworth et al., 2004; 
Gifford, 2004; Long et al., 2004). However, in a recent analysis of the FACE 
(free-air-carbon-dioxide enrichment) experimental results, Long et al. (2005, 
2006) argued that crop responses to elevated CO2 might be lower than previously 
thought because of overestimation of responses using crop models. Others have 
suggested that these new analyses are in fact consistent with previous findings 
from both FACE and other experimental settings (Tubiello et al., 2007). It is 
recognized that the models may overestimate the actual field-level responses 
because of many limiting factors including disease and insects, weeds, soil, water, 
and nutrient quality, which are neither well understood at large scales nor well 
implemented into the models (Easterling et al., 2007). In addition, the increase of 
CO2 is subjected to a considerable interaction with other climatic factors; 
therefore, the rising CO2 can not be assumed to be a single factor because of the 
associated changes in the temperature and other climatic factors (Giorgi et al., 
1998; Prasad et al., 2002; Prasad et al., 2003a, b; Prasad et al., 2005; Zoltán, 
2005) that directly affect crop growth and development. The beneficial affects of 
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elevated CO2 on seed yields are decreased for several crops under elevated 
temperatures (Prasad et al., 2002; Prasad et al., 2003a; Prasad et al., 2006a). 

14.3.4 Crop Response to Temperature 

The inferences from global circulation model simulations indicate that earth’s 
mean surface air temperature warming for a doubling of atmospheric CO2 is 
expected to increase by 2 C 4.5 C (IPCC, 2007). Additionally, it is projected 
that heat waves will be more intense, more frequent and longer lasting in future 
warmer climates (Meehl and Tebaldi, 2004). Daily minimum temperatures 
(nighttime temperature) are projected to increase faster than daily maximum 
temperature (daytime), leading to decreases in diurnal temperature (IPCC, 2007). 
For example, in summer 2003, Europe experienced an extreme climate anomaly 
that caused July temperatures to increase 6 C above the long-term mean and 
resulted in an approximate 30% reduction in terrestrial gross productivity across 
Europe (Ciais et al., 2005). Day/night temperatures greater than 36 /30 C commonly 
occur during a crop’s life cycle in most of the world’s tropical growing regions 
where daytime temperatures can occasionally reach up to 45 C (Warrag and Hall, 
1983, Ismail and Hall, 1998; Hall, 2004a; National Climate Data Center, 2008). 
The projected global temperature increase will subject these locations to an even 
higher temperature regime, particularly for night temperatures (IPCC, 2007). 

Temperature is the most important abiotic factor that determines plant adaptation 
to different climatic zones and seasons of the year. Most annual crops can be 
described as being adapted to either the cool season or warm season (Hall, 2001; 
Cutforth et al., 2007) depending on their temperature range of survival (Tmax Tmin;
Reddy and Kakani, 2007). Temperature also plays an important role in determining 
the sowing date of a crop species based on seed germination and survival of the 
seedlings. The minimum threshold for seed germination differs among crop 
species (e.g., soybean 10 C, cowpea 18 C, upland cotton 16 C, and maize 14 C;
Ismail and Hall, 1997; Hall, 2001; Cutforth et al., 2007). Similarly, optimum 
temperatures depend upon the developmental stage of the plant and species. The 
optimum temperature for peanut growth and development is between 25 C and 
30 C (Williams and Boote, 1995), whereas the optimum temperature for pollen 
germination and tube growth ranges between 30 C and 34 C (Kakani et al., 2002). 
The cardinal temperatures for growth and development of a crop species are also 
process dependant (Reddy et al., 1997a; Reddy and Kakani, 2007; Reddy et al., 
2007a). A temperature stress could be anything below and/or above the optimum 
which influences the functionality and success of the biochemical pathway. This 
may reduce efficiency of the particular phase of development, resulting in a loss 
of economic yield (Singh et al., 2008b). Studies on cowpea and common bean have 
shown that heat stress during floral bud development can reduce fruit set because 
of damage to the pollen mother cells, resulting in poor anther dehiscence and 
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reduced pollen number and viability (Warrag and Hall, 1983; Warrag and Hall, 
1984; Gross and Kigel, 1994). Peanut (Prasad et al., 1999) and sorghum (Prasad 
et al., 2008) plants were more sensitive to high-temperature stress during 
microsporogenesis (just prior to flowering) and at flowering. High-temperature 
stress during pre-flowering stages mainly influences viability of male or female 
gametes, whereas at flowering, high-temperature stress decreases pollen dehiscence, 
germination, and tube growth, resulting in decreased fruit set and grain numbers. 
A negative association between increased daily mean temperature and reduction 
in yield has been reported in many crops (Ismail and Hall, 1998; Walton et al., 
1999). Lobell and Asner (2003) projected an approximate 17% yield reduction in 
corn and soybean for each degree centigrade increase in average growing season 
temperature above the optimum in the U.S.. Most grain crops (i.e., peanuts, rice, 
wheat, soybean, and maize) are already being grown above optimum growth 
temperature; further increases in temperature due to climate change or increased 
frequencies of high-temperature stress during sensitive periods of reproduction 
will decrease crop yields (Reddy et al., 1997b; Lobell and Asner, 2003; Prasad et 
al., 2003a; Boote et al., 2005; Prasad et al., 2006a; Prasad et al., 2009). 

14.3.5 Crop Response to Drought 

Climate change is predicted to bring regional-scale precipitation extremes, causing 
both flooding and drought in certain areas (Giorgi et al., 1998). Most model 
simulations predict decreased precipitation by the end of the 21st century in 
subtropical regions (IPCC, 2007). Increased precipitation extremes are also likely 
in major agricultural production areas, e.g., southern and eastern Asia, eastern 
Australia, and northern Europe (Christensen et al., 2007). The 2003 summer drought 
in Europe caused a severe reduction in corn yield in eastern Europe (Ciais et al., 
2005) and in forest biomass productivity in southern Europe (Gobron et al., 2005). 

Water shortage is one of the most important factors limiting crop production 
worldwide due to geographic limited availability of irrigation water or the occurrence 
of drought mainly caused by reduced rainfall. Demand for drought-tolerant 
genotypes will increase due to diminishing water resources and alteration in 
precipitation patterns under climate change scenarios (Longenberger et al., 2006; 
Christensen et al., 2007). Understanding the detrimental effects of drought on 
plant processes and identifying the tolerance mechanisms will help breeders to 
develop tolerant genotypes.  

Drought stress induces several changes in various physiological, biochemical, 
and molecular components of photosynthesis. Drought can influence photosynthesis 
through either pathway regulation by stomatal closure and decreasing flow of 
CO2 into mesophyll tissue or by directly impairing metabolic activities. The main 
metabolic changes are declines in regeneration of Ribulose bisphosphate (RuBP) 
and Rubisco protein content, decreased Rubisco activity, impairment of ATP 
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synthesis and photophosphorylation, and decreased inorganic phosphorus. Effects 
of drought on whole plant processes are manifold and can influence germination, 
emergence, leaf, root, tillers, stem development and growth, dry matter production, 
floral initiation, panicle exertion, pollination, fertilization, seed growth, seed yield, 
and seed quality. For most crop plants seed is the starting point of the growth 
cycle. Seeds begin biochemical changes shortly after imbibing water. Water uptake 
and imbibition of water by seed are dependent upon the soil water availability. 
Drought delays imbibition and thus can lead to decreased germination rates and 
total germination percentage. Leaf expansion is one of the growth processes most 
sensitive to drought (Alves and Setter, 2004; Reddy et al., 2009). This sensitivity 
is expressed in terms of smaller cells and reductions in the number of cells 
produced by leaf meristems (Randall and Sinclair, 1988; Tardieu et al., 2000). 
Drought stress can also influence total leaf area through its effect on the initiation 
of new leaves, which decreases under drought stress. Drought and heat stress 
alter the initiation and duration of developmental phases. In most cases, the 
length of time from floral initiation to anthesis is decreased by moderate drought 
and/or temperature stress, but is increased by severe stress. Drought stress during 
panicle development inhibits the conversion of vegetative to reproductive phase, 
and plants remain vegetative until this stress is relieved. Panicle initiation in 
sorghum was delayed by as many as 2 to 25 days and flowering by 1 to 59 days 
under drought stress, with more severe effects when drought was imposed at both 
early and late stages of panicle development (Craufurd et al., 1993). Drought 
stress inhibits pollen development and causes sterility. It also shortens the spike 
development duration (period during which potential kernel or seed numbers are 
determined) and the grain filling duration (during which the grain or seed weight 
is determined). Drought stress during later stages of panicle or flower development 
decreases seed numbers and can also increase the duration from seed set to full 
seed growth. Drought affects yield by limiting seed numbers caused by either 
influencing the amount of dry matter produced by the time of flowering (this is 
particularly true for determinate plant types), or by directly influencing pollen or 
ovule function which leads o a decreased seed set. Secondarily, drought influences 
seed filling by limiting the assimilate supply, leading to smaller seed size and 
lower yields. 

Past difficulties have been associated with the identification of physiological 
traits that could be used as indicators of drought tolerance (Longenberger et al., 
2006). However, various plant characteristics such as water use efficiency (Condon 
et al., 2002), root characteristics (Basal et al., 2003), canopy temperature (Patel et 
al., 2001), leaf water potential and leaf relative water content (Chiulele and 
Agenbag, 2004), and stomatal conductance (Bota et al., 2001; Flexas et al., 2002; 
Medrano et al., 2002) have been used as possible indicators to assess drought 
tolerance in crop species. Understanding the mechanisms of drought tolerance in 
crop species, particularly those adapted to dry conditions, will help plant breeders 
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improve agronomic performance of these species by incorporating the superior 
traits into new species or cultivars (Clavel et al., 2005). 

14.3.6 Crop Response to Multiple Abiotic Stress Factors 

In natural habitats, plants are routinely subjected to a combination of abiotic 
factors. Under climate change scenarios, plants will be exposed to CO2, UV-B 
radiation, temperature, and water stress simultaneously and their performance 
can be assessed only when grown under these multiple abiotic stress conditions. 
Many recent studies suggest that temperature and precipitation changes in future 
decades will modify, and often limit, the direct effect of CO2 enrichment on 
plants (Easterling et al., 2007). For instance, high temperature during flowering 
may lower positive CO2 effects by reducing reproductive traits such as grain 
number, size, and quality in several crops (Reddy et al., 1997b; Prasad et al., 
2002; Prasad et al., 2003a,b; Baker, 2004; Prasad et al., 2006a; Caldwell et al., 
2005). Prasad et al. (2006a) showed that adverse effects of high temperature on 
reproductive processes (seed set and harvest index) of sorghum were more severe 
at elevated CO2 than at ambient CO2. Similarly, for rice (Matsui et al., 1997) and 
red kidney bean (Prasad et al., 2002), the ceiling temperature for a seed set was 
2 C cooler for plants grown at elevated CO2 than at ambient CO2. Increased 
temperatures may also reduce CO2 effects indirectly by increasing water demand. 
Rainfed wheat grown at 450 ppm CO2 demonstrated yield increases with temperature 
increases of up to 0.8 C, but declines with temperature increases beyond this point 
(Xiao et al., 2005). Future CO2 levels may favor C3 over C4 plants (Ziska, 2003; 
Ainsworth et al., 2004; Gifford, 2004; Long et al., 2004); however, the opposite 
is also expected because of coupled increases in temperature, UV-B radiation, 
and drought (Reddy et al., 1997b; Xiao et al., 2005; Koti et al., 2007). 

Interactive studies on a combination of elevated CO2 and UV-B radiation have 
shown counteractive effects (i.e., responses in opposite directions). The positive 
effects of elevated CO2 on plant photosynthesis, growth, and yield were apparent 
under ambient (normal) UV-B radiation. Under enhanced UV-B radiation, the 
stimulated effects of elevated CO2 were decreased. In cotton, elevated CO2
significantly increased photosynthesis, growth, and dry matter production under 
no UV-B or near-ambient UV-B conditions. These responses to CO2 were reflected 
in significantly higher concentrations of carbohydrates in leaves (Zhao et al., 
2003). However, the detrimental effects of high UV-B on cotton photosynthesis 
and growth, particularly on reproductive growth, could not be alleviated by elevated 
CO2. This suggests that breeding for UV-B radiation-tolerant cultivars is important 
in future climates with elevated CO2. Apart from plant growth and related responses 
like photosynthesis, the attractiveness of plant foliage to insect herbivores may 
vary under combinations of elevated CO2 and enhanced UV-B (Caldwell et al., 
2003). Lavola et al. (1998) found that insects preferred plants grown with enhanced 
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UV-B, and the combination of high CO2 and enhanced UV-B increased the tendency 
of the insects to consume more foliage.  

Sullivan and Teramura (1990) studied the combined effects of enhanced UV-B 
radiation and drought. Both drought and UV-B radiation altered biochemical and 
photochemical processes of photosynthesis and independently elicited similar 
reductions in growth. However, no additive affects were observed on photosynthesis, 
growth, or yield. Their results suggested that UV-B radiation may significantly 
affect soybean growth and photosynthesis primarily when water is readily available 
and that these effects may be obscured by drought when growth and yield are 
already reduced. In cowpea, for example, the combination of enhanced UV-B and 
drought stress elicited beneficial effects on morphological and growth characteristics 
(Balakumar et al., 1993).  

Plant response to enhanced UV-B radiation might also be influenced by nitrogen 
fertilization. Hunt and McNeil (1998) reported that when plants received more 
nitrogen, their growth was more depressed by exposure to enhanced UV-B, 
whereas nitrogen-deficient plants were not responsive to UV-B. Similarly, the 
response of elevated CO2 is achieved only when plants are sufficiently supplied 
with nitrogen. Moreover, the requirement of nitrogen under elevated CO2 may be 
greater because of increased growth and biomass production. Interactive effects 
of elevated CO2 and potassium (K) supply on cotton showed that elevated CO2
significantly increased photosynthesis, leaf area, and biomass production of K 
sufficient plants, but did not affect K concentration (Reddy and Zhao, 2005). 
There were significant interactive effects of CO2 and K on leaf area, canopy 
photosynthesis, and biomass accumulation and partitioning. The stimulation of 
physiological and growth parameters observed because of elevated CO2 was lost 
under severe K deficiency. Interactive effects of climate change factors and soil 
fertility have received far less attention and need investigation. As several climate 
change factors can directly influence crop growth and yields, crops grown in 
future climate would require changes in fertilizer management practices.  

Ultraviolet radiation also interacts with temperature stress (both low and high 
temperatures). Temperature above and below optimum can negatively influence 
crop growth and yield, and interaction among factors can alter limits of temperature 
tolerance. Beerling et al. (2001) reported that frost sensitivity of subarctic plant 
species was enhanced under elevated UV-B. They also showed that elevated CO2
led to an increase in frost sensitivity of these species and if both elevated CO2
and enhanced UV-B were imposed, there was a further increase in frost 
sensitivity. At high temperatures, some synergistic effects of enhanced UV-B and 
the elevated temperature were observed (Caldwell et al., 2003). In some tropical 
legumes, enhanced UV-B reduced growth of the plants at moderate temperatures 
(20 C 30 C); but at 40 C, chloroplasts in leaves were modified and thus masked 
the UV-B depressions of growth (Kulandaivelu and Nedunchezhian, 1993; 
Nedunchezhian and Kulandaivelu, 1996). Recent studies on cotton showed that 
of various growth and developmental processes, square and boll retention were 
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most sensitive to high temperature and UV-B radiation (Reddy et al., 2004). 
Positive interactions were found on the number of main stem nodes, total leaf 
area, and total fruiting sites. Leaf photosynthesis increased with higher temperatures, 
but was reduced only by extreme UV-B radiation at high temperatures. The 
interaction between temperature and UV-B was additive on boll retention causing 
severe boll loss. Reddy et al. (2004) concluded that in current and future climates, 
severe yield losses would occur in the presence of high temperatures and UV-B 
radiation. Both these environmental factors stress plants by reducing reproductive 
mechanisms as well as vegetative growth.  

Drought and high-temperature stress often occur simultaneously, but they can 
have very different effects on various physiological, growth, developmental, and 
yield processes. Few studies that examined the impact of combined effects of 
drought and high-temperature stress suggested that this combination produced a 
significantly higher detrimental effect on crop growth and productivity compared 
with each stress applied individually (Craufurd and Peacock, 1993; Savin and 
Nicolas, 1996). In addition, combinations of drought and heat stress were found 
to alter physiological processes, such as photosynthesis, accumulation of lipids, 
and transcript expression (Jagtap et al., 1998; Jian and Huang, 2001; Rizhsky et 
al., 2004). The interactive or combined effects of drought and high-temperature 
stress on reproductive processes of crop plants have not been well defined or 
quantified for any crop species and require further investigation. There might be 
differences in the response of reproductive function to these stresses. For 
example, in corn, both drought and heat stress have a direct influence on seed set 
or seed formation (Westgate, 1994). However, the cause is a result of effects on 
different processes. Heat stress decreases pollen viability, whereas drought stress 
(as measured for low leaf water potential) inhibits pistillate flower development 
and function.  

Experiments designed to explore the interaction among these factors are useful 
for determining the potential effect of these abiotic stresses on crop plants 
(Caldwell et al., 2007). In a modeling approach, Runeckles and Krupa (1994) 
suggested that there may be no interaction between these stress factors as a 
whole, or to certain plant processes, and that the major variable will override the 
plant response. Otherwise, there may be an additive effect or greater-than-additive 
effect when the plant response is greater than the sum of responses to the 
individual factors. Additionally, there is a possibility of a less-than-additive 
interaction; for example, if CO2 and/or temperature would stimulate more plant 
dry matter production and repair processes in UV-B sensitive plants (as shown in 
sunflower (Helianthus annuus L.) and maize seedlings in one of the earliest 
interactive studies involving CO2, temperature), and UV-B radiation (Mark and 
Tevini, 1997). 

In a recent study, Tegelberg et al. (2008) reported no significant interaction 
between elevated CO2, temperature, and UV-B for the activity of defensive 
enzymes, growth-regulating polyamines, photosynthetic pigments, and soluble 
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protein in silver birch (Betula pendula L. Roth). In contrast, there were significant 
interactions between these abiotic stresses for most of the vegetative and 
reproductive parameters in soybean (Koti et al., 2005; Koti et al., 2007). However, 
studies that simultaneously evaluate both vegetative growth and yield attributes under 
multiple stress conditions are limited. In a recent study, Singh (2008) demonstrated 
that vegetative and reproductive processes in cowpea respond differently under 
multiple abiotic stress conditions, including UV-B radiation. Therefore, given the 
changing climate, it will be useful to study the relative response of vegetative and 
reproductive plant attributes for important grain and legume crops. 

The interaction between abiotic stresses can drastically alter the response 
mechanisms in plants. This interaction may cause either a positive or negative 
effect, or can even counteract (neutralize) the effects of individual stresses depending 
upon the species. Elevated temperatures alleviated the damaging effects of UV-B 
radiation on various growth parameters in sunflower and corn (Mark and Tevini, 
1997), whereas high temperatures in combination with UV-B resulted in an 
increased reduction in the growth of soybean (Koti et al., 2007). The response of 
plants to multiple abiotic stresses is unique and should be treated as a new state 
of abiotic stress rather than a combination of two or more stress factors (Mittler, 
2006). One abiotic stress factor evokes a chain of complex metabolic processes 
in plants in the presence of other stress factors. Developing new crop genotypes 
of a species with enhanced tolerance to a given stress factor may fail to withstand 
in the presence of another abiotic stress. Therefore, plant breeders must consider 
the variable effects of possible climate change when developing breeding programs 
or transgenic plants for abiotic stress tolerance (Hall and Ziska, 2000; Mittler, 2006). 

14.4 Abiotic Stress Tolerance and Cultivar Screening Tools 

There is a large variation in tolerance or susceptibility to abiotic stresses, 
particularly to different climate change factors including UV-B radiation (Reddy 
et al., 2005; Singh et al., 2008a), high temperature stress (Craufurd et al., 2003; 
Prasad et al., 2006b; Ristic et al., 2008), and water stress (Foulkes et al., 2002; 
Upadhyaya, 2005; Bakheit, 2008; Singh, 2008). This variation can provide an 
opportunity for genetic improvement of plant species through either traditional 
plant breeding techniques (selection and crossing) or modern molecular biology 
techniques, such as plant transformation. Screening wide germplasm from various 
locations and origins including native wild relatives of crop plants and landraces 
for single and multiple abiotic climate change factors may prove useful for 
identifying tolerant traits and in developing climate-ready species or cultivars for 
a given region. 

The available genotypic variability of a species offers an opportunity for 
breeders to design and develop specific plant types to suit different agro-ecological 
environments. Effectiveness of selection for a trait depends on the magnitude of 
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genetic and nongenetic causes in the expression of phenotypic differences among 
the genotypes in a population and is expressed as heritability of the trait (Thiaw 
and Hall, 2004). A thorough understanding of the physiological basis of differences 
in stress tolerance could be used to select or create new cultivars of crops that 
have increased productivity under such conditions (Wentworth et al., 2006). The 
genetic association of a trait with a higher level of physiological and/or 
developmental attributes facilitates adaptation of a crop to a stress condition and 
has proven useful for breeding purposes and developing improved lines of a crop 
species (Singh and Sharma, 1996). Several screening methods, such as cell 
membrane thermostability in soybean (Martineau et al., 1979; Blum et al., 2001) 
and cowpea (Ismail and Hall, 1999), in vitro pollen germination in canola (Singh 
et al., 2008b), cotton (Kakani et al., 2005), peppers (Capsicum spp.; Reddy and 
Kakani, 2007), and soybean (Koti et al., 2004; Salem et al., 2007), chlorophyll 
fluorescence in Arabidopsis (Barbagallo et al., 2003), photosynthesis and stomatal 
conductance in cotton (Lu et al., 1998), and intrinsic water use efficiency and 
associated gas exchange parameters in almond (Prunus dulcis L.), wheat, and 
cowpea (Brodribb, 1996; Condon et al., 2002; Singh, 2008), have been used at 
field and laboratory scales to identify tolerant traits and genotypes to abiotic stresses. 

Abiotic stresses adversely affect various cellular functions, but photosynthesis 
is particularly sensitive to heat and drought stress (Berry and Bjorkman, 1980; 
Brodribb, 1996; Haldimann and Feller, 2005). Fluorescence parameters have been 
shown to relate directly to the photosynthetic rates of leaves (Genty et al., 1990; 
Edwards and Baker, 1993) and have been widely used to study leaf photosynthetic 
performance (Maxwell and Johnson, 2000). Consequently, any small perturbation 
in photosynthetic metabolism significantly modifies the fluorescence characteristics 
of plants. The sensitivity of chlorophyll fluorescence to the stress-induced 
perturbation in plant metabolism can potentially make it useful for screening 
genotypes with differential responses to abiotic factors (Brodribb, 1996; Barbagallo 
et al., 2003). Previous studies suggest significant changes in the photochemical 
activities of cowpea leaves subjected to heat (Costa et al., 2003; Costa et al., 
2004), UV-B (Premkumar and Kulandaivelu, 1996; Lingakumar et al., 1999), and 
drought conditions (Lopez et al., 1987; Souza et al., 2004). 

Hall (2004b) proposed a yield component model that can be incorporated for 
selection of most legumes, including cowpea cultivars in the high-temperature- 
limited production zones. Four yield components (number of flowers per unit area, 
number of pods per flower, number of seeds per pod, and weight of individual 
seeds) that contribute to yield reduction were recognized. In a simple screening 
approach for heat tolerance, Ismail and Hall (1999) found an association between 
reproductive-stage heat tolerance and higher cell membrane thermostability 
measured as electrolyte leakage from leaves subjected to high-temperature 
treatment. In an extremely hot field environment, negative correlations were 
observed between grain yield and electrolyte leakage (r 0.79, n 9), and pod 
set and electrolyte leakage (r 0.89, n 9) among nine cowpea breeding lines. 
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A similar approach could also be used to assess variable differences among species 
and cultivars of the same species under UV-B radiation. 

An increased concern in regard to abiotic stress effects on crop plants has 
prompted screening for tolerance in crop populations (Hall, 2001). Many crops 
have been screened by using various abiotic stress response indices derived from 
the different stages of plant growth in response to single or multiple abiotic stresses 
(Dai et al., 1994; Saile-Mark and Tevini, 1997; Koti et al., 2004; Hubbard and 
Wu, 2005). Several crops, including rice (Dai et al., 1994), wheat (Yuan et al., 
2000), bean (Saile-Mark and Tevini, 1997), and corn (Hubbard and Wu, 2005), 
have been screened by using several UV-B and drought response indices derived 
from plant growth responses under UV-B or drought conditions. In addition, 
multivariate analyses, such as principal component analyses and factor analysis, 
have been used for efficiently characterizing the stress responsiveness of a population 
under study and the associated plant attributes (Hofmann et al., 2001; Kaspar et 
al., 2004; Singh et al., 2008a). 

Simultaneous occurrences of different abiotic stresses are common in natural 
plant habitats, which greatly modify the individual stress effect. This modification 
in the degree of response mechanisms could have been caused because of 
co-activation of different response pathways by simultaneous exposure of plants 
to different abiotic stresses leading to synergistic or antagonistic effects (Mittler, 
2006). Developing a crop plant with enhanced tolerance to a stress combination, 
including UV-B radiation by either traditional breeding or genetic engineering, 
requires an understanding of the complex cross-communication between 
different signaling pathways and their direct or indirect effects on plant growth 
and metabolism (Hall, 2004a; Mittler, 2006). 

Hall and Ziska (2000) recommended that plant breeders should consider possible 
climate change when developing a breeding strategy. Grain yield in legumes, 
such as cowpea, can be enhanced by selection of greater reproductive sinks under 
high temperatures, which will minimize the feedback effect that down regulates 
the photosynthetic mechanisms (Ahmed et al., 1993; Hall and Allen, 1993). 
However, yield has less importance in a trait-based breeding program particularly 
for high-temperature and drought tolerance. The yield reduction caused by abiotic 
stresses is a consequence of several first-order effects, such as photosynthetic 
performance (photosynthesis and fluorescence reduced water use efficiency), 
morphogenesis (differentiation and developmental rate), and production of 
defense compounds (phenolic compounds, and free amino acids and waxes) affecting 
overall vegetative growth and dry matter production. Therefore, survival capacity 
and maintenance of normal metabolic activity in the presence of stress conditions 
are key features for sustaining higher yields and should be considered an 
important component of breeding programs. 

Molecular genetic mapping of the plant genome has facilitated identification 
of biomarkers that are closely linked to known resistance genes such that their 
isolation is clearly feasible in the future (Easterling et al., 2007). Temperature 
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and drought stress resistance are especially relevant to climate change. Earlier 
studies have demonstrated genetic modifications to major crop species (e.g., 
maize and soybean) that increased their water deficit tolerance (Drennen et al., 
1993; Kishor et al., 1995; Cheikh et al., 2000), although this may not extend to a 
wider range of crop plants. Little is known about how the desired traits achieved 
by genetic modification will perform under multiple abiotic conditions that 
commonly occur in the natural environment. The genomic approach offers new 
germplasm and understanding, but the emergent nature of yield from physiological 
processes demands that all components contributing to the yield be considered. It 
is important to understand the interactions of various regulatory pathways within 
plants, and between plants and environments, to understand key links between 
gene activity and crop yield (Sinclair and Purcell, 2005). Biotechnology is not 
expected to replace conventional agronomic breeding (Easterling et al., 2007); 
however, it will be a crucial adjunct to conventional breeding because both will 
be needed to meet future environmental challenges, including climate change 
(Cheikh et al., 2000; FAO, 2004).  

14.5 Climate Change and Aerobiology and Public Health 

In recent years, concerns regarding possible links among climate, plant biology, 
aerobiology, and public health (Ziska et al., 2008) have increased. Atmospheric 
CO2, the main input needed for photosynthesis, stimulates plant growth; however, 
the rate of stimulation depends on the species. Plants with an indeterminate 
growth habit will benefit immensely because additional carbon can increase the 
production of branches/tillers and result in more nodes/fruiting sites on all branches, 
thus adding more potential for flowers to produce additional pollen (Reddy and 
Hodges, 2000; Ziska and Caulfield, 2000; Jablonski et al., 2002; Kimball et al., 
2002; Long et al., 2005; Long et al., 2006; Easterling et al., 2007). In addition, 
plants grown in elevated CO2 can also stimulate earlier flowering and sustained 
growth due to additional carbon, which will lead to a longer flowering period and 
pollen production range. Higher temperatures, on the other hand, will increase 
the rate of development, and in most cases promote early flowering and also a 
greater number of flowers and pollen if the change in temperature is small. If the 
change in temperature is large, flower and pollen vitality (production, viability 
and germination) will be curtailed regardless of other factors such as elevated 
CO2. Other climate change factors, such as elevated UV-B, normally suppress 
flower and pollen production. However, the effects vary depending on the species 
and cultivars within a species (Teramura, 1983; Caldwell et al., 1989; Teramura 
and Sullivan, 1994; Rozema et al., 1997; Krupa, 1998; Searles et al., 2001; 
Kakani et al., 2003a). 

The influence of multiple climatic variables (e.g., UV-B radiation, CO2, and 
temperature) is limited, and a definite conclusion regarding the combined effects 
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of these variables on plant pollen is harder to assess at this time. Studies conducted 
across natural gradients in climatic factors from rural to urban areas indicate that 
increasing levels and temporal shifts in aeroallergen production and allergenicity 
are linked to rising temperatures and/or CO2 (Ziska et al., 2003; Ziska and George, 
2004; Mohan et al., 2006; Rogers et al., 2006; Ziska et al., 2008). However, 
quantity and seasonality of pollen production depend on the plant response to 
environmental conditions. As previously indicated, several climate change factors 
influence pollen production of not only crop plants, but also several weed species 
(Ziska and Caulfield, 2000; Ziska et al., 2003) and allergenic pollen-producing 
tree species (Emberlin et al., 2002; Wan et al., 2002). Allergenic tree pollen from 
birch showed earlier spring floral initiation and pollen release in response to 
spring warming (Emberlin et al., 2002). Similarly, a simulated increase of summer 
temperature (+4 C) increased growth and re-growth following cutting, with an 
85% increase in overall pollen production (Wan et al., 2002). Research on loblolly 
pine (Pinus taeda L.) also showed that elevated CO2 resulted in early pollen 
production from younger trees and greater seasonal pollen production (LaDeau 
and Clark, 2006). Recent research also suggested that algernicity associated with 
poison ivy will increase with rising CO2 (Mohan et al., 2006). As described in the 
previous section, climate change factors can also influence fungal spore production, 
which can influence allergen production. Increased exposure to allergic fungal 
spores can also influence human diseases, such as asthma (Dales et al., 2004). 
The linkage between aeroallergen production and alergenicity and the incidence 
of asthma intensity and incidence needs further investigation.  

14.6 Concluding Remarks 

Increased UV-B radiation and its interaction with other climate change factors, 
such as temperature, water stress, and elevated CO2, can influence various 
physiological, growth, and yield traits of plants. In addition to direct effects on 
crop plants, these factors can also influence the interaction of plants with biotic 
factors (particularly with insect pests and plant pathogens). A comprehensive 
understanding of these interactions will be critical for evaluating the impact of 
climate change and climate variability on crop production and its long-term impact 
on crop ecology. Crop species and cultivars within species vary in their responses 
to both individual and a combination of stresses, suggesting a scope for genetic 
improvement. Thus, research should be more focused on breeding for tolerance 
to multiple stresses of regional or local importance. Sufficient care should be taken 
while evaluating and imposing stress treatments both in controlled environment 
and field conditions, particularly with respect to distribution of wavelength in the 
UV range for UV-B stress, diurnal differences and patterns between day and 
night temperatures for heat stress, time and intensity for moisture stress, and also 
acclimation response of plants to stressed environments. Experimentalists (molecular 
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biologists and crop physiologists) should also consider light regimes that mimic 
filed-level solar radiation regimes while studying effects of stress factors on plants. 
The method of the imposition of stress could influence the quantitative response 
of any trait. As our knowledge of crop responses to multiple environmental 
stresses increases, it might be important to incorporate these algorithms, including 
genetic responses, into existing crop simulation models to develop better predictions 
of crop production and available management options in future climates. 
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