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Foreword

The global agriculture production has undergone drastic changes in recent years and 
is being seriously limited by various abiotic stresses. The Fourth Assessment Report 
of the Intergovernmental Panel on Climate Change (IPCC) revealed that by 2020 
there could be a decline of agricultural yields of up to 50% in some countries in 
Africa as a result of climate change and variability. Moreover, a number of edaphic 
stresses, including chemical (nutrient deficiencies, excess of soluble salts, salinity, 
alkalinity), physical (high susceptibility to erosion, steep slopes, shallow soils, sur-
face crusting and sealing, low water-holding capacity, impeded drainage, low struc-
tural stability, root restricting layer, high swell/shrink potential) and biological (low 
or high organic contents), have also emerged as major challenges for the production 
of crops, livestock, fisheries and other commodities.

This book addresses the management of soil-related abiotic constraints, stresses 
in drylands, heavy metal toxicities, salinity, water logging, high temperature and 
drought tolerance and presents mitigation strategies for immediate on-farm solu-
tions with a special emphasis on approaches based on specific and potential plant 
bio-regulators for enhancing crop and water productivity in semi-arid regions. 
Special emphasis has been given to contextualizing the strategy for improving crop 
adaptations to climate change, biotechnological tools for improvement of tolerance 
and abiotic stress management in major food grains, commercial horticulture and 
vegetable crops and their production. This book also highlights livestock and their 
nutritional management during drought, mitigation options for GHG emissions 
from ruminants and mitigation of climatic change effects for sheep farming in arid 
environment. Overall, this volume covers a wide range of subjects that provide the 
readers a way forward in abiotic stress management to enable more productive 
agriculture.

I congratulate the editors for compiling this publication that will add a great  
deal to the global understanding of and implications for not only food security 
worldwide, but also the socioeconomic conditions of communities affected by  
climate change and management of abiotic stress for resilient agriculture.

ICAR T. Mohapatra 
Krishi Bhavan, New Delhi, 110 001, India
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Preface

Several transformative changes, such as the growing population, changing life-
styles, expanding urbanization, accelerating land degradation, and climate change-
induced abiotic stresses, are threatening the future food and nutrition security 
especially in low-income countries. The abiotic stress factors emerge mainly due to 
drought, extreme temperature (heat, cold chilling/frost), and floods in addition to 
edaphic settings, leading to chemical (ion/nutrient deficiencies/toxicities), physical 
(high erosion, hard pans/shallow soils, surface sealing/impeded drainage), and bio-
logical (low/high organic contents) constraints; these abiotic stress factors are also 
intrinsically linked to the production of crops, livestock, fisheries, and other com-
modities. Only 9% of the world’s agricultural area is conducive for crop production, 
while 91% is afflicted by abiotic stresses which widely occur in combinations. 
While losses extending to more than 50% of agricultural production occur due to 
abiotic stresses, their intensity and adverse impact are likely to amplify manifold 
with climate change and overexploitation of natural resources. Fragile agroecosys-
tems like the dryland areas are highly vulnerable to their disastrous impact.

Thus development of a strategic framework for inclusive, sustainable, and 
innovation- led agricultural growth is essential for these harsh agroecosystems 
afflicted by abiotic stresses. Multidisciplinary and holistic approaches to manage 
the stressed environments should aim at characterization of abiotically stressed 
environments; reoriented, novel, and scaled-up natural resource management 
(NRM) technologies for stress mitigation; improved adaptation to stressed environ-
ments; and task-oriented capacity building. Augmentation, integration, and promo-
tion of the best available tools, approaches, and technologies should involve 
investments and incentives for breeding protocols, regional networks for exploring 
synergies, and dynamic policy support. Therefore, this book is an assemblage of 24 
chapters by 68 experts in the area of abiotic stress tolerance/management, natural 
resource management, and strategic program of building resilience in crop, live-
stock, and policy implementation. Recent advances and prospects for understanding 
stress environments, adaptation and mitigation options in crops and animal hus-
bandry, and policy support for abiotically stressed agroecosystems have been 
attempted. State-of-the art account of the information available has been synthe-
sized in terms of challenges, scope and opportunities, coping strategies, and man-
agement of abiotic stresses using novel and new tools for resilient agriculture. Some 
of the chapters present management approaches for tackling specified stresses like 
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edaphic constraints, stresses in drylands, heavy metal toxicities, salinity, waterlog-
ging, high temperature and drought tolerance, and mitigation strategies for immedi-
ate on-farm solutions with a special emphasis on bio-regulators.

It is anticipated that this book will provide a practical update on our knowledge 
for improving management of abiotic stresses for resilient agriculture and allied 
sectors under changing global climate change conditions. This book establishes a 
set of principles based on current understanding on abiotic stresses and will be use-
ful for different stakeholders, including agricultural students, scientists, environ-
mentalists, policy makers, and social scientists.

We are extremely thankful to all the contributors for their efforts in providing 
comprehensive and cogent reviews.

Baramati, Maharashtra, India Paramjit Singh Minhas 
 Jagadish Rane 
 Ratna Kumar Pasala

Preface
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1Abiotic Stresses in Agriculture: 
An Overview

Paramjit Singh Minhas, Jagadish Rane,  
and Ratna Kumar Pasala

Abstract
Agriculture production and productivity are vulnerable to abiotic stresses. These 
stresses emerge due to drought, temperature extremes (heat, cold chilling/ frost), 
radiation (UV, ionizing radiation), floods in addition to edaphic factors which 
include chemical (nutrient deficiencies, excess of soluble salts, salinity, alkalin-
ity, low pH/acid sulfate conditions, high P and anion retention, calcareous or 
gypseous conditions, low redox, chemical contaminants—geogenic and xenobi-
otic), physical (high susceptibility to erosion, steep slopes, shallow soils, surface 
crusting and sealing, low water-holding capacity, impeded drainage, low struc-
tural stability, root-restricting layer, high swell/shrink potential), and biological 
(low or high organic contents) components. These stresses are the major chal-
lenges for production of crops, livestock, fisheries, and other commodities. Only 
9% of the world’s agricultural area is conducive for crop production, while 91% 
is under stresses which widely occur in combinations. While losses to an extent 
of more than 50% of agricultural production occur due to abiotic stresses, their 
intensity and adverse impact are likely to amplify manifold with climate change 
and over exploitation of natural resources. Fragile agroecosystems like the dry-
land areas are highly vulnerable to such disastrous impact. To mitigate the 
effects/impact of multiple stressors, proposed strategies include improved agro-
nomic management, while the breeding of stress tolerant genotypes can enhance 
capacity for adaptation to stress environments. However, a holistic integrated 
multidisciplinary approach in systems perspectives is a need of the hour to get 
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the best combination of technologies for a particular agroecosystem. Therefore, 
this compendium through different comprehensive chapters conveys relevant 
updates on trends in abiotic stresses  and  their impact in addition to scientific 
interventions for stress management through mitigation and adaptation options. 
The compendium also explains scope for modern science to mitigate abiotic 
stresses and improve adaptation through genetic improvement and some of the 
policy support endeavors. The way forward includes information on implemen-
tation of existing technologies and gaps to be filled through future research for 
abiotic stress management.

The food and nutritional security warrants the availability of adequate and quality 
food to meet the dietary and nutritional requirements for a healthy and productive 
life. The global food production has been increasing in line with and even some-
times ahead of demand in recent decades though many countries are still confront-
ing problem of inadequacy of food supply. The world population is growing at an 
alarming rate and is anticipated to reach about 9.6 billion by 2050 from the present 
about 6 billion. Specifically the developing countries would be the major contribu-
tors to rise in population. For instance, India will be the most populous country by 
2050, and its population is predicted to reach 1.6 billion from the present of about 
1.3 billion. The predictions are that demand for food would increase by 70% and 
would even double in some low-income countries (FAO 2009). This of course is 
related with population rise, but the per capita food consumption coupled with its 
quality would also improve with growing economies. Therefore, enormous efforts 
are required to achieve the expected growth rate (44 million tons per  annum) to 
ensure food security especially when agriculture is losing the productive lands due 
to urbanization and industrialization. Moreover, the past endeavors for improving 
agricultural productivity to meet the food demands were accompanied by land deg-
radation and the impact of episodic climate variability; those have consequently 
increased the components, frequency, and magnitude of abiotic stresses. The abiotic 
stresses like drought, temperature extremes, floods, salinity, acidity, mineral toxic-
ity, and nutrient deficiency have emerged as major challenges for production of 
crops, livestock, fisheries, and other commodities. These in fact are the principal 
causes of crop failure worldwide, dipping average yields for most major crops by 
more than 50% (Wang et al. 2007), mostly shared by high temperature (20%), low 
temperature (7%), drought (9%), and other forms of stresses (4%). Only 9% of the 
area is conducive for crop production, while 91% is under stresses in the world. 
Various anthropogenic activities are accentuating the existing stress factors. Thus, 
the abiotic stresses cause losses worth hundreds of million dollars each year due to 
reduction in crop productivity and crop failure. Specifically substantial agricultural 
land in tropics and subtropics, e.g., in India, is more challenged with penultimate 
combinations of abiotic stresses. Since these stresses threaten the very sustainability 
of agriculture, there is enhanced apprehension among the farmers, scientific com-
munities, and policy makers regarding the intensity and adverse impacts that are 
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likely to amplify manifold with climate change and due to over exploitation of natu-
ral resources.

For assessing the magnitude of the problems related to abiotic stresses, the initial 
section is dedicated for an overview and opportunities for alleviating the impacts of 
the atmospheric, drought, and edaphic factors on agricultural and horticulture crops, 
livestock including poultry, fisheries, etc. The environmental stresses like tempera-
ture (heat, cold chilling/ frost) and radiation (UV, ionizing radiation) are responsible 
for major reduction in agricultural production (Chap. 2). Moreover, the catastrophic 
events like droughts, floods, hailstorms, cyclones, etc. are occurring frequently and 
cause widespread land degradation apart from heavy monetary losses and serious 
setbacks to agricultural development. The nature and severity of impacts from 
extreme weather events like drought and hailstorms depend not only on their 
extreme features but also on duration of exposure to these stresses and extent of 
vulnerability of natural resources, livestock, and humans. Adverse impacts become 
disasters when they produce widespread damage and severely alter the routine func-
tioning of communities or societies. Specifically the fragile dryland ecosystems, 
which support substantial population, are highly vulnerable to food insecurity since 
these are characterized by limited and erratic rainfall, intense pressure on resource 
use, and sensitivity to climatic shocks (Chap. 3). Emergence of widespread multiple 
nutrient deficiencies, depletion of organic carbon stocks, development of secondary 
salinity and waterlogging in canal-irrigated areas, low input use efficiencies (nutri-
ent and water use), decreasing total factor productivity of fertilizers, etc. are all the 
consequences of application of component-based technologies for short-term yield 
gains (Chap. 4). Corrective measures and precautions both in short term and in long 
term should allow effective management of these situations which potentially limit 
the productivity of crops and dependent agricultural enterprises. Such efforts need 
community interventions particularly in cases of severely fragmented land 
holdings.

Development and promotion of strategies to minimize the impact of abiotic 
stresses are fundamental for sustaining agriculture. The proposed strategies include 
both the improved agronomic management and breeding novel genotypes with 
improved capacity for adaptation to stress environments. The major challenge is to 
enable accelerated adaptation and mitigation without threatening the sensitive agro-
ecosystems that support livelihood of inhabitants striving to cope with abiotic 
stresses. The multi-thronged strategies are required to accomplish this task based 
upon the analysis of current situation and development and use of newer technolo-
gies including diversification of the production systems. Though the edaphic con-
straints are mostly coupled with intrinsic soil-forming processes, some of the 
anthropogenic causes like poor land management practices, e.g., overexploitation 
and lack of restorative measures aggravate these constraints. Except few, the pro-
cesses leading to edaphic constraints are generally insidious and show up only grad-
ually as the problem becomes more severe to cause yield declines. Farmers may 
ultimately be forced to either shift to less remunerative crops or soils can turn unfit 
for agriculture in extreme cases. Several resource conservation and cropping 
system- based strategies including conservation agriculture, integrated farming 
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systems, watershed management, and other restorative measures are available to 
reduce the effects of edaphic stresses and for securing favorable soil conditions 
(Chaps. 5 and 6). Recent NRM technologies concentrate more on improving the 
whole farming systems at field or watershed level rather than only the productivity 
of specific commodities. Contingency crop plans have also been advocated for sta-
bilizing agricultural production under the situation of weather aberrations especially 
the drought. Salinity and waterlogging have now emerged as global phenomena, 
which are adjunct of irrigated agriculture. The global annual cost of salt-induced 
land degradation in irrigated areas has been estimated to be US$ 27.3 billion because 
of lost crop production (Qadir et al. 2014). Soils are also getting increasingly pol-
luted with toxic elements from geogenic or anthropogenic sources like sewage, 
industrial effluents, urban solid wastes, etc. The heavy metal toxicities not only 
impair productivity or agricultural crops, but these enter the food chain and become 
potential hazards to health of humans and animals. Remedial measures through 
engineering techniques and bioremediation have so far met with varying degrees of 
success (Chaps. 7 and 8). For promotion of growth and development under stress 
conditions, exogenous application of plant bio-regulators (PBRs) and other nutrient 
supplements has been tried under both controlled and actual field conditions (Chap. 
10). These promote the ability of plants to cope with the stress conditions by medi-
ating growth, development, nutrient allocation, and source sink transitions. Mainly 
the PBRs with thiol-groups, which are involved in redox signaling, can help allevi-
ate stress for crops grown under drought, salinity, and heat stress (Chap. 11).

There are increasing evidences for climate change, which is happening and 
hence further global warming seems unavoidable (IPCC 2014). Agriculture sector 
is one of the most sensitive areas that are being afflicted by global warming and 
associated weather variability (Chaps. 2, 9 and 12). For instance, global production 
of maize, wheat, rice, and soybean is projected to decline up to 40–60% by 2090 
(Rosenzweig et al. 2014). Climate change may impact the agricultural crops in four 
ways (Easterling and Apps 2005). First the agroecological zones may be altered 
with changes in temperature and precipitation. An increase in potential evapotrans-
piration and increased length of rainless periods are likely to intensify the drought 
stress especially in semiarid tropical and subtropical regions. The increased carbon 
dioxide is expected to have positive impact due to higher rate of photosynthesis and 
higher water use efficiency. The water availability (or runoff) is also a critical factor 
for determining the impact of climate change. Since the precipitation determines the 
length of growing season, the effect of climate change on total rainfall and interval 
between the rainfall events ultimately decide if the effects on agricultural crops are 
the positive or the negative. The losses in agriculture can result from climate vari-
ability, and there may be increase in frequency of extreme events like droughts, 
floods, etc.

The stress signal is first perceived at the membrane level by the receptors and 
then transduced in the cell to switch on the stress-responsive genes for mediating 
abiotic stress tolerance. Hence, deep insight into the mechanism of stress tolerance 
mediated by a plethora of genes involved in stress-signaling network is important 
for crop improvement (Chaps. 12 and 13). Each stress leads to multigenic responses 

P.S. Minhas et al.



7

of plant, and therefore it may result in alteration of a large number of genes as well 
as their products. A deeper understanding of the transcription factors regulating 
these genes, the products of the major stress-responsive genes, and cross talk 
between different signaling components will be an area of intense research activity 
in the future. The knowledge generated through these studies should be utilized in 
transforming the crop plants that would be able to tolerate stress condition without 
showing any growth and yield penalty. Attempts should be made to design suitable 
vectors for stacking relevant genes of one pathway or complementary pathways to 
develop durable tolerance. These genes should preferably be driven by a stress- 
inducible promoter to have maximal beneficial effects avoiding possible yield pen-
alty during favorable season. Additionally, due importance should be laid on the 
physiological parameters such as the relative content of different ions as well as the 
water status in plant tissues for designing stress-resilient crop plants for the future.

Cereal food grains like rice and wheat have been the first priority for improve-
ment by plant breeders since these continue to be the important staple food across 
the world. Therefore, these crops witnessed significant progress in improvement of 
germplasm, breeding lines, high-yielding cultivars, and yield stability. In addition, 
there have been ample efforts for diversification through cultivation of drought- 
tolerant crops like barley, sorghum, etc. With growing needs toward development of 
potentially resilient genotypes for emerging abiotic stresses (heat, drought, salinity, 
etc.), genetic alterations of these cereals are being attempted through genomics, 
bioinformatics, high-throughput phenomic tools, etc. (Chaps. 13, 14, 15, and 16). In 
the wake of climate change, recent developments in molecular genetics and biotech-
nology are also aiding acceleration of breeding process for adaptation in other crops 
like vegetables, sugarcane, etc. which are also an important component of human 
diets (Chaps. 17 and 19). Integration of proper crop management strategies with 
improved cultivars is essential to meet the goals of stress management in fruit crops 
in tropical and subtropical regions (Chap. 18).

Abiotic stresses also threaten the availability of feed resources for livestock from 
land-based production systems (Chap. 20). Specifically the drought conditions usu-
ally endanger the very sustainability of livestock in arid and semiarid regions. 
Moreover, the animal health is projected to be impacted by climate change via 
animal- related diseases with thermal stress and the extreme weather conditions. 
Therefore, vulnerability of ruminants and possibilities of improved nutrition and 
other management issues have been discussed (Chaps. 21 and 22).

The strategies that help to minimize the impacts of abiotic stresses include sound 
governmental policy and political will for post-disaster recovery and reconstruction 
for improving adaptive capacity. The under investment and market distortions espe-
cially in the regions having preponderance of abiotic stressors have been mainly 
responsible for poor R&D, weak institutions and infrastructure, and non-pragmatic 
pricing of inputs and natural resources. Hence, policies are identified which can 
shape development, dissemination, and marketing of technologies to sustain agri-
cultural outputs using resource efficient methods in harsh agroecologies (Chaps. 23 
and 24).

1 Abiotic Stresses in Agriculture: An Overview
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Keeping above in view, different chapters are compiled in a mode to bring out the 
latest developments on emerging techniques to tackle the complex problems related 
to abiotic stresses. Interventions of these technologies require appropriate knowl-
edge of abiotic factors essential for developing preparedness measures suitable for 
socioeconomic and environmental conditions prevailing in the agroecosystem under 
consideration. So far the earlier compilations on abiotic stresses had focus on basic 
physiological and transgenic issues but not on problem-solving approaches and 
techniques; those are essential for inducing medium- to long-term resilience in pro-
duction systems. Besides sustainable livelihood security to poor families, adapta-
tion and mitigation strategies can provide an immense scope for ecosystem services. 
The authors trust that with the synthesis and integration of knowledge and experi-
ences of experts from different disciplines, this book will open new vistas in the 
versatile field of abiotic stress management and will be useful for different stake-
holders including agricultural students, scientists, environmentalists, policy makers, 
and social scientists.
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2Atmospheric Stressors: Challenges 
and Coping Strategies

Santanu Kumar Bal and Paramjit Singh Minhas

Abstract
The basic principle of agriculture lies with how crop/livestock interacts with 
atmosphere and soil as a growing medium. Thus any deviation of external opti-
mal atmospheric conditions affects the pathway through changes in atmospheric 
and edaphic/feed factors for crop/animal growth, development and/or productiv-
ity. Besides these, change and variability in atmospheric conditions have 
increased due to human activities to induce greenhouse gas emissions. In the 
continuation of current trend in carbon emissions, temperatures will rise by about 
1 °C and 2 °C by the year 2030 and 2100, respectively. With warmer climate, 
frequency and severity of extreme weather events would increase as indicated by 
incidences of heat waves, extreme rains, hailstorm, etc. during recent years. 
Besides these, events like cloudburst, cyclone, sand/dust storm, frost and cold 
wave and deteriorated air quality are becoming regular events. However, the type 
and intensity of stress events will probably have varying impacts in different 
ecoregions. These events cause huge impact both in terms of mechanical and 
physiological on commodities across crop, livestock, poultry and fisheries. The 
quantum of impact on crops mainly depends on the type of stress and crop/ani-
mal/fish, its stage/age and mode of action of the stress. Management strategies 
for mitigation of these stresses require both application of current multidisci-
plinary knowledge, development of a range of technological innovations and 
timely interventions. It’s high time to update our knowledge regarding existing 
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technologies and side by side explores new avenues for managing atmospheric 
stresses in agriculture. The first step for the scientific community will be to 
screen and identify species for tolerance to atmospheric stresses followed by 
complete insight of the biological processes behind the atmospheric stress 
response combined with emerging technologies in breeding, production, protec-
tion and postharvest which is likely to improve productivity and reduce losses. 
The type and level of stresses must be properly quantified through proper scien-
tific planning for present as well as future references for finding mitigation and 
adaptation solutions. Keeping above in view, this chapter has been prepared 
which includes aspects covering atmospheric stresses, their challenges and cop-
ing strategies in various agricultural enterprises including crops, livestock, poul-
try and fisheries. This chapter will ignite the minds of all stakeholders including 
students and researchers to explore more in finding proper adaptation, and miti-
gation measures. This will pave the way for developing food and livelihood sys-
tems that will have greater economic and environmental resilience to risk.

2.1  Introduction

Agriculture is critical to development since the majority of the world’s poorest and 
hungry people depend on it for their livelihoods. However, agriculture in turn 
depends on basic natural resources: biodiversity, soil and water and environmental 
factors. In spite large-scale development of soil-, water- and crop-based technolo-
gies to optimize and sustain crop productivity in the recent past, the latter continues 
to be affected significantly by number of climate variability factors. These factors 
like temperature, relative humidity, light, availability of water, mineral nutrients, 
CO2, wind, ionizing radiation or pollutants determine plant growth and develop-
ment (20). Effect of each atmospheric factor on the plant depends on their intensity 
and duration of act. For optimal growth, the plant requires a certain quantity of each 
of the environmental factors, and any deviation from such optimal conditions 
adversely affects its productivity through plant growth and development. These 
stress factors include extreme temperatures, too high or too low irradiation, extreme 
of water that induce drought or waterlogging, etc. (Fig.  2.1). Some of these are 
induced as a result of recurring features of climate variability, e.g. cold/heat waves, 
floods/heavy rain, cyclones/tidal waves, hail/thunder storms, etc., and these critical 
environmental threats are often referred as extreme weather events.

As climate change has become a reality, the implications of global warming for 
changes in extreme weather and climate events are of major concern for agrarian as 
well as civic society. However, since extreme events are typically rare events, there-
fore only limited observational data are available for their impacts (Lenton et al. 
2008; Loarie et al. 2009; Sherwood and Huber 2010). Over the last couple of years, 
we experienced typical events, i.e. Kuwait reporting snow; the USA devastated by 
Hurricane Katrina and Paris sweltering in 40 °C heat; Mumbai sunk under 940 mm 
of heavy rainfall in a single day; Delhi froze with below 0 °C; Rajasthan had floods 
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twice in a year; across pan India there were unprecedented hailstorm events; and 
many more (Bal and Minhas 2016). The year 2016 will stand out in the historical 
record of the global climate in many ways. The average global temperature across 
land and ocean surface areas for 2016 was 0.90 °C above the twentieth century aver-
age ((NOAA 2015). This marks the fifth time in the twenty-first century a new 
record high annual temperature has been set and also marks the 40th consecutive 
year (since 1977) that the annual temperature has been above the twentieth century 
average (NOAA 2015). Heat waves were extremely intense in various part of the 
world including India and Pakistan leading to thousands of deaths. Similarly, 
extreme precipitation led to flooding that affected areas across Asia, South America, 
West Africa and Europe and dry conditions in southern Africa and Brazil which 
exacerbated multi-year droughts (WMO 2016). These events have signalled and 
forced us to accept the unusual change in the behaviour within our atmospheric. The 
Fifth Assessment Report of the IPCC has also reiterated that climate change is real 
and its impact is being felt across countries in the world, e.g. in many parts of India, 
and the number of rainy days and rain intensity have decreased and increased, 
respectively, which is counterproductive to the recharge of groundwater because of 
runoff of rainwater (IMD 2015). Warmer summer and droughts have also made 
agriculture nonsupportive. Global food production is gradually increasing, but the 
relative rate of increase especially for major cereal crops is declining (Easterling 
and Apps 2005; Fischer and Edmeades 2010). In these circumstances, what makes 
climate smart agriculture more important is ever-increasing demand for food, issues 
with climatic variability which makes farming more vulnerable to vagaries of 
nature. In this chapter, an attempt has been made to assess various atmospheric 
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Fig. 2.1 Impact of atmospheric stresses across various agricultural commodities
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stressors: their current and expected future behaviour and damage potential in 
Indian agriculture along with possible management options.

2.2  Atmospheric Composition: Past, Present and Future

Since the industrial revolution, atmospheric concentrations of various greenhouse 
gases have been rising due to anthropogenic activities (Fig. 2.2). In 2011, the con-
centrations of three key greenhouse gases, viz. carbon dioxide (CO2), methane 
(CH4) and nitrous oxide (N2O), were 391 ppm, 1803 ppb and 324 ppb and exceeded 
the pre-industrial levels by about 40%, 150% and 20%, respectively (Hartmann 
et al. 2013). Atmospheric concentrations of carbon dioxide (CO2) have been rising 
steadily, from approximately 315 ppm (parts per million) in 1959 to 392.6 ppm in 
2014 (IPCC 2014) at a rate more than 2 ppm per year and crossed the 400 ppm mark 
in Mauna Loa Observatory in 2015 (NOAA 2015) and ready to touch 410 ppm mark 
(NOAA 2017). If fossil fuel burning and other human interventions continue at a 
business as usual, CO2 will rise to levels of 1500 ppm (NOAA 2015). Out of all 
GHGs, CO2 is the most important GHG as more than 64% of total emission is CO2, 
and other gases such as methane, nitrous oxide and fluorinated gases contribute 18, 
6 and 12%, respectively.

Out of all anthropogenic sources of climate compounds, fossil fuel and biomass 
burning are the main ones. Atmosphere serves as a conduit for the transport of toxic 
material added sometimes inadvertently by the output of agricultural and industrial 
systems. When fossil fuels are burnt, carbon-based petrochemical products are bro-
ken up in combustion to form carbon dioxide (CO2), carbon monoxide (CO), vola-
tile organic compounds (VOCs), nitrogen oxides (NOx), sulphur oxides (SOx) and 
very fine particulates. However, chlorofluorocarbons (CFCs) a group of compounds 
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Radiative Forcing
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Production and Consumption, Social Effects

↓

↓

↓

↓

Fig. 2.2 Possible chain of 
events of the potential 
effect on climate and 
society on anthropogenic 
emissions (Source: 
Fuglestvedt et al. 2003)
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which contain the elements chlorine, fluorine and carbon are unlikely to have any 
direct impact on the environment in the immediate vicinity of their release whereas 
at global level have serious environmental consequences. Their long life in the 
atmosphere means that some end up in the higher atmosphere (stratosphere) where 
they can destroy the ozone (O3) layer, thus reducing the protection it offers the Earth 
from the sun’s harmful UV rays (SEPA 2016) besides contributing to global warm-
ing through the greenhouse effect. With the possible exception of CO2 and black 
carbon, all compounds are likely to be affected by future climate change (Ramanathan 
and Carmichael 2008). In the atmosphere, when a sufficient concentration of sul-
phur and nitrogen oxides and hydrocarbons builds up and bombarded by sunlight, a 
complex series of chemical reactions takes place that creates more chemicals, 
including nitrogen dioxide (NO2) and O3 (Huthwelker et al. 2006). Methane (CH4) 
is of particular importance since its climatic impact is strongly enhanced through 
atmospheric chemical interaction involving tropospheric O3 and stratospheric 
H2O. However, secondary aerosols like O3 and sulphate are distinctly different from 
long-lived climate gases CO2, CH4, N2O and halocarbons (Isaksen et al. 2014).

Intensification in agriculture has put tremendous pressure on the land and eco-
systems. Approximately 508 million tons of on-field crop residues are generated per 
year in India, out of which 43 and 23% were rice and wheat, respectively (Koopmans 
and Koppejan, 1997). About 116 million tons out of these residues are burnt by 
farmers (Streets et  al. 2003; Venkataraman et  al. 2006). The primary carbon- 
containing gases emitted from biomass burning in order of abundance are CO2, CO, 
and CH4, which include two major greenhouse gases (Stockwell et al. 2014). In all, 
open burning of crop residue accounted for about 25% of black carbon, organic 
matter and carbon monoxide emissions, 9–13% of fine particulate matter (PM 2.5) 
and carbon dioxide emissions and about 1% of sulphur dioxide emissions.

2.2.1  Changes in Atmospheric Composition and its Effect 
on Climate

It is evident from scientific reports that global warming is most probably due to the 
man-made increases in greenhouse gas emissions, which ratifies the discernible 
human influence on the global climate. Emissions from fossil fuels, industry, land 
use and land-use change have increased greenhouse gas concentrations and led to 
almost 1 °C rise in global mean temperature on pre-industrial levels and also influ-
enced the patterns and amounts of precipitation; reduced ice and snow cover, as well 
as permafrost; raised sea level; increased acidity of the oceans; increased the fre-
quency, intensity and/or duration of extreme events; and shifted ecosystem charac-
teristics (IPCC 2007a; IPCC 2013). The overall state of the global climate is 
determined by the balance between energy the Earth receives from the Sun and the 
energy which the Earth releases back to space, called the global energy balance, and 
how this energy balance is regulated depends upon the flows of energy within the 
global climate system. This process also causes the climate change to happen 
(Morshed 2013).
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Earth’s lowest part of the atmosphere has warmed up on an average by about 
0.6 °C in the last 100 years or so (IPCC 2013). Global warming, in turn, has also 
triggered changes in the behaviour of many climatic parameters and occurrence of 
extreme events, more prominently in the last few decades. It is estimated that agri-
culture contributes around 10–15% of total anthropogenic emissions globally (IPCC 
2007b). The greenhouse gases (GHG) trap heat radiated from the Earth and increase 
global mean temperature. The mean global temperature may increase by 0.3 °C per 
decade (Jones et al. 1999) with an uncertainty of 0.2–0.5% (Houghton et al. 1990) 
and would reach to approximately 1 °C and 2 °C above the present value by years 
2030 and 2100, respectively, which would lead to global warming (IPCC 2013). 
Land-use and land-cover pattern over time in response to evolving economic, social 
and biophysical conditions has a serious impact on the atmospheric processes in 
addition to emission of heat-trapping greenhouse gases from energy, industrial, 
agricultural and other sources. Cities are warmer than surroundings because of 
greater extent of concrete area altering the surface albedo and affecting the exchange 
of water and energy between land and atmosphere (Lynn et al. 2009).

2.2.2  Climate Change and Extreme Events

While natural variability continues to play a key role in extreme weather, climate 
change has shifted the odds and changed the natural limits, making certain types of 
extreme weather especially cold wave, frost, hailstorm, thunderstorm, dust storm, 
heat wave, cyclone and flood more frequent and more intense. However, year-to- 
year deviations in the weather and occurrence of climatic anomalies/extremes have 
become a matter of concern. As the climate has warmed, some of the extreme 
weather events have become more frequent and severe in recent decades (IPCC 
2014)  and especially in warmer climate, the frequency of extremes such as heat 
waves increases (IPCC 2007b). Some of these events since 1990 are listed in 
Table 2.1, while the most prone areas in India are given in Table 2.2. During the 
period 1991–1999 (twentieth century), the Indian states  – Jammu and Kashmir, 
Rajasthan and Uttar Pradesh – experienced 211, 195 and 127 number of cold waves, 
and Bihar, West Bengal and Maharashtra experienced 134, 113 and 99 heat waves, 
respectively (De et al. 2005). In addition, there is evidence (Holland and Webster 
2007) that changes in distribution (e.g. tropical cyclone development occurring 
more equatorward or poleward of present day) have historically been associated 
with large changes in the proportion of major hurricanes. Earth is witnessing 
increases in extreme heat, severe storms, intense precipitation, drought and hail-
storm (Allan 2011). The global temperature has increased by 0.74 °C during the 
past 100 years and could be increased by 2.6–4.8  °C by the end of this century 
(IPCC 2013). Heat waves are longer and hotter, and likely that has more than dou-
bled the probability of occurrence of heat waves in some locations.

Heavy rains and flooding are more frequent. Patterns of precipitation and storm 
events, including both rain and snowfall, are also likely to change. However, some 
of these changes are less certain than the changes associated with temperature. 
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Table 2.1 Major atmospheric stress-related events in agriculture in India since 1990

Year Type Affected area Loss of crops/livestock
Cyclone
1994 Cyclone Andhra Pradesh and Tamil 

Nadu
0.44 Mha

1996 Cyclone Andhra Pradesh 0.10 Mha
1999 Super cyclone Odisha 1.80 Mha
2006 Cyclone (Ogni) Andhra Pradesh Rice crop
2013 Cyclone (Phailin) Odisha 0.50 Mha
30 Oct, 
2014

Cyclone (Nilofar) Gujarat 3 Mha cotton
1.23 Mha groundnut

2014 Cyclone(Hudhud) Andhra Pradesh 0.33 Mha
Cold wave/frost
1994 Hailstorm North West India, Andhra 

Pradesh, Maharashtra
0.46 Mha

2003 Frost Punjab Potato
2006, 
2008

Frost NW India especially in 
Punjab

2011 Frost Madhya Pradesh 0.007 Mha pigeon pea
2012 Cold wave Madhya Pradesh and north 

Maharashtra
2014 Hailstorm Maharashtra 1.8 Mha
2015 Hailstorm and 

unseasonal rain
Northern and Central India 6.3 Mha

Heat wave
1998 Heat wave Odisha >2000 human lives lost
2002 Heat wave Southern India >2002 human lives lost
2003 Heat wave Andhra Pradesh 20 lakhs birds died
2015 Heat wave Andhra Pradesh, West Bengal 

and Odisha
>2500 human lives lost

Extreme rain/cloudburst
26 Jul. 
2005

Extreme rain Mumbai, India 57.0″ of rain in 10 hours

2008 Kosi floods North Bihar 527 deaths, 19,323 
livestock perished

5 Aug. 
2010

Cloudbursts Leh, Ladakh 9.8″ in 1 hour

29 Sep. 
2010

Extreme rain NDA, Pune, India 5.7″ of rain in 1 hour

4 Oct. 
2010

Cloudbursts Pashan, Pune 7.2″ in 1.5 hours

1 Jul. 
2016

Cloudbursts Pithoragarh 54.0″ in 24 hours

Source: http://www.mospi.gov.in
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Projections are that future precipitation and storm changes will vary by season and 
region. Some regions may have less precipitation, some may have more precipita-
tion, and some may have little or no change. The amount of rain falling in heavy 
precipitation events is likely to increase in most regions, while storm tracks are 
projected to shift poleward (IPCC 2013). Besides these hailstorm has widened its 
horizon. In recent years, weather events especially deadly heat waves and devastat-
ing floods have necessitated in understanding the role of global warming in driving 
these extreme events. These events are part of a new pattern of more extreme 
weather across the globe shaped in part by human-induced climate change (IPCC 
2013, 2014). All weather events are now influenced by climate change because all 
weather now develops in a different environment than before.

Table 2.2 Most probable areas of India affected by diverse atmospheric stressors

Type of natural disaster (season) Affected regions in India
Cloudburst-induced landslides North East Himalaya (Arunachal Pradesh, Assam, 

Manipur, Meghalaya, Mizoram, Nagaland and Tripura), 
including Darjeeling and Sikkim Himalaya
North West Himalaya (Uttarakhand, Himachal Pradesh 
and Jammu and Kashmir)
Western Ghats and Konkan hills (Tamil Nadu, Kerala, 
Karnataka, Goa and Maharashtra)
Eastern Ghats of Araku area in Andhra Pradesh

Cyclones April to December, with 
peak activity between May and 
November

Eastern coast (Bay of Bengal): Calcutta, Andhra Pradesh, 
Orissa, Tamil Nad and West Bengal.
Western coast (Arabian Sea): mainly strike Gujarat and 
less frequently, Kerala

Heat waves March to July with 
peak temperatures in April, May, 
late October

South Indian: Khammam and Ramagundam (Telangana), 
Kalburgi and Bangalore (Karnataka)
Eastern states: Bankura and Kolkata (West Bengal) and 
Bhubaneswar, Titlagarh and Jharsuguda (Odisha)
North India: Punjab, Allahabad and Lucknow (UP), 
Gaya (Bihar), Delhi
West India: Vidarbha and Marathwada (Maharashtra), 
Churu (Rajasthan), Ahmadabad (Gujarat)
Central India: Jashpur (Chattisgarh), Harda (Madhya 
Pradesh)

Cold waves from December to 
March

Northern states: Punjab, Haryana, New Delhi, Jammu and 
Kashmir, Himachal Pradesh
Eastern states: Bihar and Tripura
Western states: Rajasthan
Northern and central MP, Maharashtra

Frost (Dec, Jan, Feb) Punjab, Himachal Pradesh, Haryana, Uttarakhand
Hailstorm (Mar, Apr, May) Himachal Pradesh, Maharashtra, Madhya Pradesh, 

Karnataka, Punjab, West Bengal
Sand and dust storm (May, June) North-western states of Rajasthan, Delhi
Smog due to crop-residue burning Punjab, Haryana, Uttarakhand, Western Uttar Pradesh 

(Oct–Nov)
Maharashtra, Uttar Pradesh, Tamil Nadu (Dec–March)
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2.3  Impact of Atmospheric Stresses on Agriculture

The agricultural commodities include field crops, horticultural crops, livestock, 
poultry and fisheries. The basic principle of agriculture lies with how crop/livestock 
interacts with atmosphere and soil/food as a growing medium. The system acts as 
pathway which regulates the intake of water/feed, nutrients and gas exchanges. 
Thus any change in the quality and quantity of atmospheric variables will certainly 
affect the pathway through changes in atmospheric and edaphic/feed factors. 
Besides these, climate change is also adding salt to the wound by aggravating the 
extreme weather events. Agriculture production is sensitive to temperature, increas-
ing carbon dioxide concentration as well as change in precipitation. Impacts of all 
these forces together imply that agriculture production will respond non-linearly to 
future climate change. The impacts are complex to understand. However, there is 
high level of agreement across studies that the impact in all probability is going to 
be negative for most crop categories. The volume of loss of agricultural produce due 
to extreme weather events will be more as compared to global warming effects 
(IPCC 2012). According to global assessment report, India’s average annual eco-
nomic loss due to natural disasters is estimated to be 10 billion dollar in which 
cyclone and flood accounts for 0.5 and 7.5%, respectively (UNISDR 2015). In a 
similar manner, other atmospheric stresses like hailstorm, heat wave, cold wave, 
frost, etc. cause huge losses to Indian agriculture. Since agriculture makes up 
roughly 14% of India’s GDP, a 4.5–9% negative impact on production implies a cost 
of climate change to be roughly up to 1.5% of GDP per year (Venkateswarlu et al. 
2013). Similarly a temperature increase of 3–4 °C can cause crop yields to fall by 
15–35% and 25–35% in Afro-Asia and Middle East, respectively (Ortiz et al. 2008).

In quantitative and qualitative terms, effect of aberrant changes in atmospheric 
variables on agriculture can be conjectured, and most of them are estimated to be 
negative. The impact may be of direct (mechanical) or indirect (physiological) 
depending on the type of stress, type of crop, stage of crop and mode of action of 
the stress on the commodity. Thus the likely effect of climate change on crop pro-
duction adds to the already complex problem as yield in some of the most produc-
tive regions of the world is approaching a plateau or even declining (Pathak et al. 
2003).

2.4  Mechanical Damage

2.4.1  Hailstorm

Though hurricanes, tornadoes and lightning command more dramatic attention, but 
worldwide, hail ranks as one of the most dangerous and destructive of all severe 
weather phenomenons (Rogers 1996) causing a severe damage to standing crops in 
a very short span of time (Berlato et al. 2005). Hails can damage the field as well as 
fruit crops which depend on stage of the crop, size and texture of hailstones and 
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speed and force of hail as it hits the ground. A high-velocity impact early in the 
season can also cause substantial damage, the impact of which may not be recov-
ered with time (Rogers 1996). Damages in mature produce quickly become focal 
points for diseases like brown/grey rot smut, while the disease may initially be lim-
ited to damaged tissues but can quickly spread to intact plant parts in warm, humid 
conditions (Awasthi 2015). Hailstorm causes primary injuries due to direct impact 
of hails which causes heavy defoliation, shredding of leaf blades, breaking of 
branches and tender stems, lodging of plants, peeling of bark, stem lesions, cracking 
of fruits, heavy flower and fruit drop, etc. This is followed by secondary injuries 
which are nothing but the manifestations of primary injuries like dieback or wilting 
of damaged plant parts, loss of plant height, staining, bruises, discoloration of dam-
aged parts like leaves and fruits affecting their quality and rotting of damaged fruits 
and/or tender stems and branches due to fungal and bacterial infections (Bal et al. 
2014).

2.4.2  Extreme Rain/Cloudburst

A cloudburst is an extreme amount of precipitation, sometimes accompanied by hail 
and thunder that normally lasts no longer than a few minutes but is capable of creat-
ing flood conditions. Cloudbursts effect landslides which are resultant of shear fail-
ure along the boundary of moving soil or rock mass. The prolonged and intensive 
rainfall during cloudburst results in pore-water pressure variations, and seepage 
forces trigger for landslides (Surya 2012). The process leading to landslide is accel-
erated by anthropogenic disturbances such as deforestation and cultivation of crops 
lacking capability to add to root cohesion in steep slopes (Kuriakose et al. 2009). In 
hilly regions orchards are mainly established on the slopes of the mountains. 
Extreme rain can wash away the top productive soil layer and in extreme cases can 
wash away the whole orchard along with the landslide (Duran-Zuazo and Rodriguez- 
Pleguezuelo, 2008). High intensity of rains can damage the seedling planted on the 
ridges and also damages to ridges and furrow system.

2.4.3  Cyclone

The Indian Ocean is one of the six major cyclone-prone regions of the world. In 
India, cyclones from Indian Ocean usually occur between April and May and also 
between October and December. The frequency of tropical cyclones in the north 
Indian Ocean covering the Bay of Bengal and the Arabian Sea is the least in the 
world (7% of the global total); their impact on the east coast of India as well as the 
Bangladesh coast is relatively more devastating (Suma and Balaram 2014). Cyclones 
in coastal areas severely affect agriculture sector through direct damage by high- 
speed wind, rain and extensive flooding. High tides also bring in saline water and 
sand mass making the fields unsuitable for agriculture (Kumar et al. 2014). Fruit can 
also be stripped from the trees by the force of wind. Severe wind can cause lodging 
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and damage to especially perennial orchard crops. Storm damage in crops is espe-
cially determined by storm severity and crop maturity. A severe storm close to har-
vest is more serious than a less severe storm earlier in the season (Iizumi and 
Ramankutty 2015).

During cyclone, feed and fodder become scarce and consequently many animals 
starve to death; veterinary dispensaries and livestock aid centres become dilapi-
dated; and productivity of animals decreases. The indirect effects include infection 
and disease of farm animals, fish and crop plants. In addition, agricultural marketing 
is adversely affected due to lean season of animal, fish and crop production (Kumar 
et al. 2014).

In fisheries, sea grasses and mangroves which provide nurseries to many coastal 
fish species are vulnerable to increased rates of damage if storms and cyclones 
become more intense (Waycott et al. 2011). If storms become more intense, greater 
levels of damage to shrimp ponds is expected as waves will penetrate further inlands 
due to rise in sea level. Floods caused by cyclones and more extreme rainfall events 
are expected to be a threat to ponds constructed in low-lying areas or close to rivers. 
Flooding can cause damage to ponds and other infrastructure and the escape of fish 
through overtopping of pond dykes by rising waters.

2.4.4  Sand/Dust Storms

Sandstorm/dust storm adversely impacts the agricultural activities. There is a direct 
loss of plant tissue as a result of sandblasting by the sand and soil particles (Stefanski 
and Sivakumar 2009). With this loss of plant leaves, there is reduced photosynthetic 
activity and therefore reduced energy for the plant to utilize for growth, reproduc-
tion and development of grain, fibre or fruit. If the timing of the sand and dust 
storms is early enough in the agricultural season, the plant might be able to regrow 
the lost leaves, and the loss in the final crop yield could be relatively minor. However, 
even in this instance, any regrowth of leaves will still probably result in yield losses 
(Sivakumar and Stefanski 2007). Additionally these storms delay plant develop-
ment, increase end-of-season drought risk, cause injury and reduced productivity of 
livestock, increase soil erosion and accelerate the process of land degradation and 
decertification, fill up irrigation canals with sediments and affect air quality. 
Additionally, the loss of energy for plant growth delays plant development, and in 
regions with short growing seasons, the plant damage reduces yield during grain 
development, and if it occurs at maturity but before harvest, there will be a direct 
harvest loss (Alavi and Sharifi 2015; Stefanski and Sivakumar 2009). If there is a 
large enough deposit of sand or soil material early in the season, the young plant 
would be buried and killed due to lack of sunlight for photosynthesis. The loss of 
topsoil increases soil erosion and accelerates the process of land degradation and 
decertification by removing the layer of soil that is inherently rich in nutrients and 
organic matter. Livestock not sheltered from the storm could be directly harmed, 
and any stress from the physical environment to livestock can reduce their produc-
tivity and growth (Stefanski and Sivakumar 2009; Starr 1980).
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2.5  Physiological Damage

2.5.1  High Temperature Stress

2.5.1.1  Crops
Physiological processes in the plants are essentially affected by the alteration of 
surrounded environmental temperature. However, high temperatures beyond certain 
optimum level reduce plant growth by affecting the shoot net assimilation rates, and 
thus the total dry weight of the plant is collectively termed as heat stress (Wahid 
et al. 2007), which is one of the most important factors limiting crop production 
(Bita and Gerats 2013). In higher plants, heat stress significantly alters cell division 
and cell elongation rates which affect both leaf size and leaf weight (Prasad et al. 
2008). Heat stress induces changes in rate of respiration and photosynthesis and 
leads to a shortened life cycle and reduced plant productivity (Barnabas et al. 2008). 
Exposure of plants to severe heat stress decreases the plant growth especially stem 
resulting in decreased plant height (Prasad et al. 2006).

As heat stress becomes more severe, a series of processes occurs in plants which 
affect rates of important metabolic processes, including photosynthetic CO2  
assimilation, dark respiration and photorespiration (Sicher 2015). As stress 
increases, closure of stomata slows down or stops CO2 diffusion, consequent 
increase in photorespiration and ultimately inhibits growth processes of the plant. 
High heat- associated water uptake issue aggravates heat stress problem. There is a 
major slowdown in transpiration leading to reduced plant cooling and internal tem-
perature increase. It also leads to inhibition of photosynthesis due to stomal closure 
(Lafta and Lorenzen 1995). At the cellular level, as stress becomes more severe, 
there is loss of membrane integrity, cell membrane leakage and protein breakdown, 
and finally, if stress is severe enough, there can be plant starvation and death of the 
plant (Bita and Gerats 2013). The heat stress also varies with the duration of expo-
sure to high temperature, degree of heat and crop genotypes (Kim and Lee 2011). 
The most important effect of heat stress on plants is the reduction in the growth 
rate; however, coupled effect of heat stress along with drought stress had more 
detrimental effect on growth and productivity of crops as compared to the effect of 
the individual stress (Prasad et al. 2008). The most affected stage is the reproduc-
tive growth, and the affected process is pollen grain development (Bita and Gerats 
2013). Sexual reproduction and flowering have been extremely sensitive to heat 
stress, which often results in reduced crop plant productivity (Hedhly et al. 2009; 
Thakur et al. 2010).

In general, higher temperatures are associated with longer and intense radiation 
and higher water use. C3 plants generally have a greater ability for temperature 
acclimation of photosynthesis across a broad temperature range, CAM plants accli-
mate day and night photosynthetic process differentially to temperature, and C4 
plants are adapted to warm environments (Yamori et al. 2014). CAM plants can also 
strengthen the CO2 fertilization effect and the CO2 anti-transpiring effect of C3 and 
C4 plants to a considerable extent. However, higher night temperature may increase 
dark respiration of plants and diminishing net biomass production. The reduction in 
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crop yield in response to high temperature is due to disturbance of relationship of 
source and sink for assimilation of photosynthates (Morita et al. 2005; Johkan et al. 
2011).

The negative impact on yield of wheat and paddy in most part of India is due to 
increase in temperature, water stress and reduction in number of rainy days. For 
every 1 °C increase in temperature, yield of wheat, soybean, mustard, groundnut 
and potato are expected to decline by 3–7% (Agarwal 2009). In the year March 
2004, temperatures were higher in the Indo-Gangetic plains by 3–6 °C, and as a 
result, the wheat crop matured earlier by 10–20 days. Presently, the Indian lowlands 
are the source of approximately 15% of global wheat production, but it is antici-
pated that climate changes will transform these into a heat-stressed, short-season 
production environment (Bita and Gerats 2013). In sorghum, heat stress reduces the 
accumulation of carbohydrate in pollen grains and ATP synthesis in the stigmatic 
tissue (Jain et al. 2007). In the IPCC scenario with the slowest warming trend, maize 
and soybean yields were predicted to decrease by 30–46% before the end of the 
century (Schlenker and Roberts 2009). In the year 2003, Europe experienced a heat 
wave in July, where temperatures rose by 6 °C above average and annual precipita-
tion 50% below average and resulted in record crop yield reduction (Ciais et  al. 
2005). Many legumes and cereals show a high sensitivity to heat stress during flow-
ering and severe reductions in fruit set, most probably as result of reduced water and 
nutrient assimilate transport during reproductive development (Young et al. 2004).

In horticultural crops, temperature is the most important factor. In onion and 
tomato, bulb initiation and formation, its bulb and fruit size and qualities are affected 
by sudden rise in temperature. In most fruit crops, generally higher temperature 
decreased the day interval required for flowering and cooler temperature though 
required more days for flowering, but the number of flowers produced increased 
proportionally at this temperature (Srinivasarao et al. 2016). Optimum temperature 
range in citrus is 22–27 °C, and temperatures greater than 30 °C increased fruit drop 
(Cole and McCloud, 1985). During fruit development when the temperatures exceed 
the optimum range of 13–27 °C with temperatures over 33 °C, there is a reduction 
in sugar content, acid content and fruit size in citrus (Hutton and Landsberg 2000). 
These effects can lead to change in choice of orchid crop and geographical shift in 
cultivation of particular crop.

2.5.1.2  Livestock
Under heat stress, a number of physiological and behavioural responses of livestock 
vary in intensity and duration in relation to the animal genetic makeup and environ-
mental factors (Freeman, 1987). Heat stress is one of the most important stressors 
especially in hot regions of the world. In humid tropics along with extended periods 
of high ambient temperature and humidity, the primary non-evaporative means of 
cooling (viz. conduction, convection and radiation) becomes less effective with ris-
ing ambient temperature, and hence under such conditions, an animal becomes 
increasingly reliant upon evaporative cooling in the form of sweating and panting to 
alleviate heat stress (Kimothi and Ghosh 2005).
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In north Indian condition, livestock begins to suffer from mild heat stress when 
thermal heat index (THI) reaches higher than 72, moderate heat stress occurs at 80 
and severe stress is observed after it reaches 90 (Upadhyay et  al. 2009). In 
Queensland, the first-service pregnancy rate decreased in dairy cattle, and number 
of services per pregnancy increased with THI above 72 which corresponds to tem-
perature 25 °C and RH 50% (McGowan et al. 1996). Thermal stress lowers feed 
intake and reduces animal productivity in terms of milk yield, body weight and 
reproductive performance. Heat stress reduces libido, fertility and embryonic sur-
vival in animals. Enhanced heat dissipation during heat stress may also lead to elec-
trolyte losses (Coppock et al. 1982). The poor reproductive performance in buffaloes 
especially during summer months is due to inefficiency in maintaining the thermo-
regulation under high environmental temperature and relative humidity (RH) as 
those have dark skin and sparse coat of body hair which absorb more heat along 
with poor heat dissipation mechanism due to less number of sweat glands (Marai 
and Haeeb 2010).

Weak symptoms of oestrous are exhibited in buffaloes during summer (Parmar 
and Mehta 1994) which results in reduction of luteinizing hormone secretion and 
oestradiol production in anoestrus buffaloes (Palta et al. 1997) leading to ovarian 
inactivity, and also the survival of embryo in the uterus is impaired due to the defi-
ciency of progesterone in the hot season (Bahga and Gangwar 1988). This endo-
crine pattern may be partially responsible for the low sexual activities and low 
fertility in summer season in the buffaloes. The poor nutrition and high environmen-
tal temperature are the two major factors responsible for long anoestrous and poor 
reproductive performance in Murrah buffaloes (Kaur and Arora 1984). Similarly 
heat stress in lactating dairy cows causes significant loss of serum Na+ and K+ (West 
1999) and also reduces birth weights of Holstein calves (Collier et al. 1982). High 
ambient temperature can adversely affect the structure and physiology of cells as 
well as functional and metabolic alterations in cells and tissues including cells of 
immune system (Iwagami 1996). Heat stress in lactating animals results in dramatic 
reduction in roughage intake, gut motility and rumination which alters dietary pro-
tein utilization and body protein metabolism (Ames et  al. 1980). Temperature 
extremes can influence disease resistance in dairy calves (Stott et al. 1976; Olsen 
et al. 1980).

2.5.1.3  Poultry
Heat stress interferes with the broilers comfort and suppresses productive efficiency, 
growth rate, feed conversion and live weight gain (Etches et al. 1995; Yalcin et al. 
1997) due to changes in behavioural, physiological and immunological responses. 
With rise in ambient temperature, the poultry bird has to maintain a balance between 
heat production and heat loss. This forces the bird to reduce its feed consumption by 
5% to reduce heat from metabolism to a tune for every 1 °C rise in temperature 
between 32–38  °C (Sohail et  al. 2012). In addition, heat stress leads to reduced 
dietary digestibility and decreased plasma protein and calcium levels (Bonnet et al. 
1997; Zhou et  al. 1998). Heat stress limits the productivity of laying hens, as 
reflected by egg production and egg quality, as the bird diverts feed metabolic 
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energy to maintain its body temperature and also lower egg production and egg 
quality (Hsu et  al. 1998; Tinoco 2001). The resulting hyperventilation decreases 
CO2 blood levels, which may decrease eggshell thickness (Campos 2000). Plasma 
triiodothyronine and thyroxine, which are important growth promoters in animals, 
adversely affect heat-stressed broiler chickens (Sahin et al. 2001).

There are direct effects on organ and muscle metabolism during heat exposure 
which can persist after slaughter (Gregory, 2010); however, chronic heat exposure 
negatively affects fat deposition and meat quality in broilers (Imik et al. 2012). In 
addition, heat stress is associated with depression of meat chemical composition 
and quality in broilers (Dai et al. 2012). Chronic heat stress decreased the propor-
tion of breast muscle, while increasing the proportion of thigh muscle in broilers 
(Lara and Rostagno, 2013) and protein content lower and fat deposition higher in 
birds subjected to hot climate (Zhang et al. 2012). Heat stress causes decrease in 
production performance, as well as reduced eggshell thickness and increased egg 
breakage (Lin et al. 2004). Additionally, heat stress has been shown to cause a sig-
nificant reduction of egg weight, eggshell weight, eggshell per cent (Lara and 
Rostagno 2013) and all phases of semen production in breeder cocks (Banks et al. 
2005). In hotter climate, immune-suppressing effect of heat stress is more on broil-
ers and laying hens (Ghazi et  al. 2012) and will alter global disease distribution 
(Guis et  al. 2012) through changes in climate. This may also increase the insect 
vectors, prolong transmission cycles or increase the importation of animal reser-
voirs. Climate change would almost certainly alter bird migration and directly influ-
ence the virus survival outside the host (Gilbert et al. 2008).

2.5.1.4  Fisheries
Climate change will affect fisheries and aquaculture via acidification, changes in sea 
temperatures and circulation patterns, frequency and severity of extreme events and 
sea level rise and associated ecological changes (Nicholls et al. 2007). However, 
inland aquaculture will be affected by changing temperatures, water scarcity and 
salinization of coastal waters (Shelton 2014). Increased temperature may affect the 
distribution pattern of some fish species where some of them may be migrate to the 
higher latitude for cooler place (Barange and Perry 2009). Changes in temperature 
will have direct effects on swimming ability (Van-der-Kraak and Pankhurst 1997). 
Sea level rise due to glacier melting will destroy the mangrove forest as well as 
destroy the marine fish nursery ground. With rising temperature, the physiological 
activity of the fishes also increases with increase in oxygen demand, whereas the 
solubility of the oxygen in water is inversely related to temperature and salinity 
(Chowdhury et al. 2010). Thus, in pond culture system, critically low oxygen con-
centrations occur overnight when all aquatic organisms use the dissolved oxygen 
for respiration, and the decrease in dissolved oxygen-induced hypoxic condition 
results in reduction of growth and reproduction success of fishes (Weiss 1970). 
Temperature rise also increases the evaporation rate which will ultimately reduce 
the surface and volume of water in the fish ponds (Bhatnagar and Garg 2000).

With global warming, tropical and subtropical areas will experience more reduc-
tion in ecosystem productivity than temperate and polar ecosystems (Shelton 2014). 
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Marine fisheries sector is already overexploited due to overfishing (Hilborn et al. 
2003) and inland fisheries already affected due to pollution, habitat alteration and 
introduction of alien species/culture fish (Allan et al. 2005). The effects of increas-
ing temperature on freshwater and marine ecosystems where temperature change 
has been rapid are becoming evident, with rapid poleward shifts in distributions of 
fish and plankton (Brander 2007). High temperature can cause stratification leading 
to algae blooms and reduced levels of dissolved oxygen. Tilapia can tolerate dis-
solved oxygen concentration as low as 0.1–0.5 mg L−1 but only for a limited period 
(Bell et al. 2011). Though tilapia and carp are considered hardy fish, repeated or 
prolonged exposure to extreme temperature and low dissolved oxygen, especially at 
higher stocking densities, increase the stress and the susceptibility of the fish to 
other physiological complications and diseases. Reproduction of fish is highly sen-
sitive to fluctuation in temperature. For example, the fish spp. tilapia can tolerate 
temperature up to 42  °C, whereas exposure to high temperature results in more 
deformities in early larval stage and sex ration skewed towards male. In river Ganga, 
an increase in annual mean minimum water temperature by 1.5 °C has been recorded 
in the upper cold-water stretch of the river and by 0.2–1.6 °C in the aquaculture 
farms in the lower stretches in the Gangetic plains (Vass et al. 2009). This change in 
temperature has resulted in a perceptible biogeographically distribution of the 
Gangetic fish fauna (Menon 1954).

2.5.2  Extreme Rain and Cloudburst

2.5.2.1  Crops
Extreme rain or cloudburst causes severe waterlogging in poorly drained areas and 
can impact crop growth in both the short and long term through oxygen deprivation 
or anoxia through a number of biological and chemical processes. Germinating 
seeds and emerging seedlings are very sensitive to waterlogging as their level of 
metabolism is comparatively higher (Tuwilika 2016). The first symptom of flooding 
damage is stomata closure, which affects not only gas exchange but also decreases 
the passive absorption of water, which is also negatively influenced by anaerobic 
conditions in the rhizosphere (Kozlowski and Pallardy 1997). A decrease in transpi-
ration leads to leaf wilting and early senescence and finally resulting in foliar abscis-
sion (Ashraf 2012).

There are large differences in plant tolerance to flooding and insufficient aeration 
of root media among herbaceous species (Das 2012). Waterlogged conditions 
reduce root growth and can predispose the plant to root rots. Therefore, plants hav-
ing experienced waterlogging display nitrogen and phosphorus deficiencies due to 
restricted root development (Postma and Lynch 2011). In light-textured soils, water-
logging impacts growth in cereals by affecting the availability of nitrogen in the soil 
through excessive leaching of nitrate nitrogen beyond the rooting zone. In heavier 
soils, nitrate nitrogen can be lost through denitrification (Aulakh and Singh 1997). 
The amount of loss depends on the amount of nitrate in the, soil temperature and 
length of time that the soil is saturated (Tuwilika 2016).
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2.5.3  Frost and Cold Wave

2.5.3.1  Crops
Cold or low temperature stress comprises of chilling (<20 °C) and freezing tem-
peratures (<0 °C) those that hamper the plant growth and development. Generally, 
exposure to cold temperature affects developmental events in the shoot apex which 
directly determine the differentiation of the panicle and hence potential yield and 
spikelet fertility resulting in fewer grains. In addition, photosynthesis is impaired 
which reduces growth and results in indirect yield loss because there is less carbo-
hydrate available for grain production (Takeoka et al. 1992).

In India frost mainly occurs in the translunar plans and elevated hilly areas. It is 
a phenomenon when gross minimum temperature drops to below 0 °C in a short 
time and plants suffer injury. In plants conversion of cellular water into ice is a 
major reason for cell rupture in cold stress (Mckersie and Bowley 1997; Olien and 
Smith 1997). In Punjab, potato crop suffered heavily during 2006 and 2008 when 
the timely planted crop (mid-Sept. to mid-Oct.) performed better than late-planted 
crop (late Oct. to mid-Nov.). In late-planted crop, yield reduced by 30–60% (Arora 
et al. 2010). The temperature at which frost damage occurs in a crop depends on the 
species and type of cultivar. In potato, frost damage is likely to occur when the tem-
perature drops to −2 °C or lower, and it can cause partial or complete loss of leaf 
area leading to a reduction in photosynthesis and hence yield (Carrasco et al. 1997). 
According to Angadi et al. (2000), temperatures below 10 °C result in slower and 
reduced growth and premature stem elongation in rapeseed and mustard. At early 
stage of plant growth, various phenotypic symptoms occur in response to chilling 
stress; however, at flowering stage low temperature may cause delayed flowering, 
bud abscission and sterile or distorted flowers, while at grain filling the source-sink 
relation is altered, kernel filling rate is reduced, and ultimately small-sized, unfilled 
or aborted seeds are produced (Jiang et al. 2002; Thakur et al. 2010). Low tempera-
tures affect not only normal heading but also panicle exertion and prevent the nor-
mal elongation of internodes of rice (Farrell et  al. 2006). In case of fruit crop, 
damage to trees was relatively more in low-lying areas where cold air settles and 
remains for longer time on the ground. Frost during early flowering and ear emer-
gence can result in partial or complete sterility of florets and spikelets and therefore 
reduced grain number and yield (Al-Issawi et al. 2012).

2.5.3.2  Livestock
Despite the absence of a challenge to homeothermy in cattle, there are marked sea-
sonal fluctuations in the cattle’s level and efficiency of production which probably 
arise from hormonal and adaptive changes occurring as a consequence of mild cold 
stress (Young 1981). In cold stress, cow’s requirement for nutrient and energy intake 
increases due increased metabolism rate. Freezing of fodder crops results in changes 
their metabolism and composition that can be toxic to livestock (FAO 2016). Here, 
two problems need to be considered – prussic acid poisoning and bloat. Prussic acid 
is not normally present in plants, but under certain conditions, forage can accumu-
late large quantities of cyanogenic glycosides which can convert to prussic acid 
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(Robson 2007) a potent, rapidly acting poison, which enters the bloodstream of 
affected animals and is transported through the body. It inhibits oxygen utilization 
by the cells, and the animal dies from asphyxia. Prussic acid poisonings occurs in 
areas associated with light frost. Cold condition stimulates appetite of animals, 
which may be slightly beneficial for production but the same may reduce utilization 
efficiency of dietary energy (Young 1981). Cold environment increases the whole- 
body glucose turnover and glucose oxidation, thus resulting in less production of 
ketones and resulting increased metabolic rate (Ravussin et al. 2014).

2.5.3.3  Poultry
Cool temperatures are the primary triggers for the accumulation of fluid causing 
abdominal swelling (ascites) during commercial broiler production (Wideman, 
2001) which accounts for losses of about US$ 1 billion annually worldwide 
(Maxwell and Robertson 1997). The incidences are higher in the colder environ-
mental temperatures (Wideman 1988; Shlosberg et  al. 1992; Yahav et  al. 1997), 
because cold ambient temperatures increase the cardiac output, oxygen requirement 
and blood flow and result in increased pulmonary arterial pressure overload on the 
right ventricle (Julian et al. 1989). In white Leghorn hens, a reduction in environ-
mental temperature from 20 to 2  °C almost doubles the oxygen requirement 
(Gleeson, 1986). During the development of ascites, birds exhibit classic haemato-
logical changes. Haematocrit, haemoglobin and red blood cell counts (RBC) all 
increase dramatically (Cueva et al. 1974; Maxwell et al. 1986, 1987; Yersin et al. 
1992). Birds exposed to cold stress have severely injured liver and affects thyroid 
hormones which play a key role in energy expenditure and body temperature 
homeostasis (Nguyen et  al. 2016). Moderate cold exposure during early post- 
hatching period causes long-term negative effect on growth performance of chicken 
(Baarendse et al. 2006).

2.5.3.4  Fisheries
Depth of water plays an important role in fish growth and development. When water 
depth in fish pond is less than 0.5 m, rapid lowering of temperature in a shallow 
depth reduces dissolved oxygen level, which is detrimental to the fish’s survival 
(Changi and Ouyang 1988). Higher air temperatures and incoming solar radiation 
increase the surface water temperatures of lakes and oceans (Hader et al. 2015). 
Foggy and cloudiness and lack of solar radiation or photosynthesis by aquatic veg-
etation also raise carbon dioxide levels and deplete oxygen levels in water bodies. 
Under acute cold condition, when water temperature is around 10–12  °C in the 
month of December 2002 and January 2003, bacterial septicaemia and fungal infec-
tions were reported in some ponds (Declercq et al. 2003). Stray incidences of fish/
prawn mortality (3–5%) take place of fishponds. This may probably due to emaci-
ated growth because of low feed intake during extreme winter month.
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2.5.4  Air Quality and Pollution

2.5.4.1  Crops
Among the major greenhouse gases are methane and tropospheric ozone, which are 
both of concern for air quality (West et al. 2007). Primary air pollutants, such as 
sulphur dioxide, nitrogen oxide and particulates, are emitted directly into the atmo-
sphere. These are generally present in high concentrations in urban areas or close to 
large point sources, such as around thermal power stations have large effects on 
local farming communities. Secondary pollutants like tropospheric (ground level) 
ozone are formed by subsequent chemical reactions in the atmosphere and have 
increased historically at the surface in industrialized regions and in the global back-
ground troposphere (Vingarzan 2004). Ozone is considered to be the most powerful 
pollutant for its impacts on crops (Fuhrer et al. 1997). Ozone symptoms character-
istically occur on the upper surface of affected leaves and appear as bleaching of the 
leaf tissues. Ozone exposure has a strong linear relationship to yield loss in wheat 
grown in field experiments (Fuhrer et al. 1997).

At lower atmosphere, chances of encountering radiation-absorbing aerosols or 
chemical substances such as ozone (O3) and sulphur dioxide are more than it does 
at lower elevations. With regard to plants, UV-B (280–320 nm) impairs photosyn-
thesis in many species; while rice is considered to be sensitive to elevated levels of 
UV-B (Teramura et al. 1991), cotton is known to be sensitive to O3 (Temple 1990). 
India comes under region with high photochemical smog and the condition most 
likely to aggravate in the future (Krupa and Kickert 1993). UV-B radiation damages 
DNA, proteins, lipids and membranes and increases plant susceptibility to disease 
(Hidema and Kumagai 2006). Excess UV-B can directly affect plant physiology and 
cause massive amounts of mutations. However, it has not yet been ascertained 
whether an increase in greenhouse gases would decrease stratospheric ozone levels. 
When the concentration of sulphates and nitrates increases in the atmosphere, very 
fine acidic particles are formed, and when nitrogen oxides and reactive organic 
gases combine, especially on sunny, still days, a photochemical (ozone) smog is 
formed. NO2 is the pollutant closely associated with ozone (Cho et al. 2011) because 
of the role that NO2 plays as a precursor of O3 in polluted air.

Sulphur dioxide enters the leaves mainly through the stomata, and acute injury is 
caused when leaves absorb high concentrations of sulphur dioxide in a relatively 
short time. Newly expanded leaves usually are the most sensitive to acute sulphur 
dioxide injury. And different plant species and varieties of the same species may 
vary considerably in their sensitivity (McCormac and Varney 1971). The effects of 
SO2 on crops are influenced by other biological and environmental factors such as 
plant type, age, sunlight levels, temperature and humidity. Thus, even though sul-
phur dioxide levels may be extremely high, the levels may not affect vegetation 
(Cohen et al. 1981). The burning of sulphur-containing fuels release SO2, and when 
the atmosphere is sufficiently moist, the SO2 transforms into tiny droplets of sulph-
uric acid and causes acid rain (Ahrens 2015). Acid rain damages the protective 
waxy coating of leaves and allows acids to diffuse into them, which interrupts the 
evaporation of water and gas exchange so that the plant can no longer breathe (Izuta 
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2017). Elevated CO2 stimulates photosynthesis leading to increased carbon (C) 
uptake and assimilation, thereby increasing plant growth (Kant et  al. 2012). 
However, as a result of differences in CO2 use during photosynthesis, plants with a 
C3 photosynthetic pathway often exhibit great growth response relative to those 
with a C4 pathway (Poorter 1993; Rogers et al. 1997).

Particulate matter such as cement dust, magnesium-lime dust and carbon soot 
deposited on vegetation can inhibit the normal respiration and photosynthesis 
mechanisms within the leaf (Thara et al. 2015). Cement dust causes chlorosis and 
death of leaf tissue by the combination of a thick crust and alkaline toxicity in wet 
weather (Griffiths 2003), and dust coating affects the normal action of pesticides 
and other agricultural chemicals applied as sprays to foliage (Ravichandra 2013). In 
addition, accumulation of alkaline dusts in the soil can increase soil pH to levels 
adverse to crop growth (Thara et al. 2015). Air pollution injury to plants can be 
evident in several ways. There may be a reduction in growth of various portions of 
a plant, or plants may be killed outright. Acute symptoms of injury from various 
pollutants in different horticultural and agronomic groups are visible on the affected 
plant. Symptom expressions produced include chlorosis, necrosis, abscission of 
plant parts and effects on pigment systems (Taylor 1973).

2.5.4.2  Livestock
Air contains fine suspended particles, bacteria, pollens, which cause allergies and 
respiratory diseases in animals (Takizawa 2011). Pig and poultry are kept in indoor 
facilities for a variable part of their life. However, for dairy cattle, goat and sheep; 
the housing facilities are quite open and air quality is to a certain extent comparable 
with the outdoor air quality. Also in many piggeries, high levels of ammonia, air-
borne dust, endotoxin and microorganisms can be found (Wathes et  al. 1998). 
Ammonia is considered as one of the most important inhaled toxicants in agricul-
ture, and long-term low-level exposure causes mucosal damage, impaired ciliary 
activity and secondary infections in laboratory animals (Davis and Foster 2002).

Dust particles within a livestock farming environment consist of up to 90% 
organic matter (Aarnink et al. 1999; Heber et al. 1988), which provides opportuni-
ties for bacteria and odorous components to adhere themselves to these particles. 
The contaminated air is dissipated into the external environment via ventilation; 
however, the concentration of airborne contaminants can be still higher within live-
stock building (Arogo et al. 2006). Dust particles that can potentially harm livestock 
is grouped as inhalable dust particles-PM100 (less than100 microns in diameter), 
thoracic dust particles-PM10 (less than 10 microns in diameter) and repairable dust 
particles-PM 5 (less than 5 μ in diameter). PM5 can enter the smallest cavities of the 
lung, the alveolithus making them the most hazardous causing shortness of breath, 
chronic bronchitis, asthma and other lung diseases (Choiniere 1993; Banhazi 2009). 
CO2 is considered to be a potential inhalation toxicant and of CO2 in the blood 
caused acidosis in animal (Hernandez et al. 2014). Similarly fluoride-contaminated 
forage that is eaten by cattle or sheep may cause fluorosis.
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2.5.4.3  Poultry
In poultry houses, birds and their wastes generate different forms of air pollution, 
namely, ammonia, carbon dioxide, methane, hydrogen sulphide and nitrous oxide 
gases, as well as the dust (Kocaman et al. 2005). Inadequate ventilation in the poul-
try shed accumulates gases such as carbon dioxide, ammonia and methane and 
reach toxic levels (David et al. 2015). Most ammonia originates from the decompo-
sition of the nitrogen-containing excretion from the kidneys and the gut of the bird 
(Groot-Koerkamp and Bleijenberg 1998). Poor environments normally don’t cause 
disease directly, but they do reduce the chickens’ defence mechanism, making them 
more susceptible to existing viruses and pathogens (Quarles and Kling 1974). Aerial 
ammonia in poultry facilities is usually found to be the most abundant air contami-
nant. Ammonia concentration varies depending upon several factors including tem-
perature, humidity, animal density and ventilation rate of the facility. Chickens 
exposed to ammonia shows reductions in feed consumption, feed efficiency, live 
weight gain, carcass condemnation and egg production (Reece and Lott 1980). The 
presence of dust in animal housing adversely affects health, growth and develop-
ment of animals and increases disease transfer within flocks (Feddes et al. 1992).

2.5.4.4  Fisheries
Oceans absorb approximately 25% of anthropogenic CO2 (Logan 2010), and these 
dissolved CO2 reacts with seawater to form weak carbonic acid, causing pH to 
decline and reducing the availability of dissolved carbonate ions which is required 
by many marine calcifying organisms to build their shells or skeletons (Orr et al. 
2005). Till date, average alkalinity of ocean has declined from 8.2 to 8.1 (IPCC 
2007c), equivalent to a 30% increase in acidity. Havenhand et al. (2008) reported 
that expected near-future levels of ocean acidification reduce sperm motility and 
fertilization success of the sea urchin and suggest that other broadcast spawning 
marine species may be at similar risk. Similarly, impacts on oxygen transport and 
respiration systems of oceanic squid make them particularly at risk of reduced pH 
(Portner and Langenbuch 2005). Fish embryos and larvae are more sensitive to pH 
change than juvenile and adults (Brown and Sadler 1989). Extremely high or low 
pH values in water cause damage to fish tissues, especially the gills, and haemor-
rhages may occur in the gills and on the lower part of the body and cause secondary 
infection (Declercq et al. 2013). The toxicity of ammonia is affected by the amount 
of free CO2 in the water as the diffusion of respiratory CO2 at the gill surface reduces 
the pH of the water (Svobodova et al. 1993). Radiation plays an important role in 
aquatic ecosytem. UV-B radiation (280–320 nm) impairs growth and  photosynthesis 
in many species, especially in phytoplankton.

2.6  Management Strategies to Cope Atmospheric Stress 
Events

Global climate change will have significant impacts on future agriculture, and there-
fore climate change mitigation for agriculture is a global challenge. In a country like 
India, one of the most vulnerable countries owing to its large agricultural sector, 
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vast population, rich biodiversity, long coastline and high poverty levels will be 
severely affected by climate change if new strategies for amelioration are not 
devised (Nelson 2009; Fischer and Edmeades 2010). For this a thorough under-
standing is required for various physical, physiological, metabolic and biochemical 
processes that occurs in normal as well as stresses environments so as to form the 
basis for developing climate smart mitigation strategies. Nevertheless, plant and 
livestock responses to high temperatures clearly depend on genotypic parameters, 
as certain genotypes are more tolerant (Prasad et al. 2006; Challinor et al. 2007). 
Though plants adapt to various stresses by developing more appropriate morpho-
logical, physiological and biochemical characteristics, analysing plant phenology in 
response to heat stress often gives a better understanding of the plant response and 
facilitates further molecular characterization of the tolerance traits (Wahid et  al. 
2007). As far as atmospheric stresses are concerned, a complete insight of the bio-
logical processes behind the atmospheric stress response combined with classical 
and emerging technologies in production, breeding and protection engineering is 
likely to make a significant contribution to improved productivity and reduction in 
losses. The following section contains some of the adaptation and management 
options available to mitigate those atmospheric stresses.

2.6.1  High Temperature Stress

2.6.1.1  Crops
High temperature stress could be avoided by agronomic/crop management prac-
tices. The selection of type of tillage and planting methods play an important role in 
emergence and growth of a crop. The methods of planting may improve the plants 
tolerance against heat stress through the soil moisture. The presence of crop resi-
dues/mulch on the soil surface keeps soil temperature lower than ambient during the 
day and higher at night. Mulches also conserves soil moisture (Geiger et al. 1992), 
thereby making it available to crop for a longer period which augments transpira-
tion, keeps the canopy cool and protects the crop from terminal heat and decline in 
yield. The selection of cultivar as per the agroecological conditions and probable 
temperature variability scenario during the crop growth period is important to get 
better yield under high temperature stress conditions. Although periods of elevated 
temperature may occur at any period during the growing season of the crop, earlier 
sowing, use of earlier maturing cultivars and adopting heat stress-tolerant cultivars 
are the best options (Krishnan et al. 2011). Selecting optimum planting time helps 
in avoiding high temperature stress during anthesis and grain filling so that crop 
escapes the hot and desiccating wind during grain-filling period which is one of the 
critical stages.

Water management is critical from the view point that damage potentiality due to 
high temperature stress is commonly associated with water stress, and plants can 
tolerate heat stress until crop keeps on transpiring. Continuous supply of water to 
heat-stressed crop helps to sustain grain-filling rate, duration and size of grain 
(Dupont et al. 2006). Water-stressed plants attempt to conserve water by closing 
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their stomata; as a consequence evaporative cooling diminishes, leaf temperatures 
increase drastically, and at that point, the metabolic activity in plants stops. Proper 
irrigation scheduling as per soil type, crop type, stage of the crop as per the available 
water and weather may help in mitigating the effects of heat stress on crop.

Chemicals having potential to protect the plants against high temperature 
(Hasanuzzaman et al. 2012) is another option. Proline accumulates to high concen-
tration in cell cytoplasm under stress conditions without interfering with cellular 
structure or metabolism. Exogenous proline guarantees the protection of vital 
enzymes of carbon and antioxidant metabolism and improved water and chloro-
phyll content as the basis of heat tolerance in chickpea plants (Kaushal et al. 2011). 
Activities of different antioxidant enzymes are temperature sensitive, and activation 
varies with different temperature ranges, tolerance or susceptibility of different crop 
varieties, their growth stages and growing season (Chakraborty and Pradhan 2011). 
In wheat, spray of indole acetic acid, gibberellic acid and abscisic acid significantly 
improves grain yield under high temperature stress (Cai et al. 2014).

Phytohormone/bioregulators like salicylic acid also play significant role in the 
regulation of plant growth and development. Salicylic acid improves the plant 
growth and yield of maize by enhancing photosynthetic efficiency (Khan et  al. 
2003). In mustard, the same with lower concentration as foliar application increased 
the H2O2 level and reduced the catalase which amplifies the potential of plants to 
withstand the heat stress (Dat et al. 1998). Abscisic acid (ABA) as a plant growth 
hormone regulates stomata opening, root hydraulic conductivity and application of 
α-tocopherol and SA decreased consumption of photosynthates and increased mem-
brane stability which aided in transport of photosynthates, which thereby induce 
tolerance to different abiotic stresses such as drought, salinity and temperature 
stresses increased yield (Farooq et al. 2008).

Application of nitrogen, phosphorus and potassium improves plant growth under 
moderate heat stress (Dupont et  al. 2006). Under high temperature stress, foliar 
application of thiourea promotes root growth by enhancing assimilate partitioning 
to root at seedling and pre-anthesis growth stages (Anjum et al. 2011). Potassium 
involves in several physiological processes, i.e. photosynthesis, translocation of 
photosynthates into sink organs, maintenance of turgidity and activation of enzymes 
are increased under stress conditions (Mengel and Kirkby, 2001), and the deficiency 
of potassium resulted in decrease in photosynthetic CO2 fixation and impairment in 
partitioning and utilization of photosynthates. Application of KNO3 and zinc can 
also improve heat tolerance in wheat (Graham and McDonald 2001). Calcium is 
found to control guard cell turgor and stomatal aperture (Webb et al. 1996). The 
foliar application of potassic fertilizer, urea and zinc may help in improving crop 
yield by alleviating the ill effects of high temperature.

Due to incomplete understanding of tolerance mechanisms and accurate pheno-
typing for stress responses, the conventional and molecular plant-breeding efforts 
have been limited (Bita and Gerats 2013). In addition, generating high-yielding and 
stress-tolerant crops requires not only a thorough understanding of the metabolic 
and developmental processes involved in stress responses but also in energy regula-
tion (Hirayama and Shinozaki, 2010). High temperature stress is detrimental to 
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cereal crop productivity, and the existence of genetic variability in heat stress toler-
ance is an indispensable factor for the development of more tolerant cultivars. If 
limited variability for tolerance to heat is available within a crop species, wild germ-
plasm can also be used as tolerance source (Pradhan et al. 2012).

Agroforestry as an integral component of conservation agriculture can play a 
major role as trees can buffer climate extremes that affect crop performance. In 
particular, the shading effects of trees can buffer soil as well as canopy temperature. 
In addition it also sublimes atmospheric saturation deficit and reduces exposure to 
supra-optimal temperatures, of which physiological and developmental processes 
and yield become increasingly vulnerable (Challinor et al. 2005). Trees in farms 
bring favourable changes in field microclimate by influencing radiation flux (radia-
tive and advective processes), air temperature, wind speed and saturation deficit of 
understory crops all of which will have a significant impact on modifying the rate 
and duration of photosynthesis, transpiration, etc. (Monteith et al. 1991).

2.6.1.2  Livestock
In animal husbandry, physical modifications of environment, genetic development 
of heat tolerant breeds and nutritional stress management are the three major key 
components to sustain production in hot environment (Beede and Collier, 1986). 
Scientifically designed sheds provide comfortable environment to animals. However, 
in hot and humid areas though shade reduces heat accumulation, it hardly reduces 
air temperature or relative humidity, and additional cooling is necessary for farm 
animals (St-Pierre et al. 2003). Genetic variation exists among animals for cooling 
capability and stress tolerance. Heat shock proteins (HSP) play important role in 
stress responses of animals. It was observed that genotype differences exist in HSP 
genes of indigenous breed and cross-bred dairy cattle indicating the relative heat 
stress tolerance phenotype of native indigenous cattle (Sajjanar et al. 2015). These 
results indicate that more heat-tolerant animals can be selected genetically or cross- 
breeding programme (Kimothi and Ghosh 2005). As adaptation to heat stress 
requires the physiological integration of many organs and systems, viz. endocrine, 
cardiorespiratory and immune system (Altan et al. 2003), the administration of anti-
oxidants has proved useful for improvement of several immune functions (Victor 
et al. 1999).

Antioxidants, both enzymatic and non-enzymatic, provide necessary defence 
against oxidative stress as a result of thermal stress (Rahal et al. 2014). Both vitamin 
C and vitamin E have antioxidant properties. Vitamin C and E having antioxidant 
property along with electrolyte supplementation was found to ameliorate the heat 
stress in buffaloes (Sunil Kumar et al. 2010). Zinc and other trace elements like cop-
per and chromium act as typical antioxidants as they work indirectly as normal 
copper levels are necessary to maintain the structural integrity of DNA during oxi-
dative stress (Rahman 2007). Additional supplementation of electrolytes (Na, K and 
Cl) is one among the nutritional strategies which has beneficial effects in heat- 
stressed dairy cows in terms of milk yield, acid base balance and lower temperature 
(Sanchez et al. 1994). Lactating cows and buffaloes have higher body temperature 
of 1.5–2 °C than their normal temperature. Therefore to maintain thermal balance, 
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they need more efficient cooling devices to reduce thermal load (Upadhyay et al. 
2009). Provision of sprinklers and fans to mitigate heat stress facilitates the buffalo 
heifers to reduce the heat load and increased the time of lying down (Tulloch 1988).

2.6.1.3  Poultry
In hot and humid environment, poultry shades should be designed as an open style 
house with proper shading for adequate air movement, grass cover on the ground 
surface to reduce sunlight reflection and shiny surface roof for more reflection of 
solar radiation. During hot periods, lower-protein diets supplemented with limiting 
amino acids should be replaced with high-protein diet (Pawar et al. 2016). Glucose 
in drinking water helps in alleviating the influence of heat stress on whole-blood 
viscosity and plasma osmolarity (Zhou et al. 1998). Aviaries should be equipped 
with overhead sprinkler systems, which cool the air and reduce the chances of heat 
injuries. Addition of ammonium chloride and potassium chloride to drinking water 
is desired to maintain carbon dioxide and blood pH under control. Vitamin E sup-
plementation is beneficial to the egg production of hens at high temperature and 
associated with an increase in feed intake (Kirunda et al. 2001).

2.6.1.4  Fisheries
Genetic variation also exists among fish species for thermal tolerance against 
increasing diurnal water temperature and induced hypoxia condition in which heat 
shock proteins (HSP) play important role in stress responses and determinant for 
critical thermal maxima and critical thermal minima of each fish species which is 
also dependent upon fish habitat and adaptation. Brahmane et al. (2017) identified 
that tilapia, Oreochromis mossambicus juveniles, responds to constant rearing tem-
peratures with significantly higher growth achieved at 30  °C as compared to 
25 °C. Besides genetic screening, few adaptive measures may be taken as restora-
tion of mangrove forest can protect shorelines from erosion and provide breeding 
ground for fish while sequestering carbon (Daw et al. 2009). In addition, deepening 
of the stock area, raising bund height, adjusting crop calender and planting shade 
tress in and around the stock area would counter the higher temperature. (FAO 
2012).

2.6.2  Extreme Rain and Cloudburst

2.6.2.1  Crops
Conservation agriculture provides alternatives that can address challenges posed by 
erosion due to intense rain events. Soil surface covered by plant residues not only 
increases water infiltration and cuts down soil erosion and runoff but also mitigates 
some of the challenges presented by climate change (FAO 2009). On the other hand, 
CA practices increase carbon accumulation (sequestration) through recycling of 
crop residues and increase the nutrient supply and turnover capacity of soils and 
resulted in significant changes in the physio-biological properties of the soils. Zero 
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tilled fields covered with organic mulch result in enhanced erosion check, increased 
water-holding capacity of soils and ability to withstand longer dry spells during 
crop growing period (Bhattacharyya et al. 2015).

2.6.3  Frost and Cold Wave

2.6.3.1  Crops
Long-term counter measures for frost protection mainly include selection of favour-
able topography, breeding of frost-tolerant variety, non-use and overuse fertilizer 
and adjusting the sowing time (Arora et  al. 2010). The fruit crops under frosty 
weather can be protected by creation of hot air or smoke, covering small fruit plant 
areas with straw, dry grass, etc. (Rathore et al. 2012). Sprinkler irrigation releases 
latent heat of fusion by releasing heat into the surrounding air and maintains soil 
moisture in the soil profile. Growth regulator and other growth-promoting chemi-
cals also enhance resistance to cold stress (Colebrook et al. 2014). Windbreaks or 
shelter belts if raised around the plantations prevent the convective frost or cold 
wave damage (Rathore et al. 2012). In the places where frost is a recurrent phenom-
enon, new orchard growers should select low temperature-tolerant fruit species and 
varieties depending upon their leaf structure, succulency and concentration of sol-
utes as these reutilize water formed after melting of crystals for initiating metabolic 
activities in the cells (Rathore et al. 2012).

2.6.3.2  Livestock
The problem of fodder poisoning can be prevented or at least minimized with proper 
management of the fodder field and feeding pattern (Vough 1978). Removing live-
stock from pastures for several days after a frost is the best preventative manage-
ment strategy to reduce prussic acid poisoning in case of Sudan grass and 
sorghum-Sudan grass pastures (Lemengar and Johnson 1997). In periods of cold 
weather, provision of windbreak is to be made enabling the cows to take shelter in 
the leeward side of the cold wave and preferably reducing the walking area so that 
animals stand in a group to stay warm. Appropriate nutritional supplementation is 
the key to managing cold stress.

2.6.3.3  Poultry
Poultry house made up of low-heat-conducting materials like bamboo and wood 
helps to maintain optimum night temperature in the shelter. In addition, with the 
help of light bulbs and physical barriers, movement of chicks should be restricted 
nearer the heat source. The orientation of poultry house should be east-west align-
ment for proper ventilation and to gain maximum solar energy during winter. The 
surface of poultry house should be covered with a bedding material called litter; it 
maintains uniform temperature and also absorbs moisture and promotes drying 
(Banday and Untoo 2012). In winter season, energy-rich source like oil/fat should 
be added to the diet so that the requirement of other nutrients will be reduced.
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2.6.3.4  Fisheries
Adoption of hardy fish species like tilapia and carp may be taken up. Though the 
optimum range for growth of common carp is similar to tilapia, i.e. 23–30 °C, carp 
is much more cold tolerant than tilapia (Bell et al. 2011). To escape the cold stress 
due to lowering of temperature, deep water ponds (100–200 cm) may be adopted 
compared to shallow water ponds (<50 cm). Though the optimal temperature range 
for growth of common carp is similar to tilapia, i.e. 23–36 °C, carp is much more 
cold tolerant than tilapia. Intermittent aeration of water would probably help to 
alleviate respiratory stress to fishes.

2.6.4  Hailstorm

2.6.4.1  Crops
Shelter belts and windbreaks around orchard are always recommended to avoid 
heavy damage to the main crop, which also lowers the water requirements and other 
related stresses. In areas with higher probability of hailstorm occurrence, shade nets 
can be a good option especially for high-value crops along with nylon nets used for 
protection against bird damage. Though little information is available on measures 
for faster recovery in hail-damaged plants, application of additional nitrogen 
encourages new growth (Patel and Rajput 2004; Badr and Abou El-Yazied 2007). In 
case of orchard crops, broken branches and twigs should be removed followed by 
spraying of recommended chemicals to avoid secondary fungal and bacterial infec-
tions. The fallen fruits should be removed to reduce the spread of disease and pest 
during their decay. Water-based paint should be applied on large wounds on trunks 
and branches to avoid desiccation and disease infection. Fruit thinning by removal 
of hail-damaged fruits improves yield and quality of remaining fruit. Bud-breaking 
chemicals and growth/bioregulators may be applied to induce the vegetative growth 
in orchard crop along with fertilizers (Bal et al. 2014; Boyhan and Kelley 2001). 
Proper drainage facilities are to be provided to avoid waterlogging and to avoid 
secondary infection of diseases. Near-maturity bulb crops like onion and garlic may 
be harvested to avoid rotting.

2.6.5  Cyclone

2.6.5.1  Crops
Pre-cyclone preventive measures must be taken care of as per the nature of urgency. 
Windbreak reduces the wind speed; hence promotion of several tiers of windbreak 
plants near the sea coast should be encouraged (Kumar et al. 2014). In case of dam-
age in early-growth stage of the crop, replanting/transplanting of short-duration 
field crops is one of the strategies to reduce the loss. If the crop is in reproductive 
phase, by doing partial removal of the canopy although there will be yield reduction, 
partial yield can be harvested. If the cyclone forewarning is well before time, partial 
or complete removal of canopy is possible. Stakes made of bamboo often 
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overcomes moderate wind speed. Banana plantations use of healthy suckers for 
replanting after cyclone damage is recommended, and survived banana plants hav-
ing banana fingers in fruit-filling stage may be provided with additional nutrition 
through bunch tip (Kumar et al. 2014). However, quick harvest, threshing and dry-
ing the grains before the cyclonic system through early warning, is the best option. 
Availability of covered threshing floor cum drying yard and polythene sheets for 
covering the produce so that grains do not get moist are possible options to prevent 
grain damage.

2.6.5.2  Livestock
Animals should be shifted to a safer place as soon as warnings for impeding cyclones 
are received. Animal sheds should be constructed with lightweight timber, coconut 
and palm tree leaves that will not harm the animals even if they collapse during 
cyclonic winds. Preserving the fodder resource should be on higher priority for 
meeting the demand during the crisis period. Molasses can be used as an alternate 
fodder during cyclone periods and periods of non-availability of fodder to protect 
the animals from disaster impacts and also from scarcity of food/fodder. To provide 
clean and unpolluted water to the animals, it may be treated with chlorine or bleach-
ing powder before giving it to the animals. Animals must be vaccinated against 
communicable diseases during emergency periods, and the carcasses of animals 
must be buried in a pit over which lime will be sprinkled. In addition, nutritional 
supplements must be provided to improve immunity in animals (NDMA 2008).

2.6.5.3  Poultry
Birds need special care after storm events. Restocking of birds and arrangement of 
feeds and medicines should be arranged for poultry revival (Kumar et al. 2014). 
There should be sufficient supply of quality water preferably chlorinated for prohib-
iting the growth of bacteria. In cooler areas, birds may be kept warm using heaters 
to reduce stress (Sen and Chander 2003). Moisture-infected feed is to be replaced 
with dry feed. Birds which die due to diseases must be treated separately and cre-
mated or buried in a deep pit and lime sprinkled over it along with other anti- 
infectants (NDMA 2008).

2.6.5.4  Fisheries
Fish farmers should be provided with fish fingerlings and feed, boats and nets as per 
need (Kumar et al. 2014). There is need to improve on the awareness of the fishers 
knowledge to climate change by involving them in the disaster preparedness and 
planning process. Restocking of fish fingerlings should be done immediately. 
Physical protection of inlet and outlet of aquaculture farms and ponds must be 
ensured to reduce the migration of the fishes (Kumar et al. 2014).

2.6.6  Sand/Dust Storm

Though the environmental and health hazards of storms cannot be reduced perma-
nently, its impact can be reduced by taking appropriate measures.
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2.6.6.1  Crops
Surface crop residues help stabilize the soil, reduce erosive force of wind and reduce 
number of saltating particles. Appropriate control of dust raising factors such as 
increasing the vegetation cover must be taken to stabilize soil and sand dunes by 
acting as windbreaks (Speer 2013; Shivakumar 2005). Especially standing stems 
decrease the wind energy available for momentum transfer at soil surface (Hagan 
and Armbrust 1994) as geometry of crop alters the soil microclimate, impacts the 
degree of soil protection and also conserves soil moisture (Nielsen and Hinkle 
1994). Specified tillage operation increases cohesion of soil particles by mechanical 
action but needs to be taken as per soil type and topography specifications. In arid 
and semiarid areas, summer tillage is discouraged and a limited tillage recom-
mended after the first monsoon showers (Gupta et al. 1997).

2.6.6.2  Livestock
The main purpose for implementing control methods for airborne pollutants in the 
livestock building is to ensure that production efficiency gets maximized (Banhazi 
et al. 2009). To control the dust, we need to understand the livestock environment as 
in the confines of a building, the air quality depends directly on building manage-
ment, feeding and manure handling, ventilation system and the overall cleanliness 
(Choiniere 1993). This can be achieved through improved configuration and man-
agement of livestock buildings, provision of adequate ventilation, decreased stock-
ing density and management of the animals contained in these buildings (Banhazi 
et al. 2009).

2.7  Way Forward

Since unusual atmospheric events are becoming usual events, to make future agri-
culture remunerative, risk-free and sustainable, first the dynamic characteristics of 
atmospheric stressors have to be understood. The scientific community must 
respond to the need of credible, objective and innovative scientific alternatives to 
tackle the stress impacts. There are, however, ways by which the adverse impacts 
can be mitigated and agriculture can be adapted to changing scenarios. The first step 
is to form integrated interdisciplinary research partnerships as atmospheric stressors 
already pose and will continue to pose challenges for agriculture and managed 
ecosystems.

As every year is becoming warmer than the previous year and unprecedented 
heat or cold wave conditions have become a common phenomenon, adaptation and 
mitigation options have to be explored either using field management practices or 
by applying genetic improvement tools for developing tolerant varieties. The use of 
chemicals like plant bioregulators and growth hormones having minimal or no 
residual effects and rescheduling of sowing/planting periods need to be explored. 
Regular events like extreme rain and hailstorm have necessitated focusing on devel-
oping protective structures. Especially research on designing low-cost shade net or 
poly-structures for high-value horticultural crops is the need of the hour as 
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horticultural production in India has already surpassed the food grain production. 
Stresses arising out of increased atmospheric aerosol and decrease in available light 
need extra attention as change in land-use pattern and crop residue burning has 
changed the way we have been dealing these aspects in the past. Lastly abrupt 
changes in the magnitude and periodicity of atmospheric variables will have impact 
on distribution of disease vectors and pest dynamics which needs extra attention.

With unprecedented increase in demand for animal proteins, our prime focus 
must be towards developing low-cost environment suitable animal shelter structures 
for improved animal production and wellness. Future research in livestock must be 
done keeping a balance between competition for natural resources and projected 
atmospheric anomalies as unlike crop production where there will be a vertical 
growth, however  livestock production is expected to have a horizontal growth. A 
large agenda of work still remains concerning the robust prediction of animal 
growth, body composition, feed requirement and waste output in future climate. To 
cater the target for lowering the emission level, interdisciplinary research approach 
must be undertaken to lower the methane emission from animal sector. Lastly the 
use of biotechnology can’t be ignored if we want to impart heat-tolerant traits in 
high meat and milk yielding breeds.

Though the country has achieved food grain security for entire population, we 
are yet to solve the problem of poor nutrition, especially protein- and mineral- 
associated health issues. As poultry meat is the cheapest source of proteins, this 
sector has potential to provide food and livelihood securities to major chunk of 
Indian population. With emergence of heat stress as one of the major problems in 
Indian poultry industry, our primary area of focus should be to explore innovative 
approaches, including genetic marker-assisted selection of poultry breeds for 
increased heat tolerance and disease resistance for better productivity. Application 
of modern molecular techniques in poultry breeding has great potential to improve 
poultry productivity in a sustainable manner. Simultaneously, the possibilities of 
heat stress mitigation must be explored in terms of designing of suitable poultry 
housing for hot regions. Nutrition being one of the major factors in mitigating heat 
stress, study of the nutrient supplementation and feeding practices should be given 
priority.

Future research on fisheries must be oriented to understand the implications of 
greenhouse gas emission-induced sea acidification on fisheries ecosystem produc-
tivity and habitat quality and quantity especially on habitat of phytoplankton. 
Secondly, biotechnological intervention in terms of identification of heat and 
hypoxia tolerance traits in fish, identifying the molecular pathways and marker- 
assisted selection of fast-growing and tolerant species.

Though a lot of scientific advances have been made related to understanding of 
physical and physiological aspect of various atmospheric stressors, much work 
remains to be done regarding quantifying its impacts and long-term implications on 
agriculture. Thus only option left before us is to fight it in our own way. Firstly 
before doing so, the types and level of stresses must be properly quantified for 
future references. Secondly researches on finding mitigation and adaptation mea-
sures need to be scientifically planned so as to make it economically viable. By 
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doing so, these scientific measures can be successfully adopted by growers to make 
future agriculture economically sustainable and less risky against the atmospheric 
anomalies.
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Abstract
Drought is one of the recurring features of Indian agriculture especially in the 
rainfed areas. Severity of its impacts depends upon its nature (chronic and con-
tingent), its duration and frequency, and the extent of area afflicted. Drought not 
only impacts production at farm level vis-à-vis national food security but also 
causes miseries to human life and livestock. The present drought management 
strategies, however, are skewed toward crisis management rather than risk man-
agement. The latter needs enhanced insight into even the minute features of the 
agroecologies for viable solutions to mitigate drought stress. These solutions are 
determined by capacity to reduce soil moisture deficit, minimizing the impact of 
drought and accelerating the recovery. However, the key technologies for drought 
proofing are watershed management, in situ water conservation, and integrated 
farming systems that include resilient crops, contingent crop plans, etc. Drought 
stress management further needs shaping through modern tools for characteriza-
tion of agroecosystem, stress mitigation options, and genetic modification of 
crops for drought tolerance. In this context, the present review attempts to look 
at various options being offered by advances in drought management.

3.1  Introduction

Drought is an integral part of farmers’ life in 68% of cultivated area in India that is 
vulnerable to water deficits resulting from failure of rains and lack of access to 
stored water in natural or artificial reservoirs above or below the ground. Definitions 
and different perspectives of this natural disasters have been elaborated in different 
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reviews and reports (Kramer 1983; Wilhite and Glantz 1985; NAAS 2011). While 
some of these definitions are conceptual others are operational or disciplinary 
(Table 3.1). The management of drought has now become an essential feature of 
national disaster management system that has evolved as an integrated institutional 
mechanisms for holistic, proactive, multi-disaster-oriented and technology-driven 
strategy through various approaches for prevention, mitigation, preparedness, and 
response (GoI 2009; Rathore et al. 2014). Till recently, the focus of drought man-
agement strategy was primarily on crisis management during the drought, and 
there is now an increasing awareness on management of risks of drought for the 
human and livestock population as well as agricultural crops. Though the reasons 
can be traced ultimately to atmospheric and hydrological droughts, the agricultural 
drought is unique in the sense that it impacts the society through its adverse effect 
mainly on crop plants including forages, which then affect livestock. By definition, 
agricultural drought is the situation when crop plants face deficit of soil moisture 
for their growth and development which consequently lead to losses in productiv-
ity. Here drought stress refers to inadequate water availability in quantity and dis-
tribution during the life cycle of the crop, which is the most important production 
risk for many crops worldwide (Beebe et al. 2013). In this context, the intervention 
of modern science for management of agricultural drought assumes immense 
significance.

Countries like India with major agroecologies being rainfed have been witness-
ing frequent drought episodes, but their frequency has increased in the recent past. 
Though this cannot be exclusively attributed to climate change, the predictions are 
now warranting enhanced efforts to explore drought adaptation and mitigation 
options to ensure food demand of about 1.6 billion population expected by 2050. 
Even in the absence of climate change, diminishing water supplies, urbanization, 
shifting diets, and the additional demand on cereals like maize for fodder and fuel 
pose challenges for agricultural sector (Hubert et al. 2010). In countries like India 
where the two-fifth of irrigated agriculture contributes about half the production and 
the rest, which is prone to drought, contributes three-fifth of the production, the rest 
three-fifth comprising of rainfed ecosystems contribute only about two-fifth of 
production.

Despite reduced contribution of agriculture to national GDP since independence, 
about half the population depends on agriculture, and about half of that are vulner-
able to impacts of drought. Drought-prone agricultural lands cannot be neglected as 
the food production needs to be doubled by 2050 particularly when climate change 
events are likely to amplify adverse effects of natural disasters. Lessons learnt in the 
past have helped evolving institutional mechanisms for reducing the impact of 
drought though holistic solution are yet to be evolved for this recurring problem. In 
addition to the focus on staple food crops, increased understanding of response of 
horticultural crops and livestock production system to drought is essential.
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Table 3.1 Concepts and definitions of drought

Type Description
Conceptual A long period with no rain, especially during a planting season (American 

Heritage Dictionary 1976)
An extended period of dry weather, especially one injurious to crops (Random 
House Dictionary 1969)

Operational An operational definition, for example, would be one that compares daily 
precipitation values to evapotranspiration (ET) rates to determine the rate of 
soil moisture depletion and expresses these relationships in terms of drought 
effects on plant behavior at various stages of crop development (Wilhite and 
Glantz 1985)

Disciplinary Defined according to disciplinary perspectives (Subrahmanyam 1967)
1. Meteorological/atmospheric drought
  Meteorological drought is classified based on rainfall deficiency w.r.t. 

long-term average – 25% or less is normal, 26–50% is moderate, and more 
than 50% is severe

  In India meteorological drought is classified based on rainfall deficiency 
w.r.t. long-term average – 25% or less is normal, 26–50% is moderate, and 
more than 50% is severe

  Palmer drought severity index (PDSI)-based definition: The palmer drought 
severity index (PDSI), developed in 1965 by W. C. Palmer, is the widely 
referred meteorologic drought definition in the United States and is well 
known internationally

  The PDSI relates drought severity to the accumulated weighted differences 
between actual precipitation and the precipitation requirement of 
evapotranspiration (ET). Although commonly referred to as a drought index, 
the PDSI is actually used to evaluate prolonged periods of abnormally wet  
or abnormally dry weather

2. Hydrological drought
  Hydrological drought is best defined as deficiencies in surface and 

subsurface water supplies leading to a lack of water for normal and specific 
needs. Such conditions arise even in times of average (or above average) 
precipitation when increased usage of water diminishes the reserves

  Definitions of hydrologic drought are concerned with the effects of dry spells 
on surface or subsurface hydrology, rather than with the meteorological 
explanation of the event. For example, Linsley et al. (1975) considered 
hydrologic drought a “period during which stream flows are inadequate to 
supply established uses under a given water management system”

3. Agricultural drought
  Agricultural drought definitions link various characteristics of  

meteorological drought to agricultural impacts, focusing, for example, on 
precipitation shortages, departures from normal or numerous factors such as 
evapotranspiration

  A plant’s demand for water is dependent on prevailing meteorological 
conditions, biological characteristics of the specific plant, its stage of  
growth, and the physical and biological properties of the soil. An operational 
definition of agricultural drought should account for variable susceptibility  
of crops at different stages of crop development. For example, deficient 
subsoil moisture in an early growth stage will have little impact on final  
crop yield if topsoil moisture is sufficient to meet early growth  
requirements. However, if the deficiency of subsoil moisture continues, a 
substantial yield loss would result

(continued)
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3.2  Intensity of Drought and Losses

On an average, severe drought occurs once in 5 years in most of the tropical coun-
tries, though often these may occur during successive years causing huge losses to 
agriculture and misery to human life and livestock. Almost every year, varying 
intensities of drought affect one or the other region of the country. Almost two- 
thirds of the geographic area of India receive low rainfall (<1000 mm), which is also 
characterized by erratic and uneven distribution. Technical Committee on Drought 
Prone Area Programme and Desert Development Programme identified about 120 
million hectares of the country’s area, covering 185 districts (1173 development 
blocks) in 13 states as drought prone. Based on the historical records, about 130 
droughts/famines have been reported in one or other part of the country between 
1291 and 2009. During the twentieth century alone, droughts of varied intensities 
occurred during 28 years in India (NAAS 2011). The loss in production of food 
grains due to drought averaged over in 1970–1996 has been estimated to be 1.8 bil-
lion year−1, which was equivalent to 8% of the value of food grain production in the 
region. This needs to be revisited taking into consideration the worst droughts that 
occurred till recently. In 1972 and 2009 the nationwide rainfall deficits were 24% 
and 23%, respectively. Rainfall was 19% below normal during the droughts of 1979, 
1987, and 2002. Food production was declined by an average of 10% year-on-year 
in a drought year. In 1987, the delayed onset of the monsoon in certain parts and the 
prolonged dry spells in most parts of the country severely affected agricultural oper-
ations in 58.6 M ha of cropped area in 263 districts in 15 states and 6 Union territo-
ries. About half of the area was not sown at all. In Gujarat and Rajasthan the drought 
was third to fourth in succession and even Punjab and Haryana received less than 
50% of normal rainfall. In addition to acute water shortage for 54,000 villages of 
Rajasthan, there was severe deficit of fodder for livestock. Drought in 1987 affected 
about 16.8 million cattle across the country (Anonymous 1991).

In terms of magnitude, the drought of the year 2002 ranked fifth among the 
severest droughts India faced since 1875. The intensity of aridness in July at 51% 
rainfall deficiency surpassed all previous droughts. The impact of drought spreads 
over 56% of the landmass threatening livelihood of about 300 million people in 18 

Table 3.1 (continued)

Type Description
4. Socioeconomic drought
  Definitions which express features of the socioeconomic effects of drought in 

addition to features of meteorological, agricultural, and hydrological 
drought. For example, socioeconomic drought is said to be occurring when 
the supply of particular commodity drastically falls short of demand due to 
less precipitation and harms the progress of society for that particular year or 
season
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states (NAAS 2011). This drought reduced the sown area to 112 million hectares 
from 124 million hectares and the food grain production to 174 million tons from 
212 million tons, thus leading to a 3.2% decline in agricultural GDP (Murthy et al. 
2010). Most of the drought-prone areas lie in the arid (19.6%), semiarid (37%), and 
subhumid (21%) areas of the country that occupy 77.6% of its total land area of 329 
million hectares (Anonymous 2012). In 2015–2016, more than 40% of the area of 
10 states was severely affected by drought (Fig. 3.1) indicating that drought will 
continue to be the major constraint in ensuring the food security that encompasses 
availability, access, utilization, and stability of a healthy food supply (FAO 1996). 
This necessitates an overview of progress made so far and scope ahead for further 
gains from scientific advances.

Fig. 3.1 Losses in food production during drought years (a) and drought-affected districts in dif-
ferent states of India during 2015–2016 (b) (Based on DOAC (2016), Gov India data)
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3.3  Achievements and Challenges

The growth of crops and the food production in the country are strongly influenced 
by total rainfall during Kharif season (Venkateswarlu et al. 2012). Though not com-
pletely solved by persistent efforts during the last six decades for developing 
improved practices, better logistics, and timely interventions, there is evidence to 
support the view that such drought-proofing measures have lowered the impact of 
droughts of the recent years (Fig. 3.2). These impacts have emerged from technolo-
gies focused for prevention, mitigation, and risk management. Providing access to 
water was the main goal of integrated watershed management and other in situ 
water conservation measures, which were successful in many places but yet to cover 
hitherto unattended regions. The success of these interventions was more conspicu-
ous in regions that receive erratic or optimum rains. However, the rainfall abrasions 
during southwest monsoons continue to be major factors contributing toward insta-
bility of food production especially in rainfed areas.

Crop improvement options were explored extensively for almost all the crops 
including rainfed rice that is known to have high water requirement. Several 

Fig. 3.2 Comparison between 2002 and 2012 drought years with respect to cereal production (a) 
and percent reduction in different food crops (b) (Based on DOAC (2016))
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high- yielding varieties have been released for cultivation in rainfed and drought-
prone areas by national (AICRPs for different crops) and international institutes. In 
addition, improved production practices have been developed to get maximum yield 
from these varieties. However, these technologies remain ineffective when the 
drought is featured by extreme delay and total failure of rains (Fig. 3.3).

Integrated farming system featured by small ruminants in livestock was per-
ceived as viable solution for assured income under drought situation; however, the 
fodder crisis during drought usually limits the potential of such ventures in large 

Fig. 3.3 Trend in productivity of cereal (a) pulse (b) crops in Maharashtra (Based Maharashtra 
Agriculture Statistics)
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scale. Unlike vast well-managed grasslands in the developed and scarcely populated 
rural landscapes of the west, Indian livestock production continues to depend on 
village common lands and largely on crop residues. Dryland fruit crops though do 
not require large quantities of water; the acute shortage during the dry spell can 
devastate their orchards as has been observed during the recent droughts in Vidarbha 
and Marathwada regions of Maharashtra.

Soil and water conservation measures in drought-prone areas are also given due 
attention as the absence of rains and consequent lack of crop cover lead to substan-
tial soil loss contributing to land degradation. However, the distressed farmers pay 
little attention to this fact unless provided with support from concerned public and 
private agencies. Dire necessity for contingency plans to tackle the drought was 
emphasized in various forums, and as a consequence the contingency plans have 
been prepared for 614 districts. Persistent efforts are being made to scale up the best 
practices for rainwater and soil management through linking on-station and on-farm 
research (Venkateswarlu et al. 2008; Rao et al. 2014). Focus is also on alternate and 
diversified land use systems that can contribute to agricultural drought manage-
ment. Remote sensing has emerged as robust tools for assessment, monitoring, and 
forewarning the drought episodes, and thereby efforts are on strengthening the fore-
casts for early warning, vulnerability, and assessment of drought.

3.4  Scope for Technological Interventions

Unlike other natural disaster, the occurrence and impact of drought is gradual and 
hence allows sufficient scope for managing it through technological interventions. 
Agriculture persists in drought-prone areas because the drought years are followed 
by normal years. For example, deviations from normal rainfall from 1998 to 2015 in 
Solapur District of Maharashtra (Fig. 3.4) reveal cyclic nature of drought with phase 
of normal years of 3 to 4 years followed by drought years of almost similar duration. 
While beginning of the cycle the district received 70% higher than the normal, the 
end of the cycle witnessed 40–60% less rains. There were intermediate years when 
the rain deficits were not severe. Such trends are very common particularly in rain-
fed areas. In this context, drought cycle management is crucial for enhancing the 
benefit for farmers with approaches that encompasses prevention of losses, mitiga-
tion, and risk management (Table 3.2). Such approaches should consider the short- 
and long-term profit without technological footprint on the environment. This 
should be based on weather predictions and land use plans suited to soil type and 
other features of agroecologies.

Through the drought cycle management, farmers can get higher productivity 
from improved crops and resilient livestock, production technologies, and protec-
tion technologies particularly during favorable years, while risk cover can take care 
of him during harsh years. At the same time during normal as well as severe drought 
periods, attention is needed for protecting and developing the agroecosystems 
through appropriate land degradation prevention efforts.
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While drought management in broad sense including even nonagricultural sector 
has been given due emphasis for crisis management, it is suggested that the three 
key components (Fig. 3.5) should be integrated in conceptual framework for agri-
cultural drought management. The conceptual framework considers precipitation 
deficit and erratic rainfall with long spells of dry weather as primary cause of soil 
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Fig. 3.4 Conceptual framework for managing drought stress through agricultural technology 
interventions

Table 3.2 Technology intervention for drought cycle management

Beneficiary Source Technologies and tools Drought cycle
Farmer More productivity Improved crops and resilient 

livestock
Favorable years

Improved production 
technologies
Improved protection 
technologies

Less reduction in 
losses

Robust weather predictions Unfavorable years
Resource management
Resilient crop with 
environmental plasticity

Continued income Risk cover Transition period
Protection of biennial and 
perennial crops to ensure 
recovery
Sustainable farming systems

Natural 
ecosystem

Prevention of land 
degradation

Soil conservation technologies Unfavorable years

Enrichment of 
natural reservoirs

Watershed technology Favorable years
Ground water recharge
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moisture deficit. However, it also recognizes features of soil as factor that allows 
determination of options for reducing the causes of soil moisture deficit. While 
reduced agricultural productivity is the immediate impact, it hopes on technologies 
to reduce these impacts with resilient commodities or stress-mitigating natural 
 management options. Further, the framework considers recovery from stress as one 
of the major component for management of drought particularly with respect to 
perennial horticultural crops, livestock, and also farmer. There are several  proposals, 
policies, and institutional mechanisms which cover prevention, mitigation, stress 
relief, and recovery in broader perspectives including socioeconomic aspects. 
However, the present review focuses largely on scope and options offered by  science 
for reducing drought risks for agriculture.

3.4.1  Reducing the Causes of Soil Moisture Deficit

There are four major factors that lead to soil moisture deficit, viz., loss due to poor 
infiltration of water, run-off, high evaporation, and transpiration. These are largely 
determined by climate, soil properties and topography of land, and laws of water 
dynamics (Unger et al. 2010; Kirkham 2011). These causal factors also determine 
the type, intensity, and duration of agricultural drought and can be successfully 
addressed through modern approaches for integrated watershed management 
(Molden 2007; Joshi et al. 2008; Bhan 2013; Nagaraja and Ekambaram 2015) and 
conservation agriculture (Hudson 1987) involving mulching (Shekour et al. 1987; 
Choudhary 2016) and intercultural practices. Antitranspirants have been demon-
strated to improve crop yield in sorghum (Fuehring 1975), maize (Fuehring and 
Finkner 1983), and potato (Pavlista 1995) but are cost prohibitive.
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3.4.2  Minimizing the Impact of Drought

Major impact of drought on agriculture is manifested mainly through damage to 
crops and gradually the livestock dependent on fodder production and water. The 
prolonged drought and incessant rains can cause heavy losses by degradation of 
land. The agriculture once crippled by drought can affect livelihood and hence 
income of rural mass which consequently face severe economic constraints for 
farmers who often depend on loans. The nature of damage to crops depends on 
drought intensity, which is determined by its timing, duration, crop growth stages, 
and also the soil type and landscape at a particular location. Technological interven-
tions to minimize the losses can emerge from natural resource management with 
focus on conservation and input use efficiency, genetic improvement with focus on 
tolerance to stress, and policy support research with focus on adaptation of technol-
ogy and market strategies for enhancing profit for farmers. When farmers get 
engrossed with immediate relief from the drought, the damage to land due to soil 
degradation is often neglected. The community efforts supported by government 
and voluntary agencies can help prevent this by employing appropriate strategies 
involving integrated watershed concepts. Already released varieties of crops for 
drought-prone areas if matched with resources and agroecosystem features can 
minimize the losses due to drought. Contingency plans have been developed for 
minimizing the losses but needs to be extended to drought-prone regions. In addi-
tion to resource management technologies, improvement in resilience to soil mois-
ture stress can be achieved by adopting drought-tolerant crops. This needs genetic 
improvement efforts. New omic technologies, specifically genomics and phenom-
ics, have opened new avenues to support conventional breeding approaches for 
developing crop varieties tolerant to soil moisture deficit at different locations. The 
yield component-based selection procedure is gradually leaning toward trait-based 
approaches for imparting drought tolerance in crops.

3.4.3  Enhancing the Recovery from Drought

The recovery from agricultural drought should be attended by taking into consider-
ation the necessity to recover the annual crops from mid- and early season drought, 
perennial horticultural plant after long dry spell, recovery of livestock, and recovery 
of farmers. This can be accomplished by technological interventions such as appli-
cation of bio-regulators, real-time contingency plan for midseason drought, fodder 
banks, and risk cover through crop insurance. The foremost factor that enables 
recovery from drought is resumption of precipitation while technologies can 
enhance the recovery of crops damaged by deficit soil moisture. Technologies can 
benefit the crops if drought occurs at mid-, early, or late season if not throughout the 
crop growth stage particularly in case of annual staple food crops. The role of 
 bioregulators have been demonstrated to alleviate the abiotic stresses including soil 
moisture stress in some of the crops as illustrated in other chapters. This option has 
to be explored for all the drought tolerant cultivars and different drought situations. 
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Resource management technologies for real-time contingency have been success-
fully demonstrated but needs to be scaled up to suit location-specific requirements. 
Crop improvement technologies have resulted in crop cultivars specific to rainfed, 
arid, and semiarid regions which experience drought; however, they need to be tai-
lored for updated agronomic practices and nature of drought that varies widely 
across the location. There is a scope for development of technologies to address 
delayed onset to maximum of three weeks from normal date for the given region, 
early onset and sudden breaks, early withdrawal of monsoon, and delayed with-
drawal or extended monsoon which all contribute to drought faced by the crops. 
There is a scope to test these technologies in real-time situation.

3.5  Reorientation of Approaches

Some of the evolved technologies are not being adopted due to constraints at the field 
level. These gaps can be bridged through a deep insight into the nature of drought 
in location-specific context, mechanisms, and traits that enable crop plants to survive 
and perform in soil moisture-deficit environment. Varieties of crops with high and 
stable yield, production technologies that can reduce gap between potential and real-
izable yield, and protection technology that employ bio-regulators can become inte-
gral components of drought management plans. The technologies that were evolved 
during the past decades may not provide much dividend as any improvement in pro-
duction and productivity should not have environmental footprints.

3.5.1  Insight into Agroecosystems Facing Drought

Variability in drought ecologies exists across the country, and strategies to manage 
these cannot be the same though adequate access to water is ultimate solution for 
development. However, it is possible to outline common options as well as specific 
options for mitigation and adoption by soil type and the climate-dependent choice 
of agriculture enterprises. For example, in Maharashtra, where about 80% of 
cropped area is rainfed, the intensity of drought and its impact vary widely on deep/
medium/shallow black soils due to deficient rains at early stages, midseason, or/and 
at terminal stages of crops (Fig. 3.6). So the management options should match the 
location-specific requirement for improvement in agricultural productivity. This 
also demands close link between departments of agriculture, agriculture extension 
agencies, research institutes, and academic institutes.

3.5.2  Effective Contingency Plans

Contingency planning is a management process that analyzes specific potential 
events or emerging situations that might threaten society or the environment and 
establishes arrangements in advance to enable timely, effective, and appropriate 
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responses to such events and situations. It refers to a feasible strategy for implemen-
tation to mitigate the losses due to stress when problem occurs. The fundamental 
issue of prediction of drought in advance is addressed by meteorological divisions 
while the task of minimizing the losses to agriculture in general and crops in spe-
cific from the next drought depends on existing technologies. Hence, the contin-
gency plan necessarily encompasses technological interventions to minimize the 
loss. The effectiveness of the contingency plan is determined by the scale at which 
it is implemented and the emphasis on the diversity in nature of drought to fit the 
best available technology. Crop contingency plans have been prepared for 614 dis-
tricts that have now become the integral part of drought management action plan for 
the nation. In addition, some real-time contingency plans in the event of failed or 
deficient rains have been successfully demonstrated (Srinivasarao et al. 2013).

3.5.3  Drought Cycle Management

Drought is a cyclic process and therefore actions to be taken have to be phase depen-
dent (Pantuliano and Wekesa 2008; Lesukat 2012). When drought is inevitable, 
seeding or planting can be avoided instead of losing crop. Vast areas remain uncul-
tivated and become vulnerable to wind and excess rains responsible for soil erosion. 
However, the limited rains can sustain some cover crop that may be useful in fixing 
nitrogen and enriching soil with organic matter during the dry spell. This can help 
in improving the productivity of subsequent crops as benefit of cover crops are 
increasingly evident (Mahama et  al. 2016). Farming system approach with new 
technological options for crop and livestock suited to specific agroecologies can 
minimize the losses due to drought. Emphasis on livestock during the predicted 
drought years and crop production during the favorable years needs to be optimized 
at each smallest unit of agriculture sector.
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Farmers have learnt about the nature of drought by experiencing it and are usu-
ally hesitant to adopt costly technologies unless convinced about the benefits of 
emerging ventures. The technologies which are optimized for small and marginal 
holdings will have more acceptances. For enhancing the acceptance of these tech-
nologies, it is necessary to combine them with weather-based risk cover through 
crop insurance in the event of drought. Availability of quality seeds of crops and 
other essential inputs become major constraints for re-sowing if early secession of 
monsoon spoils the crop. Similarly, failure of crop during the drought year places 
substantial pressure on seed supply chain for the subsequent year. Hence, drought 
cycle management approach should include production and supply of seeds and 
other inputs like seed treatment formulation/microbial cultures for ensuring ben-
efits from favorable season in drought-prone area. Further, activities essential for 
prevention of degradation of land and water resources can be beyond the capacity 
of farmers when crop cultivation is totally hampered by drought. Many of the soil 
health improvement approaches can be carried out during the drought periods for 
the benefit of crops during ensuing season with the support of disaster manage-
ment agencies.

3.5.4  Integrated Models for Soil–Crop–Atmosphere Interaction

For drought cycle management, diversity-based contingency plan can be effectively 
implemented with an improved insight into the soil–crop–atmosphere continuum. 
Performance of crops under a given environment is influenced by several produc-
tion factors which are embedded in soil and atmosphere, and these factors contrib-
ute to the complexity in the assessment of stress-prone areas. Crop modeling and 
simulation facilitate the decomposition of complex nonlinear interactions among 
production factors. When combined with biology, environment, and policy sci-
ences, it strengthens agriculture decision-making (Adlul et al. 2014). Several mod-
els are being used to predict climate change, impact under different scenarios, and 
the crop performance. International Agricultural Model Intercomparison and 
Improvement Project (AgMIP) is looking forward to filling the gaps in current gen-
eration of simulation models that are inadequately account for soil–crop–atmo-
sphere interaction responses to the wide variability of temperature and precipitation 
(Hatfield et al. 2011). Hence, it seeks to replace them with the most advanced and 
robust crop simulation models to project future crop production and to enhance 
development of adaptation strategies to cope with climate change (Rosenzweig 
et al. 2013). Further, crop modeling-based management of limited water sources 
(Islam et  al. 2014) may be immensely useful for drought-prone regions. This is 
highly crucial as India is facing water scarcity as evident from per capita availability 
of water declining sharply from 5177 m3 in 1951 to 1544 m3 in 2011 (CWC 2013). 
It is projected to reduce further to 1465 and 1235 m3 by the year 2025 and 2050, 
respectively, under high population growth scenarios (Kumar et al. 2005).
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3.5.5  Emphasis on Genetics × Environment × Management 
Interaction

Only the genotype and environment interaction used to be the focal point for 
genetic improvement technologies till recently with the assumption that yield 
potential improvement can take care of the rest of aspects. At present there is 
drastic change in the way crops are raised. Conventional agronomic practices are 
now making ways for conservation and precision agriculture. Since our ability to 
expand the available land resources are not a viable option, actual yield increases 
and overall productivity should come from resource management for increasing 
land productivity. In this context, development of methods of screening genotypes 
for a variety of responses to combinations of environmental and management sce-
narios is highly essential. This needs transdisciplinary teams to represent each 
component of the G × E × M interaction (Hatfield and Walthall 2015). Closing the 
yield gap, defined as the difference between the farmer’s yield and potential yield 
of a crop variety, is one of the best options as the gap can be as high as 50% under 
rainfed conditions (Lobell et al. 2009; Hatfield and Walthall 2015). Further, link-
ing water use efficiency (WUE) with radiation use efficiency (RUE) will provide 
an opportunity for improvement in adaptation to drought environment (Hatfield 
and Walthall 2015). The proposals to consider concept of effective use of water 
rather than WUE may also change the way we select the crop for drought stress 
environments (Blum 2005).

Choice of a crop for a particular soil moisture stress environment is not necessar-
ily governed by yield potential of a variety. For example, Lok 1 a wheat variety 
released 29 years ago is widely grown in central and peninsular India despite new 
cultivars released in the recent years. Traditional crop varieties outperform new 
drought-resistant varieties because of differing soil management practices (Hatfield 
and Walthall 2015). Recent analysis of field-level data revealed that the sensitivity 
of maize yields to drought stress associated with high vapor pressure deficits has 
increased from 1995 to 2006 though yields have increased in absolute value under 
all levels of stress for both soybean and maize. The agronomic changes tend to 
translate improved drought tolerance of plants to higher average yields but not to 
decreasing drought sensitivity of yields at the field scale (Lobell et al. 2014). Further, 
new options such as plastic mulch on ridge and bare furrows have advantage only in 
sandy soils and not in heavy soils (Xianju et  al. 2014). Hence, it is essential to 
explore G × E × M approaches for further improvement in productivity of crops. 
Use of microbial consortium or microbial product in agriculture (Asghar et al. 2015: 
Xiao-Min and Huiming 2015) can add new dimension to G × E × M approach.

3.5.6  Mining Genetic Resources

There is an ample opportunity to search for stress-tolerant genes in wide range of 
cultivated and wild species of plants in genebanks. About 1750 plant genebanks 
have been established worldwide, with 7.4 million accessions maintained as ex situ 
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collections in either seed banks, field collections, and in vitro and cryopreservation 
conditions (FAO 2010). Countries like India have as many as 346,000 germplasm of 
various crops, and these germplasm can be treasure of desirable traits for drought 
tolerance. In addition there are sets of mutant lines with induced genetic variation 
which exist for different crop species, and new techniques are emerged to create 
new genetic variants for gene function studies by employing molecular tools. A 
Robust CRISPR/Cas9 System for convenient, high-efficiency multiplex genome 
editing in plants is emerging and can be helpful in studying the genes associated 
with stress tolerance (Ma et al. 2016). Such high-end genomics and marker-aided 
selection can get support of emerging phenomics techniques (Furbank and Tester 
2011; Yang et al. 2013; Klukas et al. 2014; Rahaman et al., 2015) to screen these 
large set of genotypes with great precision to discover traits and genes relevant to 
drought tolerance.

While the tremendous progress during the green revolution has been attributed to 
germplasm exchanged for crop improvement, recent trade-related issues and biodi-
versity ownerships have largely restricted the free flow of germplasm, which has 
become the cause of concerns (Aseffa and Welch 2015). At the same time, new 
inventions have made a way for several patents that have delayed the translation of 
science for benevolence of humanity. For example, about 70 patents delayed benefit 
of highly innovative and nutrient-rich golden rice for the targeted population having 
no access to sufficient quantity and quality of food. In this context, the Public Sector 
Intellectual Property Resource for Agriculture (PIPRA; www.pipra.org) is trying to 
establish “best practices” encouraging the greatest commercial application of pub-
licly funded research without compromising the rights of public institutions to ful-
fill their responsibilities toward the public at large. With hundreds of inventions 
related to drought tolerance in plants patented, significant utility is expected from 
PIPRA’s efforts to establish a database providing an overview of IPR currently held 
by public institutions, with up-to-date information on the licensing status of these 
IPRs. Further the crop improvement for drought-prone regions can get a boost if 
freedom to operate (FTO) for use of new invention is facilitated through “technol-
ogy packages” of complementary patents. (Atkinson et  al. 2003; Gepts 2004). 
Efforts should be made to avoid complex restrictions and obligations that may hin-
der the exchange of genetic materials, public research, and further innovation 
(Seyoum and Welch 2015).

While the focus is on genetic variability for drought improvement in staple food 
crops, the opportunity to cultivate other crop species is yet to gain momentum. The 
human population today derives most of its calories from a very narrow set of crops, 
with only about 30 species providing 95% of the global food energy (Prescott and 
Prescott 1990; FAO 2010) and just three major crops, viz., wheat, maize, and rice, 
provide over 60% of our food supply. On the contrary, over 7000 species are known 
as edible and are either partly or fully domesticated, suggesting that a large share of 
potential food sources is underutilized (Rehm and Espig 1991; Wilson 1992). These 
underutilized crops carry unrealized potential to contribute to human welfare, in 
particular for income generation for the world’s poor, food security and nutrition, 
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and reduction of “hidden hunger” caused by micronutrient deficiencies resulting 
from uniform diets. It is increasingly felt that challenges of global climate change 
and food security can be addressed by rescuing and using more diversity in agricul-
tural and food production systems, both in terms of crop as in terms of varieties 
within any given crop (PAR 2010; FAO 2011). Diverse agroecosystem, crop diver-
sification, and dietary diversification should be assessed in specific context of 
drought for integrating qualitative and quantitative knowledge on underutilized 
crops for decision support system. Any efforts to choose the best combination of 
unexplored crops and the well-characterized drought-prone agroecosystem can 
greatly contribute to the drought management in agriculture.

3.5.7  Dryland Horticulture Technologies

Extensive studies have been conducted to understand the mechanisms underlying 
plant responses to soil moisture deficit. However, implementation of technologies 
except for micro irrigation is not gaining momentum. Plants strategy to survive and 
perform during and after stress needs to be exploited for those horticultural crops 
where information is available. There is a need to generate such information for 
other crops for productive use of scarce and poor quality water though these plants 
are apparently adapted to dry region. Future orchard management practices for dry-
land horticulture should consider the emerging basic knowledge that mechanisms of 
tolerance to drought in young leaf are different from that in mature leaves (Claeys 
and Dirk 2013). It is well know that pollination is critical to fruit production, but the 
interactions of pollination with plant resources on a plant’s reproductive and vegeta-
tive features are largely overlooked (Klein et al. 2015). There is an indication that 
thermal imaging can explain the responses of plant to soil moisture levels (Lima 
et al. 2016). There is clear demonstration of benefits of simple techniques such as 
mulching with straw or plastic films in conserving soil moisture and enhancing 
water use efficiency in crops like peach in semiarid region (Wanga et  al. 2015). 
Deficit irrigation techniques optimized and method adopted to optimize the same in 
orchard crops like grapes (Lanaria et  al. 2015), papaya (Nunes de Limaa et  al. 
2015), and pomegranate (Catola et al. 2016; Parvizi et al. 2016) need to be extended 
to other fruit crops to save water without compromising the quality of fruits. Such 
optimizations are likely to be largely determined by the type of soil and precipita-
tion events at a given agroecology. However, site preparation techniques, careful 
species selection, planting, and care during the initial and other critical stages of 
development are the versatile tools for sustaining orchards during drought period 
(Minhas et  al. 2015). Recently the information on abiotic stress physiology of 
 different horticulture crops has been compiled (Srinivasa Rao et al. 2016) which can 
further serve as guide for translation of scientific knowledge into management 
 practices for better harvest and income for farmers of dry and drought-prone areas.
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3.5.8  Efforts Beyond the Usual Business

Some of the unusual approaches such as artificial rains can help to cope during 
severe water scarcity periods. Managing clouds to get rains have been tried by 
human being since time immemorial, and cloud seeding has been demonstrated for 
enhancing precipitation. Recently, Chinese scientists have perfected this art of man-
aging clouds. The science of cloud seeding involves introduction of small particles 
for promoting condensation of moisture from cloud by serving as a nuclei to start 
with and precipitate down as snow or rain. Since the world is at the verge of facing 
severe water crisis, such technologies are likely to evolve fast. If the art and science 
are made prefect for managing cloud to get precipitation at desired time, at desired 
place, and in amount optimum for agricultural activity, our strategy to manage 
drought-like situation should be reoriented.

Introduction of genetically engineered crops warrant altogether different crop 
production approaches to comply with the norms of biosecurity. In addition, these 
crops need high input use efficiency-driven resource management practices as the 
cost of seeds may be higher than usual traditionally bred crop varieties. On the other 
hand, introduction of new crops may need altogether different agronomic practices. 
Future research for drought-prone agriculture should consider these aspects. If 
inbuilt constraints such as economically unviable size of land holdings are addressed 
through institutional mechanisms, every piece of land can get benefit of appropri-
ately integrated modern science and viable conventional approaches emerging from 
traditional wisdom.

3.5.9  Village Transformation Into Drought-Ready Community

To make community-level drought planning more widespread, there should be close 
linkages between key stakeholders, planners, researchers, and villagers. This needs 
additional resources to work with organizations and communities. This can be 
achieved by wider publicity of success stories emerged from model villages. To be 
qualified as drought ready, the villages should get a start well in time, gather infor-
mation on drought, establish monitoring, involve in public awareness and educa-
tion, and prepare for response to drought and recovery. Advances in information 
technology can be effectively employed to facilitate many of the components of 
drought-ready community. For example, it is often seen that the farmers face lack of 
sufficient seeds of desired quality following the drought episodes though the likeli-
hood of better weather offer them to recover from the drought shocks. Such situa-
tions can be predicted and the provision can be made to arrange for seeds and other 
inputs from other places which remain unaffected by drought. Alternatively, there 
should be access to technology and infrastructure to preserve the seeds during 
drought phase of drought cycle. Similarly, there must be ways to save drying 
orchards by bringing water from other places wherever possible. The cost of such 
ventures will be lesser for the community relative to individual.
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3.6  Conclusion

Both the natural resource management and crop improvement research have played 
significant role in improving the productivity of crops in drought-prone areas as 
evident from reduced impact of recent drought on overall agricultural production of 
the country. Implicitly, we cannot neglect regional adverse impact of drought that 
tends to continue miseries of farmer in drought-prone area. It is also recognized that 
the achievement so far in developing technologies is not sufficient to meet the future 
demand for food, improved livelihood, and for stable and descent income of the 
marginal farmers. Hence, there is a need for accelerated efforts to develop technolo-
gies that can reduce the cause of soil moisture deficit, minimize the impact of 
drought, and accelerate the recovery to normal after the drought event. There is a 
scope for enhanced capacity to understand drought-prone environment facilitated 
by remote sensing and GIS and instrumentation and automation to monitor moisture 
in soil and plant tissues. Our understanding of impact of conservation agriculture as 
well as advances in genomics, phenomics, and metabolomics for genetic improve-
ment can provide new opportunities for developing novel mitigation and adaptation 
technologies for drought-prone agriculture. In addition to crop-based agriculture, 
integrated farming approaches involving livestock and agroforestry with improved 
mechanization of agricultural operation can transform agricultural landscapes in 
drought-prone areas and also the remunerations for the farmers. Such ventures 
should give due consideration for land use plan options. With improvement in mon-
soon forecast, these technologies can provide robust solutions for management of 
drought at smallest level of administration. While the scientific community will 
continue to advance the understanding about the science of tolerance to drought in 
crop plants, it will better serve crop improvement scientists by providing a more 
in-depth and clear understanding of the adaptation and mitigation solutions. The 
focus of search for solutions should be a major component of translational research 
by involving multidisciplinary teams. With the state-of-the-art facilities for high 
throughput genomics, phenomics, proteomics spread across the institution, interin-
stitutional collaboration can bring the expertise on one platform where communica-
tions will be robust enough to avoid duplication and to promote synergies in 
developing scientific solutions for management of agricultural drought.
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Abstract
Sustainable intensification of soil resources is inevitable to maintain food and 
nutritional security with ever-increasing demographic pressures. However, the 
major gains in agricultural productivity in the recent past have led to severe land 
degradation and the resultant edaphic constraints. These include chemical stresses 
like emerging nutrient deficiencies (93, 91, 51, 43% soils rated low in N, P, K, Zn, 
respectively) with mining (8–10 million Mg of NPK annually) along with acidity 
(pH < 5.5 in 17.93 M ha), salinity (6.73 M ha), and pollutants, while severe soil 
erosivity (water 82.47 M ha and wind 12.40 M ha), shallow soils (26.4 M ha), soil 
hardening (21.4 M ha), and low water-holding capacity (13.75 M ha) constitute 
the major physical constraints. The Indian soils are inherently low in low organic 
carbon, and climate change is further impacting the farming systems. Even the 
conservative estimates are that the edaphic stresses cause about two-third loss of 
agricultural production. Several land and water management practices have been 
put forward to minimize the impact of these stresses including conservation agri-
culture, rainwater harvesting, integrated nutrient management, integrated farming 
systems, etc. However, to alleviate the effects of multiple stressors, a holistic 
approach to build up systems perspectives is a need of the hour. The new tools 
emerging especially in the areas of resource- conserving farming systems, conser-
vation agriculture, precision irrigation technologies, biotechnology and omic sci-
ences, etc. are opening up new opportunities for tackling these stresses. The 
database compiled here should allow for better focus of research to develop the 
best combination of agroecosystem-based technologies. Moreover, these should 
improve awareness among decision makers to evolve policy guidelines and take 
up measures toward “sustainable development goals.”
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4.1  Introduction

The food and nutritional security warrants the availability of adequate and quality 
food to meet the dietary and nutritional requirements for a healthy and productive 
life. The Indian agriculture has registered a phenomenal growth during the past four 
decades. However, it is still facing the challenge of ensuring food security for the 
ever-increasing population amidst constraints such as deterioration of soil quality, 
reduction in per capita land availability, forecasted water scarcities, climate change, 
etc. Nevertheless, most observers still agree that food security must be achieved 
through more productive use of land resources and that this must occur without 
further degradation. With increased pressures on land from urban agglomerations, 
horizontal expansion in agriculturally suitable land seems no longer a feasible 
option and rather the cultivated area has since long been static around 141 million 
hectares (DAC 2015). Thus the only way possible is considerable improvements in 
soil productivity (Yadav 2007; Singh 2010). But the past endeavors in meeting the 
demands of ever-increasing population have accompanied with land degradation 
and the impact of episodic climate change, those that have consequently increased 
number of edaphic stresses and their varied levels for crop production (NRAA 
2011). This has happened because the focus was more on exploitation of soil and 
water resources and less on improving, restoring, reclaiming, and enhancing 
their productivity and sustainability (NIASM 2015). As a result, the agricultural 
productivity has been witnessing stagnation even in irrigated areas. Emergence of 
widespread multiple nutrient deficiencies, depletion of organic carbon stocks, 
 pollutants/contamination by toxic substances, soil sealing and subsoil hardening, 
development of secondary salinity and waterlogging in canal-irrigated areas, low-
input use efficiencies (nutrient and water use), and decreasing total factor productivity 
of fertilizers, etc. are all the consequences of application of component-based 
 technologies for short-term yield gains. Additionally, the fragile dryland ecosys-
tems are characterized by limited and erratic rainfall, intense pressure on resource 
use, and sensitivity to climatic risks and populations that are highly vulnerable to 
food insecurity (WG-NRMRF 2011). Therefore, sustenance of agricultural growth 
would require processes that would help us to meet current and long-term societal 
needs for food, fiber, and other resources, while maximizing benefits through 
 conservation of natural resources and maintenance of ecosystem functions.

4.2  Processes and Extent of Soil Edaphic Stresses

The edaphic constraints are either natural or anthropogenic in origin and afflict 
almost all global land resources to variable degrees. Some stresses like soil salinity/
acidity and erosion, for example, may have both origins. The major stresses as 
described in Friedrich et al. (2008) are given in Table 4.1. Natural stresses may be 
either intrinsic (i.e., a consequence of characteristics specific to the soil and its inter-
nal processes) or extrinsic (i.e., a consequence of ambient conditions in the external 
environment of the soil). A further point regarding these edaphic stresses is that 
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rather than singly, these commonly exist in combinations. A typical example is of 
salinity and aridity (water stress) which are known to occur together. Also the shal-
low basaltic soils with low moisture retention capacity are prone to water stress in 
addition to having constraints like nutrient deficiencies, surface crusting, etc. Often 
the severity of stress controls the degree of adverse impacts in terms of decline in 
ability of the soils to support plants and animals. This obviously occurs due to 
reduction in the capacity to retain and supply adequate moisture and nutrients 
required for optimal growth of crops. As an example, the typical characteristics of 
selected soil types of India leading to different edaphic constraints are listed in 
Table 4.2, and area under each soil order is as given in Velayutham et al. (1999).

So far the concepts of edaphic stresses have been generally applied, and the 
knowledge on their assessment and management is limited and diverse. Still there 
are many perceptions on how these vary over time and space. But the edaphic 
stresses often lead to situations where cost-effective production is not feasible under 
a given set of site conditions and cultivation practices. Therefore, based upon the 

Table 4.1 Edaphic constraints to food production

Category Examples of stress factors
(a) Natural stresses
  (i) Stresses caused by internal soil processes
Chemical conditions Nutrient deficiencies; excess of soluble salts; salinity and alkalinity; 

low base saturation; low pH; aluminum and manganese toxicity; acid 
sulfate condition; high P and anion retention; calcareous or gypseous 
conditions, low redox (hydromorphic conditions)

Physical conditions High susceptibility to erosion; steep slopes; shallow soils; surface 
crusting and sealing; low water-holding capacity; impeded drainage; 
low structural stability; root-restricting layer; high swell/ shrink 
potential

Biological conditions Low or high organic matter content
Ecosystem conditions Low soil resilience; natural soil degradation
  (ii) Stresses caused by external conditions and processes
Climate-controlled 
conditions

Extreme climatic regimes; extreme high or low temperature; 
insufficient length of growing season; waterlogging; excessive nutrient 
leaching; global warming

Biological conditions Pests and diseases; high termite population
Catastrophic events El Niño and extreme storm events/cyclones; floods; droughts; 

landslides; earth quake activity; volcanic eruption
Ecosystem conditions Impaired ecosystem functions and services; loss of soil quality and soil 

health
(b) Anthropic stresses
Chemical conditions Acidification by acid rain and acidifying fertilizers; drainage of 

wetlands; exposure to mine wastes; contamination with toxins
Physical conditions Accelerated soil erosion; soil compaction; subsidence of drained 

organic soils
Biological conditions Diminished biodiversity; high incidence of pests and diseases; 

allelopathy; loss of predators

Source: Friedrich et al. (2008)
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soil’s edaphic limitations that lead to the marginality of agricultural production, the 
soils are often classified as degraded lands, marginal soils, underutilized lands, 
unproductive soils, wastelands, etc. Usually the edaphic constraints are used as syn-
onymous to these terms and antonymous to the soil quality. Though authenticity and 
accuracy of various estimates are questionable, it is reported that about 2 billion ha 
(23% of the world’s usable land) is affected by degradation resulting in edaphic 
stresses to a degree sufficient to reduce their productivity (FAO 2011). About 5.8 M 
ha of land gets degraded annually and overgrazing, deforestation, agricultural 
 activities, overexploitation of vegetation, and industrial activities contribute 35, 39, 
27, 7, and 1%, respectively. Similarly 56, 28, 12 and 4% of land area is prone to 
degardation with water erosion, wind erosion, chemical and physical processes, 
respectively.

Land degradation estimates by different organizations have also been at variance 
in India. This is attributed to different approaches, methodologies, and criteria fol-
lowed for assessment. Nevertheless, a large land area is under degradation due to 
various factors. These datasets were harmonized in GIS environment in 2010 (ICAR 
and NAAS 2010). The estimates are that 36.5% (120.72 M ha) of the total geo-
graphical area are degraded. The soil erosion due to water and wind are the major 
cause of soil degradation (94.97 M ha) and this is followed by chemical degradation 
(24.68 M ha). The latter includes decline in soil fertility as indicated by nutrient 
deficiencies and loss of organic matter, acidity, salinity/alkalinity, pollutants, etc. 
The waterlogged and flood-prone area is about 12 M ha.

A matrix which was earlier used by Friedrich et al. (2008) to define 25 stress 
classes in world soils is given in Table 4.3. The most limiting has been considered 
to be continuous moisture stress, while high shrink/swell potential is the least 
 limiting factors. Nine inherent land quality classes (the land quality prior to human 

Table 4.2 Edaphic constraints of some major soil groups in India

Soil group
Areaa (M 
ha) Characteristics leading to edaphic constraints

Vertisols 25.9 (8.5%) Very hard when dry and very plastic, sticky and untrafficable when 
wet; deep cracking; narrow workable soil moisture range; low 
infiltration and poor internal drainage; salinity and alkalinity; 
macro/micronutrient deficiencies

Inceptisols 122.79 
(39.7)

Vulnerable to erosion and degradation; structural instability, low 
soil–water retention; rapid surface sealing after rain and crusting 
with subsequent drying and hardening; limited soil moisture range 
for optimal soil tilth; sodicity and Kankar pan to restrict tree root 
proliferation

Entisols/A
ridisols

98.37 
(32.3%)

Low water retention capacity and unsaturated movement; poor 
structure and high erodibility; low nutrient reserves and high 
leaching losses; shallow depth; secondary salinization; high wind 
erosion

Alfisols 41.87 
(13.5%)

Surface crusting and sealing; low water retention; low fertility; 
acidity; high erosivity due to undulating/rolling topography

Source: aNBSS&LUP Staff (2002)
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Table 4.3 Land area of major edaphic stress classes and land quality classes

Quality 
class

Class 
code

Kind of land resource 
stress Criteria for assigning stress

World  
(M ha)a

India  
(M ha)b

IX 25 Continuous moisture 
stress

Aridic SMR, rocky land, 
dunes

3648.0 11.46

VIII 24 Continuous low 
temperatures

Gelisols 2177.6 5.43

23 Steep lands Slopes >32% 48.4 0.91
VII 22 Shallow soils Lithic subgroups, root-

restricting layers <0.3 m
735.8 26.40

21 Salinity/alkalinity “Salic, halic, natric” 
categories

306.8 6.73

VII 20 High organic matter 
content

Histosols 122.1 NA

VI 19 Low water-holding 
capacity/high 
permeability

Sandy, gravelly, and skeletal 
families

336.3 13.75

18 Low moisture and 
nutrient status

Spodosols, ferritic, sesquic 
and oxidic families, aridic 
subgroups

346.2 14.06

17 Acid sulfate conditions “Sulf” great groups and 
subgroups

11.2 0.03

16 High anion retention Anionic subgroups, acric 
great groups, oxidic families

249.8 NA

15 Low nutrient-holding 
capacity

Loamy families of ultisols, 
oxisols

778.8 36.72

V 14 Excessive nutrient 
leaching

Soils with udic, perudic 
SMR, but lacking mollic, 
umbric, argillic

447.1 13.75

13 Calcareous, gypseous 
conditions

With calcic, petrocalcic, 
gypsic, petrogypsic 
horizons; carbonatic and 
gypsic families

247.1 NA

12 High exchangeable 
aluminum

pH < 5.5 in 0.3 m and Al 
saturation > 60%

406.2 17.93

11 Seasonal moisture 
stress

Ustic or xeric suborders but 
lacking mollic or umbric 
epipedon, argillic or kandic 
horizon

1034.2 14.30

IV 10 Impeded drainage/
marshy

Aquic suborders, “gloss” 
great groups

282.9 1.16

9 High anion exchange 
capacity

Andisols 91.3 NA

8 Low structural stability/ 
soil hardening

Loamy soils and entisols 
except fluvents

136.9 21.57

(continued)

4 Edaphic Stresses: Concerns and Opportunities for Management



78

interference) were established using the stress factors as a key. Class I has the most 
and Class IX the least favorable attributes. The criteria used in soil taxonomy to 
define these stress classes and land quality classes by Eswaran et al. (2003) have 
been included in this matrix. The areas falling in Classes VII (60–80% risk for sus-
tainable agriculture), VIII, and IX (>80% risk) is over half the global land (54%), 
i.e., it shows severe or prohibitive constraints for agriculture. Another nearly a third 
of the land area (30%) falls under Classes V and VI (40–60% risk), i.e., having seri-
ous limitations. Only meager land (13%) is under Classes II, III, and IV (20–40% 
risk), i.e., with moderate limitations. Land with no or few constraints (< 20%; Class 
I) make up a minuscule 3%. About 52% of the land area falls under classes (25, 24, 
and 11) where stresses are mainly controlled by climate. The above classification 
was basically intended to focus on the inherent ability of the soil to produce grain 
crops on sustainable basis but the impact of some other management factor includ-
ing irrigation and climate were not considered. A similar attempt was made by 
Minhas and Obi-Reddy (2017) to equate and estimate areas under different stress 
classes in India (Table  4.3). Though, the estimates need to be harmonized with 
respect to overlaps, e.g., most of the sandy terrains and dunes of Northwest India 
fall under aridic zone with continuous moisture stress and low water- and nutrient- 
holding capacities (Hipher arid Soil Moisture Regime, i.e., AER 2.1 and 2.2). 
Similarly salinity and aridity go together. Anyhow the overall situation seems to be 
a little better than the world averages. It is since about half the soils are grouped 
under classes V and VI (40–60% risk) and the rest is equally distributed under 
severe and moderate limitations. Even the conservative estimates are that all these 
stresses are limiting the agricultural production to one-third of the potential. Low 

Table 4.3 (continued)

Quality 
class

Class 
code

Kind of land resource 
stress Criteria for assigning stress

World  
(M ha)a

India  
(M ha)b

III 7 Seasonal low 
temperatures

Cryic or frigid STR 300.9 15.20

6 Minor root-restricting 
layer/subsurface hard 
pan

Soils with plinthite, fragipan, 
duripan, densipan, 
petroferric, placic <100

151.7 11.31

5 Seasonal excess water/
temporary waterlogging

Recent terraces, aquic 
subgroup

136.2 6.24

II 4 High temperatures Isohyper and/or 
isomegathermic STR 
excluding mollisol and 
alfisol

250.6 14.30

3 Low organic matter 
content

With ochric epipedon 310.1 111.5

2 High shrink/swell 
potential

Vertic subgroups 92.5 28.00

I 1 Few constraints Other soil 408.8 NA

Sources: aFriedrich et al. (2008); bCompiled by Minhas and Obi-Reddy (2017)
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organic carbon and thereby nutrient deficiencies are the most limiting factors fol-
lowed by shallowness of soils in peninsular India. Among the processes of degrada-
tion, water erosivity is afflicting the most land area (about 25% of the geographic 
area) followed by aridity (13%).

The soil-forming factors like parent material, climate, relief, organisms, and time 
basically define the intrinsic stress conditions, e.g., intense leaching of nutrients in 
humid tropics may lower soil fertility in the long run. Further the landscape factors 
like steep terrain, boulders, undulations, and sand dunes may add to these con-
straints. Unfavorable climatic conditions like droughts, cyclones, hailstorms, heat/
cold waves, etc. also play a role by exuberating edaphic stresses, e.g., landslides and 
episodes of soil erosion may be triggered by the intense rainfall during cyclonic 
events especially in coastal areas. These conditions are essentially beyond human 
control, but increasing population pressures, poor land management practices, and 
the emerging inequities in land and resource access have been the major driving 
forces for these stresses since the past about half a century (since the green revolu-
tion era). Further the mismatch between land use and its attributes, lack of restor-
ative management, and deforestation to meet ever-increasing fuel and energy 
demands have aggravated the constraints. However, the emerging concerns about 
edaphic constraints are those being caused by inappropriate agricultural practices. 
Some of these are discussed below along with possible remediation measures.

4.3  Chemical Stress Conditions

The chemical constraints in Indian agriculture occur mainly due to mining of 
 nutrients, loss of organic matter, and through buildup of salinity and pollutants.

4.3.1  Nutrient Deficiencies and Mining

Nutrient mining has increased with cropping intensity during the post green revolu-
tion period and multiple nutrient deficiencies are emerging due to low inherent fer-
tility of most of Indian soils (Sanyal et al. 2014). Of the soil samples analyzed so far, 
about 93, 91, and 51% for N, P, and K fall under low to medium category (IISS 
2015). Unfortunately, with continued low-input agriculture (current annual fertil-
izer consumption being only 154.6 kg ha−1), the adequate replenishment of nutrients 
is not happening, and there is a net negative balance of about 8–10 million Mg of 
NPK. The most mined nutrient from soils is K with its removal and additions being 
about 7 and 1 million Mg (Sharma and Singh 2012). The continued mining of soil 
nutrients is impairing soil health and crop productivity. Once a nutrient becomes 
limiting, the overall fertilizer responses vis-à-vis crop productivity is lower since it 
does not allow for the full expression of other nutrients. Benbi et al. (2006) reported 
a drop in partial factor productivity of NPK for food grain production from 81 in 
1966–1967 to 16 kg grain per kg of NPK in 2003–2004. The irrigated areas are 
afflicted more, e.g., the response was 13.4 kg grain per kg NPK in 1970 which has 

4 Edaphic Stresses: Concerns and Opportunities for Management



80

declined to 3.7 kg grain per kg NPK in 2005. In other words, to produce around 
2 Mg ha−1 in 1970, the requirements for NPK fertilizers were only 54 kg NPK ha−1 
was while about 218 kg NPK ha−1 are being now used for the same yield. Evidences 
have been generated that unfertilized exhausted soils can produce wheat, rice, and 
maize yields only in the ranges of 0.8–1.1, 1.5–1.6, and 0.3–0.7 Mg ha−1, respec-
tively (Swarup and Wanjari 2000). The yields can be increased and also sustained at 
higher levels of 4.0–5.0, 2.4–4.6, and 2.5–3.0 Mg ha−1 for rice, wheat, and maize, 
respectively, if deficient nutrients are brought to sufficiency levels through chemical 
fertilizers. Integrated use of various types of organic sources of nutrients like FYM, 
crop residues, and green manures along with fertilizers (INMS) not only maintain 
the yield but also reduce input cost, enhance profit, and improve soil health (Yadav 
et al. 2000). Yields of crops could be sustained with substitution of 50% nutrients by 
FYM, crop residues, or green manure.

Moreover, the deficiencies of micronutrient like zinc, boron, molybdenum, iron, 
manganese, and copper have been reported to exist in 49, 33, 13, 12, 5, and 3% of 
soils, respectively (Sharma and Singh 2012). Widespread deficiencies of zinc occur 
in alluvial soils of Indo-Gangetic plain, black soils of Deccan Plateau, and red and 
other associated soils. About 86 and 73% of soils in Maharashtra and Karnataka 
have been reported to be deficient in zinc, respectively. Similarly, the secondary 
nutrients like sulphur  (41% samples) are becoming increasingly deficient. The 
boron deficiency is found in red and lateritic, acidic, coarse-textured alluvial and 
highly calcareous soils. Iron deficiency has been noticed in the paddy on coarse- 
textured alluvial soils while that of manganese are appearing on wheat when culti-
vated after paddy on coarse-textured alkaline soils These deficiencies are also being 
translated in terms of human and animal health.

4.3.2  Depleting Soil’s Organic Carbon (SOC)

Soil organic carbon (SOC) governs soil productivity by influencing physicochemical- 
biological environment of the soils and is already low in more than one-third of 
Indian soils and has declined by 30–60% as a consequence of cultivation (Swarup 
and Wanjari 2000). This is being further negatively impacted with imbalanced use 
of fertilizers, removal and burning of crop residues, and reduced use of FYM and 
other organics. The reduced productivity of the rice–wheat system in IGP plain has 
been linked with declining soil organic matter contents. The earlier report on declin-
ing productivity in Haryana and Punjab (Sinha et al. 1998) had hinted at decrease in 
SOC from 0.5% in the 1960s to 0.2% in 1998  in major rice–wheat regions of 
Northwestern India. However, the recent evaluation of large soil test data for 
25 years (1981–1982 to 2005–2006) has brought out that the SOC rather increased 
by 38%, i.e., 2.9  g kg−1 in 1981–1982 to 4  g kg−1 in 2005–2006 that has been 
ascribed to higher root biomass, stubble, and rhizo-depositions with increase in 
rice–wheat productivity from 5.9 to 8.1 Mg ha−1 by Benbi and Brar (2009). The fear 
of IGP losing SOC under intensive agriculture were also annulled by Milne et al. 
(2006) who predicted SOC to increase by about 4.5% from 1990 to 2000. Prediction 
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also shows that SOC can be maintained at the base level of 0.45% in alfisols with 
conjunctive use of chemical fertilizers and FYM, while it would reduce to 0.30 and 
0.36% under no fertilizer and chemical fertilizer treatments, respectively (IISS 
2015). Adaptation of management practices like conservation agriculture/residue 
recycling, diversification/intensification of crops, integrated nutrient management, 
and agroforestry have been shown to enhance possibilities of carbon sequestration. 
The increase in crop yield ranges between 15–33 kg ha−1 with increase of 1 Mg C 
ha−1 SOC (Benbi and Chand, 2007), while in case of rainfed crops of rice, pearl 
millet, groundnut, lentil, finger millet, and soybean, the increase was 160, 170, 13, 
18, 101, and 145 kg ha−1, respectively (Srinivasarao et al. 2014).

4.3.3  Soil Contaminations

4.3.3.1  Geogenic Toxic Elements
The geogenic sources and the anthropogenic sources like sewage water, industrial 
effluents, urban solid wastes, fertilizers, etc. are polluting soils. The pollutants are 
becoming a potential hazard to the health of humans and animals since these enter 
into their food chain. The soils in about 34,000 km2 of area in Malda, Murshidabad, 
Nadia, North and South 24 Parganas, and Bardman districts of West Bengal adjoin-
ing Bhagirathi river are contaminated with arsenic (Sanyal et al. 2012). With con-
sumption of contaminated food, nearly 30 million people inhabiting these areas are 
exposed to arsenic poisoning. Similarly, high levels of fluoride occur in about 200 
districts in India. The soils of seleniferous region of Northeastern Punjab suffer due 
to problem of selenium toxicity. Since the selenium content of crops grown on these 
soils is many times higher than the permissible limit of 5 mg Se kg−1, chronic sele-
nosis (selenium poisoning) in animals and human beings is caused with the intake 
of contaminated food. Nitrate pollution occurs in intensively irrigated and high pro-
ductivity regions due to excessive use of chemical fertilizers in India, especially in 
states like Punjab, Haryana, and western Uttar Pradesh.

4.3.3.2  Urban Effluents Toxicities
The sewage generated is estimated to be 38,354 million liters per day (MLD) in 
major cities of India, while the wastewater generated by industries is about 13,468 
MLD (CPCB 2015). Since the conventional treatment technologies for wastewaters 
are often cost prohibitive, only about one-fifth of this water is treated that too until 
secondary treatment level. However, with increased quantities of wastewater being 
generated with urbanization and industrial development, their disposal is becoming 
a major problem (Minhas and Samra 2004). Thus, land disposal in peri-urban areas 
seems the most logical sink due to restrictions in their disposal into surface streams. 
In addition to irrigation, the other benefits of sewage use include the additions of 
nutrients especially N and P and also the organic matter (Minhas et al. 2015). It is 
estimated that with a potential to annually irrigate about 2.5 M ha, sewage waters 
can add about 1 million Mg of nutrients and generate employment of 220 million 
man-days. However, their disposal is associated with accumulation of salts, toxic 
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constituents, and heavy metals in addition to pathogenic contaminations. Therefore 
for minimizing sewage water-related bio-transfer of heavy metals and pathogenic 
contaminations, guidelines and regulatory measures have been advocated. Among 
treatment technologies, the low cost include the biological mechanisms like phy-
toremediation, etc. Disposal in tree plantations around urban areas to create green 
belts is another alternative, but their loading rates need standardization (Yadav et al. 
2016). Though the astute management practices can minimize the risks of wastewa-
ters, the national water development strategies so far have not come out with the 
policies for promotion of environmentally safe use of these waters. National poli-
cies have to be based on reasonably accurate estimates of the quality and quantity 
and the expected damage associated with their uncontrolled use/disposal. The other 
techno-economic issues relate to treatment standards, pricing/subsidies, and mar-
kets for non-conventional water use in addition to creating awareness of risk man-
agement through educational and political campaigns.

4.3.3.3  Sewage Sludge Toxicities
About 57 million Mg of urban solid wastes are generated per annum from over 450 
class I and class II cities in India (Sharma and Singh 2012) and this would increase 
to 107 million Mg by 2025. Though a rich source of organic matter and nutrients, it 
has toxic substances of wastewater concentrated in the solid phase. Thus in the 
absence of any proper management system, these wastes could become a potential 
source of soil pollution. Such contaminations could be avoided by segregating the 
industrial waste containing heavy metals and toxic chemicals from the biodegradable 
waste. The biodegradable component of wastes is, generally, rich source of nutrients 
and organic carbon. Its conversion into compost is desired to serve the twin objec-
tives of cleaning the environment and augmenting the supplies of organic manure. 
There should, therefore, be growing interest in development of cost- effective and 
eco-friendly composting technologies both in public and private sectors.

4.3.3.4  Brackish Water Use
Development of irrigation facilities has played a major role in enhancing agricul-
tural productivity, and these areas now contribute about three-fifths of the country’s 
total food production. Especially the groundwater withdrawals have increased man-
ifold during the second half of the last century, and groundwater use soared from 
10–20 km3 in 1950 to 240–260 km3 during 2000. However, groundwater in about 
19.3 M ha area has been rated brackish in states like Rajasthan, Haryana, Punjab, 
and others. The indiscriminate use of these waters in the absence of proper soil–
water–crop management strategies poses grave risks to soil health and environment 
(Minhas and Gupta 1992; Minhas 2012). It is since the emerging salinity, sodicity, 
and toxicity problems in soils and their impact on crop productivity and quality. For 
their effective use, not only the typical characteristics of the waters but factors like 
soil texture, rainfall, and crop tolerance have to be considered. However, if their use 
is not viable for agricultural crops, a shift to alternative uses like salt-tolerant forest/
fruit trees and other high-value crops should be equally remunerative (Dagar and 
Minhas 2016).
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4.3.4  Soil Salinity

About 6.73 M ha of land is afflicted with salinity (2.96 M ha) and alkalinity (3.77 M 
ha) mainly in Gujarat, Uttar Pradesh, Rajasthan, West Bengal, and Andhra Pradesh 
(ICAR and NAAS 2011). The expansion of the canal works has led to the occur-
rence of waterlogging and secondary salinity in their irrigation commands. The 
area under salinity has been increasing at the rate of 3000 to 4000 ha per annum. 
This is mainly because the emphasis has been on their water distribution and the 
associated drainage and efficient water use usually have been sidelined. The major 
achievement with respect to their reclamation has been on alkali soils where about 
45,000 ha are being put under cultivation using the gypsum-based technology. A 
total of about 1.8 M ha of alkali land has been reclaimed so far, contributing 12–15 
million Mg of paddy-wheat annually and changed the socioeconomic profile of 
more than 9 million people residing in rural India (CSSRI 2015). The reclamation 
of saline soils does not require any amendment. The leaching of salts is induced by 
providing subsurface drainage system, and the effluent is disposed (Minhas and 
Sharma 2002). Subsurface drainage technology has been demonstrated success-
fully on farmers’ fields in Haryana, Gujarat, and Rajasthan, reclaiming nearly 
60,000 ha of waterlogged saline lands (Kamra 2015). However, the problems asso-
ciated with its operation, maintenance, and appropriate disposal of drainage water 
in addition to high investment for installation (Rs. 75 and 100,000 for alluvial and 
black soils, respectively) are the major bottlenecks for large-scale expansion of 
drainage networks. The alternatives are also being proposed in terms of agrofor-
estry/bio-drainage, but combinations of agronomic, engineering, and agroforestry 
measures, as suited to the site conditions, are now considered to be more realistic 
(Minhas and Dagar 2016).

4.3.5  Soil Acidity

About 17.93 M ha of acidic soils (pH < 5.5) suffer from deficiencies as well as tox-
icities of certain nutrients and have very low productivity (< 1 Mg ha−1). Depending 
upon the level of acidity, type of soil, crop grown, and climatic conditions, acid soils 
can reduce productivity by 10–50% (Sharma and Sarkar 2005). The reduction is 
attributed to low base saturation (20–25%); deficiency of calcium, magnesium, 
molybdenum, boron, and zinc; low cation exchange capacity of kaolinitic clay and 
poor nutrient retention; poor organic matter build up and nitrogen availability; high 
P fixation and its low availability; and excess/toxicity of iron, aluminum, and man-
ganese. For reclamation via neutralizing acidity, these soils must receive lime and 
adequate supplies of fertilizers. The liming at 0.2–0.4 Mg ha−1 (one-tenth of lime 
requirement) in furrows along with recommended fertilizers was quite effective in 
realizing higher and economic yields. Cheaper liming materials include basic slag, 
lime sludge and low-grade lime stones, etc.
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4.4  Physical Stress Conditions

4.4.1  High Erosivity

4.4.1.1  Water Erosion
The water erosion takes away productive topsoil to cause decline in crop productiv-
ity, erosion of biodiversity, flash floods, and siltation into rivers and other water 
bodies. About 5.3 billion Mg of soil gets eroded annually that carries along with it 
about 8 million Mg of plant nutrients (Sharda 2011). The erosion rates monitored 
among different land resource regions are 23.7–112.5, 80, 27–40, and 2.1 Mg ha−1 
for the black soil, Shiwalik, northeastern region with shifting cultivation and the 
north Himalayan forest regions, respectively. While 61% soil gets moved and 
deposited at unwanted locations with the result of increased off-site costs, nearly 
29% is transported to the sea. The remaining 10% was deposited in multipurpose 
reservoirs reducing their holding capacity by 1 to 2% per annum (Dhruvanarayana 
and Ram-Babu 1983). The annual loss in production of major crops due to soil 
 erosion has been estimated to vary from 7.2 million Mg (UNEP 1993) to 13.5 million  
Mg (Bansil 1990). The loss in production for 11 major crops varied from 1.7 to 
4.1% of total production (Brandon et  al. 1995). Experimental studies in lower 
Himalayan region indicated that removal of 1 cm of topsoil caused 76 kg ha−1 reduc-
tion in maize grain yield and 236 kg ha−1 in straw yield (Khybri et al. 1988). The 
reduction was observed to be 103 kg ha−1 in Shiwalik region of Punjab (Sur et al. 
1998). Soil loss from sorghum, pearl millet, and castor bean was computed to be 
138, 84, and 51 kg ha-cm−1, respectively (Vittal et al. 1990). Recent computation on 
the loss of productivity of food grains due to soil erosion was 1.34 billion Mg from 
alluvial, black, and red of which the contribution of cereals, oilseeds, and pulses 
was 68.3, 20.9, and 12.8%, respectively. Among oilseed crops, groundnut, and soy-
bean occupying 26.5 and 36.5% of total area contribute 12.3% and 10.4% to total 
monetary loss (Sharda et  al. 2010). Similarly, in pulse crops, gram (6.4%) and 
pigeon pea (2.9%) are the main contributors to total monetary loss as compared to 
other crops. The appropriate soil and water conservation measures have been 
 recommended for reducing the losses due to soil erosion. For this integrated water-
shed management has been advocated as an excellent strategy to achieve optimal 
production. This involves water harvesting through construction of check dams 
along gullies, land leveling, bench terracing, contour bunding, and planting of 
grasses (Palanisami et al. 2002). Thereby, substantial investments on integrated soil 
and water conservation programs over the past about five decades have yielded local 
successes and the development of participatory watersheds models. Area under 
wasteland got decreased but that under irrigation to horticultural/fodder/fuel planta-
tions increased. The grazing of animals changed to stall feeding and seasonal migra-
tion stopped. A meta-analysis of 311 case studies on watershed management 
programs showed a mean benefit–cost ratio, and the internal rate of return of pro-
grams was 2.14 and 22% while these performed best in rainfall zone of 700–
1000 mm (Joshi et al. 2008).
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4.4.1.2  Wind Erosion
Wind erosion causes decrease in land productivity at both the sites from where the 
finer particles are blown away and at sites where they are deposited. Wind erosion 
is prevalent in arid and semiarid regions of the country covering an area of about 
28,600 km2 in the states of Rajasthan, Haryana, Gujarat, and Punjab (ICAR and 
NAAS 2011). About 68% of the affected area is covered by sand dunes and sandy 
plains. It has been estimated that out of 2,08,751  km2 mapped area of Western 
Rajasthan, 30% is slightly affected by land degradation, while 41% is moderately, 
16% severely, and 5% very severely affected (Narain and Kar 2006). Decrease in 
rainfall gradient and increase in wind strength from east to west are responsible for 
the spatial variability in sand reactivation pattern. According to recent estimates, 
about 75% area of Western Rajasthan is affected by wind erosion hazard of different 
intensities (Narain et al. 2000) besides 13% area under water erosion and 4% under 
waterlogging and salinity/alkalinity. The spatial extent of the problem is increasing 
in the recent decades, especially due to increased cultivation and grazing pressures 
on the erstwhile stable sandy terrain leading to depletion of vegetation cover. 
However, under desert development program (DDP) and watershed development 
projects, affected areas are being rehabilitated along with stabilization of sand dunes 
through appropriate soil conservation measures. The harmonized area statistics on 
land degradation in the country shows that 12.4 M ha area on arable lands is affected 
by wind erosion of more than 10 Mg ha−1 yr.−1 (Maji 2007).

4.4.2  Waterlogging

The area prone to waterlogged and floods has been estimated to be 12 M ha. In high 
rainfall areas of Central India, the vertisols are kept fallow during rainy season, and 
only one crop is possible during post-rainy season. However, their productivity can 
be enhanced by raised–sunken bed system that allows to cultivate soybean on raised 
beds while paddy in sunken beds (Tomar et al. 1995). The cropping is also possible 
in sunken bed during post-rainy season. Likewise, by growing Rabi legumes on 
raised beds under raised–sunken bed system, the productivity of rice fallows in 
Eastern India could be increased. The water stagnation occurs for more than 6 
months in the alluvial plains of eastern India and the conditions allow for only one 
paddy crop that has a very low yield potential (<1.0 Mg ha−1). The low productivity 
of the land resource is the prominent cause of poverty in the region. There is a need 
for switch over to integrated farming systems that could convert threat of water 
abundance into opportunities for enhancing income and employment. One such 
farming system model involving aquaculture enhanced water productivity by 136% 
and cost–benefit of the system was 1.52-fold over the farmer’s practice of Rs. 
3.3 m−3 of water (DAC 2014).
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4.4.3  Other Soil Physical Constraints

About 89.5 M ha suffers from one or another form of physical constraint in the 
country (Painuli and Yadav 1998). These include shallow depth, soil hardening, 
slow and high permeability, subsurface compacted layer, surface crusting, and tem-
porary waterlogging. Maximum area is affected by shallow depth (26.4 M ha) fol-
lowed by soil hardening (21.6  M ha) and the least by temporary waterlogging 
(6.25 M ha). Soil compaction is a management problem resulting from movement 
of heavy machinery and repeated tillage operations accompanied with reduction in 
organic matter and destruction of soil aggregates. Compaction causes deterioration 
in soil structure and impedes root growth and biological activity besides generating 
high amount of runoff during intense storms. Soil scaling due to surface hardening 
and crust formation together affects 31.82 M ha area. The technologies for treating 
the soil affected by subsurface mechanical impedance and compaction include chis-
eling, chiseling plus amendment application, construction of ridges, and raised and 
sunken bed technology. The impact assessment of technologies developed for soils 
having subsurface mechanical impedance under field conditions show spectacular 
increase in production of major crops varying from 12 to 63%. The raised and 
sunken bed (RSB) technology for vertisols having high clay content has been found 
to be highly remunerative on sustainable basis (Painuli et al. 2002). The technology 
is equally effective in subsurface compacted soils as effective rooting depth is 
increased by 0.30  m in raised beds. The technologies for checking subsurface 
mechanical impedance and compaction also help in conserving soil and water 
besides increasing productivity. For example, the conservation agriculture (CA) has 
now emerged as a new paradigm to attain sustainability and overcome soil physical 
constraints induced by rice–wheat systems in the IG Plains (Hobbs et al. 2008). The 
CA technologies becoming popular in irrigated systems include zero-tillage/bed 
planting with residue recycling, direct drilling of wheat in to paddy residues, direct 
seeding of paddy, and laser-assisted precision land leveling. The other practices that 
alleviate these physical constraints include integrated nutrient management, crop-
ping systems to include legumes, optimal tillage, mulching and amendment use, etc.

4.5  Extrinsic Stresses

4.5.1  Climate Variability Impacts

There is increasing evidence that climate change-related elements are contributing 
to accelerated resource degradation and the resultant edaphic stresses. The average 
increase in temperature in India during 1901 and 2005 has been 0.51 °C compared 
to 0.74 °C at global level. The increase was in the order of 0.03 °C per decade during 
1901–1970 while it was around 0.22 °C per decade for the period from 1971 to 2004 
indicating greater warming in the recent decades. Increase in the twenty-first cen-
tury is projected to vary between 3 to 6 °C with southern regions registering 2–4 °C 
increase, while the increase (> 4 °C) would be more pronounced in the northern 
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states and eastern peninsular region. The resultant heat stress would have serious 
impact on agriculture, water resources, forests, national ecosystems, fisheries, and 
energy sectors, e.g., a simulation study on the impact of high temperature on irri-
gated wheat in North India indicated that grain yield can decrease by 17% if the 
temperature increased by 2  °C (Aggarwal et  al. 2001). Moreover, the increased 
temperature would result in reduced quantity and quality of soil’s organic matter 
which is already low in Indian soils. The OSC loss per degree of warming may 
increase by 8–9% in areas with temperatures of 10–15 °C, while only 2% for areas 
with 35 °C. The N mineralization would increase but its availability may decline 
with gaseous losses via volatilization and denitrification.

The normal season rainfall from the period 1961–1990 has been projected to 
increase in India by 15 to 40% till the end of the twenty-first century. Monthly rain-
fall data for all the 36 subdivisions of the country indicate that it is exhibiting an 
increasing trend in June and August, while the July rainfall showed a decreasing 
trend (Guhathakurta and Rajeevan 2006). Analysis of long-term rainfall data for 
over 1100 stations across India shows pockets of deficit rainfall over Eastern 
Madhya Pradesh, Chhattisgarh, and Northeast region in Central and Eastern India 
(Subba-Rao et al. 2007), especially around Jharkhand and Chhattisgarh. In contrast 
trends indicate increase in rainfall (10–12%) along the west coast, northern Andhra 
Pradesh and parts of NW India (NAPCC 2008). In the southern peninsular region, a 
shift in peak monthly rainfall by 20–25 days from September to October is recorded. 
Further, the intensification of hydrologic cycle due to global warming may result in 
higher intensity rains, frequent floods and droughts, shift of rainy season toward 
winter, and receding glaciers causing higher flow during few decades followed by 
substantial reductions thereafter. Analysis of rainfall data with intensities of 10, 
100, and above 100 mm revealed that in the recent period, the frequency of rain 
events of more than 100 mm intensity have increased, while the frequency of mod-
erate events over Central India has significantly decreased during 1951 to 2000 
(Goswami et al. 2006). Thus high-intensity storms would cause high erosion losses 
leading to severe land degradation problems.

The climate change would disturb the water balance in different parts and ground 
water quality due to intrusion of seawater in coastal areas. Thermal expansion of 
seawater due to global warming coupled with melting of glaciers and snowfields 
would result in the rise of sea level by 0.1–0.5 m by the middle of the twenty-first 
century (IPCC 2013). It is expected that by the end of the century, 68 to 77% of the 
forest areas are likely to experience shift in forest types with corresponding reduc-
tion in forest produce and livelihood prospects. Coastal wetlands would have seri-
ous impact due to change in the composition of plant species and expected sea level 
rise. The marine and aquatic life would be impacted due to rise of seawater tempera-
ture and sea level resulting in their migration to favorable regions, thus affecting 
livelihood of coastal people. The energy requirements in summers in plains would 
increase more than being compensated by saving in energy due to increased tem-
perature in winter in northern mountainous regions. The demand for energy would 
also increase for irrigation needs due to high evaporative demands in cropped areas.
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4.5.2  Catastrophic Events

Occurrence of floods, droughts, and other weather extremes are a common feature 
in many parts of the country. These natural disasters cause widespread land degra-
dation apart from heavy monetary losses and a serious setback to economic devel-
opment of the country. It has been estimated that eight major river valleys spread 
over 40 M ha area of the country covering 260 M population are affected by floods. 
Besides environmental degradation, poverty and marginalization are other major 
factors which force the poor to live in threatened and exposed conditions. About 
60% of total flood-prone area in the country lies in Indo-Gangetic basin, which sup-
ports 40% of India’s population with 60 M ha of cultivable land. The Brahmaputra 
basin is also critical as it experiences several floods within a year thus seriously 
affecting all developmental activities. The incidence of floods is not restricted to 
humid and subhumid regions but has also caused extensive damage in the desert 
districts of Rajasthan and Gujarat in the recent years. Average flood damage to 
houses, crops, and public utilities during 1953–2002 has been estimated as Rs. 
13.76 billion affecting an area of 7.38 M ha and a population of 32.97 million (CESI 
2014). Human and cattle loss has been put at 1560 and 91,555 affecting 3.48 M ha 
of cropped area. The maximum damage to area, human and livestock population, 
crops, and public utilities occurred during the years 1977, 1978, 1979, 1988, and 
1998.

The impact of drought on the techno-economic and socioeconomic aspects of 
agricultural development and growth of the nation is severe, and droughts often 
result in huge production and monetary losses (Samra et al. 2006). About 68% of 
total sown area and 23% of land area covering a total of 183 districts and 12% of 
population are accounted as drought prone. In a state like Rajasthan (arid), about 
56% of the total area and 33% of the total population are chronic drought-prone- 
affected areas followed by Andhra Pradesh, Gujarat, and Karnataka with corre-
sponding figures as 30 and 22%, 29 and 18%, and 25 and 22%, respectively. Except 
Kerala, Punjab, and northeastern region, every state has one or more drought-prone 
areas. Apart from floods and droughts, cyclones frequently occur in the entire 
5700  km long coastline of Southern and Peninsular India besides the Islands of 
Lakshadweep and Andaman and Nicobar Islands affecting 10 M population. Nearly 
56% of the total area of the country is susceptible to seismic disturbances affecting 
400 M people.

India has experienced 40 major droughts during the 200 years between 1801–
2002 with 10  years under severe drought category (> 39.5% area affected) and 
5  years under phenomenal drought (> 47.7% area affected) (Subbareddy et  al. 
2008). Since Independence, India has experienced 15 droughts out of which 3 were 
of severe, 7 of moderate and 5 of slight intensity affecting 13.3–49.2% of total geo-
graphical area of the country (DAC 2009). Drought-prone areas are more vulnerable 
to land degradation. In a good or normal rainfall year, they substantially contribute 
to agriculture production particularly for groundnut, millets, and sorghum crops 
where they account for one-third to one-fourth of the total national production. 
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Similarly, one-sixth to one-tenth of other important crops like ragi, maize, and cot-
ton and 12% of rice production is realized from these areas besides sizeable contri-
bution to the production of pulses and oilseeds.

4.6  Anthropic Stresses

4.6.1  Biological Processes

Deforestation, overgrazing, mismanagement of agricultural land, overexploitation, 
and bio-industrial activities are the main anthropogenic causes of loss of organic 
matter and soil’s biodiversity. Farm level practices which sustain carbon on soils 
such as integrated nutrient management, reuse of crop residues via conservation 
tillage, diversified cropping, etc. are not being followed adequately and thus imbal-
anced use of fertilizers, removal of crop residues or in situ burning, intensive crop-
ping, etc. are causing depletion of organic matter and in turn result in loss of a soil’s 
biological population.

A decline of carbon stock especially of soils is resulting in various soil con-
straints in soil. It is since disruption of carbon cycle between pedosphere and atmo-
sphere as a result of deforestation, desertification, and soil erosion. India is the 
lowest contributor of the GHG compared to North America and many other indus-
trial and developed countries (0.29 Mg per capita consumption compared to 5.37 
and 4.63 by the USA and Australia at 1996 level). However, with growing industri-
alization and economic development, India may become the second fastest growing 
GHG contributor in the world (increase in per capita consumption to 1.02 Mg by 
2004) next to China (NAPCC 2008). While the CO2 emissions at 1997 level had 
been 237 million Mg, it is projected to increase to 775 million Mg by the end of the 
century if coal consumption continues at the present rate (Ravi Sharma 2007).

4.6.2  Vegetation Degradation

Widespread vegetation degradation is occurring in pasture lands and open forests 
affecting the biodiversity. The permanent pastures and grazing lands exist in major 
portion, e.g., 32, 10, 6, 5.1, 5, 4.5, and 4% of land in states like Himachal Pradesh, 
Sikkim, Madhya Pradesh (including Chhattisgarh), Karnataka, Rajasthan, Gujarat, 
and Maharashtra, respectively. In India, with about 500 million livestock popula-
tion, more than 50% of fodder demand is met from grasslands. The grazing intensity 
in India is about 42 animals per ha of land, while the threshold is 5 animals per ha. 
About 100 million cow units graze in forest lands while sustainable level is 31 mil-
lion per annum and thereby 78% of India’s forests are being affected. Per capita 
forest area in India is only 0.07 ha which is far below the world average of 0.8 ha. 
Dense forests are losing their crown density and productivity continuously, the cur-
rent productivity being one-third (0.7  Mg ha−1) of the actual potential. The 
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combined availability of green fodder from pasture lands and grazing lands, agricul-
tural lands, and forest (899.3 million Mg) is far short of the actual demand of 1820 
million Mg (DAC 2009). It causes indiscriminate grazing on forest lands leading to 
large-scale degradation thereby seriously affecting natural regeneration of forests. 
The present forest cover of 20.6% (Indiastat 2011–2012) is far below the 33% cover 
recommended by National Forest Policy of 1988, the proportion being 60% in the 
hill regions and 20% in the plains. The net annual loss of forest areas is put at 
74000 ha which is mainly attributed to overgrazing and over-extraction of firewood 
from 78% of the forest areas and fire hazards in 71% of forest lands.

4.7  Epilogue

As stated above, the Indian soils are being degraded leading to multiple edaphic 
constraints that are threatening the sustainability of agricultural production. Except 
few, the processes leading to these constraints are generally insidious and show up 
only gradually as the problem becomes more severe to cause yield declines. Farmers 
may ultimately be forced to either shift to less remunerative crops or, in extreme 
cases, soils can turn unfit for agriculture. The situation is further going to worsen 
with global warming when edaphic stressors are expected to show greater impacts. 
Even by conservative estimates, mitigation of about half the edaphic stresses can 
raise the food production level to about two-fold. Thus development and promoting 
strategies to minimize the edaphic constraints and improving the quality and health 
of soils are fundamental to sustained agriculture and food security of the country. 
The coping strategies for minimizing the impacts of edaphic constraints include (i) 
mitigation through improved methods of soil and land management, (ii) adaptation 
though selection of crops those are tolerant to the specific constraints or develop 
tolerant cultivars as a result of bioengineering, and (iii) shifting to alternative uses 
for the land. In fact the options to be adopted are defined by the typical edaphic fac-
tors and available opportunities. Moreover, the research and policy strategies should 
aim at both to negate the impacts of edaphic stresses and also to prevent their further 
spread. Some of these are listed below:

• Several research and developmental organizations are in fact working on edaphic 
stressors, but their efforts are too inadequate considering the magnitude of the 
problem. Looking at the past scenario, it comes out that these organizations have 
been working in isolation and within their disciplinary boundaries. But to allevi-
ate the effects of multiple stressors, a holistic multidisciplinary approach to build 
up systems perspectives is a need of the hour to get best combination of tech-
nologies for a particular agroecosystem that are often featured by multiple stress-
ors and that needs to be defined with greater precision. For this, national networks 
should be built up on priority.

• Geo-referenced information system needs to be created for edaphic stresses 
using remote sensing, geographic information system (GIS), and scientifically 
designed indicators. The prognosis of hot spots for various edaphic stresses 
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would help in prioritization of action plans for developing integrated frameworks 
to alleviate the stressors.

• New tools have emerged from decades of research in the areas of conservation 
agriculture, precision irrigation technologies, biotechnology, remote sensing, 
geospatial technologies, information technology, nanotechnology and polymer 
sciences, etc., which have opened up new opportunities for tackling edaphic 
stresses. Therefore, it is of national importance to not only initiate high-quality 
research programs, which are of global standard in this important area, but also 
to capture, synthesize, adopt, and apply the technological advances taking place 
within and outside the country.

• Crop diversification and other measures in land use for improving soil quality 
such as conservation agriculture, integrated nutrient management, and efficient 
water management through modern irrigation and drainage methods are needed. 
The approaches like agroforestry and integrated crop–livestock systems can fur-
ther improve soil health, biodiversity, and ecosystem services. All these need 
up-scaling with the ultimate goal to develop “Sustainable Agricultural Systems” 
those that are less vulnerable to shocks and stresses.
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5Soil-Related Abiotic Constraints 
for Sustainable Agriculture

S.S. Kukal, G. Ravindra Chary, and S.M. Virmani

Abstract
Currently, natural resources, land (soil, air, water) and biologicals (biodiversity) 
are in a state of serious decline. The factor productivity of monetary and non- 
monetary inputs is impaired both in the irrigated agricultural regions and in the 
dryland ecologies. Groundwater tables are lowering at 1 m per annum in most 
areas. There is little recharge of the free aquifer. The soil health is also in a state 
of decline, where only major nutrients (NPK) were applied to obtain high yields 
in the green revolution areas; today apparent from NPK, the deficiencies of Zn, 
Fe, S, Cu and Mo, amongst others, are showing up. The groundwaters are becom-
ing toxic due to increased salinity, alkalinity and the contamination due to arse-
nic, fluorides, chlorides and in some cases uranium. The content of CO2 in our 
atmosphere has almost doubled (since the industrial revolution about a century 
ago), which is leading to global warming; 1–1.5°C rise in ambient environmental 
temperature is already evident. The circulation of monsoon is setting new nor-
mals. It is in a state of flux. The occurrence of unseasonal rains, droughts and 
floods, soil erosion and loss of soil organic matter has increased with rise in 
temperature, thus seriously impairing soil health and its quality for producing 
sustainable yields.
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5.1  Introduction

Soil is not only a store house of essential nutrients to plants apart from providing 
plant anchorage, but is also crucial for ecological balance of the earth’s environ-
ment. However, the soils, one of the important natural resources, are being threat-
ened by their degradation in terms of physical, chemical and biological health 
mainly due to their intensive cultivation coupled by disturbed natural carbon cycle. 
The ratio of land to population especially in countries like India, having 2.4% of the 
world’s arable land supporting 17.5% of the global population, is a matter of con-
cern for meeting future food demands. The mismanagement and misuse of soils 
have resulted in their degradation in the form of accelerated erosion, salinization 
(both primary and secondary), depletion of soil organic matter, elemental imbal-
ance, deficiencies of essential nutrients, soil compaction, surface sealing, etc.

The disturbance of natural carbon cycle, whereby the plant residues should have 
found their way back into the soils, has led to severe depletion of soil organic matter 
(SOM), thereby affecting not only the chemical but physical and biological health 
as well. The greater reliance of soil fertility on chemical fertilizers has led to alter-
nate disposals of crop residues mainly open burning in the fields itself. The degrada-
tion of soils due to different reasons leads to abiotic and biotic constraints to plant 
growth and yield, the effect being differential under irrigated and dryland condi-
tions. Also the nutrient imbalance in soils, leading to deficiency and toxicity of 
some elements, could seriously affect the human health through soil-plant system. 
This chapter aims to discuss the effects and management of soil-related abiotic con-
straints in irrigated and dryland regions.

5.2  Constraints in Irrigated Agriculture

5.2.1  Irrigated Agriculture Scenario in India

There has been a steady increase in area under irrigation in India over the last few 
decades. The net irrigated area increased by 24% during the period from 1980–1981 
to 1990–1991, and, thereafter, the growth rate fell to around 15% each in the next 
two decades (Anonymous 2016). The biggest challenge to India’s future irrigation 
is that of ever-increasing population, which currently stands at 1321 million, being 
18.4% of the world population. The population of the country is projected to be 
1700 million by 2050, and agriculture is expected to dominate as the primary source 
of livelihood in rural areas (Anonymous 2016). The proportion of agriculture- 
dependent population in India to the total population has decreased over the last few 
decades, even though the total agriculture-dependent population has been increas-
ing but at a decreasing rate of 1.1% (1980s) and 1.0% (1990s). The increase in area 
under irrigation has been mainly due to groundwater exploitation. The higher 
groundwater irrigation expansion is due to the fact that the surface irrigation has not 
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expanded over the years due to the slowdown in public investments in large-scale 
irrigation infrastructure coupled with noncompletion of ongoing irrigation projects. 
The most severe problem facing Indian canal irrigation is the rapid deterioration of 
the structures and maintenance being woefully neglected, leading to poor capacity 
utilization, rising incidence of water logging and salinity and lower water use effi-
ciency (WUE). Thus, the surface irrigation is threatening to become unsustainable 
both physically and environmentally (Gulati et  al. 1999). In the absence of new 
large-scale surface irrigation schemes, and the availability of low cost electric and 
diesel pumps coupled with little or no electricity charges, the groundwater has been 
a major driver in the irrigated area expansion. The FAO reports indicate higher 
yields (30–50%) in groundwater irrigated areas than in areas with surface irrigation. 
The irrigated area in the country is about 40%, with Punjab leading (98%), followed 
by Haryana (83%) and UP (68%). All other states have less than half area under 
irrigation. Because of the highest levels of irrigation in Punjab, Haryana and west-
ern Uttar Pradesh, these areas are contributing 98% of wheat and 66% of rice to the 
central pool of India.

The demand for food grains in the country is estimated to be 291 Mt. by 2025, 
which may increase to 377 Mt. by 2050. On the other hand, the total production is 
estimated to be 292 Mt. by 2025 and 385 Mt. by 2050 (Venkateswarlu and Prasad 
2016). It is also predicted that by 2050, the agricultural production in states like 
Punjab might not be sustainable even at the present level if major steps are not taken 
to arrest the fast-depleting groundwater in the region. Overpumping is not only 
leading to fall in water table levels and failure of tube wells, but pumping costs are 
increasing due to higher energy consumption. The fall in fresh waters near the 
coastal areas has led to ingression of sea water, with serious environmental implica-
tions. In sustaining agricultural production, the northwestern states have already 
depleted their good- quality groundwater resources (GWR), which were conserved 
across more than 100 years with the introduction of a mighty canal network. The 
agriculture in these states is presently facing not only the problem of a declining 
groundwater table coupled with increased energy cost for pumping but also the 
deterioration of groundwater quality. Under such situation, the changes in water 
quality are adversely affecting agriculture and vice versa. Inefficient and/or over-use 
of chemical fertilizers and pesticides in agriculture and untreated disposal of indus-
trial and urban wastes are increasingly contaminating the surface as well as ground-
water by such elements as lead, zinc, copper, chromium and cadmium especially in 
areas with high industrial activity, e.g. in districts of Ludhiana, Faridabad, Kanpur, 
Varanasi, etc. An increase in arsenic content reported in several of the districts of 
West Bengal is attributed to the lowering of groundwater table due to excessive 
groundwater withdrawal for irrigation apart from other causes. This is leading to 
serious and widespread toxicity symptoms adversely affecting the health of people 
in the region. The reverse flow of water from southwest Punjab (with shallow and 
poor quality waters) to the central Punjab (with deep and sweet water) is being 
observed to hamper the water quality in central Punjab.
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5.2.2  Soil-Related Constraints and Their Impacts

5.2.2.1  Soil Physical Constraints
Plants, apart from nutrients in soil, require air and water in definite proportions for 
their proper growth and development. In addition, the roots of many crop plants 
(except rice) respire independently in soils. This requires an optimum balance of 
air and water in soil pores. The availability of right proportion of air and water 
depends on the physical conditions of the soil. The soils with imbalance of air and 
water may lead to reduced uptake of nutrients by the plants despite of their suffi-
cient presence in the soils. Such soils are designated as physically constrained 
soils. Many a times, despite of optimum input applications, best crop management 
practices and favourable weather conditions, the crops may not yield as per the 
expectations. This could again be due to unfavourable soil physical conditions. The 
soil physical characteristics, viz. supporting power and bearing capacity, tillability, 
moisture storage capacity and its availability to plants, drainage, ease of root pen-
etration and favourable temperature conditions are all interrelated. The physical 
constraints in irrigated areas may appear due to excessive soil erosion (both by 
water and wind), surface and subsurface soil compaction, inappropriate propor-
tions of primary soil particles, etc.

 Detachment of Aggregates and Soil Erosion
The detachment of surface soil aggregates by wind energy, raindrops or moving 
irrigation water especially in low organic carbon or coarse-textured soils could lead 
to decreased infiltration of water due to clogging of soil pores by finer soil particles. 
In addition, the lesser permeable layer may lead to formation of soil crust upon dry-
ing, thereby hampering seed germination in case of freshly sown crop. Moreover, 
the runoff water during excessive rains may move from one field to another carrying 
along with it the nutrients to the lower most fields, thereby reducing the fertility of 
such fields situated on the higher side and leading to reductions in crop yields. The 
loss of soil fertility and topsoil makes the land unsuitable for biomass production. 
Studies (Hadda and Sur 1989) have indicated nutrient loss of 106 kg ha−1 in lower 
Shiwaliks region of northwest India, thereby indicating that erosion is a major threat 
to the crop yields in the region.

 Surface Compaction and Crusting
The problem of surface soil crusting-sealing and hard setting of coarse- and medium- 
textured soils, particularly in the subhumid to semi-arid tropics in India, appears to 
be the most serious. The aggregates are easily dispersed under raindrop impact in 
soils with low organic matter, thereby creating a thin layer of dispersed soil particles 
(clay) on the surface, which is compact with higher strength on drying leading to 
soil crusting. The formation of crust layer reduces the exchange of gases between 
soil and atmosphere and also affects the germination of sown seeds. Surface sealing 
impedes seedling emergence, because of the strength needed to break through the 
crust, and it forms an oxygen-deficient layer immediately below the crust. The 
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formation of crust on the surface by rain showers within 2 h of pearl millet sowing 
has been reported to reduce the seedling emergence to 40%. The seeding emergence 
increased from 42 to 67% with increase in soil moisture from 11.1 to 17.9% at the 
time of seeding (Agrawal and Sharma 1980). The alfisols in semi-arid tropics of 
India are highly prone to soil crusting leading to lower infiltration rates and higher 
runoff losses on gentle slopes.

 Water Logging
Water logging has been categorized as surface water logging, where water stagnates 
on the land surface and subsurface water logging where groundwater table rises 
within the root zone, both having an adverse impact on the physico-chemical prop-
erties of the soil profile. While the surface stagnation is a perpetual problem in the 
humid regions, the problem is also encountered in the arid and the semi-arid regions, 
resulting from heavy rainstorms during the monsoon season or the mismanagement 
of irrigation water or both. Lands under rice-wheat system, prone to development of 
a plough sole/hard pan at the bottom of the plough layer, alkali lands under reclama-
tion, irrigated lands with poor quality waters, especially with high SAR or alkali 
waters with high RSC, areas with inadequate drainage and areas with poor on-farm 
development or practicing flood irrigation are also prone to short-term surface stag-
nation of water. The subsurface water logging is quite widespread in irrigation com-
mands and coastal regions of India. Most irrigation projects, being designed without 
adequate drainage provision, cause water table to rise, for example at a rate of 0.6 m 
y−1 in Bhakra canal command at Bhuna in Haryana (1975–2000) and 1 m y−1 in the 
initial years of the Indira Gandhi Nahar Pariyojna, Phase I. As soon as the water 
table reaches within 2 m of the soil surface, the root zone available to plants becomes 
restricted, and salts rise to the surface by capillary action, resulting in soil saliniza-
tion. The districts of Muktsar, Fazilka, Bathinda and Faridkot in southwestern 
Punjab are presently facing severe problem of water logging mainly due to over- 
irrigation from the canals. The preliminary area statistics of degraded and waste-
lands of India put the figures at 1.66  M  ha under surface and 4.75  M  ha under 
subsurface water logging (ICAR and NAAS 2010).

The problem of short-term water stagnation in crop lands leads to yield decline 
of 2–8% for a water stagnation of 1 day to 20–48% when water stagnates for 6 days 
(Gupta et al. 2004). In several water logging sensitive crops, complete failure has 
been reported with a water stagnation of 2–4 days (Gupta 2014). A survey in various 
irrigation commands of India revealed that paddy, wheat, cotton and sugarcane suf-
fered yield losses of 38 to 77% due to water logging (Joshi and Agnihotri, 1984). In 
the Indira Gandhi Nahar Pariyojana, wheat yields in areas with water table at less 
than 70 cm were only about 25% of the optimum yield with water table at or around 
120  cm (Anonymous 2002). Besides decline in yield, water logging adversely 
impacts cropping intensity, restricts the choice of crops, impairs product quality and 
has several socio-economic and environmental implications. The water logging and 
salinity cause a loss of Rs. 12–27 billion annually.
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 Subsurface Compaction
The excessive use of machinery for cultivation and harvesting leads to compaction 
of soil with consequent reduction in porosity, available soil moisture content and 
higher resistance to root penetration. The higher bulk density of subsoils under rice- 
wheat cropping system commonly observed in Indo-Gangetic Plains (IGP) leads to 
aeration stress to crop roots. Intensive cultivation in conjunction with lower organic 
input is also responsible for loss of soil structure and consequent compaction. The 
area under hard pan soils in the country is 10.63 M ha.

Excessive dry and wet tillage (puddling), use of rotavators and freewheeling of 
tractors and harvesters (combined) in the IGP have in general, resulted in gradual 
subsoil compaction, increased bulk density and led to the formation of hard pan at 
15–22 cm depth due to compaction and migration of silt and clay particles from the 
upper layers to this layer (Kukal and Aggarwal 2003a, b; Patil et  al. 2005). 
Subsurface compaction can have a number of negative effects on soil quality and 
crop production including reduction in the size of pores, percolation rate of soils, 
water- and air-holding capacity of soils and crop yields. Various studies (Kukal and 
Aggarwal 2003b) have shown subsurface compaction to have detrimental effects on 
the upland crops to the extent of 5–15%. Reduced soil aeration due to temporary 
water logging conditions in the root zone can lead to aeration stress, and the plant 
roots are unable to breathe properly due to lack of oxygen. Kukal and Aggarwal 
(2003b) reported a 7–8% decrease in wheat yield under aeration stress caused by 
temporary water logging conditions during the first irrigation in central Punjab. The 
yellowing of wheat due to nitrogen deficiency after heavy irrigation coupled with 
rain showers is a common feature in rice soils with subsurface compaction.

 Slowly Permeable Soils
The high clay content in soils (9.43 M ha) results in dominance of microporosity. 
The micropores, being water-retaining pores, lead to lower permeability of such 
soils. Such soils are difficult to cultivate with small window period for cultivation. 
It takes a longer time for these soils to reach field capacity moisture content after a 
pre-sowing irrigation. These soils if cultivated under higher moisture conditions can 
lead to puddling, whereas cultivation under dry conditions leads to breakdown of 
aggregates to produce dust. Moreover, a heavy irrigation in these soils can lead to 
aeration stress conditions for the younger plants as most of the dominating micro-
pores are filled with water, and there is little air for the plant roots to breathe. Also 
the diffusion of gases between atmosphere and soil is slow and may lead to higher 
concentration of carbon dioxide in such soils. During higher rainfall years, the crops 
suffer from temporary water logging and later from salinity due to rise in ground-
water table. The flat relief condition creates problems of drainage, and water remains 
stagnant at the surface for a long time making agricultural operations difficult. In 
low rainfall years or on drying, the soils become hard and dry and develop deep and 
wide cracks resulting into loss of stored moisture during maturity stage of the crop.
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 Highly Permeable Soils
The soils (10.77 Mha), containing higher amount of sand particles, are dominating 
in macrospores, which are water-conducting pores. This results in immediate move-
ment of water below the root zone. This necessitates more frequent irrigation in 
such soils. Most of the coarse- and medium-textured soils in Punjab are being culti-
vated for rice. The percolation rate of such soils being higher leads to consumption 
of higher amounts of irrigation water (Kukal and Aggarwal 2003a) to grow rice crop 
in comparison to fine-textured soils. The leaching losses of nutrients in these soils 
are a common feature.

 Shallow Soils
Limited soil depth and volume in shallow soils restrict root growth and hence restrict 
supply of water and nutrients to the crop in required amounts. This leads to reduced 
crop yields.

5.2.2.2  Soil Chemical Constraints

 Salinization and Sodification
Soil salinization is a slow build-up process, which may lead to reduction of crop 
yields initially to the final abandonment of the land as it is not economically viable 
to cultivate such lands. These soils are commonly found in arid and semi-arid 
regions where evaporation exceeds the rainfall, apart from being dominant in the 
coastal regions. The salinity leads to reduced plant growth by restricted availability 
of water to the plants as a result of increased osmotic stress provoking withering of 
plants, preferential absorption of one ion that might retard the absorption of other 
essential plant nutrients and excess uptake of some of the salt constituents to cause 
toxicity of specific ions in the plants.

Higher accumulation of sodium ions (Na+) on the soil exchange complex results 
in soil sodification. The sodification leads to alteration of soil physical properties, 
viz. increased soil dispersion, destruction of the soil structure and formation of crust 
on the soil surface that together hinders air/water movement in the soil. The soils 
with both the excess salts and higher content of exchangeable sodium percentage 
are designated as saline-alkali soils. Besides the adverse impacts on chemical and 
physical processes, soil salinization/sodification has a direct negative effect on soil 
biology resulting in reduced crop productivity. An area of 6.73 M ha area is saline/
sodic, 2.96 M ha being saline and 3.77 Mha sodic (Sharma et al. 2004). Extreme 
events, climatic aberrations and anthropogenic interventions are likely to further 
aggravate the aerial extent of these soils, with the predictions indicating the extent 
of salt-affected soils may treble to 20.0 M ha by 2050 (CSSRI 2014). The annual 
rise of groundwater in the command areas of Gandak and Indira Gandhi canal has 
been recorded to be 43–83 cm. About 60% of these command areas will develop 
drainage and salinity problems in 100 years as per an estimate by Central Arid Zone 
Research Institute (CAZRI), Jodhpur.
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High amounts of salts in water bodies are being released by many industries 
through effluents. Due to higher mobility of these salts (particularly Na+ and Cl−) 
within the soil, the groundwater in and around these industrial areas gets contami-
nated. These salt-loaded effluents when used for irrigation (in the adjoining lands) 
due to higher nitrate contents, contaminate agricultural land with heavy metals, 
thereby, degrading soil structure and decreasing crop productivity.

Chemical degradation of soil ultimately leads to reduced crop yields in the range 
of 30–63%. The annual losses due to water logging and soil salinity in 11 irrigation 
projects in India were estimated at US$ 200 million (Joshi and Agnihotri 1984). 
Datta and de-Jong (2002) estimated the potential annual loss of about Rs. 1669 mil-
lion from waterlogged saline areas in Haryana, while it has been estimated at INR 
250–3000 million per year in crop production alone in the Tungabhadra command 
(Anonymous 2002).

 Pollutant Chemicals
The soils often get polluted with chemicals which enter into the soil body through 
emissions from industries, power plants, vehicles, radioactive and toxic chemical 
leaks during disasters, etc. In India, about 100 million tonnes of gaseous pollutants 
are being added to the atmosphere every year through burning of fossil fuels and 
emissions from industries leading to air pollution. The thermal power plants release 
100–110 t Hg year−1, which finally gets precipitated in the soil body. Similarly, the 
pollutants in the surface and groundwater add harmful chemicals into the soils when 
such polluted waters are used for irrigation purposes. The potential carcinogenic 
and noncarcinogenic persistent organic pollutants (POP) like polycyclic aromatic 
hydrocarbons (PAH), polychlorinated biphenyls (PCB) and other organic pollutants 
from contaminated soil may affect humans through their ingestion and inhalation or 
dermal (skin) exposure to contaminated soil/dust or during tillage of polluted dry 
soil.

The pollutants from extensively used agrochemicals, like fertilizers (e.g. Cd 
through phosphatic fertilizer) and pesticides (organic pollutants), also pollute the 
soils. High concentration of heavy metals (Cd, Cr, Cu, Pb, Ni and Zn) could be 
observed in composts prepared from mixed municipal solid wastes in many cities of 
India. The release of pollutant-loaded industrial effluents on the agricultural land 
has destroyed soil fertility around several industrial units in the country.

Higher concentration of pollutants like As in the groundwater and selenium in 
soils in many parts of India are a common feature. Higher levels of NO3 in ground-
water have been recorded at some places with higher N fertilizer inputs indicating 
probable contamination from injudicious use of N fertilizers.

 Nutrient Imbalance
The long-term imbalanced use of fertilizer nutrients has been responsible for soil 
degradation. Although overall nutrient use (N:P2O5:K2O) of 4:2:1 is considered 
ideal for Indian soils, the present use ratio of 6.8:2.8:1 is far off the mark. The 
imbalanced nutrient use has increased the gap between crop removal and fertilizer 
application. Long-term experiments in India have indicated decreasing P and K in 
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soils with dominance of N application alone. The deficiencies of micro- and second-
ary nutrients in crops are becoming a common feature in different parts of the coun-
try being just one deficient nutrient in 1950 to nine in the year 2005–2006, which 
might further increase if the practice of imbalanced fertilization continues. On the 
other hand, relatively higher concentration of phosphorus has been reported in some 
intensively cultivated irrigated areas like Punjab in India.

5.2.3  Managing Soil-Related Constraints for Sustained 
Agricultural Production

5.2.3.1  Soil Physical Constraints

 Highly Permeable Soils
The coarse-textured soils, being highly permeable can be managed through com-
paction with repeated passes of a tractor-drawn heavy roller at optimum soil mois-
ture content to attain the desired level of compaction. This leads to conversion of 
macropores to micropores, thereby, helping in retention of water in such soils. 
Alternately, the addition of clay @ 2% in red sandy loam of Andhra Pradesh has 
been reported to increase crop yield by more than 10%. This technology is viable 
only in regions where fine-textured soil is available either from the ponds or nearby 
fields.

 Subsurface Mechanical Impedance
The subsurface compaction leads to mechanical impedance, which restricts plant 
root growth and movement of air, water and nutrients, thereby affecting crop yields. 
The subsurface compaction can be ameliorated by chiselling, chiselling plus amend-
ment or ridge cultivation (Painuli and Yadav 1998). The subsurface high bulk den-
sity layer can be broken down by deep tillage/chiselling, thereby facilitating vertical 
and horizontal growth of roots. The chiselling has been recommended up to a depth 
of 30–50 cm depending upon soil and crop requirements. The effect of chiselling 
has been observed till seventh successive crop in red soils, but the effect lasted for 
smaller time in light-textured soils. Thus, chiselling is recommended every kharif 
season in light-textured soils and once in 2–3 years in red soils. Addition of amend-
ments like gypsum at 5 t ha−1 or FYM at 20 t ha−1 can reduce the rate of compaction. 
The ill effect of compaction can also be overcome by sowing the crops on ridges or 
raised beds with an aim to increase the rooting volume above the compacted layer.

 Slowly Permeable Soils
These soils with frequent aeration stress immediately after rainfall or irrigation can 
be managed by various tillage and land form treatments, viz. ridges and furrows, 
broad bed and furrow and raised and sunken beds especially in black soils of low 
and other high rainfall areas so as to avoid aeration stress during rainy season 
(Painuli and Yadav 1998).
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 Shallow Soils
The shallow soils can be effectively used for crop growing by constructing 10 cm 
high ridges above the soil surface as these were found to improve the root growth. 
Addition of clay or paddy husk can further improve the soil physical condition and 
crop growth. In the slopy red soils of Andhra Pradesh, the farmers are faced with the 
twin problems of shallow soil depth and soil erosion by water. The formation of 
ridges and furrows along the contours with vetiver barrier at a vertical interval of 
1.0 m can reduce runoff and soil loss by 88 and 92%, respectively. This can also 
help in retaining higher moisture in the soil during crop growth, which is beneficial 
for crop yields.

 Crusting Soils
The crusting can be managed by seed line mulch technology (Nagarajarao and 
Gupta 1996). The application of FYM @ 3 t ha−1 or chopped wheat straw on the soil 
surface after sowing can help in dissipating the kinetic energy of raindrops, thereby 
preventing the disintegration of aggregates and dispersion of soil particles leading 
to crusting. In addition, higher soil water (3%) can be retained in the upper 5 cm 
layer of the crusted soil, thereby helping in better seedling emergence.

5.2.3.2  Soil Chemical Constraints

 Salt-Affected Soils
The sodic soils can be reclaimed by replacing a large part of the exchangeable 
sodium with calcium by using a suitable amendment. The work at the Central Soil 
Salinity Research Institute, Karnal shows that gypsum requirement sufficient to 
meet 50% of replacement is required to start with rice as the first crop. The com-
bined application of FYM @ 20  t ha−1 and gypsum (25% gypsum requirement) 
proved to be more effective than application of gypsum equivalent to 50% gypsum 
requirement. On the other hand, saline soils can be reclaimed by leaching of excess 
soluble salts from the root zone, lowering of water table below the critical depth, 
selection of suitable crops and their varieties and agronomic practices.

5.3  Abiotic Constraints in Rainfed Agroecosystems

Rainfed agriculture in India accounts to 53% of total net cultivated area (74 Mha) 
and contributes to about 40% of total food grain production and livelihoods of the 
majority of small and marginal farmers. However, the productivity from rainfed 
agriculture continues to be <1 t ha−1 because of inherent biophysical and socio- 
economic constraints. Drought has been a recurring feature of rainfed agriculture 
affecting agricultural production in India. The recurrence interval of drought years 
in rainfed areas indicates 3–4 drought years in every 10-year period, of these 2–3 
are of moderate and 1 of severe intensity. Due to such drought in 2012, 5.68 Mha 
could not be sown during kharif season, which led to a loss of about 12.76 million 
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tonnes of kharif food grain production, and the food grain production declined by 
4.66% to 252.68 million tonnes (MT). In view of the challenges posed by twin 
problems of unabated land degradation and climate change/variability and nation’s 
expectations of second green revolution from rainfed areas, it is essential to address 
natural management issues, particularly soil and moisture management to enhance 
productivity to at least 1 t ha−1 in such areas.

The major soil constraints that are limiting productivity of rainfed crops are 
 shallow depth, low plant available water capacity (PAWC), subsoil hard pans, very 
low subsoil saturated hydraulic conductivity, imperfect soil/land drainage, subsoil 
gravelliness, calcareousness, low soil organic carbon, multiple nutrient deficiencies, 
etc. (Table 5.1).

5.3.1  Managing Soil-Related Constraints for Rainfed Agriculture

5.3.1.1  Soil Physical Constraints for Enhanced Moisture 
Conservation

The sustainable management of soil physical environment has a significant role 
in water and nutrient uptake and losses, pollutant transport and also emission of 
greenhouse gases from soil. In rained agriculture, managing optimum soil 
 physical environment is essential not only for sustainable management of soil 
and water resources but also for realizing yield potential of crops. In broad sense, 
the soil physical environment in rainfed regions can be improved through  
(a) building in situ moisture reserves to tide over the recurring drought spells and 
(b) preventing loss of stored soil moisture.

The strategies to manage soil moisture availability should include in situ water 
harvesting to tide over the recurring drought spells, preventing subsequent soil 
moisture losses through various practices. These practices are agroecology-specific, 
i.e. physiography, rainfall pattern, soil type and crop. Summer tillage coinciding 
with pre-monsoon showers increases rainwater infiltration, thereby recharging the 
soil profile and controlling weeds. This results in increased yields of rainfed crops 
in alfisols (Table 5.2). In the regions with unimodal type of rainfall, in semi-arid 
regions with shallow alfisols, crop sowing across the slope and ridging later can 
prove to be useful due to better rainwater absorption and control of pernicious 
weeds.

Tillage in combination with compartmental bunding is the most effective soil 
management practice for in situ moisture conservation in Vertic Inceptisols. 
Superficial scraping to eliminate weeds can conserve moisture, which otherwise 
could have been consumed by the weeds.

Reducing runoff losses through tillage operations across the slope could help 
sustain crop growth for another 2 weeks in case of intermittent failure of rains. This 
can increase the crop yields to the extent of 30–40%. Ridges and furrows along the 
contours are required to be laid on a minor gradient of 0.3–0.4% to prevent tempo-
rary water logging. However, this practice is not feasible for closely spaced 
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Table 5.1 Major soil constraints in rainfed agro-ecologies

Climate/Agroecological- 
subregion/Growing period

Major soil type(s) (Soil 
subgroups)

Major soil constraints
Physical Chemical

(a) Cold arid
1.1, 1.2 AERs <90 days Skeletal soils (Typic 

Cryorthents, Typic 
Cryorthids)

Shallow 
depth, sandy 
texture, 
inadequate 
leaching, very 
low PAWC

Calcareousness, 
alkaline, low to 
medium organic 
matter

(b) Hot arid
2.1,2.2,2.3, 2.4 AESRs 
<90 days

Desert and saline soils 
(Typic Camborthids, 
Typic Torripsamments, 
Typic Calciorthids, 
Typic Natrargids, 
Typic Salorthids, 
Ustochreptic 
Camborthids, Typic 
Paleorthids

Sandy texture, 
very low 
PAWC

Moderately 
calcareousness, 
alkaline, low 
organic matter

3.0 AESR <90 days Mixed red and black 
soils (Typic 
Rhodustalfs, Typic 
Paleusterts)

Subsoil hard 
pans, low to 
medium 
PAWC

Slightly acidic, 
high sub soil 
density, alkaline, 
subsoil sodicity

(c) Semi-arid
4.2, 4.4, 6.1, 14.1 AESRs 
90–150 days

Alluvial soils (Typic 
Ustochrepts, Fluventic 
Ustochrepts, Typic 
Eutrochrepts, lithic 
Ustorthents)

Coarse soil 
texture, low to 
moderate 
PAWC

Multiple nutrient 
deficiencies

5.1,5.2,5.3,6.1,6.2,6.3,6.4 
AESRs 90–150 days

Black soils 
(VerticUstochrepts, 
Typic Chromusterts, 
Entic Pellusterts, 
Vertic Haplaquepts, 
Vertic Halaquepts, 
Typic Pellusterts)

Swell-shrink 
potential, very 
low subsoil 
saturated 
hydraulic 
conductivity

Slightly to 
strongly alkaline, 
calcareousness, 
N, P, Zn. S and B 
deficiency

7.1,7.2,7.3 AESRs 90–150 days Mixed black and red 
soils (Udic 
Rhodustalfs, Typic 
Pellusterts, Typic 
Chromusterts, Typic 
Haplustalfs)

Red soils: 
Gravelliness, 
low PAWC, 
high sub soil 
bulk density. 
Black soils: 
Very low 
saturated 
hydraulic 
capacity, 
imperfectly 
soil drainage

Low N, P, Zn, 
strongly to very 
strongly alkaline, 
calcareousness

(continued)
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Table 5.1 (continued)

Climate/Agroecological- 
subregion/Growing period

Major soil type(s) (Soil 
subgroups)

Major soil constraints
Physical Chemical

8.1,8.2,8.3 AESRs Red loamy soils 
(Typic Haplustalfs, 
Vertic Ustropepts, 
Oxic Paleustalfs, Oxic 
Rhodustalfs, Typic 
Rhodustalfs)

Gravelliness, 
low to 
Medium 
PAWC, fine 
sub soil 
texture

Moderately 
alkaline, low 
CEC, multiple 
nutrient 
deficiencies 
(N,P,Zn)

(d) Subhumid
10.1,10.2,10.3,10.4 AESRs 
150–210 days

Black soils (Vertic 
Ustochrepts, Udic 
Chromusterts, Entic 
Chromusterts, Typic 
Chromusterts)

High 
shrink-swell 
potential, 
slowly 
permeability, 
high subsoil 
compaction

Calcareousness, 
alkaline, N,P,Zn 
deficiency

10.4 AESR 150–210 days Red soils (Typic 
Plinthustalfs)

Subsoil 
gravelliness, 
low PAWC

Acidic, P fixation

11.0 AESR 150–210 days Black soils (Entic 
Chromusterts)

Imperfectly 
drained, very 
slow saturated 
hydraulic 
conductivity 
in subsoil, 
gilgai 
micro-relief, 
high 
shrink-swell 
potential

Alkaline, 
calcareousness

Red and yellow soils 
(Udic Rhodustalfs)

Gravelly 
subsoil, 
moderate 
permeability

Mildly acidic, 
low in N, P, B 
and Zn

12.1,12.2,12.3 AESRs Red and lateritic soils 
(Typic Haplustalfs, 
Typic Plinthustalfs, 
Typic Haplustults)

Shallow 
depth, 
gravelly like 
quality 
subsoil, low 
PAWC, high 
bulk density 
of subsoil

Moderate to mild 
acidic, low CEC, 
moderate to high 
P fixation, low in 
N, P, Zn, B, ca, 
mg, S, Mo, 
toxicity of Fe, al, 
Mn

Tarai soils (Aquic 
Hapludolls)

Weak soil 
structure, 
coarse to 
granular 
A-horizon, 
imperfect 
drainage

Calcareousness, 
alkaline, 
deficiency of N, 
P, Zn

(continued)

5 Soil-Related Abiotic Constraints for Sustainable Agriculture



110

row-sown crops (row spacing <30  cm). In such cases, deep furrows (popular as 
‘conservation/dead furrows’) can be created after eight to ten crop rows (~ 3  m 
interval) for capturing the rain/runoff water. The ridges and furrows with water sur-
plus were found useful in regions with unimodal and low rainfall (~600–700 mm). 
The serration of the soil surface is an efficient way, which provides permitting more 
time for water entry into the soil profile.

Table 5.1 (continued)

Climate/Agroecological- 
subregion/Growing period

Major soil type(s) (Soil 
subgroups)

Major soil constraints
Physical Chemical

(e) Humid to per-humid
14.2,14.3,14.4,14.5 AESRs 
>210 days

Brown forest and 
Podzolic soils (Typic 
Haplustalfs, Mollic 
Haplaquepts, Dystric 
Eutrochrepts, lithic 
Udorthents, Typic 
Hapludolls)

Weak soil 
development, 
Imperfectly 
drained, low 
PAWC

Mildly acidic to 
mildly alkaline

15.1,15.2,15.3,15.4,16.1 AESRs 
>210 days

Alluvial soils (Aeric 
Fluvaquents, Fluventic 
Eutrochrepts, Typic 
Dystrochrepts, Aeric 
Haplaquepts, Typic 
Haplumbrepts, 
Umbric 
Dystrochrepts)

Medium to 
excess 
leaching of 
bases

Mildly alkaline to 
strongly acidic, 
low to medium 
base saturation, 
moderate to low 
CEC, P fixation

16.2,16.3,17.1,17.2 AESRs 
>210 days

Red and lateritic hill 
soils (Typic 
Arguidolls, Cumulic 
Hapludolls, Typic 
Haplumbrepts, Typic 
Udorthents, Ultic 
Hapludalfs, Typic 
Paleudalfs)

Limiting soil 
depth, loamy 
skeletal soils, 
excessive 
leaching

Moderately to 
strongly acidic, 
low available P

Source: Velayutham et al. (1999)

Table 5.2 Effect of off-season tillage on the yield of sorghum (three rainy seasons) and castor 
bean (two rainy seasons) on alfisols at Hyderabad and barley (three post-rainy seasons) on 
Inceptisols at Varanasi

Practice
Sorghum 
(q ha−1)

Barley 
(q ha−1)

Castor bean 
(q ha−1)

Without off-season tillage (farmers 
practice)

18.7 13.7 1.32

With off-season tillage (improved 
system)

26.0 15.7 1.31

Source: AICRPDA (2003)

S.S. Kukal et al.



111

In the regions with unimodal and medium to high rainfall (mean annual rainfall 
<800 mm), the raised and sunken beds are most appropriate to provide simultaneous 
drainage and storage of runoff water, whereas in the regions with bimodal and low 
rainfall (mean annual rainfall <750 mm), scooping, compartment bunding and tied 
ridging were found to be effective for in situ water conservation. Dividing the fields 
into sectors of 3 m × 3 m by compartment bunds in Vertisols can increase crop 
yields up to 50%. Tillage not only helps conserving moisture in the surface but also 
helps in conserving it in the seed zone (Acharya et al. 1988). Mechanical shattering 
of hard pans by chiselling or mould board ploughing helps in improving infiltration 
of water into the soils. In regions with medium rainfall and Vertisols, the broad bed 
and furrow system (popularly known as ICRISAT technology), combining benefits 
of good aeration and safe disposal of excess rainwater is useful.

Addition of manures and inorganic fertilizers leads to improvement of the 
 aggregation status of soil (Rehana-Rasool et al. 2007, 2008). The bulk density of 
soil amended with higher inorganic fertilizer and farmyard manure normally shows 
a negative linear relationship (Bandyopadhyay et  al. 2010). The application of 
manures improves water retention by increasing micropores and inter-aggregate 
pores. The specific surface area increases by the addition of organic manures, 
thereby resulting in increased water-holding capacity at higher tensions. The long- 
term experiments indicated improvement in infiltration and water retention capacity 
of soils with the addition of farmyard manure (FYM), groundnut shells and other 
crop residues including the green leaf manuring. The highest soil organic carbon 
(SOC) stock was observed with 50% recommended dose of fertilizer (RDF) + 4 t 
groundnut shells ha−1 (47.2 t SOC ha−1) followed by 100% RDF (36.2 t SOC ha−1) 
and lowest in control (32.2 t SOC ha−1), which in turn helped in good soil moisture 
retention and better groundnut pod yield.

Mulching improves soil hydrothermal regime, soil aggregation, infiltration rate, 
soil water storage, retardation of erosion and controls evaporation losses from soil 
surface. An innovative technology, i.e. seed line mulch, involves application of 
FYM @ 3 t ha−1 or chopped wheat straw on the seeded rows immediately after sow-
ing prevents the disintegration of aggregates and dispersion of soil (Nagarajarao and 
Gupta 1996). In crusting soils, application of straw mulch on seed lines increases 
the emergence of cotton finger millet, soybean, cowpea and horse gram by reducing 
raindrop impact. Increased plant biomass produced by fertilizer application, results 
in increased return of organic material to soil in the form of decaying roots litter, 
leaf fall and crop residues. The frequent cultivation between the crop rows to create 
dust mulch is useful, particularly breaking soil crusting in red soils. In post-rainy 
season-cropped heavy black soils (mean annual rainfall of 550–600 mm), vertical 
mulch increases water intake and reduces runoff.

5.3.1.2  Tactical Recycling of Harvested Runoff
The best practice that can be done in terminal drought is to provide life-saving 
 irrigation to the rainfed crop. During severe drought at Arjia, protective irrigation 
increased yields by 377–1000 kg ha−1 in maize (out of seven experimental seasons, 
there was a total failure of crop in 1 year and drought occurred in 3 seasons). At 
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Agra, the protective irrigation increased the yield by 633–696 kg ha−1 in pearl millet 
(out of seven experimental seasons, the drought occurred only in 3 seasons). Under 
moderate drought at Varanasi, the protective irrigation to rice increased yields by 
320–1190 kg ha−1 (out of seven experimental seasons, drought occurred in 3 sea-
sons). Single supplemental irrigation gave an advantage usually to the tune of 
200 kg grain ha−1 cm−1 water applied.

For sustainable use of the harvested rainwater, strict budgeting needs to be fol-
lowed. For example, the crops like sugarcane, rice and wheat with higher evapo-
transpiration (ET) requirements should be avoided, and the crops like pulses and 
oilseeds with lower ET requirements be preferred. Various rainwater harvesting sys-
tems, viz. Khadin in Western Rajasthan, Nadi system in Southern Rajasthan and 
Bandh in Baghelkhand region of Madhya Pradesh, are some of the indigenous tech-
niques, which need to be improved on scientific lines. Farm ponds need to be an 
essential component in the rainfed regions to harvest excess rain/runoff water for its 
subsequent use in crop production. A pond of 250  m3  ha−1 catchment is recom-
mended. Even smaller ponds can be dug to harvest excess rain/runoff water in arid 
ecosystem. Irrigation during initial 2 years is essential for trees and fruit trees.

5.3.1.3  Resilient Crops and Cropping Systems  
for Drought Mitigation

Since rainfed agriculture is risk prone due to weather aberrations such as delayed 
onset of monsoon and in-season drought/long dry spells, selection of crops and 
varieties and adoption of intercropping systems based on the biophysical environ-
ment (rainfall pattern and soil type) of a specific location are essential prerequisite 
for drought mitigation and enhanced productivity of rainfed crops. Based on long- 
term analysis of climate data in terms of probability of onset and withdrawal of 
the monsoon and occurrence of dry spells, effective cropping seasons have been 
worked out for various rainfed regions in the country. In arid regions where 
annual/crop seasonal rainfall is < 500  mm and length of growing period is 
< 90 days, short duration drought-tolerant pulses such as mothbean and cereals of 
10–12  weeks duration such as pearl millet and minor millets are suggested. 
Suitable varieties of predominant rainfed crops for weather aberrations were iden-
tified, e.g. for delayed onset of monsoon, the sorghum varieties recommended 
were CSH-1 at Akola, M-35-1 at Bellary, S-1049 at Dantiwada and CSH-6 at 
Udaipur (AICRPDA, 2003).

The cropping intensity could be increased considerably depending on the soil 
type and moisture availability period. However, the duration of the crop cultivars 
influence the selection of a cropping system. Hence, the research in this area clearly 
brought out that in the high rainfall (> 1000 mm) regions of Orissa, Eastern Uttar 
Pradesh and Madhya Pradesh, a second crop could be grown in the residual mois-
ture after a 90 days duration variety of upland rice than 120 days duration, similarly 
in the Vertisols of Malwa (Madhya Pradesh) and Vidarbha (Maharashtra), a change 
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of 140 or 150 days sorghums to about 90 or 100 days cultivars provided an oppor-
tunity to grow chickpea or safflower in sequence. Double cropping was possible 
only in areas receiving more than 750  mm rainfall with a soil moisture storage 
capacity of more than 200 mm.

The low productivity of ICSs prior to 1970 was due to the replacement series, 
while the work by AICRPDA suggested additive series was most successful, i.e. out 
of 59 experiments on replacement and additive series with base crops as sorghum, 
maize, pearl millet, pigeon pea, safflower and wheat; in 54 experiments the LERs of 
the additive series were greater (with average of 23% more) than replacement series 
with multiple benefits of higher output and returns, spread labour peaks, mainte-
nance of soil fertility (with inclusion of legume) and stability in production. The 
performance of the ICSs were strongly correlated with the amount of seasonal rain-
fall; when it was above normal, optimum productivity was achieved; under normal 
rainfall conditions, fairly high values of land equivalent ratios were achieved; and 
under low rainfall conditions, one of the two crops reasonably yielded providing an 
insurance against the risk due to weather aberrations (Ravindra-Chary et al. 2012). 
Further, the ICSs over the years and across locations in India proved that kharif 
season is more favourable to intercropping than rabi, probably due to replenishment 
of soil moisture (Chetty 1983). Pigeon pea either as base crop or intercrop per-
formed better, particularly in sorghum, cotton and pearl millet-based intercropping 
systems (AICPRDA 2003).

5.3.1.4  Soil Fertility Management
Soil fertility in drought-prone regions is generally low especially being deficient 
in nitrogen. Most of these soils are also deficient in available phosphorus, sulphur 
and micronutrients (mainly Zn and Fe). There is, thus vast potential for increasing 
crop yields through fertilization, especially N fertilizers, across the contrasting 
rainfed environments, leading to favourable cost-benefit ratio. A water stressed 
crop can also recover faster if it is fertilized immediately after relief from stress. 
Integrated nutrient management studies have established the fact that green 
manuring is a dependable source of several plant nutrients, typically able to meet 
half of the N requirement of a crop. Inclusion of legumes in a rotation has been 
reported to benefit the succeeding crop equivalent to 10–30 kg N ha−1. An integra-
tion of FYM (10 t ha−1) + recommended NPK at Bangalore not only stabilized 
productivity and improved sustainability but also improved economics of produc-
tion. The increase in urease, phosphatase and dehydrogenase activity increased 
with integrated nutrient management. In most of the situations, the yield sustain-
ability was higher when the recommended dose of fertilizer was applied. Available 
nitrogen, organic carbon and phosphorus content in soil increased with organic 
fertilizer application. Application of crop residues in combination with chemical 
fertilizer can result in higher sustainable yield and maintain higher levels of nitro-
gen, phosphorus and organic carbon.
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5.3.1.5  Soil Carbon Management
Conjunctive use of chemical fertilizers and organic manure resulted in higher sus-
tainable yield index (SYI) over unfertilized control and sole application of either 
chemical fertilizers or organic manures. The average soil organic carbon (SOC) 
sequestration rate measured with different management treatments ranged between 
0.32–1.26 Mg C ha−1 year−1. The mean annual C input were recorded to be maxi-
mum in soybean system followed by that in rice and groundnut systems. The carbon 
footprints (Tg CE ha−1 year−1) were higher in cereal cropping systems followed by 
oilseed and pulse systems. The carbon footprints per unit amount of yield were 
higher for rice (2.88)-lentil (6.15) sequence in Inceptisols.

Crop residue management and carbon sequestration: The organic C concentra-
tion in the surface soil (0–15 cm) largely depends on the total input of crop residues 
remaining on the surface or incorporated into the soil. Generally, farmers burn crop 
residues like stalks of pigeon pea and cotton without recycling them. The shred-
ding of stalks of pigeon pea, cotton and green biomass into small pieces facilitates 
easy mixing of the residue in the soil or compost/vermicompost pits. Higher yields 
with crop residue retention or incorporation are due to increased infiltration and 
improved soil properties, higher soil organic carbon and earthworm activity and 
improved soil structure after a period of 4–7  years. Permanent crop cover with 
recycling of crop residues is a prerequisite and integral part of conservation agri-
culture. The new variants of zero-till seed-cum-fertilizer drill/planters such as PAU 
Happy Seeder (Dr J S Gill, Personal Communication) and rotary-disc drill have 
been developed for direct drilling of seeds even in the presence of surface residues 
(loose and anchored up to 8 t ha−1). Annual inputs of biomass-C as crop residues 
significantly increases SOC sequestration and stock, following an asymptotic rela-
tionship between the SOC stock and the magnitude of the inputs of biomass-C 
(Srinivasarao et al. 2012).

The practice of no-tillage can lead to higher SOC due to reduced soil distur-
bance, decreased fallow period and incorporation of cover crops in the rotation 
cycle. Eliminating summer fallowing in arid and semi-arid regions and adopting 
no till with residue mulching improves soil structure, lowers bulk density and 
increases infiltration capacity. It is well established that ecosystems with higher 
biodiversity absorb and sequester more C than those with lower biodiversity. 
Conservation agriculture promotes soil C sequestration by tipping the balance in 
favour of C inputs relative to C outputs. In conservation agriculture system, the 
soil organic carbon (SOC) was higher (0.31–0.45%) than conventional system 
(0.29–0.42%).

Agroforestry systems and carbon sequestration: Inclusion of trees in the agricul-
tural landscapes often improves productivity of the system, while providing oppor-
tunities to create carbon (C) sinks. The above-ground carbon sequestration, the 
assimilation of carbon in to the plant matter, is highly variable in some major agro-
forestry systems around the world ranging from 0.29–15.2 Mg ha−1 year−1. In gen-
eral, the AFS in the arid and semi-arid and degraded regions have a lower carbon 
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sequestration potential than those on fertile humid sites; and the temperate agrofor-
estry systems have relatively lower sequestration potential compared with the tropi-
cal systems. The tree-based systems also add substantial quantities of litter to the 
soil every year, which is added to the soil and contributes towards the soil carbon 
sequestration.

5.3.1.6  Integrated Watershed Management (IWM)
Watershed management is a holistic approach towards optimizing the use of land, 
water and vegetation to alleviate drought, moderate floods, prevent soil erosion, and 
improve water availability and increase fuel, fodder, fibre and agricultural produc-
tion on a sustained basis. Integrated watershed management (IWM) is the key to 
conservation and efficient utilization of natural resources of soil and water particu-
larly in rainfed agriculture where water is the limiting factor for agricultural produc-
tion. An analysis of the watershed programmes across the diverse rainfed 
agroecosystems in India revealed that these programmes benefitted farmers through 
increased area under irrigation (33.5%), increased cropping intensity (63%), 
reduced soil loss (0.8 t ha−1) and runoff (13%) and improved groundwater availabil-
ity. Economic assessment showed that these watershed programmes were beneficial 
and viable with a cost-benefit ratio of 1:2.14 (Joshi et al. 2005).

5.3.1.7  Rainfed Land use Planning
The land use planning on scientific lines in drought-prone regions is one of the 
rational approaches for drought mitigation. The cadastral level soil site-specific 
cropping systems centred on land use modules have been developed/identified for 
different regions (Ravindra-Chary et al. 2008a). A drought-resilient, less risk-prone 
farming system based on the land requirements and farmers’ capacities can be 
developed to mitigate the drought and to address the unabated land degradation and 
imminent climate change. The SCUs are basically for soil and water conservation 
prioritized activities to mitigate drought. The SQUs are to address soil resilience 
and improve soil organic carbon, problem soils amelioration and wastelands 
 treatment and linked to various schemes and programmes in operation like National 
Horticultural Mission (NHM), Rashtriya Krishi Vikas Yojana (RKVY), etc. The 
LMUs would be operationalized at farm level for taking decisions on arable, 
 nonarable and common lands for cropping, agroforestry, agrohorticulture, etc. and, 
further, for levying the most fragile land parcels for ecorestoration. Rainfed land use 
planning modules should be based on these units for risk minimization, enhanced 
land productivity and income, finally, for drought proofing.

5.3.1.8  Delineation of Rainfed Agro-economic Zones
We need to focus on resource conservation and management, increased productivity 
and profitability, making rainfed agriculture as dependable and improving the liveli-
hoods of the farmers/people in these areas. This requires to delineate core ‘Rainfed 
Agro-Economic Zones’ (RAEZs) in a district or part of a region in a state 
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(Ravindra- Chary et  al. 2008b). The important criteria for delineation of these 
RAEZs could be a predominantly rainfed region with predominant rainfed produc-
tion system, source and percentage net irrigated area and livelihoods majorly depen-
dent on rainfed agriculture. Here, the rainfed farmers’ livelihoods improvement and 
sustaining the land resources would be focal, wherein all the issues related to pro-
duction through processing, profitability, improved livelihoods in harmony with 
conservation and maintenance of land resources.

5.4  Way Forward

The food requirements of the country are continuously increasing due to rising pop-
ulations, increased gross national product, changing food habits (protein rich diets) 
and substantial migration of populations from rural to the urban areas. But the pro-
ductivity increase is not able to match the rise in population, even in irrigated ‘green 
revolution regions’. The productivity gains have slowed down considerably or in 
some cases are on decline due to the emergence of widespread multiple nutrient 
deficiencies, depletion of soil organic carbon stocks, development of secondary 
salinity and water logging in canal irrigated ecologies. The other abiotic stresses 
like changes in the environmental temperatures, e.g. heat, cold, chilling (frost, hail, 
etc.) and radiation (UV, ionizing radiation) are also responsible for major reduction 
in agricultural production.

The 70% of the cultivated lands are cropped under fragile dryland agriculture. 
These ecosystems are exposed to erratic rainfall, high volume intense rains, which 
occur only on 20–30 days during the 4 months of monsoon season, thus leading to 
sheet erosion of surface soils and low productivity. The rainfed/drylands are also 
characterized by intense grazing pressure on limited pastures. Both human and 
 cattle population in these areas suffer from serious food (fodder) and water insecu-
rity. The catastrophic events due to deterioration of natural resources combined with 
climate change are on the rise. Some agendas for future research are given below.

In irrigated agriculture, the soil-related abiotic stresses, both physical and chemi-
cal, have to be managed for achieving sustainable productivity. Light-textured soils 
have to be managed through compaction, while subsurface mechanical impedance 
has to be managed through chisel technology, chisel plus amendment technology 
and ridge technology. Water logging, particularly in highly productive black soil 
regions with intensive cropping systems has to be managed through site-specific 
landform treatments. For managing crusting problem, there needs to be focused 
research on integrated approach with tillage, soil and crop management strategies. 
Management and reclamation of sodic soils, reclamation of saline soils in the chang-
ing cropping patterns and rainfall variability are a challenge and need to be 
addressed.

In rainfed agroecosystems, managing rainwater, either in situ or ex situ for higher 
water productivity and sustainable conservation rainfed agriculture, is the prime 
challenge, particularly in the present context of climate change/variability in diverse 
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rained agro-ecologies. Location-specific research on in situ moisture conservation 
practices coping with in-season drought is need of the hour. Similarly, rainwater 
harvesting and efficient utilization strategies to be developed are based on potential 
runoff, catchment-command area relationships and quantification of stored rainwa-
ter in structures like farm pond with quantified information on critical irrigations 
specific to rainfed crops. Carbon management strategies specific to application of 
locally available material is needed. Resilient cropping systems research, particu-
larly intercropping systems, to be focused on developing practices that are amena-
ble to in situ moisture conservation practices and mechanization with resilient crops 
and genotypes.

Scientific and participatory land use planning is a buzzword for achieving the 
different goals of the various stakeholders. In stressed ecosystems like rainfed 
where in the major crop- based production systems are established as best land use 
planning over a period of time, no single land use or single criteria have sustained 
the land productivities, incomes, ecosystem and finally the livelihoods, the reasons 
being highly complex situations of risk, diverse socio-economic settings and subsis-
tence agriculture. Thus, land use planning in drought-prone areas should aim at 
increased land productivity in totality through various means from annuals to peren-
nials (integration with animal component) to cope with drought and also to address 
inherent unabated land degradation. The final aim is to build a biodiverse mixed 
farming system model for individual farmer to sustain the farming system and 
achieving the goals of food, nutritional, economic and ecological securities with 
complimentary benefits of drought mitigation or drought proofing and sustainable 
land management as a buffer to impact of land use change.
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Abstract
Abiotic stress is one of the important consequences of climate change that will 
have a telling effect on crop growth and productivity in the near future. The 
impact of abiotic stress on crop production has emerged as a major research pri-
ority during the past decade. Several forecasts for the coming decades project 
increase in atmospheric CO2 and temperature and changes in precipitation, 
resulting in more frequent droughts and floods, cold and heat waves and other 
extreme events. The key aspect of sustainable development in agriculture 
involves resource conservation-based strategies, cropping system-based strate-
gies and exploitation of genetic resources. Soil degradation should be prevented 
by practices and techniques, such as no-till sowing of crops, drip irrigation, crop 
rotation and leaving land fallow. Suitable farming systems that have potential to 
increase food production and promote soil conservation for each agroecological 
zones should be identified. Holistic land management and soil health restoration 
are also one of the key aspects of suitable development towards managing food 
security. In addition, maintenance of soil life and soil quality through practices 
such as organic fertilizer supplementation and judicious use of chemical fertil-
izers and pesticides should be a priority. Judicious management of water on a 
watershed basis should be undertaken to make maximum use of available water. 
Biotechnological improvement of crops and evolution of crop varieties suitable 
for climate change also form the key for sustainable development. Tapping of 
genetic resources to identify varieties and new crops that can adapt and cope with 
climate risk also forms a key approach in sustainable development to tackle the 
problem of food security. Adaptation to climate change requires long-term 
investments in strategic research and new policy initiatives that put climate 
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change adaptation in planning. A comprehensive understanding of abiotic stress, 
especially the mechanism and tolerance aspects for adaptation strategies, across 
the full range of warming scenarios and regions is essential for preparing for 
climate change. Therefore, a judicious mixture of basic and applied research 
outlooks has been presented on developments in management of abiotic stresses 
in dryland agriculture.

6.1  Introduction

Rainfed agriculture constitutes 80% of global agriculture and plays a critical role in 
achieving global food security. However, growing world population, water scarcity 
and climate change threaten rainfed farming through increased vulnerability to 
 different abiotic stresses like droughts and other extreme weather events. Drought, 
salinity, temperature, radiation and heavy metal stresses are among the major 
stresses, which adversely affect plant’s growth and productivity. Various forms of 
abiotic stresses limit agricultural production on most of the world’s 1.4 billion cul-
tivated hectares. Irrigation will not be a practical solution as water becomes scarcer, 
and irrigation already in place will lead to soil salinization (Richards 1996). High 
and low temperatures, acid soils and soils with high levels of metal ions reduce crop 
productivity over large tracts of land and will remain a major challenge for the 
 foreseeable future. Solutions to the problem will be as complex as the problem 
itself. Abiotic stresses do not generally come in isolation, and many stresses occur 
simultaneously thus severely affecting crop yields. In response to these stress 
 signals, nature has developed diverse pathways for combating and tolerating them. 
These pathways act in cooperation to alleviate stress.

All the abiotic stresses have profound impact on agricultural systems. Among 
these, water stress is the predominant stress which causes huge loss in agricultural 
production, more so because water stress is usually accompanied in varying degrees 
by other stresses, viz. salinity, high temperature, high radiation and nutrient stress. 
The management of natural resources in dryland areas has a role in determining 
food security for the growing population and in reducing poverty in the coming 
decades (Rockstrom et  al. 2007). Enhancing the efficiency and sustainability of 
natural resource management (NRM) is important not only because the livelihoods 
of millions of rural poor (>500 million) are directly dependent on these areas but 
also because these areas will continue to play a crucial role in improving the liveli-
hoods of farmers. The potential for technically based NRM interventions for man-
agement of different abiotic stresses varies across countries. For example, in India, 
a number of proven technologies have been developed for dryland farming over 
eight decades due to a huge investment in research since 1930s. Location-specific 
technologies including in situ moisture conservation, rainwater harvesting in farm 
ponds and its efficient utilization, integrated nutrient management, resilient crops 
and cropping systems, improved planting methods and contingency crop plans have 
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been developed for management of abiotic stresses including drought and improve 
the productivity and profitability of dryland systems (Srinivasarao et al. 2016a).

Conventional plant breeding approaches have yielded limited results so far 
mainly because of the lack of understanding on the traits that is required for abiotic 
stress tolerance (Ceccarelli 1996). The aim of plant breeding is also to ensure that 
abiotic stresses are managed well by increasing the tolerance mechanism of crops. 
It has the potential to produce high-yielding varieties but requires identification of 
major traits and their incorporation into high-yielding varieties using conventional 
or biotechnological tools. Conventional plant breeding in tropical regions so far 
only increased the yield of crops grown under several abiotic stresses at about half 
the rate achieved for crops grown in temperate regions. Crop response to stress is 
dependent on numerous traits many of which are constitutive and expressed irre-
spective of the presence of stress stimuli, but such constitutive traits may also be 
modified by stress (Firbank 2005).

Molecular genetics works primarily through insertion of genetic material, 
although gene insertion must also be followed up by selection (Dunwell 2000). The 
potentials for increasing tolerance of crops to abiotic stresses by molecular 
approaches are vast, although it is well known that the actual production of trans-
genic crop varieties with improved abiotic stress tolerance is slow. Identification of 
differentially expressed genes in various cells or under different conditions is one of 
the main areas which will decisively pave way for the release of new crop varieties 
which are not only adapted to dryland conditions but are also cross adapted to the 
accompanying stresses in drylands.

6.2  The Stresses Afflicting Dryland Agriculture

Stress is defined as ‘any environmental variable, which can induce a potentially 
injurious strain in plants’. Since crop plants cannot control environmental condi-
tions, they have evolved two major strategies for surviving adverse environmental 
conditions  – they either avoid the stress or tolerate it. Plants lack the avoidance 
mechanism like mobility; they have evolved intricate mechanical methods to avoid 
stress, the best example of which is altering life cycle period in such a way that a 
stress-sensitive growth period is before or after the occurrence of the stress. On the 
other hand, tolerance mechanisms mainly involve biochemical and metabolic means 
which are in turn regulated by genes to counteract, nullify or tolerate the given 
environment.

6.2.1  Drought

Drought has been a frequent feature of agriculture in India. In the past, India expe-
rienced 24 large-scale droughts, with increasing frequencies during the periods 
1891–1920, 1965–1990 and 1999–2012 (NRAA 2013). Rainfed areas in India 
experience 3–4 years of drought in every 10-year period. Of these, two to three are 
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in moderate and one or two may be of severe intensity (Srinivasarao et al. 2013a). 
Droughts in India have periodically led to famines, including the Bengal famine of 
1770, in which up to one third of the population in affected areas died and the 
1876–1877 and 1899 famines in which over 5 million and more than 4.5 million 
people died, respectively.

6.2.2  Floods

India’s vulnerability to floods can be visualized from the flood damages at current 
prices during 1953–2010 of Rs. 8.12 trillion. About 49.8 M ha land (15.2% of geo-
graphical area) is flood prone, and about 10–12 M ha is actually flooded each year. 
Floods occur in almost all river basins in India. The main causes of floods are heavy 
rainfall, inadequate capacity of rivers to carry high flood discharge and inadequate 
drainage to carry away the rainwater quickly to streams/rivers. Flash floods occur 
due to high rate of water flow and poor permeability of the soil. Most of the floods 
occur during rainy season (June–September) and are usually associated with 
cyclones and active monsoon conditions (Sikka et al. 2016).

Crop plants require a free exchange of atmospheric gases for photosynthesis and 
respiration. The most common barrier to gas diffusion is water that saturates the 
root zone in flooded soils or that accumulates above soil due to floods (Bennett and 
Freeling 1987). Prolonged flooding shifts the soil microbial flora in favour of anaer-
obic microorganisms that use alternative electron acceptors to oxygen. As a conse-
quence, the soil tends to accumulate more reduced and phytotoxic forms of mineral 
ions such as nitrite and ferrous ions, and few plants are adapted to grow in these 
soils. Short-term anaerobic stress to an adult plant that is caused by poor drainage 
or periodic flooding reduces oxygen levels around the root and influences root 
development directly, whereas changes in shoot development may follow as a result 
of metabolic alterations in the roots (Boru et al. 2001).

6.2.3  High Temperature

Heat stress often is defined as where temperatures are hot enough for sufficient time 
that they cause irreversible damage to the plant’s function or development (Hall 
2000). Extreme positive departures from the normal maximum temperature result in 
heat wave in different parts of India. The maximum heat waves occur over east Uttar 
Pradesh followed by Punjab, east Madhya Pradesh and Saurashtra and Kutch in 
Gujarat (Raghavan 1967). During the decade 1991–2000, a significant increase in 
the frequency, persistency and spatial coverage of heat wave/severe heat wave was 
observed in comparison to that during the earlier decades 1971–1980 and 1981–
1990 (Pai et al. 2004).

A few districts in Jammu and Kashmir, Himachal Pradesh, Punjab, Haryana, 
Uttar Pradesh, Uttarakhand, Madhya Pradesh and northeastern states of India are 
likely to experience more frequent hot days compared to the baseline. In a recent 
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study, sensitivity of wheat yields to minimum temperature during post-anthesis 
period was quantified, and it was found that wheat yields in India for the period 
1980–2011 declined by 7% (204 kg ha−1) for a 1 °C rise in minimum temperature. 
Exposure to minimum temperature exceeding 12 °C for 6 days and to maximum 
temperature exceeding 34 °C for 7 days during post-anthesis period are thermal 
constraints in achieving high productivity levels in wheat (Bapuji Rao et al. 2015).

Extreme temperatures can cause premature death of plants. Among the cool- 
season annuals, pea (Pisum sativum) is very sensitive to high day temperatures with 
death of the plant occurring when air temperatures exceed about 35 °C for sufficient 
duration, whereas barley (Hordeum vulgare) is very heat tolerant, especially during 
grain filling. For warm-season annuals, cowpea can produce substantial biomass 
when growing in one of the hottest crop production environments on earth (maxi-
mum daytime air temperatures in a weather station shelter of about 50 °C), although 
its vegetative development may exhibit abnormalities such as leaf fasciations (Thiaw 
and Hall 2004).

6.2.4  Cold

The temperature below which chilling injury can occur varies, ranging from 0 to 4 
°C for temperate fruits, 8 °C for subtropical fruits and about 12 °C for tropical fruits 
such as banana. Chilling injury is the physical and/or physiological changes that are 
induced by exposure to chilling temperatures. The physiological changes may be 
considered primary or secondary. The primary injury is the initial rapid response 
that causes a dysfunction in the plant but is readily reversible if the temperature is 
raised to non-chilling conditions (Kratsch and Wise 2000). Secondary injuries are 
dysfunctions that occur as a consequence of the primary injury and that may not be 
reversible. The characteristic visual symptoms are the consequence of secondary 
chilling injuries. Physiological age, seedling development and preharvest climate 
can also influence chilling sensitivity. The severity of injury to chill-sensitive tissues 
tends to increase with decreasing temperatures and with length of low temperature 
exposure.

In India, the maximum of cold waves generally occur in Rajasthan followed by 
Jammu and Kashmir and Uttar Pradesh. The frequency of events over different 
time periods indicates that in recent years the state of Rajasthan is experiencing 
more cold waves and Jammu and Kashmir are experiencing a few (Sikka et  al. 
2016). Depending upon the time of occurrence, they are either beneficial or harm-
ful to the field and orchard crops. Cold wave conditions that prevailed during the 
winter of 2010–2011 and 2011–2012 coincided with the flowering and seed forma-
tion stage of wheat in Punjab resulting in good yields (Samra et al. 2012). Frost and 
cold waves greatly impact legume crops. During flowering stages, these crops are 
likely to be adversely affected at temperature of −2 to −3 °C. Those in pod forma-
tion stage are a bit more tolerant but are likely to be damaged at a temperature of 
−3 to −4 °C.
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6.2.5  Salinity

In India, the total degraded area is estimated at 120.7 Mha, of which 104.2 M ha 
(86.3%) is arable land and 16.5 Mha (13.7%) is open forest land. Of the total 
degraded land area, 73.3 Mha (60.7%) is caused by water erosion, 12.4 Mha (10.3%) 
by wind erosion, 5.4 Mha (4.5%) by salinization and 5.1 M ha (4.2%) by soil acidi-
fication. Some areas are affected by multiple degradation processes (Maji 2007). In 
many states in India, between 40 and 80% of the land area is classified as degraded 
by one or other processes. High salt concentrations decrease the osmotic potential 
of soil solution creating water stress in plants. Secondly, they cause severe ion 
 toxicity, since Na+ is not readily sequestered into vacuoles as in halophytes. Finally, 
the interactions of salts with mineral nutrition may result in nutrient imbalances and 
deficiencies (Flowers and Yeo 1995). The complexity of plant salt tolerance in part 
comes from the fact that salinity imposes not only ionic stress but also osmotic 
stress (Munns 1993). The ionic stress is primarily caused by sodium toxicity to 
plants. Some plant species are also sensitive to chloride toxicity. In certain saline 
soils, the ion toxicity is further aggravated by alkaline pH.

6.2.6  Heavy Metals

Metal contamination issues are becoming increasingly common in cultivated areas. 
Plant responses to metals are dose dependent. For essential metals, these responses 
cover the phases from deficiency through to sufficiency/tolerance to toxicity. For 
non-essential metals, only the tolerance and toxicity phases occur (Reichmann 
2002). The presence of different heavy metals like Cd, Cu, Mn, Bi, Zn, etc. in 
 certain level in soils is natural, but their enhanced level is an indicator of the degree 
of pollution load in that specific area. The heavy metals at higher levels have strong 
snowballing properties and toxicity due to which they have a hazardous effect not 
only on crop plants but also on human health.

6.3  Metabolic Alterations and Stress Signalling Pathways

One of the most crucial functions of plant cells is their ability to respond to fluctua-
tions in their environment. Understanding the connection between a plant’s initial 
responses and the downstream events that constitute successful adjustment to its 
altered environment is one of the next grand challenges of plant biology (Wendehenne 
et  al. 2004). Oxidative stress which results from almost all the abiotic stresses 
involves the formation of reactive oxygen species (ROS) in plant cells. In order to 
understand the implications of ROI in plants under stress, one should have a clear 
idea of the nature of damage it can cause to the plants. Lipids are the most important 
molecules that are attacked by ROI (Jonak et al. 2006). Proteins and DNA are the 
other targets of ROI. The mechanisms by which oxygen radicals damage membrane 
lipids are well accepted, and consequently oxidative damage is often exclusively 

C. Srinivasarao et al.



127

associated with these peroxidation reactions in membrane lipids. Lipid peroxidation 
reactions in plant membranes would selectively degrade unsaturated fatty acids and 
accumulate aldehydes, hydrocarbons and cross-linked products. When examining 
the effects of environmental stresses on plant membranes, many studies measured 
the products of lipid peroxidation, such as malondialdehyde and/or ethane, and con-
cluded that oxygen free radicals are involved in these stress responses (Fig. 6.1).

Inter- and intracellular signalling is one of the important methods why plants 
initiate a defence response to the above stresses. Low molecular weight molecules 
that primarily regulate the protective responses of plants against multiple abiotic 
stresses via synergistic and antagonistic actions are referred to as signalling cross-
talk. In plants, the mitogen-activated protein kinase (MAPK) cascade plays a crucial 
role in various biotic and abiotic stress responses and in hormone responses that 
include ROS signalling (Moon et al. 2003). Protein phosphorylation and dephos-
phorylation are perhaps the most common intracellular signalling modes (Fig. 6.1). 
They regulate cellular processes such as enzyme activation, assembly of macromol-
ecules and protein localization and degradation.

In plants, many protein kinases and phosphatases are thought to be involved in 
environmental stress responses on the basis of several studies. A continuously grow-
ing number of genes coding for protein kinases in plants have been reported. The 
MAPK cascades are the major component downstream of receptors or sensors that 
transduce extracellular stimuli into intercellular responses (Viswanathan and Zhu 
2004). All plant MAPKs have a Thr-Glu-Tyr activation motif, except members of 
subfamily V, where Glu is replaced by Asp. Recently, a MAPK kinase 2 (MKK2) 
from Arabidopsis, specifically activated by cold and salt stress and by the stress- 
induced MAPK kinase MEKK1, was found to increase freezing and salt tolerance 
in transgenic plants, suggesting the importance of MAPK cascades in plant’s 
responses to multiple stresses (Kasuga et al. 1999). Studies of transcriptional activa-
tion of some stress-responsive genes have also led to the identification of cis-acting 
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elements ABA-responsive element (ABRE) and dehydration-responsive element 
(DRE)/C-repeat (CRT) that function in ABA-dependent and ABA-independent 
gene expression in response to stress, respectively (Arnholdt-Schmidt 2005).

Gene expression profiling has also identified many potential signalling molecules 
that change in expression in response to stresses. In addition to this, it has been found 
that plant hormone signalling pathways are among a set of core pathways that are used 
repeatedly in many different developmental contexts. Both physiological studies of 
stress adaptation and molecular analysis of diverse stress gene regulation patterns 
have suggested a network of multiple signalling pathways that mediate multiple stress 
responses in plants (Babu et al. 2003). The similarities among intermediate signalling 
molecules used by diverse stresses imply the existence of intracellular networks rather 
than linear pathways. The sequence of events after signalling due to stress throws light 
on the mechanism of tolerance in plants affected by abiotic stress (Fig. 6.2).

If a limited number of signalling intermediates can interact in a combinatorial 
fashion, such networks could allow specific cellular responses to numerous, 
potentially conflicting, signals. Some of the constituents of MAP kinase cascades 
are activated by cold, drought, salinity, H2O2, heat, shaking, wounding, pathogens, 
elicitors, ABA, salicylic acid and ethylene, suggesting that they might function as 
complex networking molecules. Only recently, the molecular components of these 
pathways have begun to be identified (Bohnert et al. 2006). However, understanding 
signal pathway crosstalk will become increasingly important for our understanding 
of complex signalling networks.
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6.4  Natural Resource Management-Based Strategies

India is facing the biggest challenge of meeting the food demands by increasing the 
production (per unit land) simultaneously without degrading the soil and water 
resources and maintaining a favourable ecological balance (Srinivasarao et  al. 
2015b). Production potential of crops particularly under rainfed conditions depends 
on the resource endowments of the region and the management practices adopted. 
Hence, scientific management of natural resources plays crucial role for adaptation 
to different abiotic stresses and enhancing productivity and profitability of rainfed 
farming systems. Improved water storage through in situ moisture conservation and 
stored runoff is the basic for bringing resilience to drought or moisture stress condi-
tions often encountered by the rainfed crops. Other strategies under natural resource 
management for bringing resilience are through site-specific nutrient management, 
foliar sprays, watershed management and efficient recycling of farm wastes/residues.

6.4.1  Soil Carbon Sequestration

Soils hold the key to productivity and resilience to climate vagaries in dryland agri-
culture. Higher organic matter in soil improves soil aggregation which in turn 
improves soil aeration and soil water storage, reduces soil erosion, improves infil-
tration and generally improves surface and groundwater quality. However, the soil 
organic carbon (SOC) which is the seat of major soil processes and functions, is 
only <5 g kg−1 in rainfed soils, while the desired level is 11 g kg−1. Maintaining or 
improving soil organic matter is a prerequisite to ensure soil quality, productivity 
and sustainability (Srinivasarao and Gopinath 2016).

Organic and inorganic and total C stocks in soil vary between and within soil 
types. Vertisols and associated soils contain higher C stocks, followed by incepti-
sols, alfisols and aridisols. In general, concentration of SOC is more than that of soil 
inorganic C (SIC) in alfisols and aridisols, while SIC is more than SOC in vertisols 
and inceptisols. The SOC stocks (Mg ha−1) range from 26.7 to 59.7 with a mean of 
43.7 in inceptisols, 23.3 to 49.8 with a mean of 30.8 in alfisols, 28.6 to 95.9 with a 
mean of 46.4  in vertisols and 20.1 to 27.4 with a mean of 23.7  in aridisols 
(Srinivasarao et al. 2013b).

The carbon-positive nutrient management strategies in rainfed production sys-
tems were developed in long-term experiments at different All India Coordinated 
Research Project for Dryland Agriculture (AICRPDA) centres. The average SOC 
sequestration rate (kg C ha−1 yr.−1) measured with different management treatments 
were (1) 570 for 50% recommended dose of fertilizer (RDF) + groundnut shells 
(GNS) at 4 Mg ha−1, (2) 570–720 with application of farmyard manure (FYM) at 10 
t ha−1 + 100% NPK, (3) 650 for 25 kg N ha−1 (sorghum residue) + 25 kg N (Leucaena 
clippings), (4) 240 for 50% recommended dose of nitrogen (RDN) through fertilizer 
+50% RDN through FYM, (5) 790 for 6 Mg ha−1 FYM + 20 kg N + 13 kg P and (6) 
320 for 100% organic (FYM). The critical level of C input requirements for 
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maintaining SOC at the antecedent level ranged from 1 to 3.5 Mg C ha−1 yr.−1 and 
differed among soil type and production system. The critical level of C input was 
higher in soybean system and lower in winter sorghum system and increased with 
increase in mean annual temperature from humid to semiarid to arid ecosystems. 
For each ton of soil organic carbon improvement, productivity enhancement rang-
ing from 50 to 300  kg ha−1 was recorded among different agro-ecoregions 
(Srinivasarao et al. 2013b).

In soybean-safflower cropping sequence at Indore (Madhya Pradesh; hot-dry, 
semiarid vertisols), combination of FYM and chemical fertilizer increased the pro-
file SOC stock (69.9 Mg ha−1) and overall SOC build-up (37.1%) and also seques-
tered high amount of SOC (11.9 Mg C ha−1 or 0.79 Mg C ha−1 yr.−1) compared with 
control and chemical fertilizer alone. Higher seed yield (2.10 and 1.49 Mg ha−1 of 
soybean and safflower, respectively) was obtained with application of FYM at 6 Mg 
ha−1 + N20 + P13. For every t C ha−1 increase in the root zone, there was 0.145 and 
0.059 t ha−1 increase in seed yield of soybean and safflower, respectively. In case of 
groundnut-finger millet rotation, the SOC stock (Mg ha−1) was the highest in the 
FYM +100% NPK (73.0), and it was on par with FYM +50% NPK (72.9) > FYM 
(69.4) > NPK (63.3) > control (51.7) treatments (Fig. 6.3). In case of sorghum, the 
highest SOC stock (t ha−1) of 68.5 was observed in the 25 kg N crop residue (CR) + 
25 kg N (Leucaena) followed by that of 65.8 in the 25 kg N (CR) + 25 kg N (urea) 
> that in the 25 kg N (FYM) + 25 kg N (urea) (62.6) > 50 kg N (urea) (54.1) = 25 kg 
N (Leucaena) + 25  kg N (urea) (53.4) and the lowest (49.0) in the control 
(Srinivasarao et al. 2013b). However, maintenance of SOC is difficult in drylands as 
the extent of C loss is rapid due to high temperatures, and the fact that at least four 
times higher organic matter inputs are required in tropical regions than in temperate 
environments to maintain the SOC concentration. Hence, on-farm generation of 
organic matter with appropriate policy support needs to be promoted to maintain 
soil health and crop productivity (Srinivasarao et al. 2014b).

6.4.2  Drought Management

The risk involved in successful cultivation of crops depends on the nature of drought, 
its duration and frequency of occurrence within the season. These aberrations are 
expected to further increase in the coming years. Drought affects not only the food 
production at farm level but also the national economy and overall food security. 
Location-specific rainfed technologies are available to cope with different drought 
situations. Much of the research done in rainfed agriculture in India relates to con-
servation of soil and rainwater and to drought proofing. The key technologies for 
drought mitigation are in situ moisture conservation, rainwater harvesting and recy-
cling, resilient crops and cropping systems including contingency crop plans, foliar 
sprays and integrated farming systems (Fig. 6.4) (Srinivasarao and Gopinath 2016).
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6.4.3  Site-specific Nutrient Management

Soils in most parts of India are deficient not only in NPK but also in secondary 
nutrients (S, Ca). Magnesium (Mg) deficiency is also prevalent in many rainfed 
areas. The data on soil analysis from farmers’ fields in several districts of Andhra 
Pradesh, Karnataka, Tamil Nadu, Rajasthan, Madhya Pradesh and Gujarat states 
showed that almost all farms were low in SOC, low to moderate in available P, but 
generally sufficient in extractable K. However, there existed an extensive deficiency 
of sulphur (S), boron (B) and zinc (Zn) (Sahrawat et al. 2010). Rainfed crops suffer 
more from nutrient deficiency than from insufficient moisture, because of low rates 
of fertilizer use. Deficiencies of secondary nutrients vary greatly, mainly in soils 
under intensive cropping because of imbalanced fertilization resulting in negative 
nutrient budget or nutrient mining. Micronutrient deficiencies, particularly of Zn 
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and B, are among the emerging constraints to sustainable crop production in rainfed 
agriculture (Srinivasarao and Vittal 2007). Another study across diverse agroeco-
logical regions highlighted the extent of Mg levels in major Indian soil types and 
recommended further attention on Mg nutrition in current intensive agriculture 
(Srinivasarao et al. 2015a) and micronutrients like B, Zn, Cu, Fe and Mn.

The correction of nutrient deficiencies can be achieved through site-specific 
nutrient management (SSNM). SSNM takes into account all nutrient deficiencies to 
ensure that crop demands are met, and soil fertility is improved, which in turn 
ensures higher nutrient use efficiency, crop productivity and economic returns 
(Dobermann 2004). The results of on-farm demonstrations across crops and soils in 
India showed that S application increased grain yield by 650 kg ha-1 (+24% over 
NPK) in cereals, 570 kg ha−1 (+32% over NPK) in oilseeds and 375 kg ha−1 (+20% 
over NPK) in pulses (Singh 2001).

In Andhra Pradesh and Telangana states of India, SSNM was demonstrated in 
eight districts to address nutrient deficiencies which exist within farmers’ fields, 
with promising results (Table 6.1). Cotton yields increased in response to SSNM in 
Adilabad, Khammam and Warangal districts of Telangana by 17, 26 and 35%, 
respectively, compared with traditional farmer practices. Similarly, SSNM in 
groundnut increased the pod yields by 30% in Nalgonda district and 27% in 
Anantapur district, compared to farmers’ practice. SSNM in castor, cowpea and 
maize improved crop yields by 51, 41 and 45%, respectively in Mahbubnagar, 
Kadapa and Ranga Reddy districts (Srinivasarao et al. 2010).
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6.4.4  Foliar Sprays

Nutrients not only help in better plant growth and development but also help to 
alleviate different kinds of abiotic stresses like drought. Leaf feeding is the use of 
foliar fertilizers to enhance the overall nutrient level in the plant and increase sugar 
production during times of stress. This form of foliar nutrition does not address any 
specific nutrient deficiency but supplies a small amount of all nutrients to keep leaf 
growth lush (Srinivasarao and Gopinath 2016). Several studies have indicated the 
beneficial effect of foliar sprays in different field crops (Table  6.2). The limited 
movement of nutrients from soil to plant root and shoot restrict the photosynthetic 
activities in leaves and pod filling. Under this situation, foliar application of 2% urea 
or DAP twice at flowering and pod filling stage can increase the seed yield of legume 
crops by up to 15% (Venkatesh and Basu 2011; Ali et al. 2012; Singh et al. 2014). 
Similarly in rice fallow pulses, foliar application of 2% DAP +0.5% ZnSO4 + 1% 
Fe twice (pre-flowering + flowering) had shown significant highest values of all 
yield attributes and yield in green gram and black gram (Ganapathy et al. 2008).

6.4.5  Rainwater Management

Out of the total annual precipitation (including snowfall) of around 4000 km3in the 
country, the availability of surface water and replenishable groundwater is 
~1869 km3, comprising of 690 km3 (37%) of surface water and 432 km3 of ground-
water (GOI 2002). Total annual national water use may exceed the utilizable water 
resource by 2050 or 2060, unless significant changes occur through increased water 
storage and efficient water management. Effective rainwater management is critical 
for drought mitigation and successful rainfed agriculture. It may not be possible to 
conserve all the rainwater in situ, in spite of adopting different soil and water con-
servation measures. The soil topographic features and climatic factors prevailing in 
most rainfed areas are highly conducive to generation of runoff. This inevitable 
runoff may be collected in small and medium reservoirs that can be utilized for 
providing supplemental/life-saving irrigation to the crop at critical growth stages. 

Table 6.1 Impacts of SSNM on yield of different crops

Name of the village & district Crop
Yield (kg ha−1)

% yield increaseSSNM FP
Seethagondi, Adilabad Cotton 1151 1044 17
Dupahad, Nalgonda Groundnut 1034 967 30
Thummalacheruvu, Khammam Cotton 1162 1028 26
Zamistanpur, Mahbubnagar Castor 634 536 51
Pampanur, Anantapur Groundnut 1158 1101 27
B. Yerragudi, Kadapa Cowpea 1101 965 41
Ibrahimpur, Ranga Reddy Maize 2000 1862 45
Jafferguda, Warangal Cotton 1260 1007 35

Source: Srinivasarao et al. (2010); FP Farmers’ practice
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The importance of rainwater harvesting has increased in recent years due to the 
increased rainfall variability, depletion of groundwater levels and rising tempera-
tures. Rainwater harvesting not only reduces runoff and soil loss but also facilitates 
groundwater recharge and prevents early sedimentation of the reservoirs.

Extensive studies on rainwater harvesting in dugout ponds have been undertaken 
both in alfisol and vertisol regions. These studies have shown that appropriate pond 
size varies with rainfall ranging from 200 m3 to 3000 m3. Even small ponds can be 
dug and each plastered as a cistern (50 m3). For example, in alfisols of scarcity zone 
of Andhra Pradesh, a farm pond size of 10 m × 10 m with 2.5 m depth, side slopes 
of 1.5:1 with a storage capacity of 250 m3 lined with soil and cement mixture (6:1 
ratio) was sufficient for a catchment area of 5 ha (Srinivasarao et al. 2014a). Several 
studies conducted in different parts of the country have revealed the benefits accru-
ing from supplemental irrigation to crops from stored rainwater during prolonged 
periods of dry spells (Table 6.3). The results of supplemental irrigation in medium- 
deep black soils at Bijapur indicated that seed yields with one life-saving irrigation 
could be enhanced by 32.5% in chickpea and 92.4% in pigeon pea (Guled et al. 
2003). In another experiment at Solapur, one protective irrigation at flowering of 
chickpea enhanced the yield by 39.1% (Bangar et al. 2003). Similarly, trials con-
ducted at farmers’ fields in Vidarbha region of Maharashtra showed that pigeon pea 
yield increased by 66% with one supplemental irrigation. In chickpea, the yield 
increased by 167% with two supplemental irrigations (Taley 2012). At Rewa, pre- 
sowing irrigation to chickpea produced about 50% higher yield than rainfed crop 
(AICRPDA 2010).

Recycling of harvested water from the Nadis (small water harvesting structures) 
ensures double cropping (maize followed by chickpea) resulting in higher 
 productivity of land and water. About 5.5 to 7.0 Mg ha−1 of chickpea green pods can 
be harvested with a net income of Rs. 25,000 ha−1 (Venkateswarlu et al. 2009). The 
post-monsoon crops suffer from the progressive increase of stress due to receding 

Table 6.2 Effect of foliar spray of different chemicals on crops performance

Crop Foliar spray Performance
Maize VAM-C Yield increased by 16, 24, 33 and 15% in black 

gram, maize, soybean and horse gram, respectively, 
compared to control (no foliar spray)

50% SL @ 3.75 1 ha−1

Cotton MgSO4 and ZnSO4 Seed cotton yield increased by 300 kg ha−1 over 
farmers’ practiceTwo sprays

Toria KNO3 at 2% before 
flowering

Higher seed yield (738 kg ha−1) with net return of 
Rs. 10171/ha

Wheat Thiourea (1000 ppm) Higher grain yield (2716 kg ha−1) with net returns of 
INR 31566 ha−1Seed soaking, foliar spray 

at maximum tillering and 
booting stage

Maize ZnSO4 @ 0.5% + FeSO4 
@ 0.5%

Higher seed yield (1137 kg ha−1) with net return of 
INR13833 ha−1

Source: Srinivasarao and Gopinath (2016)
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soil moisture status. Under these conditions, supplemental irrigation helps in over-
coming moisture stress and achieves better crop yields (Table 6.4; Pramanik 2009).

In situ soil and water conservation (SWC) practices improve soil structure and 
soil porosity, increase infiltration and hydraulic conductivity and consequently 
increase soil water storage that helps crops to withstand moisture stress. These mea-
sures are more feasible and practical proposition under most situations and can be 
adopted by individual farmers with less draft and amenable even for a small holder. 
The suitability of a practice depends on the topography of the field, temporal and 
spatial distribution of rainfall, type of soil, crop, etc. Based on extensive research 
conducted at various locations in the country, several in situ moisture conservations 
practices have been recommended (Table 6.5) and some of these practices are being 
adopted in significant areas in the country (Srinivasarao and Gopinath 2016).

6.4.6  Watershed Management

Watershed management is a holistic approach towards optimizing the use of land, 
water and vegetation to alleviate drought, reduce floods, prevent soil erosion and 
improve water availability and increase fuel, fodder, fibre and agricultural produc-
tion on a sustained basis. The watershed programme which is primarily a 

Table 6.3 Response of pulses to supplemental irrigation

Location

Climate 
(MARF* 
mm)

Dominant 
soil type Crop

Yield (kg ha−1) Yield 
increase 
(%) SourcesIrrigated Control

Akola, 
Maharashtra

Semiarid 
hot moist 
(824)

Vertisols Pigeon pea 
Chickpea

1000 600 67 Taley  
(2012)1000 375 167

Rewa, 
Madhya 
Pradesh

Subhumid 
hot dry 
(1088)

Vertisols Chickpea 1905 1270 50 AICRPDA 
(2010)

Agra, Uttar 
Pradesh

Semiarid 
hot dry 
(665)

Inceptisols Lentil 1353 1119 21 AICRPDA 
(2011)

Parbhani, 
Maharashtra

Semiarid 
hot moist 
(901)

Vertisols Pigeon pea 748 435 72 AICRPDA- 
NICRA 
(2016)

*Mean annual rainfall

Table 6.4 Effect of supplemental irrigation on yield winter pulses

Treatment
Yield (Mg ha−1)
Chickpea Lentil Field pea Rajmash

Rainfed 1.69 1.35 0.85 0.25
One irrigation 2.48 1.45 1.60 0.66
Two irrigations 2.65 1.40 1.72 1.13

Source: Pramanik (2009)
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land- based area development programme has contributed significantly towards con-
servation of soil and water. Creation of soil and water conservation structures and 
additional storage volume helped to enhance infiltration and contributed to the 
groundwater recharge at several locations of the country (Table 6.6; Samra 2004).

A meta-analysis of 311 watershed programmes revealed that watershed manage-
ment resulted in better returns, equity and employment generation in the rainfall 
region of 700–1100  mm (Joshi et  al., 2005). Based on the economic efficiency 
parameters, Joshi et al. (2005) estimated that the performance of micro-watersheds 
with an area up to 1250 ha was 42% less than that of large size (>1250 ha) water-
sheds. Livestock-pasture-based land use was found ideal for regions receiving rain-
fall up to 700  mm and crop horticulture for regions between 700–1100  mm of 
rainfall. The investment in watershed programme by the Government of India has 
contributed to realize a benefit-cost ratio of 2.14 (Table  6.7) indicating that the 

Table 6.5 Location specific in-situ moisture conservations practices

Practice Crops/cropping system Remarks
Compartmental 
bunding

Rabi sorghum The impact of the practice is more during 
suboptimal rainfall years. It also controls 
runoff. This practice is widely adopted in 
Bijapur, Bagalkot and Raichur districts of 
Northern Karnataka

sunflower, safflower, 
chickpea, maize, pearl 
millet, cotton

Conservation furrow Finger millet + pigeon 
pea (8:2), groundnut + 
pigeon pea (8:2), soybean 
+ pigeon pea (4:2), cotton 
+ soybean (1:1)

It enhances in situ moisture conservation; 
thus, the crops can overcome the effect of 
dry spells during vegetative and or 
reproductive stages of crops resulting in 
increased rainwater use efficiency, better 
performance of crops and additional net 
returns

Broad bed and 
furrow (BBF)

Soybean, groundnut BBF system helps drain out excess water 
from black soils. Further, the rainwater 
conserved in the furrows helps in better 
performance of crop during long dry spells

Ridges and furrows Rabi sorghum, pigeon 
pea + rice

The practice conserves 30–45% more 
moisture than farmers’ practice, retains it 
for longer period (up to 60 days) and 
increases crop yield

Ridge planting Pearl millet Provides enough aeration and porosity to 
soil for enhanced root growth, safe 
disposal of excess rainwater and reduction 
in soil loss apart from moisture 
conservation during low rainfall period

Set furrow Pearl millet-sunflower 
cropping, pigeon pea + 
groundnut (2:4)

Conserves more moisture and make it 
available for longer time to the crops. This 
helps to overcome the effect of drought

Inter-plot rainwater 
harvesting

Sunflower, sorghum, 
chickpea

This practice makes possible to take up 
two crops even in drought years mainly by 
allowing rainfall infiltration into the soil 
profile

Source: Adapted from Srinivasarao and Gopinath (2016)
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investment has yielded more than double the investment. Watershed programmes 
performed well with a mean B-C ratio of 2 which indicates that investment on 
watershed programmes is economically viable and substantially beneficial (Joshi 
et al. 2005). Collective action and community participation in watershed activities 
can be enhanced by ensuring tangible economic benefits for all the stakeholders 
through productivity enhancement, diversification of crops with high-value crops, 
income generating activities and by adopting holistic approach through conver-
gence of activities and actors.

6.4.7  Biomass Energy and Waste Recycling

Crop residues are a precious resource, and effective management of residues, roots, 
stubbles and weed biomass can increase soil fertility through addition of SOM, 
recycling of plant nutrients and improvement of soil structure. Pathak (2006) esti-
mated total available crop residues in India as 523.4 million tons/year and surplus 
as 127.3 million tons/year; residue generated and burnt along with its surplus is 
listed in Table 6.8. Crop residues of important rainfed crops such as cotton, castor, 
pigeon pea, maize, sunflower, etc. are mostly burnt on the field. For example, a sur-
vey of 100 households in Nalgonda district of Andhra Pradesh (Nandyalagudem) 
showed that about 1000 tons of cotton and 400 tons of pigeon pea residues are 
burned annually (Fig.  6.5). While many farmers realize the importance of crop 

Table 6.6 Effect of watershed management strategies on ground water recharge in different 
regions

Watershed
Surface storage capacity 
created (ha-m)

Observed rise in groundwater 
table (m)*

Chhajawa (Rajasthan) 20.0 2.0
Chinnatekur (Andhra 
Pradesh)

5.6 0.8

GR Halli (Karnataka) 4.0 1.5
Joladarasi (Karnataka) 4.0 0.2

Source: Samra (2004)

Table 6.7 Summary of benefits from the sample watershed studies

Indicator Particularsa Unit No. of studies Value
Efficiency B/C ratio Ratio 128 21.2

IRR % 40 6.5
Equity Employment Person (days ha−1 year−1) 39 6.7
Sustainability Irrigated area % 97 11.7

Rate of runoff % 36 6.8
Soil loss t ha−1 year−1 51 39.3
Cropping intensity % 115 12.6

Source: Joshi et al. (2005), aBC benefit-cost, IRR internal rate of return
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residues and its recycling, decomposition of woody residues of cotton and pigeon 
pea is a major constraint. Thus, CRIDA has introduced a shredder to facilitate recy-
cling of woody biomass and introduced rotavator for incorporating the crop residues 
in the soil (Fig.  6.6). In addition, labour availability and high cost have become 
constraints in adopting this technology.

Incorporation of crop residues has several positive impacts on physical, chemical 
and biological properties of soil through either incorporation or retention on the 
surface. Crop residues can also be composted and used as farmyard manure (FYM) 
and supplement to fertilizer. It increases hydraulic conductivity and reduces bulk 
density of soil by modifying soil structure and aggregate stability. Mulching with 

Table 6.8 Generation and surplus of crop residues (million tons year−1) in India

State

Residue 
generated

Residue 
surplus Residue burned

MNRE (2009) IPCC Coefficient
Pathak et al. 
(2010)

Andhra Pradesh 43.89 6.96 5.73 2.73
Bihar 25.29 5.08 3.77 3.19
Chhattisgarh 11.25 2.12 1.84 0.83
Gujarat 28.73 8.9 6.69 3.81
Jharkhand 3.61 0.89 1.11 1.10
Karnataka 33.94 8.98 2.85 5.66
Madhya Pradesh 33.18 10.22 3.46 1.91
Maharashtra 46.45 14.67 6.27 7.41
Odisha 20.07 3.68 2.57 1.34
Rajasthan 29.32 8.52 3.58 1.78
Tamil Nadu 19.93 7.05 3.55 4.08
Uttarakhand 2.86 0.63 13.34 21.92
Uttar Pradesh 59.97 13.53 0.58 0.78
West Bengal 35.93 4.29 10.82 4.96
Arunachal Pradesh 0.4 0.07 0.06 0.04
Assam 11.43 2.34 1.42 0.73
Goa 0.57 0.14 0.08 0.04
Haryana 27.83 11.22 5.45 9.06
Himachal Pradesh 2.85 1.03 0.20 0.41
Jammu and Kashmir 1.59 0.28 0.35 0.89
Kerala 9.74 5.07 0.40 0.22
Manipur 0.9 0.11 0.14 0.07
Meghalaya 0.51 0.09 0.10 0.05
Mizoram 0.06 0.01 0.01 0.01
Nagaland 0.49 0.09 0.11 0.08
Punjab 50.75 24.83 8.94 19.62
Sikkim 0.15 0.02 0.01 0.01
Tripura 0.04 0.02 0.22 0.11
Rainfed (%) 78.60 67.82 79.07 66.26
India (Total) 501.76 140.84 83.66 92.81
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plant residues raises the minimum soil temperature in winter due to reduction in 
upward heat flux from soil and decreases soil temperature during summer through 
the shading effect. Retention of crop residues on soil surface reduces runoff, 

Fig. 6.5 Burning of crop residues

Fig. 6.6 Crop residue recycling into soil through rotavator
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decreases surface crust formation and enhances water infiltration. Thus, crop resi-
due cover or surface mulching has tremendous positive impact on micro-site 
improvement under adverse environments which is a common feature of rainfed 
agriculture. These crop residues also contribute to improved soil organic matter, 
higher water retention, profile soil moisture storage and reduced evaporation losses, 
so that crops are protected during mid-season droughts.

6.5  Crop Improvement Strategies

Production of transgenic plant or crop expressing gene(s) which are functionally 
active in eliciting a stress countering action in plants in addition to other agro-
nomic desirable traits as detailed in the above discussion is the goal of stress 
biotechnology in plants. Putting it in simple terms, the steps involved are identifi-
cation of candidate genes, cloning them and incorporating them in varieties which 
already process high-quality agronomic traits. Although this sounds fairly simple, 
the complexity of each step is enormous. Combining the best genes in one plant 
is a long and difficult process. Identifying the candidate gene which in this case is 
genes with stress countering functionality is a far more difficult task than to actu-
ally transfer them into plants (Fig. 6.7).

QTL graphs of derived traits

Transcriptome

Molecular
marker
maps

Proteome Metabolome

Agronomic
trait
evaluation

Marker-trait
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Marker assisted
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Identification of
candidate genes

Bioinformatics
Profiling

Platforms: Databases,
Text mining Phytonet

cloning

Transgenic

Field evaluation

Cultivar

Silencing
Over expression
Tilling

Fig. 6.7 Flow chart depicting sequence of events in the process of developing stress tolerant 
cultivar
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6.5.1  Importance of Plant Traits

Plant traits which favour yield and also which have direct effect on tolerance mecha-
nism are one of the important characteristics that need to be considered when breeding 
for tolerance to abiotic stresses by both conventional and molecular methods. The 
study of innate plant traits has yielded important autecological information on the dif-
ferentiation of plants into so-called plant functional types (PFTs). Approaches in plant 
trait analysis can be used to assess the adaptation of plants to specific niches in their 
natural environment and the prevailing adaptation strategies. Plant traits of single spe-
cies or those typical for larger entities play an important role as they largely determine 
how responsive or susceptible a plant or vegetation will be when exposed to a stress.

Considering that any improvement in stress tolerance must be a result of an 
underlying physiological change, it is surprising that direct selection for a physio-
logical trait has not contributed more to yield progress in most food crops. 
Physiological changes are interpreted here in the broadest sense as any change to 
the growth, development, morphology, anatomy or physiology of a crop. 
Nevertheless, physiological changes such as flowering time and plant height have 
been important for yield progress, and molecular genetics regularly select for desir-
able expression of these traits to maintain adaptation and optimal yield. The traits 
associated with stress tolerance and yield increase will not be usually the same in 
most crops; hence, the molecular breeder is presented with a paradox of choices to 
select from, resulting in forced exclusion of certain traits which are mutually exclu-
sive (Bohnert et al. 2006). Desirable traits are highly specific to the nature of stress 
experienced by the plant; the following is a brief discussion of general traits which 
stand apart from the stress-specific traits that one should keep in mind when breed-
ing for multiple stress-tolerant crops.

6.5.2  Photosynthesis and Yield

Photosynthesis (PS) is the cornerstone of physiological process and the basis of dry 
matter production in plants. Photosynthetic rate is an important parameter charac-
terizing the photosynthetic capacity of the photosynthetic apparatus. It also reflects 
the efficiency because it is a determinant of crop yield and light use efficiency. 
Photosynthesis is regulated through the control of leaf area and leaf senescence and 
the daily duration and extent of stomatal opening. These provide a crop with sub-
stantial flexibility. When the photosynthesis-yield relation is analysed, the partition-
ing of photosynthates to different organs, expressed as a partitioning coefficient or 
harvest index which is defined as the ratio of yield biomass to the total cumulative 
biomass at harvest, must be considered. The size of respiration loss is closely related 
to crop yield. Selection for low leaf respiration has led to yield increases in various 
crops (Barber 1998). For most crops, more than half of the economic yield is derived 
from photosynthesis after flowering. Therefore, photosynthesis at the reproductive 
stage is more directly related to yield size. The positive correlation between leaf 
photosynthesis and yield is observed mostly at this stage.
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6.5.3  Water Use Efficiency and Transpiration Efficiency

Water use efficiency is defined as the dry matter production of a crop per unit of 
evapotranspiration (ET). Water relations and stomatal behaviour are important 
 indices that reflect the ability of plants to economize essential requirements under 
prevailing climatic and edaphic conditions. In plants adapted to dry environments, 
anatomical and morphological changes at the leaf and whole plant levels prevent 
metabolic imbalance and help to improve water relations. Hence, it is paramount to 
improve water use efficiency (WUE) and tissue water status and a potentially 
increased growth and/or yield with no additional penalty in water consumption in 
order to obtain a high-yielding stress-resistant variety (Beale et  al. 1999). 
Transpiration efficiency (TE) is a function of both environmental and plant  attributes 
related to resistances to CO2 fixation by leaves. Under some circumstances, the 
environment can have a significant influence on TE.

6.5.4  Osmotic Adjustment

Osmotic adjustment is a biochemical mechanism that helps plants acclimate to dry 
and saline conditions. Maintenance of cell turgor and plant growth requires suffi-
cient increase in sap osmolality to compensate for external osmotic stress, the pro-
cess of osmotic adjustment. Many drought-tolerant plants can regulate their solute 
potentials to compensate for transient or extended periods of water stress by making 
osmotic adjustments, which results in a net increase in the number of solute parti-
cles present in the plant cell (Buitink 2006). Osmotic adjustment occurs when the 
concentrations of solutes within a plant cell increases to maintain a positive turgor 
pressure within the cell. The cell actively accumulates solutes and as a result the 
solute potential drops, promoting the flow of water into the cell. Osmotic adjust-
ment reduces the impact of stress on the growth and yield of crops.

6.5.5  Tools and Strategies

There has been a lack of systems approach in developing strategies for evolving 
plants tolerant to multiple stressed environments. Mechanisms accounting for geno-
typic differences in stress adaptation within a crop species are not thoroughly under-
stood, and their genetic basis is still lesser. A number of factors have contributed to 
this lack of understanding. Firstly, much of the basic research in the area of plant 
stress focuses either on comparisons between species or the response of a single 
genotype to various stress treatments. Secondly, the predominance of an upstream 
focus in plant stress research has led to a greater emphasis on traits associated with 
survival under extreme stress than those associated with agronomic productivity 
under resource-limited conditions. Finally, a crop that experiences moisture deficit 
may simultaneously experience a number of additional abiotic and biotic stress fac-
tors that exacerbate drought stress (Feder and Walser 2005). This calls for a systems 
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stress approach (SSA) which should form the basis of strategies in stress physiology 
and biochemistry dealing with several combinations of stresses. This area is a rap-
idly growing area in biology, due to progress in several fields. The most critical 
factor has been rapid progress in molecular biology, involving characterizing DNA 
sequence, gene expression profiles, protein-protein interactions, etc.

With the ever-increasing flow of biological data, serious attempts to understand 
stress systems as integrated systems is one of the important ways to generate mul-
tiple stress-tolerant genotypes. While many stress responses appear to be specific to 
that form of stress, some responses are general and confer tolerance to multiple 
stresses. The genes associated with these general stress responses may provide 
insight into biochemical networks underlying stress resistance and may prove as 
targets for stress resistance engineering in plants (Chen and Zhu 2004).

Molecular studies focused on the identification of genes that are activated by dif-
ferent forms of stresses and might thus contribute to tolerance. Recent progress in 
this area indicates that stress tolerance is a complex quantitative trait and no real 
diagnostic marker has been reported yet. In spite of the characterization of many 
stress-responsive genes, the functions of few genes have been established. These 
facts make it difficult to design a ‘transgenic approach’ to improve multiple stress 
tolerance. Research on biotechnological approaches for tolerance to abiotic stresses 
began within a decade of the molecular understanding of pathways induced in 
response to one or more of the abiotic stresses. In most of the cases, the transgenes 
expressed faithfully but only a limited level of tolerance was provided under stress 
conditions as compared to control plants (Denby and Gehring 2005).

6.6  Contingency Plans

Contingency crop planning is essentially aimed at stabilization of crop output in the 
situation of various weather aberrations including late onset of monsoon, mid- 
season and terminal droughts, cyclones, floods, heat wave, cold wave, etc. ICAR- 
CRIDA has developed district level agricultural contingency plans for 620 districts 
so far in collaboration with respective state agricultural universities, AICRPDA and 
All India Coordinated Research Project on Agrometeorology (AICRPAM). These 
plans are intended to benefit district authorities including line departments to over-
come the adverse effect of weather aberrations particularly drought. The suggested 
drought contingency measures include change in crop/cropping system, crop man-
agement, soil nutrient and moisture conservation measures.

In view of the frequent weather aberrations impacting agricultural production 
round the year in some part of the country, the need was felt to implement contin-
gency measures on real-time basis to minimize the losses in agriculture and allied 
sectors and to improve the efficiency of the production systems. Any contingency 
measure, either technology related (land, soil, water, crop) or institutional and pol-
icy based, which is implemented based on real- time weather pattern (including 
extreme events) in any crop growing season, is considered as real-time contingency 
planning (RTCP). If done timely and effectively, RTCP contributes to household 
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and village food and fodder security (Srinivasarao et al. 2013a). Some of the meth-
ods/measures to be adopted as real-time contingency plan implementation during 
various weather aberrations are presented in Table 6.9.

The real-time contingency measures aim:

 1. To establish a crop with optimum plant population during the delayed onset of 
monsoon

 2. To ensure better performance of crops during seasonal drought (early/mid- and 
terminal drought) and extreme events, enhance performance, improve productiv-
ity and income

 3. To minimize damage to horticultural crops/produce
 4. To minimize physical damage to livestock, poultry and fisheries sector and 

ensure better performance
 5. To ensure food security at village level
 6. To enhance the adaptive capacity and livelihoods of the farmers

For example, during kharif season 2013, ridge/furrow or broad bed and furrow 
method implemented fields maintained almost normal soybean yields, while under 
farmers’ practice (flatbed sowing), crop damage was almost 80–90% due to excessive 
rains which lead to water stagnation and poor drainage in deep black soil regions of 
Malwa, Madhya Pradesh. In Southern Karnataka, delay in onset of monsoon was 
managed with cultivation of medium-duration finger millet variety (GPU 28) with 
intercropping of pigeon pea and soil moisture conservation practice of conservation 
furrow. Mid-season droughts have been managed with foliar sprays, reduction in plant 
population and critical irrigation with harvested water (Srinivasarao et  al. 2013a). 
Overall, the aberrations or extreme events can be managed with components of pre-
paredness and real-time implementation of agriculture contingencies as observed in 
pilot models in about 34 villages across the country (Srinivasarao et al. 2015c).

6.7  Policies Related to Stress Management

The aspects that are to be addressed are increase in concessional credit to small and 
marginal farmers, for adoption of climate-resilient agricultural practices; evolution 
of a new verification system at field level to sensitize farmers through credit and 
input subsidies; establishment of efficient cooperatives and associations/groups to 
tackle critical needs of farmers like resource mobilization, custom hiring, marketing 
their outputs and efficient natural resource management; and evolution of a national 
policy on disaster management in agriculture since events like cyclones and floods 
devastate agriculture, horticulture and livestock. Much of the corporate social 
responsibilities’ funds from leading private sector players in the country should be 
channelized to promote CRA in vulnerable regions. Channelizing investment in 
human resource development and capacity building through awareness and training 
among officials, extension workers and farmers is a kep policy initiative. Farmers 
should be given incentives for adoption of natural resource conservation practices 
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Table 6.9 RTCP measures for various climatic aberrations in arable crops

Climatic 
aberration RTCP measures
Delayed 
onset of 
monsoon

Beyond the sowing window, choice of alternate crops or cultivars depends on the 
farming situation, soil, rainfall and cropping pattern in the location and extent of 
delay in the onset of monsoon

Early 
season 
drought

Re-sowing within a week to 10 days with subsequent rains for better plant stand 
when germination is less than 30%
If the plant population is 50 to 75% of the optimum population, sow the same 
crop of shorter duration variety in the gaps either within or in between rows. If 
less than 50% optimum population, sow suitable contingent crop
Thinning in small-seeded crops
Interculture to break soil crust, remove weeds and create soil mulch
Avoid top dressing of fertilizers till favourable soil moisture
Opening conservation furrows at 10 to 15 m interval
Pot watering along with gap filling when the crop stand is less than 75% in 
commercial crops like cotton

Mid-season 
drought

Blade harrowing in rows in field crops during dry spell helps in creating dust 
mulch and closing of cracks in black soils. After relief of dry spell, open 
conservation furrows at 1.2 m distance and spray with 2% urea particularly in 
pulse crops, castor (Ricinus communis) and sunflower (Helianthus indica). Apply 
additional 10 kg N/ha
Supplemental/protective irrigation, if available
Repeated interculture to remove weeds and create soil mulch
Avoid top dressing of fertilizers until receipt of rains
Surface mulching with crop residues

Terminal 
drought

Providing life-saving or supplemental irrigation, if available. Harvesting crop at 
physiological maturity with some realizable yield or harvest for fodder
Prepare for winter (rabi) sowing in double-cropped areas
Ratoon maize (Zea mays) or pearl millet (Pennisetum glaucum) or adopt relay 
crops as chickpea (Cicer arietinum), safflower (Carthamus tinctorius), rabi 
sorghum (Sorghum bicolor) and sunflower with minimum tillage after soybean 
(Glycine max) in medium to deep black soils in Maharashtra

Unseasonal 
heavy 
rainfall 
events

Re-sowing
Providing surface drainage
Application of hormones/nutrient sprays to prevent flower drop or promote 
quick flowering/fruiting and plant protection measures against pest/disease 
outbreaks with need based prophylactic/curative interventions
At crop maturity stage, harvesting of produce and proper drying prevent seed 
germination and if untimely rains occur at vegetative stage, the contingency 
measures include:
  Draining out the excess water as early as possible
  Top dressing with fertilizers, after draining out excess water
  Gap filling either with available nursery or by splitting the tillers from the 

surviving hills in crops like rice (Oryza sativa)
  Ensure proper weed control, after draining out excess water
  Suitable plant protection measures in anticipation of pest and disease 

outbreaks
  Foliar spray with 1% KNO3 or water soluble fertilizers like 19–19-19, 

20–20-20, 21–21-21 at 1% to support nutrition
  Interculture at optimum soil moisture condition to loosen and aerate the soil 

and to control weeds
  Earthing up the crop for anchorage, etc.
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and support to improve the existing indigenous technologies that are eco-friendly 
and sustainable in long-run. Encourage the role of non-governmental organizations, 
civil societies and public and philanthropic organizations to enhance adaptation pre-
paredness among the local community. Forge international/regional partnerships to 
develop tools and technologies adaptable to suit local requirement through pooling 
financial and intellectual resources.

Introduce soil and water conservation practices on a large-scale to bring long- 
term sustainability of the systems. Farmers must be given incentives to adopt such 
practices which help to cope with abiotic stresses and contribute to climate-resilient 
agriculture. Building on priority infrastructure like markets and information gate-
ways and creation of opportunities in the non-farm sector in vulnerable regions 
should help the farmers to diversify their incomes. Implementation of various mea-
sures to cope with abiotic stresses at field level needs well-structured institutional 
support for farmers with strong government policy and convergence among various 
institutions. The Ministry of Agriculture, Government of India, needs to facilitate 

Table 6.9 (continued)

Climatic 
aberration RTCP measures
Floods In sand deposited crop fields/fallows, ameliorative measures include early 

removal or ploughing in of sand (depending on the extent of deposit) for 
facilitating sowing of succeeding crop
Draining out of stagnant water and strengthening of field bunds, etc.
Alternate crop plans for receding situations
Community paddy nursery raising
Grow flood tolerant paddy varieties like Swarna Sub-1
Re-transplanting in damaged fields and transplanting new areas or direct 
seeding depending on seed availability
Prevention of premature germination of submerged crop at maturity or of 
harvested produce by spray of salt solution

Heat wave Light frequent irrigation
Foliar spray with thiourea or KNO3 at recommended dose
Cultivation of short-duration varieties
Early sowing of crops by adopting zero-till cultivation methods

Cold wave Light frequent irrigation during evening hours
Basin mulching
Application of supplemental fertilizer dose

Frost Change in planting time to avoid sensitive stages coinciding with frost period
Thatching young plants
Mulching ground cover to prevent loss of heat

Hailstorm Use of anti-hail guns and anti-hail nets
Spray fungicides to control secondary fungal infection
Open trenches to drain out excess water from the field
If crop is at maturity/harvesting stage, harvest and air-dry the produce

Cyclones Providing field drainage, staking and propping of plantation crops
Cleaning and drying of harvested field crops

Source: Adapted from Srinivasarao et al. (2016b)

C. Srinivasarao et al.



147

the convergence process of various government schemes such as Mahatma Gandhi 
National Rural Employment Guarantee Act (MGNREGA), Mega Seed Project, 
National Food Security Mission (NFSM), National Horticulture Mission (NHM), 
Integrated Watershed Management Programme (IWMP), Soil health schemes, etc. 
for drought preparedness. The National Mission for Sustainable Agriculture 
(NMSA), one of the missions under the Prime Minister National Action Plan for 
Climate Change (NAPCC), may take a lead role in the implementation of adaptation 
measures to cope with abiotic stresses, by inclusion of this activity in state action 
plans (SAP) with a dedicated nodal institution /officers and budget provision 
(Srinivasarao and Gopinath 2016).

6.8  Conclusions and Future Prospects

To be able to feed the world in the coming 50–100 years, concerted efforts are 
required involving sound agricultural policies, well-planned research strategies and 
efficient delivery systems. Water is a critical natural resource and managing rainwa-
ter in situ or harvesting runoff water and its recycling is key to mitigate effects of 
moisture stress (drought) on crops. Location-specific needs of soil and water conser-
vation measures vis-a-vis changing rainfall scenario will address water issues much 
better. Public-private partnerships (PPP) that create market links have proved suc-
cessful in several watersheds sites and created win-win situations for all stakeholders 
involved, particularly in India. Therefore, it is necessary to formulate a coherent set 
of guidelines to enable governments and consortium partners to approach the private 
sector and begin fruitful collaborations in PPPs. The main emphasis in rainfed farm-
ing systems is to build the soil organic matter (SOM) for soil health restoration. Field 
burning of crop residues must be stopped, and constant efforts are needed to move 
these surplus residues into soil system either as manure or surface cover. There is an 
essential need for weather-based agro-advisory services (AAS) in farming activities 
for access to real-time weather information, timely agricultural operations, improved 
crop yields, reduced cost of cultivation, need- based changes in cropping patterns and 
finally improved livelihoods. There is an urgent need to revamp the weather/crop-
based insurance programs. The risk in weather insurance is not only inherent in the 
location of reference weather station, but it is also a function of the design of the 
Weather Based Crop Insurance Scheme (WBCIS) product.

Evolving crop traits tolerant to multiple abiotic stresses is still in its infancy. It 
would be desirable that future work exploit the synergies of interfacing physiologi-
cal and molecular/genetic research.

An integrated systems approach is essential in the study of complex quantitative 
traits which govern tolerance to multiple abiotic stresses. It is evident from the cur-
rent work that a much clearer picture of abiotic stress signal transduction pathways 
is likely to emerge and more examples of genetic improvement for multiple toler-
ances by fine-tuning plant sensing and signalling systems are also likey to emerge 
which will help us understand the mechanism of abiotic stress tolerance in plants. 
The research must use the latest genomics resources combining new technologies in 

6 Developments in Management of Abiotic Stresses in Dryland Agriculture



148

quantitative genetics, genomics and biomathematics with an eco-physiological 
understanding of the interactions between crop/plant genotypes and the growing 
environment. Most current research programmes lack this interdisciplinary 
approach. A comprehensive understanding of abiotic stress in crops across the full 
range of scenarios and regions would go a long way in preparing the nations for 
climate change. A multipronged strategy of using indigenous coping mechanisms, 
wider adoption of the existing technologies and/or concerted R&D efforts for evolv-
ing new technologies are needed for adaptation and mitigation. Policy incentives 
will play crucial role in adoption of climate-ready technologies in all sectors. The 
state agricultural universities and regional research centres will have to play major 
role in adaptation research which is more region and location specific, while national 
level efforts are required to come up with cost-effective mitigation options, new 
policy initiatives and global cooperation.

References

AICRPDA (2010) Annual report 2009–10, All India Coordinated Research Project for Dryland 
Agriculture, CRIDA, Hyderabad, 428 p

AICRPDA (2011) Annual report 2009–10, All India Coordinated Research Project for Dryland 
Agriculture, CRIDA, Hyderabad, 420 p

AICRPDA-NICRA (2016) Managing weather aberrations through real time contingency plan-
ning AICRPDA-NICRA Annual Report, 2015–16, All India Coordinated Research Project for 
Dryland Agriculture, ICAR-Central Research Institute for Dryland Agriculture, India, 226 p

Ali M, Kumar N, Ghosh PK (2012) Milestones on agronomic research in pulses in India. Indian 
J Agron 57:52–57

Arnholdt-schmidt (2005) Functional markers and a ‘systemic strategy’: Convergence between 
plant breeding, plant nutrition and molecular biology. Plant Physiol Biochem 43:817–820

Babu RC, Nguyen BD, Chamarerk V, Shanmugasundaram P, Chezhian P, Jeyaprakash P, Ganesh 
SK, Palchamy A, Sadasivam S, Sarkarung S, Wade LJ, Nguyen HT (2003) Genetic analysis of 
drought resistance in rice by molecular markers. Crop Sci 43:1457–1469

Bangar AR, Deshpande AN, Sthool VA, Bhanavase DB (2003) Farm pond – a boon to agriculture. 
Research Bulletin 403, Zonal Agricultural Research Station, Solapur, 37 p

Bapuji Rao B, SanthibhushanChowdary P, Sandeep VM, Pramod VP, Rao VUM (2015) Spatial 
analysis of the sensitivity of wheat yields to temperature in India. Agric Forest Meteorol 
200:192–202

Barber J (1998) What limits the efficiency of photosynthesis and can there be beneficial improve-
ments? In: Waterlow JC, Armstrong DG, Fowden L, Riley R (eds) Feeding a World population 
of more than eight billion people  – a challenge to science. Oxford University Press, Cary, 
pp 112–123

Beale CV, Morison JIL, Long SP (1999) Water use efficiency of C-4 perennial grasses in a temper-
ate climate. Agric Forest Meteoro l96:103–115

Bennett DC, Freeling M (1987) Flooding and the anaerobic stress response. In: Newmann DW, 
Wilson KG (eds) Models in plant physiology and biochemistry, vol III.  CRC Press, Boca 
Raton, pp 79–82

Bohnert HJ, Qingqiu G, Pinghua I, Ma S (2006) Unraveling abiotic stress tolerance mechanisms – 
getting genomics going. Curr Opin Plant Biol 9:180–188

Boru G, Van Ginkel M, Krondtad WE, Boersma L (2001) Expression and inheritance of tolerance 
to waterlogging stress in wheat. Euphytica 117:91–98

C. Srinivasarao et al.



149

Buitink J (2006) Transcriptome profiling uncovers metabolic and regulatory processes occurring 
during the transition from desiccation sensitive to desiccation-tolerant stages in Medicago trun-
catula seeds. Plant J 47:735–750

Ceccarelli S (1996) Adaptation to low/high input cultivation. Euphytica 92:203–214
Chen WQJ, Zhu T (2004) Networks of transcription factors with roles in environmental stress 

response. Trends Plant Sci 9:591–596
Denby K, Gehring C (2005) Engineering drought and salinity tolerance in plants: lessons from 

genome-wide expression profiling in Arabidopsis. Trends Biotechnol 23:547–552
Dobermann A (2004) Increasing productivity of intensive rice systems through site-specific nutri-

ent management. Science Publishers and IRRI, Enfield, 410 p
Dunwell JM (2000) Transgenic approaches to crop improvement. J Exp Bot 51:487–496
Feder ME, Walser JC (2005) The biological limitations of transcriptomics in elucidating stress and 

stress responses. J Evol Biol 18:901–910
Firbank LG (2005) Striking a new balance between agricultural productivity and biodiversity. Ann 

Appl Biol 146:163–175
Flowers TJ, Yeo AR (1995) Breeding for salinity resistance in crop plants: where next? Aust J Plant 

Physiol 22:875–884
Ganapathy M, Baradhan G, Ramesh N (2008) Effect of foliar nutrition on reproductive efficiency 

and grain yield of rice fallow pulses. Legum Res 31(2):142–144
GOI (2002) National water policy, Ministry of water resources, Government of India, 10 p
Guled MB, Lingappa S, Itnal CJ, Shirahatti MS, Yaranal RS (2003) Resource conservation 

and management in rainfed agro-ecosystem- A compendium for research and development. 
Technical Bulletin 34, UAS, Dharwad, 268 p

Hall AE (2000) Crop responses to environment. CRC Press LLC, Boca Raton
Jonak C, Kiegerl S, Ligterink W, Barker PJ, Huskisson NS, Hirt H (2006) Stress signaling in 

plants: a mitogen-activated protein kinase pathway is activated by cold and drought. Proc Nat 
Acad Sci USA 93:11274–11279

Joshi PK, Jha AK, Wani SP, Joshi L, Shiyani RL (2005) Meta analysis to assess impact of watershed 
program and people’s participation, Comprehensive assessment research report 8. Colombo, 
Sri Lanka: Comprehensive Assessment Secretariat, IWMI, pp 18

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

Kratsch HA, Wise RR (2000) The ultrastructure of chilling stress. Plant Cell Environ 23:337–350
Maji AK (2007) Assessment of degraded and wastelands of India. J Indian Soc Soil Sci 55:427–435
MNRE (2009) Ministry of New and Renewable Energy Resources www.mnre.gov.in/relatedlinks/
Moon H, Lee B, Choi G, Shin D, Prasad DT, Lee O, Kwak SS, Kim DH, Nam J, Bahk J, Hong JC, 

Lee SY, Cho MJ, Lim CO, Yun DJ (2003) NDP kinase 2 interacts with two oxidative stress- 
activated MAPKs to regulate cellular redox state and enhances multiple stress tolerance in 
transgenic plants. Proc Nat Acad Sci USA 100:358–363

Munns R (1993) Physiological processes limiting plant growth in saline soil: some dogmas and 
hypotheses. Plant Cell Environ 16:15–24

NRAA (2013) Contingency and compensatory agriculture plans for droughts and floods in India- 
2012, Position paper No. 6. National Rainfed Area Authority, NASC Complex, New Delhi, 
India, 87 p

Pai DS, Thapliyal V, Kokate PD (2004) Decadal variation in the heat and cold waves over India 
during 1971–2000. Mausam 55(2):281–292

Pathak BS (2006) Crop residue to energy. In: Chadha KL, Swaminathan MS (eds) Environment 
and agriculture. Malhotra Publishing House, New Delhi, pp 854–869

Pathak H, Bhatia A, Jain N, Aggarwal PK (2010) Greenhouse gas emission and mitigation in 
Indian agriculture – a review, In: Bijay-Singh (ed) ING Bulletins on Regional Assessment of 
Reactive Nitrogen, Bulletin No. 19, SCON-ING, New Delhi, pp 1–34

Pramanik SC (2009) Rainwater management techniques for successful production of pulses in 
rainfed areas. Indian Fmg 58(12):15–18

6 Developments in Management of Abiotic Stresses in Dryland Agriculture



150

Raghavan K (1967) Climatology of severe cold waves in India. Indian J  Meteorol Geophys 
18(1):91–96

Reichmann SM (2002) The response of plants to metal toxicity: a review focusing on copper, 
manganese and zinc. Occasional Paper No. 14. Publisher: Australian Minerals and Energy 
Environment Foundation. Melbourne, Victoria, 3000, Australia

Richards RA (1996) Defining selection criteria to improve yield under drought. Plant Growth 
Regul 20:57–166

Rockstrom J, Hatibu N, Oweis T, Wani SP (2007) Managing water in rainfed agriculture. In: 
Molden D (ed) Water for food, water for life: a comprehensive assessment of water manage-
ment in agriculture. Earth Scan/International Water Management Institute, London/Colombo, 
pp 315–348

Sahrawat KL, Wani SP, Parthasaradhi G, Murthy KVS (2010) Diagnosis of secondary and micro-
nutrient deficiencies and their management in rainfed agroecosystems: Case study from Indian 
Semi-arid tropics. Commun Soil Sci Plant Anal 41(3):346–360

Samra JS (2004) Resource management options in multi-enterprise agriculture. In: Acharya CL, 
Gupta RK, Rao DLN, Subba Rao A (eds) Multi-enterprise systems for viable agriculture. 
NAAS, New Delhi, pp 19–39

Samra JS, Kaur P, Amrit Kaur M (2012) Spectral density analysis of the cold wave (2010–11 and 
2011–12) and its impact on wheat productivity in Indian Punjab. Plenary Lecture in the Third 
International Agronomy Congress, New Delhi, November 27, 2012

Sikka AK, Bapuji Rao B, Rao VUM (2016) Agricultural disaster management and contingency 
planning to meet the challenges of extreme weather events. Mausam 67(1):155–168

Singh MV (2001) Evaluation of current micronutrient stocks in different agroecological zones of 
India for sustainable crop production. Fertil News 46(2):25–42

Singh AK, Singh V, Chauhan MP (2014) Effect of foliar application (nitrogen and phosphorus) 
on different agronomic and economic character in lentil (Lens culinaris M.) Res Environ Life 
Sci 7(1):65–67

Srinivasarao C, Gopinath KA (2016) Resilient rainfed technologies for drought mitigation and 
sustainable food security. Mausam 67(1):169–182

Srinivasarao C, Vittal KPR (2007) Emerging nutrient deficiencies in different soil types under 
rainfed production systems of India. Indian J Fertil 3:37–46

Srinivasarao C, Wani SP, Venkateswarlu B, Sahrawat KL, Kundu S, Dixit S, Gayatri Devi K, 
Rajesh C, Pardasaradhi G (2010) Productivity enhancement and improved livelihoods through 
participatory soil fertility management in tribal districts of Andhra Pradesh. Indian J Dryland 
Agr Res 25(2):23–32

Srinivasarao Ch, Ravindra Chary G, Mishra PK, Nagarjuna Kumar R, Maruthi Sankar GR, 
Venkateswarlu B, Sikka AK (2013a) Real time contingency planning: Initial experiences from 
AICRPDA, All India Coordinated Research Project for Dryland Agriculture (AICRPDA), 
Central Research Institute for Dryland Agrciulture (CRIDA), ICAR, Hyderabad – 500 059, 
India, 63 p

Srinivasarao C, Venkateswarlu B, Lal R, Singh AK, Kundu S (2013b) Sustainable management of 
soils of dryland ecosystems of India for enhancing agronomic productivity and sequestering 
carbon. Adv Agron 121:253–329

Srinivasarao Ch, Chary GR, Mishra PK, Subba Reddy G, Sankar GRM, Venkateswarlu B, Sikka 
AK (2014a) Rainfed farming – a compendium of doable technologies, All India Coordinated 
Research Project for Dryland Agriculture, CRIDA, Indian Council of Agricultural Research, 
Hyderabad, 194 p

Srinivasarao C, Lal R, Kundu S, MBB PB, Venkateswarlu B, Singh AK (2014b) Soil carbon 
sequestration in rainfed production systems in the semiarid tropics of India. Sci Total Environ 
487:587–603

Srinivasarao C, Kundu S, Sharma KL, Reddy S, Pharande AL, Vijayasankarbabu M, Satish 
A, Singh RP, Singh SR, Ravindra Chary G, Osman M, Gopinath KA, Yasmin C (2015a) 
Magnesium balance in four permanent manurial experiments under rainfed agro-ecosystems of 
India. Crop Pasture Sci 66:1230–1240

C. Srinivasarao et al.



151

Srinivasarao C, Lal R, Prasad JVNS, Gopinath KA, Singh R, Jakkula VS, Sahrawat KL, 
Venkateswarlu B, Sikka AK, Virmani SM (2015b) Potential and challenges of rainfed farming 
in India. Adv Agron 133:113–181

Srinivasarao Ch, Venkateswarlu B, Sikka AK, Prasad YG, Chary GR, Rao KV, Gopinath KA, 
Osman M, Ramana DBV, Maheswari M, Rao VUM (2015c) District agriculture contin-
gency plans to address weather aberrations and for sustainable food security in India, ICAR- 
Central Research Institute for Dryland Agriculture, Natural Resource Management Division, 
Hyderabad, CRIDA-NICRA Bulletin 2015/3, 22 p

Srinivasarao Ch, Gopinath KA, Rama Rao CA, Raju BMK, Rejani R, Venkatesh G, Visha Kumari 
V (2016a) Dryland agriculture in South Asia: Experiences, challenges and opportunities. In: 
Farooq M, Siddique KHM (eds) Innovations in dryland agriculture, Springer International 
Publishing, pp 345–392

Srinivasarao C, Ravindra Chary G, Rani N, Baviskar VS (2016b) Real time implementation of 
agricultural contingency plans to cope with weather aberrations in Indian agriculture. Mausam 
67(1):183–194

Taley SM (2012) Enhancing crop productivity in rainfed agriculture through rainwater conserva-
tion. In: Souvenir and abstracts of seminar on breaking yield barriers in major field crops, 6–7 
January 2012, Akola Chapter of Indian Society of Agronomy, Akola, India, pp 83–92

Thiaw S, Hall AE (2004) Comparison of selection for either leaf-electrolyte-leakage or pod set in 
enhancing heat tolerance and grain yield of cowpea. Field Crop Res 86:239–253

Venkatesh MS, Basu PS (2011) Effect of foliar application of urea on growth, yield and quality of 
chickpea under rainfed conditions. J Food Legumes 24(2):110–112

Venkateswarlu B, Mishra PK, Ravindra Chary G, Maruthi Sankar GR, Subba Reddy G (2009) 
Rainfed farming – a compendium of improved technologies. All India Coordinated Research 
Project for Dryland Agriculture, CRIDA, Hyderabad, 132 p

Viswanathan C, Zhu JK (2004) Molecular perspectives on cross-talk and specificity in abiotic 
stress signaling in plants. J Exp Bot 55:225–236

Wendehenne D, Durner J, Klessig DF (2004) Nitric oxide: a new player in plant signalling and 
defence responses. Curr Opin Plant Biol 7:449–455

6 Developments in Management of Abiotic Stresses in Dryland Agriculture



153© Springer Nature Singapore Pte Ltd. 2017
P.S. Minhas et al. (eds.), Abiotic Stress Management for Resilient Agriculture, 
DOI 10.1007/978-981-10-5744-1_7

A.K. Shukla (*) • K. Ramesh • R. Nagdev • S. Srivastava 
ICAR-Indian Institute of Soil Science, Bhopal 462038, Madhya Pradesh, India
e-mail: arvindshukla2k3@yahoo.co.in; ramechek@gmail.com; ritunagdev@gmail.com; 
sonata906@gmail.com

7Heavy Metal Toxicities in Soils and Their 
Remediation

Arvind K. Shukla, Kulasekaran Ramesh, Ritu Nagdev, 
and Saumya Srivastava

Abstract
Pollution of soils with heavy metals from various sources has become a common 
feature across the globe due to increase in anthropogenic activities and industrial 
development and has attracted the attention of all stakeholders. In spite of the 
differential tolerance of plants to heavy metal toxicities, impairment in the pro-
ductivity of most of the agricultural crops is steadfast throughout the globe. Bio- 
transfer of these metals remains unabated from polluted sites and even through 
animal milk and dung. The remediation methods are broadly grouped into engi-
neering, electrokinetics, and bioremediation. These have their own merits and 
demerits, but the bioremediation is quite effective and the current results are 
encouraging. Therefore, the sources of heavy metals to soils (including path-
ways), their effect on soils and plants, and few of the proven phytoremediation 
methods have been elaborated here.

7.1  Introduction

With rapid industrialization and urbanization, several environmental issues includ-
ing soil pollution are attracting global attention. Industries do generate enormous 
quantities of wastes containing heavy metals, hydrocarbons, pesticides, and other 
toxic chemicals; those are usually dumped in the nearby open area/soil/water. 
Metallic element with relatively high density which is toxic even at suboptimal 
concentration is commonly referred to as “heavy metals” (Lenntech Water Treatment 
and Air Purification 2004), comprises a group of metals and metalloids with atomic 
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density greater than water or more than 4 g cm−3, or more (Hawkes 1997). Heavy 
metals enter the soil through soil-applied agrochemicals, food processing waste, 
detergents, cosmetics and construction waste, etc. These can accumulate in soil and 
groundwater above toxic levels, thereby posing grave risk to human health. Heavy 
metals threatening the ecosystem are mainly lead (Pb), mercury (Hg), chromium 
(Cr), nickel (Ni), arsenic (As), cadmium (Cd), copper (Cu), and zinc (Zn). Soil con-
tamination occurs due to addition of heavy metals through industrialization, urban-
ization and agricultural intentisification to a limited extent (Zhou 1995; Gowd et al. 
2010; Luo et al. 2011). Extensive damage to soils and crops with these metals has 
been reported from several countries, viz., Australia (Markus and Mcbratney 1996), 
Hong Kong (Chen et  al. 1997), Saudi Arabia (Al-Shayeb and Seaward 2001), 
Croatian capital of Zagreb (Romic and Romic 2003), Turkey (Aydinalp and 
Marinova 2003), Bolivia (Miller et al. 2004), Thailand (Zarcinas et al. 2004), Jordan 
(Al-Khashman 2007), India (Sharma et al. 2007; Chopra et al. 2009), Iran (Shakeri 
et al. 2009), Greece (Christoforidis and Stamatis 2009), Algeria (Mass et al. 2010), 
Nigeria (Ololade 2014), Nanxun County, Southeast China (Zhao et al. 2015), etc.

Soil acts as the sink for several heavy metals, and most of them do undergo nei-
ther microbial nor chemical degradation (Kirpichtchikova et al. 2006) unlike organic 
contaminants, and their concentrations persist in soils for long periods (Adriano 
2003). Heavy metal-contaminated soil may pose risks to humans as well as the 
ecosystem through direct contact or transport through the food chain, drinking 
water (safety and marketability), phytotoxicity and/or decline in land usability for 
agricultural production, etc. (McLaughlin et al. 2000a, b; Ling et al. 2007).

Noticing heavy metal contamination in the soil is rather difficult since these are 
neither rich in color nor have odor. The impact of the pollution is a creeping poison 
as its damage to the soil environment could not be explicitly quantified in temporal 
means. Whenever the limit of the pollutants exceeds the maximum allowable limit 
for either crop/animal/soil biota, the repercussions become eminent. Therefore, 
Wood (1974) termed heavy metal contamination as chemical time bombs.

7.2  Sources and Forms of Heavy Metals

There are several sources for heavy metal contamination in soils (Fig.  7.1). The 
origin of heavy metal pollution can either be natural and/or anthropogenic sources 
besides other means. Though considered to be associated with industrialization, 
roadways and automobiles too ingest heavy metals to the soils. Zinc, copper, and 
lead released from road travel account for majority of the total metals in road runoff 
(Mishra and Shukla 2014). On the other hand, the loading could be due to excessive 
fertilizer, chemical usage, irrigation, atmospheric deposition, and pollution by waste 
materials. Organic manures also play role in their availability, e.g., the chelation of 
free metal ions regulates their availability and mobility in soils and/or water through 
the formation of metal-humate complexes with varying degrees of stability (Sanyal 
2001; Sinha and Bhattacharya 2011). Heavy metals are present in the soil ecosys-
tem as i) easily available to plants in dissolved form (in soil solution) and 
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exchangeable form (in organic and inorganic components) and ii) long-term avail-
ability to plants and present in soil as lattices of soil minerals and as insoluble pre-
cipitates, e.g., Cd, a toxic nonessential metal, has become an environmental hazard 
to various forms of life on the earth. Generally, soil contamination occurs through 
either point source or diffuse pollution.

The rate of application of the contributors and its concentration are the chief fac-
tors for enhancing heavy metal contamination of agricultural soil besides the soil 
characteristics itself. Applications of soil amendments such as compost refuse as 
well as nitrate fertilizers too contribute to the heavy metal pollution, liming itself. 
Notwithstanding to this fact, sewage sludge has more pronounced effect than the 
above (Table 7.1).

Wastewater irrigation-based heavy metal contamination is a serious concern as it 
contaminates the agricultural produce. The inadvertent ingestion of contaminated 
water is also a potential pathway (Shukla and Tiwari 2013). As assessment made at 
Jabalpur, MP showed the extent of pollution due to use of sewage water in soil and 
plants from Jabalpur, Morena, Gwalior, Katni, Sagar, Dhar, Indore, and Dewas dis-
tricts of Madhya Pradesh. The sludge samples were neutral to alkaline in reaction 
and rich in Zn, Cu, N, and K, with a tendency to accumulate more in the surface 
layer. The pollutant content was relatively higher in Gwalior as compared to Morena. 
Plants irrigated with the sewage either in Khan Nalla near Indore or Dewas factory 
area had higher content of heavy metal. Further, average contents of heavy metals 
in Katni were relatively higher in cauliflower as compared to brinjal. Although the 

Fig. 7.1 Sources of heavy metals in soils
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contents of Zn and Pb were decreased, distribution of pollutant elements was irregu-
lar. By contrast, sewage-irrigated soil samples in the state of Tamil Nadu have 
shown insignificant buildup of heavy metals except Pb (Table 7.2) which was still 
below the toxic limit (Stalin 2011). The pathways for the entry of heavy metals to 
soils can broadly be divided into “solid wastes to soil pathway” and “agricultural 
supplies to soil pathway” which are discussed as under.

7.2.1  Solid Wastes to Soils Pathway

Heavy metals with varied complex composition arising from a variety of solid 
wastes are known to pollute the agroecosystem. Among all, mining for various pur-
poses and industrial solid waste contamination are considered as the major culprits. 
Mining activities, particularly for extraction and manufacturing of metal products, 
result in pollutant generation released into the nearby agricultural soils (Parth et al. 
2011). When the industrial wastes are piled, facilitation of sunlight, rain, and wash-
ing helps easy movement of heavy metals which later spread to the surrounding 
water and soils. Cr as metal pollutant exists as Cr3+ and Cr6+ in minerals in soils of 
chromite mining area of Kaliapani, Sukinda, Odisha, while the latter is highly 
mobile in soil and causes phytotoxicity in plants. More than 90% of soil samples 
collected from villages within 1 to 10  km radius from the chromite mines were 
 polluted with Cr at an above toxic limit considering 0.05 ppm Cr+6 (Shukla and 
Tiwari 2013).

Table 7.1 Range of heavy metal concentrations (μg g−1) in agricultural amendments

Agricultural 
amendments

Range of metals (μg g−1)
Cr Ni Cu Zn Cd Pb

Sewage sludge 8.40–600 6–5300 50–8000 91–49,000 <1–3410 2–7000
Compost refuse 1.8–410 0.9–279 13–3580 82–5894 0.01–100 1.3–2240
Farmyard manure 1.1–55 2.1–30 2–172 15–556 0.1–0.8 0.4–27
Phosphate fertilizers 66–245 7–38 1–300 50–1450 0.1–190 4–1000
Nitrate fertilizers 3.2–19 7–34 – 1–42 0.05–8.5 2–120
Lime 10–15 10–20 2–125 10–450 0.04–0.1 20–1250
Pesticides – – – – – 11–26

Modified from Ross (1994)

Table 7.2 DTP-extractable heavy metal contents (mg kg−1) in sewage-polluted soils

Location Cr Cd Ni Pb
Uthamapalayam 0.04 0.15 0.09 2.27
Vedapatti 0.06 0.11 0.09 1.61
Palapatti – 0.12 0.17 1.84
Vachinampalayam – 0.11 0.04 3.21

Source: Stalin (2011)
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The soil irrigated with industrial effluents (Fig. 7.2), viz., casting, painting, and 
sewage effluents, had the highest metal status (Shukla and Behera 2012) and the 
content varied widely with the industry (Table  7.3). The highest DTPA-Ni was 
obtained in painting industrial effluent irrigated areas (31.35 mg kg−1), Cd in gold 
processing effluent irrigated areas (2.34  mg kg−1), and Pb in sewage effluent 

Fig. 7.2 Industrial effluents and soils irrigated with sewage water

Table 7.3 DTPA-extractable metal status in the soils (mg kg−1) of industrial effluent irrigated 
areas

Nature of contaminated site
DTPA metal status (mg kg−1)
Cd Ni Fe Pb

Dye 0.53 2.16 250 3.98
Gold processing 2.34 2.17 238 5.28
Sewage 1.90 6.69 216 15.01
Foundry 0.43 19.83 270 2.87
Electroplating 0.37 2.93 221 3.61
Textile 0.48 2.57 56 2.29
Painting 0.11 31.35 216 4.98
Casting 0.46 1.28 207 2.68

Source: Shukla and Behera (2012)
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irrigated soils (15.01  mg kg−1). Among the metals, the order of availability was 
Ni > Pb > Cd. Similarly the highest total Pb was obtained from gold processing and 
sewage effluent irrigated area (354 and 344 mg kg−1), Cd in painting (11 mg kg−1) 
and sewage-irrigated areas (9.81 mg kg−1), and Ni in electroplating (317 mg kg−1) 
which reflected in plant content too. Higher Ni in foundries (512 mg kg−1) and elec-
troplating (475 mg kg−1), Pb in dye (498 mg kg−1), textile (500 mg kg−1), Cd in 
sewage irrigation (35.6 mg kg−1), and sewage effluent irrigated areas (469 mg kg−1) 
were also observed. The sewage-irrigated soils of Amritsar and Jalandhar were ana-
lyzed to contain 0.318 and 3.34 mg kg−1 DTPA-Cd and Pb, respectively (Shukla and 
Tiwari 2014) (Table 7.4).

7.2.2  Agricultural Supplies to Soil Pathway

Pollutants from agrochemical sources include fertilizers (Aydinalp and Marinova 
2003), manures (Mullins et al. 1982), herbicides (Shrotriya et al. 1984), etc. which 
are directly applied on the soils for optimum crop productivity. Also the fertilizers 
and manures accidentally add arsenic, uranium, and vanadium through some phos-
phatic fertilizers to the soil. Besides, chromium, lead, mercury, and nickel are also 
added to the soil inadvertently. Small amounts of heavy metals are found in rock 
phosphate (Mortvedt 1995; Dissanayake and Chandrajith 2009; Lema et al. 2014). 
Animal manure is the main organic fertilizer that may entertain heavy metals. Heavy 
metals in biosolids exist in either inorganic form or organic complex form and could 
affect their chemical reactions in the soil. Repeated applications of these fertilizer 
sources aggravate their accumulation. Some countries have set tolerance limits on 
heavy metal in soils, and most of the fertilizer regulations relate Cd limits to P 
concentrations.

7.3  Basic Soil Chemistry and Risk of few Important Heavy 
Metals

The abundance of heavy metals at contaminated sites in the ascending order of Hg, 
Cu, Cd, Zn, As, Cr, and Pb (USEPA, 1996) is responsible for impairment in the crop 
production either due to their bioaccumulation or biomagnification when these enter 
the food chain from soil to higher animals besides groundwater contamination too. 
Notwithstanding to this fact, the fate and its transport to soil depend on its chemical 
form and speciation. After reaching the soil, these are adsorbed and redistributed 

Table 7.4 Regulatory guidelines for some heavy metals (μg g-1) in agricultural soils

Standards Cd Cu Pb Zn Mn Ni Cr
Indian standard  
(Awashthi 2000)

3–6 135–270 250–500 300–600 -- 75–150 --

European union standards  
(EU 2002)

3 140 300 300 -- 75 150
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into various forms with degree of toxicity (Shiowatana et al. 2001; Buekers 2007). 
The distribution of heavy metal in soil is controlled by (i) mineral dissolution and 
precipitation; (ii) adsorption, desorption, and ion exchange (iii); aqueous complex-
ation; (iv) biological mobilization and immobilization; and (v) plant uptake (Levy 
et al. 1992).

7.3.1  Lead

The major forms of Pb are lead oxides, ionic lead, Pb(II), hydroxides, and lead- 
metal oxyanion complexes that are released into the soil environment. Under 
reduced soil conditions, sulfide and lead sulfide (PbS) are considered as the most 
stable solid forms. In general, the lead accumulation is confined to leafy vegetables 
and on the surface of root crops. Plants grown in lead contaminated soils do not 
accumulate excess amount of lead. However, direct eating of contaminated soil may 
led to Pb poisioning. Lead content in farm produce less than 300 ppm is generally 
considered as safe. The risk of lead poisoning through the food chain increases as 
the lead level rises above this concentration (Wuana and Okieimen 2011).

7.3.2  Chromium

Chromium (VI) is the chief form commonly distributed at contaminated sites, 
although Cr (III) oxidation state is not uncommon, depending on pH and redox 
conditions. Cr (VI) is more toxic and mobile than Cr (III). Under anaerobic condi-
tions in presence of organic matter, sufide and ferrous ions, Cr (III) gets reduced to 
Cr (VI). The mobility of Cr is determined by the sorption characteristics of the soil. 
The leachability of Cr (VI) is proportional to soil pH. Cr is highly toxic for plants 
and causes various deleterious impacts on its growth and metabolism.

7.3.3  Arsenic

Arsenic could be seen in several oxidation states, viz., −III, 0, and III to V (Smith 
et al. 1995). Under aerobic conditions, As (V) dominates and under reducing condi-
tions As (III) dominates. Under extreme reducing conditions, elemental arsenic and 
arsine and AsH3 may be present. A nonessential and generally toxic to plants, arse-
nic, intercepts the root through inhibition of root extension and proliferation. Upon 
translocation to the aerial parts, it inhibits plant growth by arresting biomass accu-
mulation and loss in fertility (Garg and Singla 2011).

7.3.4  Cadmium

Zn has the chemical similarity with Cd as a divalent Cd (II), and their intersubstitu-
tion may cause the malfunctioning of metabolic processes (Campbell 2006).
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7.3.5  Mercury

Hg (highly toxic for plants) usually exists in mercuric (Hg2+), mercurous (Hg2
2+), 

elemental (Hgo), or alkylated form (methyl/ethyl mercury). Stability of Hg depends 
upon the redox potential and pH. Under oxidizing conditions, the mercurous and 
mercuric mercury are more stable, while organic and/or inorganic Hg may be 
reduced to elemental form under mild reducing conditions. This may then be 
 converted to most toxic alkylated forms by biotic or abiotic processes. Sorption to 
sediments, soils, and humic materials is the important mechanism for the removal 
of Hg from solution (Wuana and Okieimen 2011).

7.4  Impact of Heavy Metals on Soils

7.4.1  Soil Microbial Activity

The environmental risk of heavy metal pollution on the functioning of soil microor-
ganisms adjacent to large industrial complexes is an absolute necessity in the cur-
rent industrial scenario. Generally poisoning and inactivation of enzyme systems in 
soil is considered as the heavy metal toxicity (Rai et al. 1981). For example, Cd 
concentration of 0.16 μg g−1 protects 95% of soil invertebrates and 85% at 0.8 μg g−1 
(van Straalen and Denneman 1989). A decrease in the population of actinomycetes 
and bacteria was noticed by Hiroki (1992) in a heavy metal-contaminated (Cd, Zn, 
and Cu, 1.1–2.7, 234–571, and 310–751 mg kg−1 soil, respectively) paddy field. 
However, fungi remained unaffected. The degree of intolerance to heavy metals 
appears to be: fungi >bacteria > actinomycetes.

Although enzyme activity is related to soil property from biological organisms, 
some stimulatory effects on microbial populations were noted in a sandy soil but not 
in clay soil. However, irrespective of the soil, activities of urease and nitrate reduc-
tase were inhibited. As an exception, amidase activity was inhibited only at higher 
concentration (Hemida et al. 1997). Heavy metal stress in copper mining wasteland 
was exhibited in the form of microbial ecophysiological parameters, viz., ratio of 
microbial biomass C(Cmic)/organic C(Corg) and metabolic quotient (qCO2) in red 
soil area, southern China (Liao et al. 2005). The microbial biomass C was nega-
tively affected by the elevated metal levels (Wang et al. 2007). Denitrifying micro-
bial community adapted to elevated levels of Pb by selecting for metal-resistant 
forms of nitrite reductases and Pb had marked impacts on the microbial community 
even at very low concentrations (Sobolev and Begonia 2008). However, the total 
bioactivity, richness, and microbial diversity decreased with concentration of heavy 
metal in Cd contaminated or uncontaminated soils from Hunan province of China 
(Xie et al. 2016).
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7.4.2  Impact on the Plants

Anthropogenic activities are the main source of pollutants to soils, and the growth 
of plants growing on these soils gets impaired when the concentrations build up 
above the toxic limits (Chibuike and Obiora 2014). The capability of plants to accu-
mulate essential metals equally enables them to acquire other nonessential metals 
(Djingova and Kuleff 2000). Plant growth is affected when the concentration 
exceeds optimal levels. High metal concentration had direct toxic effects, i.e., inhi-
bition of activities of cytoplasmic enzymes and damage to cell structures through 
oxidative stress (Assche and Clijsters 1990; Jadia and Fulekar 2009); besides, soil 
microbial enzyme activities useful for plant metabolism may also be hampered. 
Indirectly the replacement of essential nutrients at cation exchange sites of plants 
may also occur (Taiz and Zeiger 2002). These toxic effects lead to a decline in plant 
growth and ultimately the mortality of plants occurs.

7.4.3  Heavy Metal Continuum in Soil-Water-Crop-Human 
System

Heavy metals in urban soils may enter into the human body either through  
skin absorption, inhalation of dust, etc. Soil, water, food, and blood samples  
from the Cherlapally (Uppal mandal), Patancheru and Ramachandrapuram 
(Ramachandrapuram mandal), and Munagala (Munagala mandal) in Ranga Reddy, 
Nalgonda, and Medak districts (surrounded by highly polluted industries), where 
farmers used industrial effluent for irrigation, were analyzed by Surendra-Babu 
et al. (2012) for heavy metals, viz., Pb, Cd, Cr, Co, and Ni (Table 7.5). Although 
irrigation water samples were within the safe limits except Co in Patancheru irri-
gated water, they may become toxic if they enter into food chain even at very low 
concentrations as they could bind certain proteins and essential elements, thereby 
rendering them in exhibiting normal function.

Table 7.5 Status of heavy metal contents in soil, water, plants, and human in polluted areas

Element Water (mg kg−1) Soil (mg kg−1) Rice (mg kg−1) Human beings (%)
Pb 0.294 (Tr.) 1.24(0.44) 15.83(3.17) 79 (100)
Cd 0.010(Tr.) 0.042(0.021) 1.92(0.31) 92(100)
Co 0.080(Tr.) 0.182(0.140) 5.21(0.12) 84(100)
Ni 0.200(Tr.) 0.502(0.226) 9.28(0.89) 72(100)
Ca 39.86 (29.03) 2.64(0.57) 14.39(1.44) 24 (92)
Fe Traces (Tr.) 3.59(7.82) 26.81(22.75) 100(100)

Figures in parenthesis are for nonpolluted areas. Source: (Surendra-Babu et al. 2012)
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7.4.4  Soil-Animal-Milk-Human Continuum for Heavy Metals

The heavy metal contents (Cd, Pb, Cr, and Ni) were analyzed in blood, plasma, 
milk, and dung of Jersey cows when fed with Bajra-Napier grass grown in Ukkadam 
sewage farm of Coimbatore district (Stalin et al. 2014). The contents of heavy met-
als followed the order: dung > milk > blood (Table 7.6). In the milk samples, accu-
mulation of heavy metals has shown an increasing trend from 10th day onward. Ni 
was absent up to 4th day and thereafter showed a buildup. The Cd content was 
nearly doubled after 10th day and remained so. The Cr content was initially low, 
thereafter a constant buildup with highest Cr (22.5 mg kg−1) at 22nd day. In the 
serum samples, Ni and Cr could not be detected initially. Cd accumulation was 
observed during the 3rd and 4th week. Ni and Cr accumulated in the plasma at the 
end of the 4th week; Ni and Cr content of the plasma were seven times more than 
that of initial value. Similarly, Pb also increased in the plasma from the 2nd week 
itself. During the 7th day, the dung sample recorded the highest content of heavy 
metals and remained constant.

7.5  Remediation Measures

Remediation measures of contaminated soils are classified into in situ and ex situ 
treatment (USEPA 2007). In in situ, treatment of soil is at its original place, whereas 
in ex situ, the soil which is contaminated is moved, excavated, and removed from 
the site. Yao et al. (2012) have reviewed the remediation technologies (including 
physical, chemical, and biological remediation). Few proven remediation methods 
are discussed here under.

Table 7.6 Heavy metal concentrations in blood serum, plasma, milk, and dung samples (n = 5)

Week Part
Heavy metal concentration (mg kg−1)
Pb Cd Ni Cr

Background Serum 0.014 ND ND ND
Plasma 0.0216 ND 0.138 0.141
Milk 0.003 0.029 ND 0.125
Dung 32.6 1.36 5.72 0.684

2nd week Serum 0.007 ND ND ND
Plasma 0.552 0.092 1.532 0.962
Milk ND 0.05 9.30 9.35
Dung 34.8 2.28 6.21 8.18

4th week Serum ND 0.044 ND ND
Plasma 1.211 0.154 0.930 0.994
Milk ND 0.05 4.34 7.95
Dung 44.4 1.32 48.72 13.76

ND not detectable; Source: Stalin et al. (2014)

A.K. Shukla et al.



163

7.5.1  Engineering Remediation

Physical or chemical methods to manage heavy metal contamination of soils are 
referred to as engineering remediation. Soil washing, phytoremediation techniques, 
and the principles, advantages, and disadvantages of immobilization are available in 
Wuana and Okieimen (2011).

7.5.2  Physical Remediation

7.5.2.1  Replacement of Contaminated Soil, Soil Removal, and Soil 
Isolation

Complete replacement of contaminated soil with addition of large amount of non- 
contaminated soil or blending with the latter is referred as soil breeding. Through 
soil removal the contaminated soil is renewed with the clean soil if the area is very 
small. But, with additional engineering measures, soil isolation of the contaminated 
soil from the uncontaminated soil (Zheng et al. 2002) may also prove beneficial. 
This method needs huge cost and manpower.

7.5.2.2  Thermal Desorption of Soil
The thermal desorption utilizes the pollutant’s volatility character by heating the 
contaminated soil through steam, microwave, and infrared radiation (e.g., Hg, As). 
These volatile metals are collected using vacuum pressure and are subsequently 
removed from the soil (Li et al. 2010). The traditional thermal desorption can be 
separated into high-temperature desorption according to the temperature 
(320  ~  560  °C) and low-temperature desorption (90  ~  320  °C). However, being 
laborious and costly, this method finds limited application.

7.5.3  Chemical Remediation

Chemical leaching, fixation, electrokinetic remediation, vitrification, etc. are 
referred to as chemical remediation. The process of vitrification involves heating of 
the soil at very high temperature, e.g., 1400–2000 °C, for the pollutant to get vola-
tize or decompose. Important chemical remediation measures are as follows.

7.5.3.1  Soil Leaching/Chemical Leaching
Washing the contaminated soil with specific reagents to remove the heavy metal 
complex is the basis of soil leaching and soluble irons adsorbed on the solid phase 
particles. After separating from the soil, heavy metals are recycled from extracting 
solution. The various ionic forms of the heavy metals are transferred from soil to 
liquid phase and then recovered from the leachate. The leachate includes inorganic 
eluent, chelation agents, surfactant, etc. Chief chelating agents are ethylenediami-
netetraacetic acid and citric acid in remediating the high permeability soil and tar-
taric acid to a little extent for average contamination (Wuana et al. 2010). Na2 EDTA 
solutions were more effective than Na2S2O5 as the former extracted lead over zinc 
and cadmium but to a limited extent on chromium. Cadmium and, especially, zinc 
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removal by a 0.01 M Na2 EDTA solution were improved considerably by inclusion 
of 0.1 M Na2S2O5 (Abumaizar and Smith 1999).

7.5.3.2  Adsorption/Chemical Fixation
Addition of external reagents into the contaminated soil to form insoluble forms to 
decrease the migration of heavy metals to the environment is referred to as chemical 
fixation (Zhou et al. 2004) as their removal in polluted areas is very complex as they 
persist in soils for very long periods. It is based on the fact that almost all heavy 
metal ions can be fixed and adsorbed by clay mineral (bentonite, zeolite, etc.), a 
steel slag, furnace slag, etc. (Wang and Zhou 2004). For example, zeolites, the crys-
talline aluminosilicates (Ramesh et al. 2011), with large cation exchange capacity 
attract positive-charged ions and widely used for sequestration of cationic pollutants 
(Kumar et al. 2007). They offer absorption sites for small molecules and increase 
ion exchange sites in soils due to their porous structure. Zeolites can retain heavy 
metals in soil (Mühlbachová and Šimon 2003).

Clinoptilolite, a zeolite, is stable up to pH 2 (Ming and Mumpton 1989). Zeolite 
affinity to heavy metals has also been demonstrated by Tsadilas (2000). Alexander 
and Christos (2003) found that its sorption is up to 30 times more Pb than the soil. 
Based on the value of maximal sorption capacity of zeolite, addition of just 1% 
zeolite can retain up to 750 mg Pb kg−1 soil. It has high efficiency at range of 3–5 
pH too (Alexander and Christos 2003). The potential of organo-zeolitic systems to 
revegetate metal polluted soils was demonstrated by Leggo et al. (2006).

7.5.3.3  Electrokinetic Remediation
Soil electrokinetic remediation (Kim et al. 2001) is a new economically effective 
technology utilizing various particle and fluid interactions governing the dynamics 
of an electrokinetic system. These interactions are a direct result of applied electri-
cal potential across the system and are identified as electrokinetic phenomena. The 
physiochemical composition of clay particles in soils is the strong basis for utilizing 
electrokinetic remediation in soils. Use of clay particles could be an innovative 
solution for efficient removal of contaminants from soils to solve groundwater and 
soil pollution, as they have a net negative surface charge.

The principle is that the DC voltage is applied to form the electric field gradient 
on both sides of the electrolytic tank which contains the contaminated soil; contami-
nants in the soil are taken to the processing chamber to reduce the contamination, 
which is located at the two polar sides of electrolytic cell, through the way of elec-
tromigration, electric seepage, or electrophoresis. This method applies to low per-
meable soil (Hanson et al. 1992). Removal of heavy metals from clay and sandy 
soils was reviewed by Virkutyte et al. (2002).

7.5.4  Bioremediation

This type of remediation mainly includes phytoremediation and microbial remedia-
tion for heavy metal removal from soils. While phytoremediation is a form of 
 bioremediation wherein plants are used to either sequester the environmental 
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 contaminants or convert them to harmless forms (Cunningham and Berti 1993; 
Raskin et al. 1994, 1997; Salt et al. 1995,1998), a predominant method followed 
widely (Alkorta and Garbisu 2001; Garbisu and Alkorta 1997; Garbisu et al. 2002; 
Tangahu et al. 2011; Moosavi and Seghatoleslami, 2013); bioremediation includes 
all methods and processes to biotransform a contaminated environment to uncon-
taminated status which primarily refers to use of microbes (Boopathy 2000) or 
microbial processes to degrade and transform environmental contaminants into 
harmless or less toxic forms (Garbisu and Alkorta 2003) either be ex situ or in situ. 
The physical removal of the contaminated material is referred to as ex situ, while 
treatment of the contaminated material in place is referred to as in situ. In situ bio-
remediation is one of the most attractive options, of which soil bioventing, the pro-
cess of supplying oxygen to contaminated soil in hopes of stimulating microbial 
degradation of contaminants, is a promising technology (Hellekson 1999) wherein 
indigenous microbes are utilized to biodegrade organic constituents adsorbed to 
soils in the unsaturated zone.

7.5.4.1  Microbial Remediation
The microorganisms cannot degrade and destroy the heavy metals (Yao et al. 2012), 
but can affect their migration and transformation. Several mechanisms by which 
microbes remediate heavy metals include either individually or in combinations of 
electrostatic interactions, van der Waal forces, redox interactions, extracellular 
covalent bonding, and precipitation with their cell surfaces which have been reported 
in the literature. However their efficiency in remediation or the response depends on 
the concentration and availability of heavy metals (Goblenz et al. 1994). Ex and in 
situ bioremediation of refractory pollutants by specific microbes is possible (Iranzo 
et  al. 2001), and is an efficient strategy due to its low cost and high efficiency 
(Rajendran et al. 2003). Sulfate-reducing bacteria were found to modify the form of 
Cd in sewage-irrigated soils (Jiang and Fan 2008). They can reduce the mobility and 
bioavailability of contaminants through various ways (Gang et al. 2010). However, 
acceptable solutions are not guaranteed. Microorganisms that use metals as terminal 
electron acceptors or reduce metals as a detoxification mechanism could aid in the 
removal of metals from contaminated environments (Garbisu and Alkorta 2003). 
Bacillus pumilus and Pseudomonas aeruginosa were identified as Pb-resistant bac-
teria (Chen et al. 2011). Highest efficiency of decabromodiphenyl ether removal and 
metal phytoextraction was obtained by using co-planting of Sedum alfredii with tall 
fescue inoculated with Bacillus cereus JP12  in co-contaminated soil at China. 
Bacterial inoculation increased plant biomass and decabromodiphenyl ether degra-
dation. Soil microbial activity was promoted by planting tall fescue which enhanced 
degradation and mineralization of BDE-209. Soil microbial activity and community 
structure were altered during the remediation (Lu and Zhang 2014).

7.5.4.2  Rhizoremediation
Rhizoremediation, an emerging technology for large recalcitrant compounds, is a 
phytoremediation method involving plants and their rhizosphere microbes, either 
naturally or through introduction (Gerhardt et  al. 2009). In this method, plant 
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exudates stimulate the survival of bacteria, for an efficient degradation of pollutants 
involving root, their exudates, rhizospheric soil, and microbes. The spreading of the 
bacteria and its penetration to soil layers are facilitated by the plant root system. In 
order to improve the efficiency of phytoremediation or bioaugmentation, inocula-
tion of pollutant-degrading bacteria on plant seed is suggested (Kuiper et al. 2004). 
Khan (2005) reviewed the role of rhizoremediation of heavy metals in soils. 
Generally, plant growth-promoting rhizobacteria, P-solubilizing bacteria, and 
arbuscular mycorrhizal fungi maintain soil fertility in conventional agriculture 
wherever agrochemicals are used very minimum. The insoluble glycoprotein, glo-
malin, produced by AM fungi could sequester trace elements and be considered for 
biostabilization. These phytoextraction strategies need more studies. They can be 
contaminant degraders (Gerhardt et  al. 2009), besides promoting plant growth 
under stress conditions. The rhizoremediation process can be enhanced with the 
proper control of factors influencing plant growth as well as microbial activity in 
the rhizosphere environment (Tang et al. 2010). Plant- and microbe-mediated bio-
transformation of heavy metals into nontoxic forms and plants and their mecha-
nisms are well known (Dixit et al. 2015). Some of the microorganisms useful in 
bioremediation of heavy metals are Flavobacterium spp., Rhodococcus spp., 
Pseudomonas spp., Alcaligenes spp., Arthrobacter and Bacillus spp., 
Corynebacterium spp., Azotobacter spp., Nocardia spp., Mycobacterium spp., 
Methosinus spp., etc. (Girma 2015).

7.5.4.3  Animal Remediation
Animal remediation is in accordance with the characterization of some lower ani-
mals by adsorbing, degrading, and migrating the heavy metals and thus minimizing 
their toxicity. For example, earthworm’s activities can increase the availability of 
soil nutrients in soils which is a well-known fact. Hopkin (1989) has indicated that 
these earthworms have specificity and capacity to regulate metals in their bodies, 
but it could be species specific and can even reproduce in metal-contaminated soil 
(Spurgeon et  al. 1994). Aporrectodea caliginosa and Lumbricus rubellus were 
found accumulating Zn, Cd, Pb, and Cu in their tissues (Dai et al. 2004). The earth-
worm species specific to a particular soil types and forms of metal have been 
reviewed by Nahmani et al. (2007) for specific metal uptake and accumulation. But 
very little attention has been paid to the impact of earthworms on soil metals either 
for metal mobility or availability (Sizmur and Hodson 2009). Recent developments 
in science have demonstrated the presence of metal-tolerant earthworms and change 
the fractional distribution of heavy metals in contaminated soil too, besides enhance-
ment in the metal availability (Dandan et al. 2007). As they have the potential for 
bioaccumulation of metals in their chloragogenous tissues, they can serve as soil 
contamination indicator (Usmani and Kumar 2015). Dabke (2013) has found that 
earthworms Eisenia fetida (Annelida: Oligochaeta) removed heavy metals like 
chromium via bioaccumulation and also stimulate microbial remediation by increas-
ing bacteria and improving soil aeration. Although Eisenia fetida can remove the 
chromium and cadmium metals, their effectiveness in removing cadmium is more 
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than chromium (Aseman-Bashiz et  al. 2014). In addition, Ni (Kaur and Hundal 
2015) and lead (Kaur and Hundal 2015; Prashanth and Prabha 2016) were also 
taken up by earthworm. Sahu and Sharma (2016) could even find mercury uptake by 
earthworms Eudrilus eugeniae and Hyperiodrilus africanus (Ekperusi et al. 2016). 
The same could remediate diesel-contaminated soils also (Ekperusi and Aigbodion 
2015).

7.5.4.4  Phytoremediation
Phytoremediation is a cost-effective, environment-friendly method (Datta and 
Darkar 2004), an emerging green technology that uses plants to degrade; stabilize 
from sediment, surface, groundwater, organics, and radionuclides; and remove soil 
contaminants, for example, Pteris vittata. Microbiota from the rhizosphere could 
enhance phytoremediation, besides the use of genetic engineering (Marques et al. 
2009). Plants with rapid biomass gain with high metal uptake are needed (Khan 
et al. 2000). Graminaceous species and cultivars have a wide variation for Al toler-
ance. In cereal crops, the Al tolerance usually follows rice and rye (Secale 
cereale) > oat (Avena sativa) > wheat > barley (Bona et al. 1993). Plants may also 
be useful for metal decontamination of the polluted soils (Is et  al. 2002). 
Phytoremediation has been grouped into phytoextraction (Lasat, 2002; Mahmood 
2010; Sun et  al. 2011; Pajević et  al. 2016), phyto-degradation (Newman and 
Reynolds 2004), rhizofiltration (Yadav et al. 2011; Veselý et al. 2011), phytostabili-
zation (China et  al. 2014; Garaiyurrebaso et  al. 2017), and phytovolatilization 
(Sakakibara et al. 2010). Among these, phytoextraction is generally most suitable 
for heavy metal contaminated soils like in the case of arsenic. Phytoextraction can 
be accomplished by using either tolerant, high-biomass plant species cottonwood 
(Populus deltoides Bartr.), cypress (Taxodium distichum L.), eucalyptus (E. ampli-
folia Naudin, E. camaldulensis Dehnh, and E. grandis Hill), and leucaena (L. leuco-
cephala L.) or hyperaccumulator plant species. The latter (Fig. 7.3) has the advantage 
of producing more concentrated residue, facilitating the final disposal of the 
contaminant- rich biomass.

Fig. 7.3 Phytoremediation through growing marigold (a) and amaranthus (b)
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 Relative Tolerance of Plants
Plants vary in their sensitivity/tolerance toward heavy metal toxicity. A sophisti-
cated network of defense strategies is essential either to avoid or tolerate heavy 
metal intoxication. A screening experiment carried out at Tamil Nadu Agricultural 
University, Coimbatore (Shukla and Behera 2012), to identify the poor, moderate, 
and hyperaccumulators for the heavy metals indicated that among the food crops, 
highest fresh biomass yield was recorded with Amaranthus species while the lowest 
biomass for sunflower. The dominance of extractability was in the order of 
Pb > Ni > Zn > Cu > Cd in sewage-irrigated soil after harvest. The highest Pb avail-
ability was recorded in the soil grown with sorghum (16.46 mg kg−1) while the low-
est in amaranthus (7.38 mg kg−1). Similarly the Cd availability was ranged from 
0.34 to 0.706 mg kg−1 and highest extractability in cluster bean soils. With regard to 
Ni, the values varied from 3.47 to 8.71 mg kg−1, and the highest extractability was 
noticed with radish. The soils grown with mustard recorded the higher Zn extract-
ability (9.55  mg kg−1) followed by amaranthus (9.35  mg kg−1). Cu availability 
ranged between 3.50 and 7.70 mg kg−1. The highest heavy metal contents such as Pb 
(498 mg kg−1), Ni (442 mg kg−1), Zn (516 mg kg−1), and Cu (193 mg kg−1) were 
recorded in mustard crop. The lowest tissue concentration of Pb was noted with 
brinjal (124 mg kg−1), Cd and Ni in tomato (7.9 and 135 mg kg−1, respectively), Zn 
in beans (74 mg kg−1), and Cu in lablab (25.9 mg kg−1). Shukla and Behera (2012) 
used the metal accumulation ratio using total soil metal status and plant tissue con-
centration to screen the crops for hyperaccumulation (Table 7.7). The crops having 

Table 7.7 Metal accumulation ratio of food crops

Plant sp.
Metal accumulation ratio
Pb Cd Ni Zn Cu

Maize 1.81 0.88 1.88 1.34 1.09
Sunflower 0.77 0.66 1.04 0.32 0.63
Tomato 0.79 0.65 0.74 0.41 0.49
Okra 0.90 0.73 0.76 0.58 0.46
Amaranthus 2.31 0.74 2.14 1.00 1.09
Mustard 2.37 0.73 2.43 1.47 1.20
Spinach 0.88 0.85 1.61 0.87 0.85
Beans 0.66 0.96 0.80 0.21 0.48
Cluster bean 1.00 1.09 0.75 0.32 0.48
Cauliflower 0.63 1.03 0.77 0.41 0.64
Radish 0.67 2.21 0.78 0.21 0.55
Brinjal 0.59 1.14 0.83 0.26 0.52
Thandu keerai 1.83 1.00 2.18 0.71 1.09
Avarai 0.74 0.94 1.00 0.26 0.16
Sorghum 0.77 1.19 0.84 0.32 0.64
Agathi 0.71 1.07 0.77 0.34 0.47
Fodder cowpea 1.10 0.91 1.04 0.23 0.35

Source: Shukla and Behera (2012)
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a metal accumulation ratio of more than one were taken as hyperaccumulators and 
are included in Table 7.8.

Among the nonfood crops, the highest biomass yield was recorded with cocks-
comb (27.9 g pot−1) followed by castor (22.9 g pot−1), balsam (22.5 g pot−1), and 
globe amaranth (22.1 g pot−1) out of the eight crops tested. The poor biomass yield 
was registered with Zinnia (8.08  g pot−1). The highest DTPA-extractable Pb 
(21.05 mg kg−1), Ni (9.02 mg kg−1), Zn (15.4 mg kg−1), Cu (6.40 mg kg−1), and Cd 
(0.926 mg kg−1) were recorded in soil grown with castor crop. The lowest metal 
extractability was noticed with aster (Pb), cockscomb (Cd), globe amaranth (Ni), 
balsam (Zn), and Zinnia (Cu). The tissue heavy metal content varied with test crops, 
and the order of higher absorption was Pb > Zn > Ni > Cu > Cd. The highest tissue 
content of Pb and Cu was observed with castor, and the values varied from 151 to 
440 mg kg−1 and 116 to 223 mg kg−1, respectively. The absorption of Pb and Cu was 
the lowest in cockscomb and balsam. With regard to Cd, Ni, and Zn, the highest 
content was registered with marigold, and the lowest values were noted with cocks-
comb and aster. The values ranged from 10.4 to 13.3 mg Cd kg−1, 141 to 300 mg Ni 
kg−1, and 63 to 434 mg Zn kg−1. To screen the nonfood crops for hyperaccumula-
tion, the metal accumulation ratio was calculated by using total soil metal status and 
plant tissue concentration. For remediating the Pb-contaminated soils, castor and 
marigold were recommended by Shukla and Behera (2012). Among the 25 food and 
nonfood crops tested by them, mustard, amaranthus, maize in food crops and castor, 
and marigold under nonfood crops were found to possess higher hyperaccumulation 
potentials for remediating Pb-polluted soils. Since food crops cannot be used effec-
tively, the nonfood crops were recommended to remediate the Pb-polluted soils.

 Technologies for Phytoremediation
Amaranthus and marigold when cultivated in the Pb-contaminated sites indicate 
that their biomass yield, Pb availability, its absorption, and removal were signifi-
cantly influenced by the levels of EDTA and organic manure addition. The order of 
higher biomass production was marigold > castor wild > castor hybrid > fodder 
cowpea > cluster bean > amaranthus. Among the organics, higher biomass yield was 
recorded with 5  t FYM ha−1 in amaranthus and cluster bean, while with fodder 

Table 7.8 Classification of hyperaccumulators and poor accumulators of heavy metals

Heavy 
metals Hyperaccumulators Poor accumulators
Pb Mustard, amaranthus, maize, cluster bean,  

fodder cowpea
Brinjal, cauliflower, 
beans

Cd Radish, cluster bean, cauliflower, Brinjal, Amaranthus, 
sorghum, Sesbania

Tomato, sunflower

Ni Amaranthus, mustard, spinach, maize, cowpea, 
sunflower

Tomato, okra

Zn Mustard, Amaranthus, maize Radish, beans
Cu Mustard, Amaranthus, maize Lablab

Source: Shukla and Behera (2012)
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cowpea, marigold, castor wild, and hybrid, addition of green leaf manure at 5 t ha−1 
registered the highest biomass yield. The interaction effect was found nonsignifi-
cant (Shukla and Tiwari 2014).

Shukla and Tiwari (2014) have also found that increasing levels of EDTA 
increased the biomass production of both crops up to 50 mg kg−1 and showed a 
decline at 100 mg EDTA kg−1 of soil. Increasing levels of EDTA addition increased 
the extractability of Pb, and its availability in various pools and the order of higher 
availability was organically bound > exchangeable + adsorbed > water soluble Pb. 
Addition of 5 Mg FYM with 100 mg EDTA kg−1 recorded higher bioavailable frac-
tions followed by green leaf manure (Table 7.9). Higher Pb removal and phytoex-
traction efficiency was noted with the addition of 5 mg FYM + 50 mg kg−1 EDTA 
for amaranthus and 5 t GLM + 100 mg kg−1 EDTA for marigold. However between 
the crops, marigold crop possesses higher TCF and BCF and highly efficient in 
removing more Pb from soil and thus can be recommended to decontaminate the 
Pb-polluted soils.

Application of organics/green leaf manures could remediate Pb pollution. 
Application of 100 mg EDTA kg−1 along with either 5 t FYM or green leaf manure 
ha−1 was found to be the best in increasing the availability of Pb and its absorption 
by crops. Increasing levels of EDTA addition increased the extractability of Pb, and 
the percent increase was marked in amaranthus (48.0%) followed by fodder cowpea 
(26.0%) > cluster bean (22%) and marigold (19.6%). EDTA and organics addition 
significantly increased the Pb content and its translocation from root to shoot.

7.6  Conclusions

Heavy metals refer to some significant elements of biological toxicity, including 
mercury (Hg), lead (Pb), chromium (Cr), cadmium (Cd), arsenic (As), etc., that 
enter soil as soil pollutants through various routes either knowingly or unknowingly 
due to increase in anthropogenic activities and industrialization. In recent years, 
rapid industrialization has increased the diversity of heavy metal deposition on the 
soil, resulting in serious environment deterioration. Crops grown in polluted soils 
get affected and pollutants are transported to edible plant parts gradually. Further, 
they migrate into the food chain by direct or indirect usage of respective crops. 
Heavy metals get recycled back to soil through various means like addition of crop 
residues and animal excreta etc. And thus the soil polluters follow the 

Table 7.9 Effect of EDTA (mg kg−1) and organics on the translocation coefficient of crops

EDTA
Amaranthus Marigold
Nil FYM GLM MI Mean Nil FYM GLM MI Mean

0 1.28 1.42 1.48 1.38 1.39 1.76 2.24 1.93 2.15 2.02
50 1.37 1.69 1.54 1.44 1.51 1.60 2.37 2.42 2.16 2.14
100 1.20 1.81 1.70 1.55 1.57 1.84 2.22 2.37 2.25 2.17
Mean 1.28 1.64 1.57 1.46 1.73 2.28 2.24 2.19

Source: Shukla and Tiwari (2014)
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soil-plant- animal-human-soil continuum. Although there are several tolerant plants 
to various heavy metals at varied degrees, plants grown on these soils show an 
impairment in growth. Several available remediation methods, viz., bioremediation, 
microbial remediation, and electrokinetic remediation, have varying degrees of 
merits and demerits need to be selected based on the local conditions. Although 
bioremediation is an effective method of treating heavy metal polluted soils, the 
return of heavy metal to the soil cannot be ruled out.
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8Current Trends in Salinity 
and Waterlogging Tolerance
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Abstract
Soil salinity and waterlogging together impair crop production on at least one- 
fourth of the irrigated land worldwide and cause yield loses ranging from 15 to 
80%. Much has been reported on plant accumulation to waterlogging and salin-
ity in terms of physiological, biochemical and anatomical modifications. 
Genome-level profiling coupled with systematic genetic analysis is the need of 
the hour to understand the underlying mechanism regulating stress tolerance. 
The accumulation of organic osmolytes and proteins from the late embryogene-
sis abundant (LEA) superfamily adds on to maintenance of low intracellular 
osmotic potential of plants. A significant upregulation of several other pathways 
including calcium signalling, sulphur assimilation and ROS detoxification is 
associated with salinity stress response. Salinity stress induces widespread pro-
teome modification in crop plants, and study of proteome has proved to be a very 
efficient approach to study plant salt stress tolerance. Approaches like metabolic 
fingerprinting, metabolite profiling and targeted analysis are gaining wide impor-
tance to investigate salinity stress tolerance of crops. Plants respond to low oxy-
gen condition in three distinct stages. These are signal transfer (Stage a, 0–4 h), 
metabolic reprogramming (Stage b, 4–24 h) and morphological transformations 
brought about by the first two stages (Stage c, 24–48 h). Genomic studies have 
classified genes activated under waterlogging stress into three categories: low 
oxygen-sensing and cell signalling-involved genes, metabolic adjustment genes 
and genes that maintain plant internal microenvironments. Search for quantita-
tive trait loci (QTLs) controlling vital traits linked to waterlogging tolerance has 
gained momentum in recent years. Integration of all the key omics approaches 
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should be another vital target to research groups working across the globe to 
further progress towards the ultimate goal of developing salt tolerant crop variet-
ies without compromising yield.

8.1  Introduction

Any external limitation (salinity, high temperature, water, biotic factors, etc.) that 
lowers plants’ capacity to fix atmospheric carbon dioxide into triose phosphates is 
defined as stress (Grime 1977). Global agriculture is struck with the primary chal-
lenge to produce 70% more food for the burgeoning population in an era where 
productivity of crops is approaching towards stagnation. Moreover, total production 
is also decreasing rapidly because of the adverse effects of various environmental 
stresses. To limit this crop loss due to various abiotic and biotic stressors is a major 
area of research to feed the ever-increasing population (Shanker and Venkateswarlu 
2011). Among the abiotic stressors, excess soluble salts, water deficit, waterlogging 
and heat negatively affect the growth and yield of staple food crops up to 70% 
(Ahmad et al. 2012).

Excess salts in the soil are one of the major constraints which impair crop 
production of at least one-fifth of the global irrigated land. The issue has been 
further aggravated by unscientific agricultural practices such as intensive irriga-
tion (Zhu 2001). The negative effect of excess ions such as Na+ and/or Cl− on 
crop plants is called salt stress (Munns 2005). On the basis of type, characteris-
tics and crop growth relationships in saline soils, two main types of soils have 
been coined by Szabolcs (1974). These are (i) saline soils, in which NaCl and 
Na2SO4 and SO4

− of Ca2+ and Mg2+ are the major and partial contributors, respec-
tively, and (ii) sodic soils – Na2CO3 is the major player in this category which is 
capable of alkaline hydrolysis.

Excessive soil moisture in rhizosphere or waterlogging is also another major 
abiotic stress in which diffusion of gases is reduced almost four orders of magnitude 
compared with that in the atmosphere. Waterlogging depleted the oxygen in the root 
zone either complete (anoxia) or partial (hypoxia) (Malik et al. 2002). Oxygen is 
rapidly depleted, whereas gases like CO2 and ethylene accumulate rapidly approach-
ing gradual anaerobiosis in hours or even in days. Measurements of intensity of 
waterlogging relate to the chemical changes which are associated with oxidation 
and reduction status of soil environment. With time of waterlogging, soil loses much 
or all of its O2, and concentrations of other gases increase; certain microelements are 
reduced and increase in soil solution that showed phytotoxicity. In addition, energy 
deficiency or limitations faced by the plant which cause changes in root permeabil-
ity are also important factors. In view of the changing climate, erratic distribution of 
rainfall may often lead to waterlogging. Soil physical properties, i.e. low hydraulic 
conductivity and crust on the soil surface or of a subsoil hardpan especially in alka-
line soil, contribute to waterlogging event. The yield loss caused by waterlogging 
may range from 15 to 80%, varying with duration of the stress, soil types and 
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tolerance of different species. The term ‘water1ogging’ is defined as a condition of 
the soils where excess water inhibits gas exchange of roots with the atmosphere. 
Waterlogging can be differentiated from ‘flooding’ because of the partial or com-
plete submergence of the shoot in the case of flooding. Waterlogging may be defined 
as plant survival or relative growth rate, grain yield or biomass accumulation under 
waterlogging compared with non-waterlogged conditions (Setter and Waters 2003). 
Submergence blocks direct exchange of gases between the entire plant body and air 
resulting in decreased O2 and CO2 levels. Over and above complete submergence 
usually reduces the photosynthetic rate due to low concentrations of CO2 and lim-
ited light access underwater (Colmer 2003).

8.2  Salt Stress

Build-up of excess salts over a period of time mediated by natural processes in the 
soil or groundwater is called as primary salinity. Weathering of parent materials 
which break down rocks and release soluble salts of various types and the deposi-
tion of oceanic salt carried in wind and rain are the two major contributors towards 
primary salinity. ‘Cyclic salts’ mainly constitute sodium chloride which is ocean 
salts carried into the land via wind. Human activities that change the hydrologic 
balance of the soil in terms of water applied (irrigation or rainfall) and water used 
by crops (transpiration) result in secondary salinization (Garg and Manchanda 
2008). Land clearing and monocropping with annual crops combined with unscien-
tific, intensive irrigation using saline ground water with poor drainage are the major 
causes of secondary salinity. As per the United Nations Food and Agriculture 
Organization (FAO) reports, more than 400 million hectares of the global area are 
affected by salinity (Koohafkan 2012). This trend of increase in salinization of 
proper agricultural land is projected to reduce the availability of cultivable land by 
50% in 2050 (Rani et al. 2012). Removal of excess salts from the crop root zone by 
fresh water irrigation and followed by leaching or improving the tolerance ability of 
the crop plants to such elevated levels of salts are the two approaches to combat soil 
salinity (Plaut et al. 2013).

8.2.1  Crop Plants Under Saline Condition

Plant growth is affected by excess salts in two major ways. Firstly, the presence of 
excessive salts in the soil reduces the water potential of the soil solution and thereby 
impedes the water potential gradient which is highly inevitable for plants to take up 
water from the soil solution. This is called as the osmotic phase of salinity. Secondly, 
excess salts, if entered in to the sensitive plant tissues via the transpiration stream, 
may cause specific cellular distortions and growth reduction. This is called as the 
ionic phase of salinity (Greenway and Munns 1980). The adverse effects of salinity 
on crop plants can be summarized as follows:
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• Excess salts create cellular osmotic imbalance and specific ionic effects which 
together hinder crop growth and development (Zhu 2002). Therefore, salinity 
affects almost all primary metabolic pathways of plant leading to its demise.

• Salinity mediated cellular ionic imbalance leads to altered cellular K+/Na+ ratio. 
The high sodium content in external soil solution negatively impacts intracellular 
K+ influx.

• The build-up of cellular Na+ and Cl− ions can be ultimately detrimental to the 
cell. The excess Na+ dissipates the membrane potential and therefore facilitates 
the uptake of Cl− down the gradient.

• Extremely high Na+ (> 100 mM) inhibits the activity of many enzymes, affects 
cell division and expansion and specifically damages the cellular membrane net-
work paving way for extreme growth reduction.

• Increased Na+ ions negatively affect net carbon assimilation and may produce 
various reactive oxygen species due to altered cellular energetic.

• Alteration in the cellular K+ content negatively affects activity of enzymes requir-
ing K+ as cofactor and disturbs the cellular osmotic balance and may also affect 
stomatal functions.

• High salinity can be detrimental to sensitive plant tissues like leaves because of 
the specific ionic effects. It may cause salt injury, and excess salts tend to accu-
mulate preferentially in the older leaves, thereby protecting the younger leaves 
from desiccation (Munns et al. 2006).

• High salinity has been reported to negatively affect cortical microtubule organi-
zation and helical growth in Arabidopsis (Shoji et al. 2006). Figure 8.1 depicts 
the overall effect of salinity on plants and corresponding adaptive behaviour.
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Fig. 8.1 Effects of high salinity on plants and the corresponding adaptive responses
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8.2.2  Adverse Effects of Waterlogging or Submergence Stress

Waterlogging triggers a number of different stress responses in plants. Whereas 
oxygen concentrations in well-drained, porous soil are nearly equal to atmospheric 
concentrations (20.6% oxygen, 20.6  kPa), the diffusion coefficient of oxygen in 
water is four times lower than that in air. When flooding occurs, soil gases are 
replaced with water thereby reduced the entry of oxygen into the soil and making it 
difficult for roots and other parts to carry out respiration. Free water is essential for 
the growth of all higher plants. However, excess water in the rhizosphere of plants 
is detrimental or lethal when it forms a barrier between soil and free transfer of 
gases, such as oxygen (O2) and carbon dioxide (CO2) (Drew 1997), with the effect 
of meagre supply of oxygen being the most significant. Symptoms of waterlogging 
stress in young plants may also be acquainted with hydroponic plants lacking in 
proper aeration (Trought and Drew 1980). Fully immersed plants may also experi-
ence shading stress (Sarkar and Panda 2009). The waterlogging symptoms in plant 
traits are given in Table 8.1.

8.2.3  Elemental Toxicities Under Waterlogging

The decreased redox potential incepted by flooding stress increases the accumula-
tion and solubility of many toxic metals, including manganese, iron, sulphur and 
phosphorus (Jackson and Drew 1984). Besides elemental toxicities in root tips, 
enhanced concentration of secondary metabolites such as phenolics and volatile 
fatty acids could be injurious in the low-pH rhizosphere (Shabala 2011). 
Waterlogging further reduced soil pH by higher concentration of CO2 and volatile 
organic acids accumulated in the root zone (Greenway et al. 2006). Under water-
logged soils ethylene plays as metabolite toxicity which supresses the root expan-
sion; however, re-entrance of oxygen in recovery phase and ethanol in anoxic cells 
transformed into acetaldehyde that may cause cell injuries (Bailey-Serres and 
Voesenek 2008). Waterlogging is an inherent phenomenon of heavy textured sodic 
soils, and it was demonstrated that under waterlogged conditions, the accumulation 
of Na+ and Cl− in shoots is greater than salt stress condition because energy (ATP) 
crisis caused by waterlogging-induced anoxic stress attenuates the exclusion of Na+ 
and Cl− (Teakle et al. 2010).

8.2.4  Salt Tolerance Strategies in Plants

The specific cellular mechanism causing minimum loss of yield in a saline soil 
compared to the maximum yield in a normal soil is called salinity tolerance. 
Resistance strategy to excess salts can be mainly grouped into (1) avoidance and (2) 
tolerance (cellular and molecular approaches) mechanisms (Fu et al. 2011; Vinocur 
and Altman 2005). The halophytes which can tolerate high amounts of salt display 
an efficient avoidance mechanism whereby which it separates salts from sensitive 
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plant parts. The avoidance mechanisms are mostly a result of whole plant level 
responses which try to keep the plant away from excess salts (Kumar Parida and Jha 
2010). Some tactics of salt avoidance in halophytes are as follows:

Table 8.1 Effect of waterlogging on morphological and physiological traits

Traits/Effects References
Morphological traits
  Chlorosis of lower leaves Van Ginkel et al. (1992)
  Early senescence of lower leaves Dong et al. (1983) and Dong 

and Yu (1984)
  Decreased plant height Sharma and Swarup (1989) 

and Wu et al. (1992)
  Delayed ear emergence Sharma and Swarup (1989)
  Reduced root and shoot growth Huang and Johnson (1995)
  Lower number of spike-bearing tillers Sharma and Swarup (1989) 

and Wu et al. (1992)
  Fewer grains per spikelet and reduced kernel weight Van Ginkel et al. (1992)
Histological traits
  Reduced diameter of metaxylem and protoxylem vessels of 

the nodal roots
Huang et al. (1994)

  Enhanced formation of aerenchyma cells in the cortical 
tissue of both seminal and nodal roots

Huang et al. (1994) and Boru 
(1996)

  Leakage of cell electrolytes Wang et al. (1996)
Physiological traits
  Reduced uptake of N, P, K+, Ca, Mg and Zn while 

increasing Na+, Fe and Mn absorption under alkaline soil 
conditions

Sharma and Swarup (1989) 
and Stieger and Feller (1994b)

  Reduced root respiration Wu et al. (1992)
  Lowered rates of plant photosynthesis, stomatal 

conductance and transpiration
Dong and Yu (1984)

  Inhibited transport of sugars from the shoots to the roots Waters et al. (1991a, b)
  Inhibited biosynthesis of new tissue Attwell et al. (1985)
  Spikelets fertility linked to lower transpiration and hence 

low uptake of boron (and other nutrients)
Rawson and Subedi (1996)

  Ethylene production increases and acts as a trigger (not 
promoter) of accelerated wheat plant senescence

Dong et al. (1983)

  Exogenous cytokinins delayed degradation of chlorophyll 
and other biochemical processes

Dong and Yu (1984)

  Enhancement of ACC (1-aminocyclopropane-1-carboxylic 
acid), its precursor and ethylene in older leaves

Dong et al. (1986)

  Less nitrogen concentrates and accumulates in the upper 
leaves

McDonald and Gardner 
(1987)

  Nitrogen remobilization from lower leaves is accelerated on 
flooded soils and explains their chlorosis

Stieger and Feller (1994b)

  Reduced rooting depth and increased root porosity Yu et al. (1969)

Adopted from Samad et al. (2001)
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• Exclusion: This is the primary avoidance mechanism by which excess ions are 
pumped out of the root cell.

• Secretion: Certain crop species possess specialized cells called as salt glands and 
specialized hairs through which they secrete excess salts.

• Shedding: Most crop species preferentially accumulate salts in the older leaves 
and shed them off to protect the actively growing younger leaves from the detri-
mental effects of salt.

• Succulence: This is an adaptive behaviour of certain species which possess thick 
leaves with large mesophyll cells and lesser surface area which minimizes water 
loss.

• Stomatal response: This is seen in certain halophytes where, in order to limit the 
intake of Na+, their guard cell uses K+ instead of Na+ (Roy et al. 2014).

These avoidance mechanisms, in general, cannot be manipulated on a practical 
scale to achieve improved salt resistance. The mechanism behind avoidance is in 
turn dependent on certain other mechanism at the cellular level (Vinocur and Altman 
2005). However, tolerance mechanism, which is the ability of crop plants to modify 
their cellular ambience in such a way as to grow and develop under saline condition, 
is amenable to manipulations. Improvement in salinity tolerance of crop plants has 
been obtained by classical breeding, comprising of large-scale screening of land 
races and germplasm (Roy and Sengupta 2014), transgressive segregation (Shahbaz 
and Ashraf 2013) and triple test cross (Sadat Noori and Sokhansanj 2004). Genetic 
engineering is another tool which has been applied in the development of salt- 
tolerant crop species by introgression of genes/QTLs controlling salt stress signal-
ling at the cellular level (Hossain et al. 2007; Roy et al. 2014; Vinocur and Altman 
2005). Omics tools like genomics, transcriptomics, proteomics, metabolomics, etc. 
are another aspect of advanced molecular biology which aids to identify and func-
tionally characterize the salt tolerance components and mechanisms at the molecu-
lar level (Inan et al. 2004), and these are briefed below.

8.2.5  Genomics Under Salt Stress

Plants respond to abiotic stresses at the cellular level and whole plant level on a 
synergistic basis. The primary signal related to any abiotic stress is first sensed by 
the receptors (histidine kinases, F-box proteins, G-protein-coupled receptors), 
which leads to a spike in the production of numerous secondary signal molecules, 
such as Ca2+, inositol phosphates, ROS and abscisic acid. These molecules together 
with the residual stress signal activate a set of transcription factors inside the nucleus 
to upregulate or downregulate multiple stress-responsive genes, the products of 
which ultimately lead to improved salt stress tolerance (Fig. 8.2). Tolerant crop spe-
cies may contain certain unique differentially expressing stress-responsive genes as 
compared to sensitive species. Genome-level profiling, together with systematic 
genetic analysis, has a huge potential in bringing out novel candidate genes/QTLs 
along with key signalling networks that control salt stress tolerance.
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8.2.6  Role of NHX and SOS in Salinity Tolerance

Plants maintain a low cellular Na+/K+ ratio by virtue of two major antiporters, i.e. 
Na+/H+ exchanger 1 (NHX1) located on the vacuolar membrane (Blumwald and 
Poole 1985) and cell membrane-localized salt overly sensitive 1 (SOS1) (Yamaguchi 
et  al. 2013). A genetic screen identified three distinct salt overly sensitive SOS 
mutant loci in Arabidopsis thaliana, which make plants extremely sensitive to ele-
vated levels of Na+ and Li+ but not to the general osmotic stress (Zhu et al. 1998). 
Initial research groups working on SOS mutants found retarded growth of these 
mutants under low K+ conditions, which led them to assume that SOS mutant loci 
are vital components for K+ acquisition and signal transduction during salinity 
stress (Wu et al. 1996; Zhu et al. 1998). Allelic tests confirmed that SOS mutants 
delineate three SOS loci, i.e. SOS1, SOS2 and SOS3 (Martínez-Atienza et al. 2007). 
Mutants of SOS1 exhibited deficiency in the high-affinity K+ uptake in roots, which 
suggested a major role of SOS1 locus in high-affinity K+ absorption into roots (Wu 
et al. 1996). Interestingly, however, the SOS1 gene was later found to encode Na+/
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H+ antiporter, located at the cell membrane which pumps Na+ out of the cell (Shi 
et al. 2000). Apart from its role as a Na+ transporter, SOS1 possesses a large cyto-
solic domain including Na+ sensor.

SOS2 and SOS3 loci were found to encode a protein kinase and a Ca2+-binding 
protein, respectively (Halfter et al. 2000). They were later classified into larger pro-
tein families of calcineurin B-like proteins (CBL) and CBL-interacting protein 
kinases (CIPK), and therefore SOS2 and SOS3 are also known as CIPK24 and 
CBL4, respectively (Martínez-Atienza et al. 2007). The complete model depicting 
the functional salt overly sensitive pathway was later proposed in which the 
N-myristoylated SOS3 forms a dimer with SOS2, and this complex gets targeted to 
the plasma membrane where it phosphorylates and activates the Na+ efflux protein 
SOS1 (Qui et al. 2002). Calcineurin has been reported to play a pivotal role in the 
regulation of Na+ and K+ transport in yeast. Calcineurin B mutants displayed 
increased sensitivity to growth inhibition by Na+ and Li+ stresses (Mendoza et al. 
1994). Apart from its regulation by SOS2, SOS1 may also be regulated by SOS4. 
SOS4 is involved in the formation of pyridoxal-5-phosphate. SOS1 protein consists 
of a putative binding sequence for this cofactor, and thus this cofactor may act as a 
ligand for SOS1 protein (Shi and Zhu 2002). Quan et al. (2007) reported SOS3-like 
calcium-binding protein8 (SCaBP8) that together with SOS3 activates SOS2. Lin 
et al. (2009) further reported that SOS2 also phosphorylates and activates down-
stream SCaBP8 but not SOS3. Recently, SOS4 and SOS5 have also been character-
ized. SOS4 encodes a pyridoxal (PL) kinase involved in the biosynthesis of 
pyridoxal-5-phosphate (PLP). SOS5 has been reported to play a major role in cell 
wall formation and maintenance of its wholeness which are critical aspects of nor-
mal growth and cellular expansion under salt stress (Mahajan et al. 2008). Overall, 
it can be concluded that each and every component of this versatile pathway inter-
acts with other branching components and may cross talk to maintain ionic homeo-
stasis and thereby attain improved salt tolerance.

Enhanced salt tolerance has been reported in Arabidopsis, tomato and rice plants 
which constitutively overexpressed NHX1 gene (Zhang et  al. 2001). These 
NHX1overexpressing plants showed increased vacuolar K+ content and increased 
translocation of K+ from root to shoot (Bassil et al. 2011). NHX-type proteins are 
highly important for efficient localization of cellular K+ in vacuoles and are key 
candidate players involved in maintenance of cellular pH homeostasis (Barragan 
et al. 2012). Moreover, tomato LeNHX3 maps to a quantitative trait locus (QTL) 
related to leaf Na+ accumulation (Villalta et al. 2008). Apart from its primary role as 
antiporters, NHX proteins play a much wider role as osmoregulators, cell growth 
regulators, vesicular trafficking, protein processing and overall plant development 
(Leidi et al. 2010; Krebs et al. 2010).

8.2.7  HKT Genes for Salinity Tolerance and Root to Shoot Na+ 
Partitioning

The first identified HKT gene was that of wheat (Triticum aestivum) (TaHKT2;1) 
which mediates Na+/K+ cation transport (Rubio et al. 1995). Further, this led to the 
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identification and characterization of multiple HKT genes from different crop spe-
cies (Horie et al. 2009). AtHKT1;1 and its rice ortholog OsHKT1;5 played a major 
role in pumping out excess Na+ from the xylem sap into the parenchyma cells 
thereby keeping Na+ away from the sensitive leaves (Davenport et al. 2007). In such 
a kind of HKT-mediated xylem, Na+ unloading is highly imperative for improved 
salt tolerance in many crops (James et al. 2006; Byrt et al. 2007). Analysis of QTLs 
controlling salt tolerance led to the identification of another strong salt tolerance 
QTL named Nax1 in wheat (Munns 2003). This locus has been mapped to a region 
that encodes HKT transporter (TaHKT1;4) which plays a major role in removing 
excess Na+ from xylem into surrounding cells thereby protecting the more sensitive 
leaf blade from this dangerous ion (Huang et al. 2006).

8.2.8  Genes Contributing to Osmotic or Protective Function

Salinity mediated accumulation of compatible solutes like proline, N containing 
compounds like glycine betaine, polyols, polyamines and compounds belonging to 
the late embryogenesis abundant (LEA) superfamily plays a major role in lowering 
the intracellular water potential of plants and thereby regaining the lost water poten-
tial gradient (Verslues et  al. 2006). Proline is one among the major amino acids 
whose level increases several folds under salt stress, whereas its catabolism is stim-
ulated during recovery from stress (Sharma and Verslues 2010). Proline has been 
proposed to play a different role during recovery phase, in terms of signalling agent, 
regulator of cell proliferation, cell death and inducer of stress recovery-related 
genes (Szabados and Savoure 2010). Mutant plants lacking the P5CS1 gene coding 
for pyrroline-5-carboxylate synthase enzyme involved in proline biosynthesis have 
been reported to be salt hypersensitive (Szekely et al. 2008). Apart from its primary 
role in osmotic adjustment, proline has been found to play key roles as molecular 
chaperone, redox buffer and ROS scavenger and in protection of membranes and 
associated proteins during stress conditions (Verbruggen and Hermans 2008). 
Glycine betaine is another N-containing compound which has been reported to act 
as an organic osmolytes in several crop species. Crop plants accumulating glycine 
betaine under stress have thrown light on its mechanism of action by protecting the 
cellular membranous network and associated macromolecules under stress (Guinn 
et al. 2011). Glycine betaine has also been reported to act as a key regulator of anti-
oxidant enzyme activities (Chen and Murata 2011), whereas its direct role in ROS 
quenching is yet to be conclusively proven. Table 8.2 depicts the list of genes encod-
ing various compatible solutes whose overexpression improved salt tolerance in 
different plant species.

8.2.9  Genes that Control Cell and Tissue Growth Rates

Genes controlling cell and tissue growth rates are a part of a larger signalling net-
work comprising of a relay of units starting from the sensor, intermediary kinases 
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and phosphatases, hormones, transcription factors and an array of secondary signal-
ling molecules. Among these players, transcription factors are vital in connecting 
the sensory units to the ultimate tolerance responses. Major families of transcription 
factors including basic helix-loop-helix (bHLH), basic leucine zipper (bZIP), 
WRKY, APETALA2/Ethylene Response Factor (AP2/ERF) and NAC have been 
reported to exhibit differential expression pattern under salt stress condition 
(Golldack et al. 2011; Yang et al. 2009; Jiang and Deyholos 2009; Kasuga et al. 
1999; Cui et al. 2013; Jiang et al. 2009; Tran et al. 2004). These transcription factors 
specifically control the expression levels of various downstream target genes that 
ultimately affect the tolerance level to salt stress. Modulations in transcriptome have 
been reported to occur as early as 3 h after imposition of salt stress (Geng et al. 
2013). Ethylene has been recently proven to enhance salt tolerance in Arabidopsis 
by maintaining a lower Na+/K+ ratio under stress in shoot tissues (Jiang et al. 2013). 
Elevated ethylene in eto1 mutants lacking ethylene overproducer1 displayed oxida-
tive respiratory burst leading to ROS production in the root stellar tissues. This 
elevated ROS levels, in turn, reduced the Na+ influx in roots and reduced Na+ xylem 
loading and thereby maintained a lower cellular Na+/K+ ratio under stress conditions 
(Jiang et al. 2013).

8.2.10  Transcriptomic Approach Under Salt Stress

In the holistic study of the entire mRNA transcripts that collectively represent the 
spatial and temporal gene expression of a cell, tissue of a plant species under a spe-
cific biological situation is defined as transcriptomics (Thompson and Goggin 
2006).

Table 8.2 Osmolyte(s) and their corresponding gene(s) whose overexpression imparts salt stress 
tolerance

Solute type
Natural 
conct. (mM)

Overexpression studies that resulted into increased salt tolerance

Solute(s) Gene(s) Species
Conct. 
(mM) Reference

N-containing 
solutes

1–50 Proline, 
glycine, 
betaine

P5CS mod, 
codA, 
P5CS

Tobacco, rice 5–60 Nounjana 
et al. (2012)

Trehalose 0.005–0.10 Trehalose otsA, otsB, 
AtTPS1, 
AtTPS2

Rice 0.3 Baea et al.
(2005)

Straight chain 
polyhydric

1–50 Mannitol, 
sorbitol

mt1D, 
S6PDH, 
OemaT1

Wheat, 
tobacco, 
persimmon

2–60 Abebe et al. 
(2003)

Cyclic 
polyhydric 
alcohols

1–200 Ononitol imt1 Tobacco 35 Conde et al. 
(2007)

Adapted from Parihar et al. (2015)
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Sharma et al. (2015) reported transcriptome sequencing of B. juncea var. CS-52 
grown under control and imposed salt stress conditions. Differential gene expres-
sion analysis under imposed salt stress revealed numerous genes which may be 
specifically linked to various signalling pathways contributing to salt tolerance. 
Differential expression analysis of major salt-responsive genes in Brassica juncea 
and Brassica nigra (salt tolerant and susceptible, respectively) showed constitutive 
expression pattern of majority of the genes in Brassica juncea under control condi-
tions. Specific upregulation of cellular metabolic pathways including osmolytes 
biosynthesis, sulphur assimilation, calcium signalling and ROS scavenging has 
been reported to be correlated with response to high salt stress. Efficient energy 
conservation strategy was quite evident in the salt-tolerant Brassica species which 
downregulated the expression of genes involved in photosynthesis, carbohydrate 
metabolism and other anabolic pathways and upregulated genes involved in stress 
response such as ABA biosynthetic enzyme coding gene and 9-cis-epoxy- carotenoid 
dioxygenase 4 (NCED4).

Glutathione is another very important antioxidant molecule which acts as a redox 
sensor and plays a major role in maintaining lower levels of ROS via the glutathione- 
ascorbate cycle (Gill and Tuteja 2010). Numerous antioxidant compounds and 
enzymes constitute the glutathione-ascorbate cycle. Superoxide dismutase (SOD) is 
one component which catalyzes dismutation of lethal superoxide radical into hydro-
gen peroxide (H2O2). This H2O2 is further scavenged and reduced to water by ascor-
bate peroxidase with the concomitant oxidation of ascorbate (ASC) to 
monodehydroascorbic acid (MDHA). Monodehydroascorbate reductase enzyme 
converts the MDHA back in to ascorbate either directly or via a two-step process 
mediated by dehydroascorbate reductase. DHAR in turn uses reduced glutathione 
(GSH) which is regenerated from its oxidized form GSSG by the action of glutathi-
one reductase (GR), leading to removal of ROS. Sharma et al. (2015) showed sig-
nificant upregulation of various ROS scavenging genes like SOD, GPX, APX, DHAR 
and MDHAR under imposed salt stress though their initial transcript levels were 
also much higher in tolerant species as compared to the sensitive one. They also 
examined induction of proline biosynthesizing gene delta1-pyrroline-5-carboxylate 
synthase (P5CS) under salt stress conditions. Many researchers have previously 
suggested constitutive expression of salt-responsive genes in tolerant cultivars as a 
critical aspect of improved salt stress tolerance (Taji et al. 2004).

Recently, two proteins, a calcium-binding protein, namely, RSA1 (short root in 
salt medium 1) and a bHLH transcription factor (RITF1), have been reported to be 
a part of calcium-sensing metabolic pathway playing a major role in tolerance to 
salt stress in Arabidopsis (Guan et al. 2013). These two proteins interact with each 
other and form the RSA1-RITF1 complex which controls expression of major genes 
related to ROS scavenging and maintenance of cellular ionic homeostasis under salt 
stress (Guan et al. 2013). RITF1 was grouped along with peak 1% genes exhibiting 
more than 100-fold induction under salt stress by Sharma et al. (2015) giving clear 
indications that this bHLH transcription factor plays a major role in regulating 
downstream gene expression under imposed salt stress and may serve as a 
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molecular marker of stress tolerance. RITF1 also controls the expression of SOS1 
suggesting a connection in dual calcium-signalling pathways.

Overexpression of the transcription factor MYb 44  in a phosphorylation- 
dependent manner has been reported to confer salt stress tolerance in many crop 
species. ZAT7 is another zinc finger protein reported from Arabidopsis which regu-
lated the induction of many genes responsible for improved salt tolerance (Ciftci- 
Yilmaz et  al. 2007). OsNAC063 is another classical example of a transcription 
factor that was highly induced in rice roots exposed to excess salts (Yokotani et al. 
2009). Arabidopsis transgenic overexpressing ONAC063 displayed improved toler-
ance to high salt concentration and osmotic pressure suggesting a possible role of 
ONAC063 in the large salt stress signalling network. Another bHLH transcription 
factor from wild rice (OrbHLH2) has also recently been proven to enhance osmotic 
and ionic stress tolerance in Arabidopsis (Zhou et al. 2009).

Mitogen-associated protein kinases (MAPK) is another group of genes which 
have been associated with abiotic and biotic stress tolerance in animals and plants 
since time immemorial (Kyriakis and Avruch 2012; Rodriguez et al. 2010; Samajova 
et al. 2013). Single, double, triple and further downstream MPKs have been reported 
to be a part of the MPK cascade where in which a phosphorelay mechanism acti-
vates downstream MPK which in turn activates the target MPK. The mode of action 
of MPKs has been conclusively proven to be via phosphorylation of serine or threo-
nine residues of target proteins. Majority of the target proteins of MAP kinases 
possesses a kinase interaction motif (R/K+-x (2–6)-I/LxI/L) which has been shown 
to assist substrate binding (Schweighofer et al. 2007). Arabidopsis has been reported 
to have 20 MAPKs and 10 MAPKKs, out of which MKK4/MKK5 and their target 
proteins, MPK3/MPK6 in particular, are strongly linked with salt stress signalling. 
Recently, Campo et al. (2014) showed that overexpression of OsCPK4 improved 
salinity tolerance in rice by reducing peroxidation of the cellular membraneous 
network.

8.2.11  Proteomics and Salt Stress

Comparison of proteome between a salt-tolerant and susceptible cultivar reveals the 
differentially expressing proteins in terms of protein structure and activity. Salt 
stress upregulates specific signalling pathways leading to modulations in gene 
expression and ultimately leads to alter relative abundance and activity of various 
proteins. The differentially expressing proteins bring about profound changes in the 
cellular metabolism which can be broadly classified as short-term and long-term 
stress acclimatization responses. Short-term responses include those which are 
aimed at reducing the direct effect of salt stress such as lowering the water potential 
and maintenance of cellular ion homeostasis. Long-term adaptations include struc-
tural modifications at cellular level resulting in altered crop growth and develop-
ment. A mere study of differential abundance of proteins in tolerant variety does not 
give much idea about protein function under salt stress, and therefore functional 
analysis of differentially expressing proteins should be done as a part of validation 
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of comparative proteome. Functional analysis can be done by studying the subcel-
lular localization, interacting partners, post-translational modifications and influ-
ence of phenotype on the gene coding a particular protein. Salt stress-modulated 
proteins can be functionally categorized into various classes: energy metabolism, 
signalling, transporter (photosynthesis, respiration), primary metabolism, hormonal 
metabolism, stress countering proteins (ROS scavengers, PR proteins), cytoskeleton- 
linked proteins, secondary metabolism, etc. (Kosová et al. 2013) (Table 8.3).

Salinity stress induces widespread proteome alteration in crop plants, and analy-
sis of proteome is a very efficient tool to understand plant responses to salt stress 
(Sobhanian et al. 2011; Tahir et al. 2013). Zhang et al. (2012) reported a healthy 
database comprising of more than 2000 proteins specifically responding to salt 
stress, spread across 34 plant species, which has greatly improved our understand-
ing of salt stress tolerance mechanism. The basic tool applied in proteomic studies 
is still two-dimensional polyacrylamide gel electrophoresis (2-DE) which has been 
prolifically used in studies related to abiotic stress tolerance in crops (Ma et  al. 
2012). Here, we focus mainly on the major protein functional groups affected by 
salt stress.

Photosynthesis is one among the key physiological processes affected by salinity 
(Munns et  al. 2006; Chaves et  al. 2009). Proteomic analysis by Jia et  al. (2015) 

Table 8.3 Major protein functional groups revealing differential protein abundance under 
salinity

Protein functional group Increased protein Decreased protein
Signalling Annexin; calmodulin; OsRPK1; 

calreticulin MAPK; large GTP- 
binding protein, β subunit of 
heterotrimeric G protein; OsRac2; 
14–3-3

Ras GTPase, 14–3-3

Gene expression 
regulation, cell growth 
and division

NAC-α, HB1B, OSAP1, RNA 
helicase

NAC-α, poly(A)-binding 
protein

Photosynthesis 23 kDa (PsbP), ferredoxin-NADPH 
reductase, OEE2, RuBisCO activase, 
TPI, GAPDH, Glucose-6-P 
dehydrogenase

LHC, PC, OEE1, OEE2, 
RuBisCO LSU and SSU, 
RuBisCO activase, carbonic 
anhydrase, GAPDH, SBP, 
PGK, PRK, TK

Protein biosynthesis and 
degradation

eIF, eEF, eIF5A3; ribosomal proteins 
L12, L31, S29; proteasome 20S, 26S; 
GS

eIF-4E2, eEF, L10, L12, 
S3a, S12, L29, S5, GS

Protein folding DnaK chaperone, HSP70, small HSP, 
RuBisCO-binding protein subunit β 
(CPN60-β)

HSP90

Respiratory pathway 
and sucrose matabolism

FBP aldolase, GAPDH, TPI, ENO, 
succinyl-CoA ligase β subunit, MDH 
(NAD), cytochrome c oxidase subunit 
6b-1, ATP synthase CF1β,δ,ε ADK, 
NDPK1, ADH

ATP synthase CF1α,β-3, 
mtATP β-3

Adapted from Kosova et al. (2013)
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displayed a specific set (12) of photosynthetic proteins that were salt stress respon-
sive, which involves six proteins related to light reactions and six enzymes involved 
in carbon assimilation reactions. Surprisingly, majority of the proteins related to 
light reaction, including the oxygen-evolving complex, D1 protein of photosystem 
II, subunit VII of photosystem I, Chl a/b-binding protein and Lhcb6 protein, were 
induced under salt stress condition. However, the major proteins of the Calvin cycle, 
including the chloroplast-coded large subunit of ribulose bisphosphate carboxylase 
oxygenase (RuBisCO), sedoheptulose-1,7-bisphosphatase and phosphoribuloki-
nase, was drastically downregulated under salt stress condition (Jia et  al. 2015). 
Altogether it can be hypothesized that the reduction in net photosynthetic rate under 
salt stress may be primarily attributed to functional distortions in the Calvin cycle. 
RuBisCO activase (RCA) protein has also been reported to be significantly accumu-
lated in Brassica species 48 h after imposition of salt stress (Jia et al. 2015). RCA is 
primarily involved in the ATP-dependent activation of RuBisCO (Ashraf and Harris 
2013). RCA has been reported to play a vital role in the maintenance of net photo-
synthetic rate at low atmospheric CO2 levels because of the decrease in stomatal 
conductance under salt stress (de Abreu et al. 2014). Therefore, induction of RCA 
may have contributed to overall salt stress tolerance in Brassica species (Jia et al. 
2015).

Salinity stress can negatively affect carbon assimilation process indirectly by 
lowering chlorophyll content (Tang et al. 2014). However, the exact effect of salt 
stress on the biosynthetic pathway of chlorophyll still remains unclear. Reduced 
activities of major enzymes involved in the chlorophyll biosynthetic pathway have 
been attributed to be the major cause of impaired chlorophyll biosynthesis in rice 
(Turan and Tripathy 2015). Glutamate-1-semialdehyde aminotransferase (GSA-AT) 
is a major enzyme of the chlorophyll biosynthetic pathway (Grimm 1990), and anti-
sense construct of this gene displayed moderate to severe reduction in chlorophyll 
(Hartel et al. 1997; Tsang et al. 2003). Jia et al. (2015) found that the transcript 
abundance of GSA-AT decreased after 24 h of imposed salt stress. However, the 
protein level recovered to normal levels after 48 and 72 h of salt treatment which 
may be the major reason behind the improved salt tolerance of Brassica plants.

Salt stress has been reported to specifically activate a set of Ca-binding proteins 
including cell membrane protein annexin (Pang et al. 2010) and calmodulin (Cheng 
et  al. 2009). Calcium-binding proteins have been reported to mediate salt stress 
signalling in an ABA-dependent manner (Lee et al. 2004a, b), and very high tran-
script abundance was observed in the shoot and root tissues of Salicornia europaea 
(Wang et  al. 2009) and tobacco (Manaa et  al. 2011) under salt stress condition. 
Guanosine triphosphate-binding proteins are another group of proteins which have 
been reported to show differential abundance under salt stress condition. These pro-
teins come under the Rab family and play a major role in endocytosis and vesicle 
trafficking (Wang et al. 2008b; Pang et al. 2010).
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8.2.12  Metabolomics

Metabolomics is one among the most modern tools for critically analyzing plant 
responses to salt stress (Lu et al. 2013). Metabolites are the end products of diverse 
cellular pathways which adequately represent the interaction between the biological 
unit and its ambient environment. Metabolomics has tremendously added to our 
knowledge regarding salinity mediated changes in metabolites (Urano et al. 2009). 
Presently, a multi-combinatorial approach is employed bringing transcriptomics, 
proteomics and metabolomics on one single platform (Wu et  al. 2013). Primary 
tools presently being employed in plant metabolomics are metabolite profiling, 
metabolic fingerprinting and targeted analysis. Currently, metabolomics is gaining 
wide popularity and is being used with high precision to analyze abiotic stress 
responses including salt stress tolerance (Alvarez et al. 2008; Renberg et al. 2010). 
Metabolomic studies in rice have so far analysed the physiology of seed germina-
tion, differential abundance of metabolites between wild type and mutants, changes 
in metabolome across developmental stages and the differences in nature of metab-
olites across different varieties (Shu et al. 2008).

Plants respond to any kind of abiotic stress by virtue of transient, short-term or 
sustained metabolic changes. For instance, upon exposure to abiotic stresses like 
salinity, drought or cold, there occurs a sudden alteration in the carbohydrate metab-
olism, whereas the osmotic adjustment and resultant spike in osmolytes occur after 
several days of exposure to the stress (Lugan et al. 2010). Certain metabolic changes 
like sugar alcohol and amino acid levels are similar to all types of abiotic or biotic 
stresses, but there are unique metabolomic alterations to any particular stress. 
Interestingly, proline build-up has been reported to occur upon drought, salinity and 
cold stress but not upon high temperature stress (Lugan et al. 2010). Another typical 
metabolomic shift specifically observed under salinity stress is the decline in TCA 
cycle intermediates and organic acids (Gong et al. 2005), which generally increase 
under water deficit or heat stress (Urano et  al. 2009). The LEA family proteins 
which are hydrophilic in nature and have an osmoprotective role have been reported 
to be elevated under salt stress (Kosová et al. 2010). Specific salt stress inducible 
LEA proteins are the LEA3 proteins in Indica rice varieties like Pokkali and Nona 
Bokra and TAS14 in tomato (Moons et al. 1995). Recently, Wu et al. (2013) showed 
the salt stress-mediated spike of several osmolytes in barley leaves including gly-
cine betaine, proline, alanine, sugar alcohols, inositol, raffinose, glucose, etc. which 
provide salinity tolerance.

8.2.13  Chromatin Modifications and Epigenetics in Salt Tolerance

Chromatin modifications, broadly called as epigenetic changes, have been reported 
to play a major role in plant acclimatization towards different kinds of abiotic and 
biotic stresses (Jiang et al. 2012). Numerous studies have reported that such kind of 
epigenetic changes is involved in the tolerance responses of crop plants to salt stress 
in the same generation as the stress occurs. Epigenetic histone modification has 
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been cited to be the specific reason for enhanced salt stress tolerance in Arabidopsis 
seedlings subjected to stress recovery and stress cycle. Histone modification affected 
the expression of various transcription factors and thereby modulated downstream 
target gene expression and showed less Na+ ion accumulation in its shoot tissues 
(Sani et al. 2013). Another study proved hypersensitivity to salinity stress because 
of failure in cytosine demethylation at a putative small RNA target site of the 
AtHKT1;1 promoter, leading to reduced gene expression (Baek et al. 2011). Previous 
research groups have clearly shown distinct differences in the expression pattern of 
methylases and other chromatin modifier genes among diverse rice genotypes and 
tissues under salinity stress (Karan et al. 2012). Hence, demethylation of such genes 
in the root tissues of rice may be an active epigenetic response. But, till date, epi-
genetic inheritance of salinity tolerance from one generation to another has not been 
proven conclusively (Chao et al. 2013).

8.2.14  Marker Assisted Selection as a Promising Breeding Tool

One of the major constraints in development of salt-tolerant crop varieties through 
conventional breeding is that it takes a long time. The traditional method of out-
crossing among genetically diverse germplasm and selection based on their perfor-
mance in the field is too laborious and lengthy process. So the search for an 
alternative methodology has been in place for a long time. Marker-assisted selection 
(MAS), employing various markers SSR, SCAR, ISSR, SNP, etc. to map QTLs 
governing traits associated with salt tolerance, has been quite streamlined (Ashraf 
and Foolad 2013). The prerequisite for MAS is tight linkage between a useful trait 
and a genetic marker with polymorphic alleles between parental lines (Ashraf and 
Foolad 2013). Hence, the indispensable basis for efficient breeding with MAS is a 
thorough understanding of useful traits and its variability within the concerned plant 
species (Ashraf and Foolad 2013). One classical example is Saltol, a QTL identified 
in rice that is responsible for more than 65% of the phenotypic variation in Na+ ion 
uptake under salt stress (Ashraf and Foolad 2013). So this technology indeed has the 
strong potential of assisting in the process of development of salt-tolerant varieties. 
A major constraint in this process is the appropriate selection of markers linked with 
favourable traits in the context of salinity tolerance. Genetic engineering and recom-
binant DNA technology have widely been criticized as single gene modification 
technology, which seldom works efficiently in improving salt tolerance which is 
governed by multiple genes and is affected by environment. On the contrary, it has 
been proposed by previous research groups that improving salinity tolerance practi-
cable by manipulating only one or a few major constituents of the regulatory gene 
network instead of engineering numerous molecular mechanisms (Golldack et al. 
2011). Gene pyramiding is another approach widely employed to stack several ben-
eficial genes in to a favourable background to ultimately combine useful traits and 
improve tolerance without yield reduction. However, Mendelian segregation of 
traits limits this approach and hence makes breeding more and more complicated. 
Genome editing is gaining wide popularity in the area of abiotic stress tolerance, 
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whereby engineered CRISPR-Cas (clustered regularly intersperced short palin-
dromic repeats-associated proteins) and zinc finger nucleases are used to target spe-
cific genes and either knock them down or overexpress them (Ainley et al. 2013; 
Belhaj et al. 2013).

8.3  Waterlogging

Waterlogging tolerance may be defined as the higher survivability or better plant 
growth under waterlogged conditions proportionate to well-drain conditions. In 
crop improvement programmes, it is defined as the subsistence of relatively high 
grain yields under waterlogged conditions relative to non-waterlogged conditions 
(Setter and Waters 2003). Flooding-tolerant plant acquired some special morpho-
logical traits or metabolic adaptations in response to deficient oxygen to survive or 
to sustain their growth (Table 8.4). Anatomical and biochemical are the two major 
adaptations to anoxia or hypoxia. In the former case, the structure of the tissue is 
modified, to create spaces for gas diffusion and to minimize oxygen demand. The 
mechanisms of waterlogging or hypoxia tolerance include (i) the maintenance of 
high internal aeration through constitutive aerenchyma (Armstrong et al. 1994) and 
(ii) metabolic adaptation under hypoxia with the substantial storage of carbohy-
drates for ethanolic fermentation (Brandle 1991).

Table 8.4 Adaptive traits for waterlogging tolerance

Adaptive traits Correlated response References
Phenology Seed/seedling vigour Gardner and Flood (1993)

Long season McDonald and Gardner 
(1987) and Gardner and 
Flood (1993)

Dormancy (seeds or whole plant 
tissues)

Setter (2000)

Slow growth McDonald et al.(2001a)
Morphology and 
anatomy

Nodal/adventitious root development Huang et al. (1994, 1997) 
and Malik et al.(2002)

Survival of seminal roots Barrett-Lennard et al. 
(1988) and Watkin et al. 
(1998)

Aerenchyma Watkin et al.(1998) and 
McDonald et al.(2001a,b)

Increased root porosity/intercellular 
spaces

Huang et al. (1997), Malik 
et al. (2001) and McDonald 
et al. (2001a, b).

Increased suberin/lignin; barriers to 
radial O2 loss

Jackson and Drew (1984), 
Watkin et al.(1998) and 
McDonald et al.(2001b)

Root membrane integrity Sangen et al. (1996)

(continued)
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8.4  Hypoxia and Anoxia

Plant or cellular oxygen status can be defined as normoxia (normal O2 levels), 
hypoxia (reduced O2 levels) or anoxia (lacking O2). In hypoxia condition oxygen in 
pore space of soil becomes reduced to a point below optimum level. The reduced O2 
limits ATP production by oxidative phosphorylation and a larger proportion of ATP 
yield through glycolysis. It is the common phenomenon of excessive soil moisture 
stress in waterlogged soils and occurs during short-term and long-term flooding of 
water when the roots are submerged, but the shoot remains in the atmosphere 
(Sairam et al. 2008, Morard and Silvestre 1996). Anoxia is the usual form of water 
stress in the soil that is caused by long-term flooding or waterlogging in which com-
plete lack of oxygen under rhizosphere. In case of anoxia, ATP is produced only by 
way of glycolysis. Cells exhibit low ATP contents, diminished protein synthesis and 
impaired division and elongation. However if anoxic conditions persist, many plant 
cells die. The supply of oxygen to root cells is influenced by several factors, includ-
ing soil porosity, water content, temperature, root density and aerobic microorgan-
isms. Oxygen concentrations in root tissues also vary according to root depth, root 
thickness, the volume of intercellular gaseous spaces and cellular metabolic activity. 

Adaptive traits Correlated response References
Nutrition and nutrient 
toxicities

Root length and depth Huang et al.(1997) and 
McDonald et al. (2001a, b)

Cell function for nutrient uptake, 
incl. K+/Na+ selectivity

Akhtar et al. (1994) and 
Huang et al. (1995)

Leaf chlorosis Drew and Sisworo (1977, 
1979)

Microelement tolerance – Fe2+ Huang et al. (1995)
Microelement tolerance – Mn2+ Huang et al. (1995) and 

Ding and Musgrave (1995)
Root metabolism: 
respiration, anaerobic 
catabolism and anoxia 
tolerance

Reduced respiration Huang and Johnson 1995
Anaerobic catabolism Thomson et al. (1989) and 

Waters et al. (1991b)
High carbohydrate concentrations Barrett-Lennard et al. 

(1988), Albrecht et al. 
(1993) and Huang and 
Johnson (1995)

Anoxia tolerance Waters et al.(1991a, b) and 
Greenway et al. (1992)

Recovery and prevention 
of post anoxic damage

Recovery ability Barrett-Lennard et al. 
(1988), Albrecht et al. 
(1993) and Malik et al. 
(2002)

Antioxidants and antioxidative 
enzymes, e.g. SOD, catalase, 
glutathione reductase.

Albrecht and Wiedenroth 
(1994), Wang et al. (1996) 
and Biemelt et al. (1998)

Adopted form Setter and Waters (2003)

Table 8.4 (continued)
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Over the longer term, acclimation to hypoxic or anoxic conditions can take the form 
of developmental responses involving modifications in growth behaviour, morphol-
ogy and anatomy. Injury caused by anoxia or hypoxia is a consequence of acidifica-
tion of cytoplasm, which in turn results in greatly diminished protein synthesis, 
mitochondrial degradation, inhibition of cell division and elongation, disrupted ion 
transport and root meristem cell death. Flooding-tolerant plants are able to avoid 
cytoplasmic acidosis and continue to make ATP during short-term inundation by 
stimulating ethanolic fermentation. To survive under waterlogging stress, plants 
must generate sufficient ATP, regenerate NADP+ and NAD+ and avoid accumula-
tion of toxic metabolites. Periods of oxygen deficit can trigger developmental 
responses that promote acclimation to hypoxic or anoxic conditions.

8.4.1  Morphological Adaptations for Waterlogging Tolerance

Morphological adaptations to hypoxic environment include the characteristic devel-
opment of aerenchyma in the root parenchyma that transports oxygen down to sub-
merged tissues. This aerenchyma development, which can reach up to 55% of the 
cross-sectional area of roots, is often enhanced in response to flooding. They reduce 
the diffusion barrier and enhance gas exchange between the cells (Steffens et al. 
2011). Another common strategy is maintaining surface gas films or over leaves, 
maintained by hydrophobic leaf hairs. These thin extensive layers facilitate gas dif-
fusion (both of O2 in the dark and CO2 in the light) to the submerged leaf or root by 
enlarging the effective gas-water interface beyond that just at the surface of stomata 
or lenticels (Petersen et al. 2009). The various responses to submergence such as 
enhanced shoot growth as found in flooding-tolerant species such as rice have been 
recognised as the low oxygen escape syndrome (LOES). Three different stages of 
response were articulated by the plants under low oxygen condition (Dennis et al. 
2000). These are signal transduction (Stage a, 0–4 h), metabolic adjustment (Stage 
b, 4–24  h) and morphological changes induced by the first two stages (Stage c, 
24–48  h) (Steffens et  al. 2011). The first one is the determinative stages, which 
switch over the plants from normal metabolism pattern to low oxygen-responsive 
pattern, which contributes significantly to the survival of seedlings (Liu et  al. 
2012b). Survival under waterlogged conditions is largely attributable to the ability 
to improve gas exchange between plants and environment as well as gas transport 
from aerial parts to hypogeal organs (Changdee et al. 2009). In Stage c, formation 
of aerenchyma (gas-filled spaces) in the root, stems and in other shoot organs is 
observed (Liu et al. 2012b). Aerenchyma is developed constitutively in many wet-
land plants as well as rice, which is essential for plants to tolerate frequent flooding, 
and is regarded as an efficient morphological adaptation to alleviate low oxygen 
stress. Another major adaptive trait of plants under waterlogging stress is conforma-
tion of new adventitious roots (Mano and Omori 2007).
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8.4.2  Aerenchyma Formation and Adventitious Roots 
Development

The major anatomical adaptation to waterlogging is the formation of aerenchyma. It 
is formed constitutively in wetland species, whereas in others it is a result of hypoxia 
condition of waterlogging. Three major pathways of aerenchyma formation are 
known in plants. Type 1 is lysigenous aerenchyma which is developed when previ-
ously formed cells die within a tissue to create a gas space where cortex cells 
undergo PCD, resulted from exhaustion of sugars during waterlogging or submer-
gence, and it is found in rice, wheat, barley and corn (Bailey-Serres and Voesenek 
2008). Type 2 is schizogenous aerenchyma, which develops by splitting of the com-
mon cell wall previously connected without cell death when intercellular gas spaces 
form within a tissue. Lysigenous aerenchyma formation is initiated by ethylene 
formed in hypoxic conditions. Ethylene promotes the formation of aerenchyma by 
accumulating in plant organs during waterlogging or submergence due to the 
reduced diffusion rate (Steffens et al. 2011). Type 3 is expansigenous aerenchyma 
(Bailey-Serres and Voesenek 2008) or secondary aerenchyma (Shimamura et  al. 
2003), a white spongy tissue filled with large gas spaces. It is formed from living 
cell division or enlargement without cell separation or death. It is located in adventi-
tious roots, root nodules, stems, hypocotyls and taproots under waterlogged condi-
tions (Shimamura et  al. 2003). Aerenchyma formation involves multiple signal 
transduction pathways, in which Ca2+, protein phosphorylation and G-protein are 
crucial signal components (He et al. 1996). Aerenchyma formation in corn and rice 
is the death of cells in the mid-cortex of the root. However, one major difference is 
the need for the cell walls of the dying cells to be removed, and this is achieved by 
the induction and release of cell wall-degrading enzymes. Adventitious roots can 
facilitate internal O2 transport and a barrier to the radial O2 loss in the subapical 
regions of roots (Colmer 2003). It is a physical response mainly resulting from sec-
ondary cell wall deposits in outer hypodermal layer, which is a dominant mecha-
nism of reducing ROL compared with the respiratory activity alternations in the 
hypodermal/epidermal layers (Garthwaite et al. 2008). Although wheat, barley and 
H. marinum all form adventitious roots containing aerenchyma, wheat and barley 
are much less tolerant to waterlogging than H. marinum. (Garthwaite et al. 2006).

8.4.3  Metabolic Adaptation

The metabolic adaptations to oxygen deficiency include anaerobic respiration, 
maintenance of carbohydrate supply for anaerobic respiration, avoidance of cyto-
plasmic acidification and development of antioxidative defence system. Metabolic 
adaptations to waterlogging and anaerobiosis include the transformation of meta-
bolic process towards the anaerobic generation of ATP by glycolysis and fermenta-
tion of pyruvate to regenerate NADP while producing ethanol. Although ethanol is 
toxic, it readily diffuses out of cells, while the alternative fermentation of pyruvate 
to the less toxic lactate is limited by its effect on cytoplasmic acidification. Immediate 
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responses to waterlogging or anoxia in mesophytes include the shifting of metabo-
lism and substantial decreases in root/stem hydraulic conductance resulting induc-
tion of leaf epinasty and stomatal closure in some species. Although several 
hormones have been implicated, the most important component of the long-distance 
signalling under waterlogging is 1-aminocyclopropane-1-carboxylic acid (ACC), 
which is transported from the roots in the xylem and oxidized to ethylene (C2H4) in 
the leaves by ACC oxidase, which itself increases in response to flooding (Jackson, 
2002). The enhanced export ACC from the roots results an inhibition of ACC oxi-
dase by low O2 concentrations in the roots. The ethylene released is directly involved 
in stimulation of cell expansion in the adaxial petiole cells leading to epinastic cur-
vature and in overall inhibition of leaf growth. Changes in gene expression rapidly 
created under anoxia were created by waterlogging. Preliminary, constitutive pro-
tein synthesis interrupted and transit polypeptides are produced. Subsequently, a 
range of new anaerobic proteins are transcribed. Most of these are metabolic 
enzymes involved in establishing anaerobic metabolism as, in the absence of oxy-
gen, the citric acid cycle and oxidative phosphorylation cannot function. Three 
pathways of anaerobic metabolism have been described in plants. Induction of 
pyruvate decarboxylase and alcohol dehydrogenase results in alcoholic fermenta-
tion, with the production of ethanol and carbon dioxide. Induction of lactate dehy-
drogenase results in lactic acid fermentation, with the production of lactate. The 
third pathway involves the production of alanine from glutamate and pyruvate. 
Whenever cytosolic pH of the tissue decreased, transition from lactate to alcoholic 
fermentation occurs. Alanine fermentation is common in some (e.g. barley), but not 
all roots in waterlogging and alanine aminotransferase are induced by hypoxia in 
these species.

8.4.4  Anaerobic Respiration

Plant cells produce energy in presence of oxygen through aerobic respiration which 
includes glycolysis, TCA cycle and oxidative phosphorylation. However in absence 
of oxygen, Krebs cycle and oxidative phosphorylation are blocked, and cells inevi-
tably undergo anaerobic respiration to fulfil the demand for energy (Davies 1980). 
The efficiency of energy production by glycolysis and fermentation is much lower 
than that of aerobic respiration. Besides, the end products of glycolytic and fermen-
tative pathway, such as ethanol, lactic acid and carbon dioxide, pose an additional 
hazard to the cell. It is well reported that the maintenance of an active glycolysis and 
an induction of fermentative metabolism are adaptive mechanisms for plant toler-
ance to anoxia (Sairam et al. 2008). Anaerobic respiration includes glycolysis and 
fermentation. Generation of energy under anaerobic condition is largely achieved 
through glycolysis. For the continued operation of glycolytic pathway, the regenera-
tion of NAD+, a cofactor from NADH, is essential (Drew 1997). Large amount of 
pyruvate produced in glycolysis as an end product and converted to alternative prod-
ucts to recycle NADH to NAD+. Ethanolic fermentation or lactate fermentation is 
the most important process by which NADH can be recycled to NAD+ during 
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oxygen deficiency (Ricard et  al. 1994). In long-term waterlogged environment, 
anoxia is always headed by hypoxia (Setter and Waters 2003). Hypoxia accelerates 
the induction of glycolytic and fermentative enzymes, for example, aldolase, eno-
lase, ADH and PDC (Germain et al. 1997, Albrecht et al. 2004). This induction can 
improve or at least sustain the glycolytic rate in anoxic plants contributing higher 
tolerance to anoxia. In wheat, increased activities of ADH and PDC (Johnson et al. 
1989) have been found in response to hypoxia resulting higher ethanol production 
contributing greater tolerance to anoxia (Waters et al. 1991b). An accumulation of 
lactate promotes acidification of the cytoplasm of anoxia sensitive plants, such as 
maize, wheat and barley (Menegus et al. 1989, 1991). However, the enhanced lac-
tate transport out of the roots into the surrounding medium may help to avoid cyto-
plasmic acidification (Xia and Saglio 1992). Moreover, lowered cytoplasmic pH 
leads to the activation of PDC and inhibition of LDH (Davies 1980) resulting a shift 
from lactate fermentation to ethanolic fermentation.

8.4.5  Role of Soluble Sugars

Plants increase their osmotic potential leading to enhanced stress resistance by 
accumulating osmolytes such as proline, glycine betaine and non-reducing sugars 
and polyols. Soluble sugars also contribute to the regulation of ROS signalling dur-
ing abiotic stresses (Seki et al. 2007). Soluble sugars are involved in the metabolism 
and protection of both ROS-producing and ROS-scavenging pathways, such as 
mitochondrial respiration, photosynthesis and oxidative-pentosephosphate pathway 
(Couée et  al. 2006). Under hypoxia or anoxia energy metabolism pathway, shift 
from aerobic to anaerobic mode through which energy requirements of the tissue is 
greatly restricted as very few 2ATPs are generated per molecule of glucose in anaer-
obic respiration. However 36 ATP molecules can be produced for each glucose mol-
ecule in aerobic respiration. Sufficient energy for sustaining the metabolism in roots 
in hypoxic or anoxic condition is derived from anaerobic metabolic pathway by 
which plant can survive under waterlogging stress (Jackson and Drew 1984). 
Therefore, maintenance of adequate fermentable sugars in hypoxic or anoxic roots 
is one of the important adaptive mechanisms to waterlogging (Sairam et al. 2009). 
The amount of root sugar reserve and activity of sucrose-hydrolysing enzymes are 
important determinants for waterlogging tolerance of crop plants (Sairam et  al. 
2009). The roots of comparatively tolerant genotypes contain greater sugar content 
(total, reducing and non-reducing sugar) than in susceptible genotypes. Moreover, 
waterlogging induces and increases the content of reducing sugar through increased 
activity of sucrose synthase (SS) in tolerant genotypes. The tolerant genotypes show 
increased expression of mRNA for sucrose synthase, while susceptible genotypes 
show very little expression under waterlogged condition (Sairam et  al. 2009). 
Accessibility of adequate sugar in the roots with increased activity of sucrose syn-
thase for providing reducing sugars for anaerobic respiration is one of the important 
mechanisms of waterlogging tolerance. The higher concentration of soluble carbo-
hydrate in roots and shoots of wheat has been reported when the crop is exposed to 
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long-term oxygen deficit (Albrecht et al. 1993). The ratio of the root to shoot sugar 
increases for waterlogging-tolerant wheat genotypes under hypoxia (Huang and 
Johnson 1995). The relatively large amount of sugars transported to root facilitates 
the energy supply for root respiration and ion uptake (Huang 1997).

8.4.6  Antioxidant Defence System for Waterlogging Stress

Waterlogging also stimulates oxidative stress through increasing reactive oxygen 
species, such as superoxide anion (O2•−), singlet oxygen (1O2), hydrogen peroxide 
(H2O2) and hydroxyl radical (OH•) and perhydroxyl radical (O2H•) (Arbona et al. 
2008). When a plant is faced to hypoxia/anoxia conditions, different types of reac-
tive oxygen species (ROS) are produced which can damage or kill cells. All ROS are 
highly reactive and can destroy lipids, nucleic acids and proteins; however, some 
ROS such as O2•– and H2O2 are also function as signals in response to a number of 
abiotic stresses. Plants dispose of excessive ROS through the use of antioxidant 
defence systems (enzymatic and nonenzymatic) present in several subcellular com-
partments of the cell. High concentrations of major antioxidant enzymes are very 
important for plants subjected to different intensities of waterlogging. Waterlogging 
stress increased superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxi-
dase (APX) activities depending on the plant genotypes, for illustration stress- 
sensitive cultivars showed lower activities than tolerant cultivars (Arbona et  al. 
2008). Among the different antioxidant enzymes, SODs are the first enzymes for 
detoxification of ROS, dismuting O2˙− to H2O2, and CAT and APX subsequently 
convert H2O2 to H2O.  Glutathione peroxidase (GPX) consumes GSH to convert 
H2O2 to GSSG and H2O. Other enzymes such as glutathione reductase (GR), dehy-
droascorbate reductase (DHAR) and monodehydroascorbate reductase (MDAR) 
are antioxidant enzymes of the ascorbate-glutathione cycle, but they do not detoxify 
ROS directly. Regulation of the concentrations of antioxidants and antioxidant 
enzymes (such as SOD, CAT, APX, MDHAR, DHAR, GR and GPX) constitutes an 
important mechanism for avoiding oxidative stress. Antioxidant enzymes activity 
increased during waterlogging in pigeon pea that scavenge not only the post-hypoxic 
ROS build-up, but the system also detoxifies the cellular system of ROS. Antioxidant 
enzyme activities in waterlogging-tolerant genotype ICP 301 was comparatively 
greater than susceptible genotype Pusa 207 which could be one of the important 
factors for higher tolerance to waterlogging (Kumutha et al. 2009). The more effec-
tive expression of antioxidant mechanisms in the tolerant cultivar also contributed 
to its lower level of lipid peroxidation (Yin et al. 2009). Bin et al. (2010) suggested 
that in maize seedlings, increased POX, APX, GR, CAT and SOD activities led to 
an efficient H2O2 scavenging system and enhanced protection against oxidative 
stress caused by waterlogging. However, the activities were higher in waterlogging- 
tolerant genotypes. Sairam et al. (2011) observed that under waterlogging, the activ-
ity of three antioxidative enzymes (SOD, APX and GR) showed a continuous 
increase up to 8 days of waterlogging in waterlogging-tolerant mung bean geno-
types; in susceptible genotypes the increase in the activity of these enzymes was 
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observed only following 2–4 days of waterlogging. In all subsequent stages, there 
was a decline in activity of all three enzymes compared to the control and plants 
waterlogged for 2–4 days. Waterlogging pretreatments before anthesis can effec-
tively improve the tolerance of wheat to waterlogging occurring during the genera-
tive growth by maintaining relatively higher activities of ROS-scavenging than the 
non-hardening treatment (Li et al. 2011a). The major nonenzymatic antioxidants in 
plants include ascorbate, reduced glutathione (GSH), α-tocopherol and carotenoids; 
polyamines and flavonoids also provide some protection from free radical injury.

8.4.7  Gene Expression Pattern Under Waterlogging Stress

According to differential gene expression patterns under oxygen deficiency, these 
genes are divided into three groups: low oxygen-sensing and cell signalling-involved 
genes, metabolic adjustment genes and genes that maintain plant internal microen-
vironments. Low oxygen-sensing and cell signalling-involved genes induce the syn-
thesis of mitochondria alternative oxidase (AOX) (Klok et al. 2002) and stimulate 
ROS-related RopGAP4 (Rop GTPase activating protein4) (Baxter-Burrell et  al. 
2002). Some genes can also encode important protein involved in Ca2+ signalling 
such as calmodulin (Snedden and Fromm 2001) and CAP (calmodulin-associated 
peptide) (Subbaiah et al. 2000). Metabolic adjustment genes regulate plant switch-
ing from aerobic respiration to adaptive anaerobic fermentation by increasing 
anaerobic proteins (ANPs). Genes that maintain plant internal microenvironments 
activate plant glutamate decarboxylases (GADs) interacting with calmodulin, which 
lead to pH regulation (Klok et al. 2002; Zou et al. 2011). RAP2.6 L gene is one of 
the 145 genes, which belong to the AP2/ERF (APETALA2/ethylene responsive 
element-binding factor) superfamily in Arabidopsis. The crucial function of AP2/
ERF transcription factor family is to regulate plant growth and respond to abiotic 
stresses (Liu et al. 2012a; Sun et al. 2010a). It is known that RAP2.6 L is induced 
by ABA and its overexpression enhances plant resistance to jasmonic acid (JA), 
salicylic acid (SA), ABA and ET in Arabidopsis (Sowmya et al. 2011). It was con-
firmed that overexpression of RAP2.6 L delayed plant premature senescence and 
reduced oxidant damage, water loss and membrane leakage under waterlogging 
stress. Moreover, RAP2.6 L overexpression resulted in a significant increase of tran-
scripts of ROS-involved enzyme genes, ABA-signalling and biosynthesis genes and 
waterlogging-responsive genes and a decrease of transcripts of ABI1 (ABA insensi-
tive1), suggesting that RAP2.6  L plays a role in ABI1-mediated ABA-signalling 
pathway (Liu et al. 2012a).

Nonsymbiotic hemoglobins (nsHbs) are also crucial for a large number of vari-
ous cellular processes in plants, such as the adaptation to hypoxic stress. To further 
identify its function, a maize nsHb gene (ZmHb) and its 50 flanking genes were 
cloned and characterized in one maize inbred line. It was revealed that transcript of 
ZmHb was mainly active at regions from plant root tips to vascular tissues. Through 
ectopic expression in transgenic tobacco, it was shown that ZmHb was involved in 
root tolerance to multiple stresses with similar regulation patterns (Zhao et al. 2008). 
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Aside from the alterations in abundance of transcript and translation, waterlogging 
adaptive changes in post-transcriptional and post-translational regulation are also 
crucial. In maize, nine prolyl 4-hydroxylases (P4H) genes were identified, and the 
effects of alternative splicing (AS) on the expression of these genes were studied. 
Five P4H genes were alternatively spliced into at least 19 transcripts. zmP4H genes 
displayed different expression patterns under waterlogging due to AS. The differ-
ence of AS events was also found in the same genes between different inbred lines 
and at different growth stages, which further proved that these transcripts were spe-
cifically dynamic during waterlogging stress. For zmP4H8 transcripts modified by 
AS, both zmP4H8–4 and zmP4H8–5 were induced under waterlogging. In contrast, 
both zmP4H2 and zmP4H2–1 were repressed, despite zmP4H2/zmP4H2–1 ratio 
was reduced slightly under waterlogging (Zou et al. 2011). MicroRNAs (miRNAs) 
have been identified as important post-transcriptional regulators of gene expression 
(Bartel 2004, 2009). miRNAs and their downstream targets were identified as 
important factors in plant responses to many abiotic and biotic stresses. By quantita-
tive gene expression assay of 24 candidate mature miRNAs in 3 inbred Zea mays 
lines, 5 of the miRNAs (miR159, miR164, miR167, miR393, miR408 and miR528) 
were found to play a key regulatory role in root development and energy saving 
under short-term waterlogging.

Further study by computational approaches constructed a miRNA-mediated 
gene regulatory and biochemical network. These were hypothesized to participate 
in three signal transduction pathways: ethylene and ABA-dependent signalling 
pathway, auxin-signalling pathway and cupredoxin-mediated oxidative stress 
responding pathway. By comparing differential expression patterns in three inbred 
lines, it was found that miRNAs were more active in signal transduction at early 
stage. The signal of aerenchyma formation and lateral root development was sup-
pressed in the tolerant line, while the signal of rapid energy consumption for lateral 
root development was enhanced in the sensitive line (Liu et al. 2012b). N-end rule 
pathway is an important post-translational regulative pattern for plants responsive to 
anoxia or hypoxia conditions (Gibbs et al. 2011; Licausi et al. 2011).

8.4.8  Genetics and Gene Identification for Waterlogging 
Tolerance

Considerable effort has been put in identifying quantitative trait loci controlling the 
waterlogging tolerance. In most of the illustrations, waterlogging tolerance-related 
traits were used as indications of the tolerance. Quantitative trait loci (QTLs) for 
components of grain yield such as grains per spike, spikes per plant, kernel weight 
and spike length were also positioned of waterlogging tolerance in maize, rice, bar-
ley and soybean (Table 8.5). A total of 32 QTLs associated with waterlogging toler-
ance were positioned all over the chromosomes using the ITMI population W7984/
Opata85. Positive associations were detected for plant height index, root length 
index, survival rate, germination rate index, leaf chlorophyll content index, root dry 
weight index, shoot dry weight index and total dry weight index in the population. 
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Table 8.5 QTLs identified for flooding/waterlogging tolerance in different crops

Phenotypic 
traits Crops

Population 
Type and 
size Parents of population Chromosome References

Root 
aerenchyma 
formation

Barley Dh, 92 Franklin × TX9425 2H Li et al. 
(2008)

Maize F2, 195 B73 × teosinte (Z. 
luxurians)

2, 5, 9, 10 Mano et al. 
(2008)

Maize BC4F1, 
123

Mi29 × teosinte 1 Mano & 
Omori (2009)

Adventitious 
root 
formation

Maize F2, 94 B64 × teosinte (Z. 
mays sp. 
Huehuetenangensis)

4, 5, 8 Mano et al. 
(2005)

Rice Ril, 96 IR1552 (O. 
indica) × Azucena (O. 
japonica)

3, 4, 9 Zheng et al. 
(2003)

Flooding 
tolerance 
index

Soybean Ril, 156 Misuzudaizu × 
Moshidou Gong 503

LG C2 Githiri et al. 
(2006)

Waterlogging 
score

Barley Dh, 177 Yerong × Franklin 2H, 3H, 4H Zhou (2011)
Dh, 188 TX9425 × Naso Nijo 2H, 4H, 5H, 

7H
Xu et al. 
(2012)

Dh, 172 Franklin × YYXT 2H, 3H, 4H, 
6H

Zhou et al. 
(2012a, b)

Soybean Ril, 103 A5403 × Archer LG A1, LG 
F, LG N

Cornelious 
et al. (2005)

Ril, 67 P9641× Archer LG A1, LG 
F, LG N

Waterlogging 
tolerance 
index

Soybean Ril, 175 Su88-M21 × NJRISX LG L2 Sun et al. 
(2010b)

Internode 
elongation

Rice F2, 94 C9285 (O. 
indica) × T65

12 Hattori et al. 
(2007), (2008)

W0120 (O. 
rufipogon) × T65

Leaf 
chlorosis

Barley Dh, 92 Franklin × TX 9425 1H, 2H, 3H, 
7H

Li et al. 
(2008)

Dh, 177 Yerong × Franklin 1H, 2H, 3H, 
4H, 5H, 7H

Li et al. 
(2008)

Seedling 
vigour

Rice Ril, 282 Lemont (O. 
japonica) × Teqing 
(O. indica)

1, 3, 5, 10 Zhou et al. 
(2007)

Plant 
biomass 
reduction

Barley Dh, 92 Franklin × TX9425 4H Li et al. 
(2008)Dh, 177 Yerong × Franklin 4H

(continued)
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One of the QTLs for GRI positioned on 7A explained 23.92% of phenotypic varia-
tion. These results suggested that synthetic hexaploid wheat W7984 is an important 
genetic resource for waterlogging tolerance in wheat (Yu et al. 2014). Four major 
QTLs (Sft1, Sft2, Sft3 and Sft4) were identified in soybean for normal seedling rate 
and germination rate under waterlogging stress. The QTL-Sft2 responsible for seed 
coat pigmentation showed the largest effect on seed-flooding tolerance. However 
Sft1, Sft3 and Sft4 were controlling for seed coat colour and seed weight indepen-
dently (Sayama et al. 2009). One single QTL was identified from tolerant genotype 
for grain yield and improved plant growth which shows 95% higher yield in tolerant 
line and 16% increase in height. Further this QTL was validated in another popula-
tion of soybean (Van Toai et al. 2001, Reyna et al. 2003). Qiu et al. (2007) map a 
major QTL on chromosome 9 for relative dry weight of shoot, and QTL was posi-
tioned near a known anaerobic response gene in maize. Seven QTLs for waterlog-
ging tolerance identified in barley DH population. All of these seven QTLs were 

Table 8.5 (continued)

Phenotypic 
traits Crops

Population 
Type and 
size Parents of population Chromosome References

Germination 
rate

Rice BC2F2, 
423

Khao Hlan on (O. 
japonica) × IR64

1, 3, 9 Angaji et al. 
(2010)

Rice F2:3466 IR72 × Madabaruc 1, 2, 9, 12 Septiningsih 
et al. (2012)

Rice Ril, 81 Kinmaze (O. 
japonica) × DV85 (O. 
indica)

1, 2, 5, 7 Jiang et al. 
(2004)

Soybean Ril, 151 Nannong 
1138-2 × Kefeng No. 
1

LGA1, 
GD1a, LG G

Wang et al. 
(2008a)

Grains per 
spike

Barley Dh,156 Yerong × Franklin 2H, 5H, 7H Xue et al. 
(2010)

Grain yield 2H, 7H
Kernel 
weight

2H

Plant height Dh,177 Yerong × Franklin 6H
Maize F2, 228 HZ32 × K12 1, 4, 7, 10 Qiu et al. 

(2007)
Plant 
survival

Barley Dh, 177 Yerong × Franklin 2H, 5H Li et al. 
(2008)

Root dry 
weight

Maize F2, 228 HZ32 × K12 1, 6, 9 Qiu et al. 
(2007)

Root length 7
Spike length Barley Dh, 156 Yerong × Franklin 2H, 3H Xue et al. 

(2010)Spikes per 
plant

2H, 6H, 7H

Total dry 
weight

Maize F2, 228 HZ32 × K12 3, 4, 9 Qiu et al. 
(2007)
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located on different chromosomes. The QTL-Qwt4–1 on 4H contributed to reduc-
tion in leaf chlorosis and increased plant biomass under waterlogging stress (Wenzl 
et al. 2006).

8.4.9  Evaluation and Development of Waterlogging-Tolerant 
Genotypes

Evaluation of genotypes for waterlogging tolerance is difficult as it varied upon tim-
ing, duration and severity of stress, and in certain extent waterlogging tolerance was 
also found correlated with varietal geographic distribution, for example, varieties 
from East Asia were more tolerant than those from Western Asia (Setter and Waters 
2003). This circumstance can be explained by the natural or artificial selection for 
tolerance traits related with the climate variations. As wheat genotypes respond to 
waterlogging stress differently under varying environmental or experimental condi-
tions. Therefore it is reasonable to combine several adaptive traits to evaluate the 
levels of waterlogging tolerance under specific environment condition (Pang et al. 
2004; Zhou et  al. 2012a, b). Chlorophyll fluorescence Fv/Fm parameter may be 
promising and indomitable for quick screening of lucerne genotypes for waterlog-
ging tolerance (Smethurst and Shabala 2003). Recovering ability of root system 
from transient waterlogging or hypoxia is important for waterlogging tolerance. 
Different tolerance mechanisms are identified when exposed to intermittent water-
logging. These include adventitious root development, aerenchyma formation, least 
reduction of photosynthetic rate, chlorophyll content and fluorescence, and rapid 
recovery after drainage seems to be important survival traits for waterlogging toler-
ance (Pang et al. 2004). On the contrary, the measurement of net O2 and ion fluxes 
from the root surface and net CO2 assimilation are applicable for screening a small 
amount of lines. It is not practical for breeders to use these indices to screen thou-
sands of lines during a limited time period. In consequence, identification of molec-
ular markers associated with waterlogging tolerance and marker-assisted selection 
could be appreciable methods for waterlogging screening (Zhou et al. 2012a, b). 
Efforts made over the last four decades at the Central Soil Salinity Research Institute, 
Karnal, India, have demonstrated that development of salt-/waterlogging-tolerant 
wheat varieties is the key to successful biological approach of land reclamation. In 
this regard, good success in transferring and deployment of waterlogging-tolerant 
genes in suitable salt-tolerant background with the help of conventional approaches 
has been achieved. Three genetic stocks, i.e. KRL 35, KRL 99 and KRL 3–4, have 
been registered with NBPGR, New Delhi. The genetic stock KRL 35 (registered 
with NBPGR, New Delhi, in 2004, IC No. 408332, Registration No. 4013) has also 
been rated as the genotype most tolerant to waterlogging and B toxicity. KRL 99 
(registered with NBPGR, New Delhi, in 2007, IC No. 546936, Registration No. 
7046) has been shown excellent performance under waterlogging for 15 days after 
22 days of sowing at high sodicity (pH 2:9.5). Genetic stock KRL 3–4 (registered 
with NBPGR, New Delhi, in 2009, IC No. 408331, Registration No. 9087) devel-
oped for salinity, sodicity and waterlogging tolerance. It has red colour grains, high 
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level of tolerance to sodicity, salinity and waterlogged sodic conditions due to lower 
uptake of sodium under salinity and sodicity. Excellent performance under water-
logging for 20 days after 22 days of sowing has also been recorded for KRL 3–4. 
Villareal et al. (2001) developed four synthetic hexaploid wheat germplasm lines 
from durum wheat (Triticum turgidum L.) crossed by Aegilops tauschii Coss. These 
germplasms showed waterlogging tolerance under field conditions. Protocols for 
the T. turgidum/A. tauschii hybridization, embryo rescue and colchicine treatment 
were involved in the synthetic hexaploid wheat production. The four germplasm 
lines were found tolerant to waterlogging stress screened out on the basis of percent 
leaf chlorosis, and agronomic data across 3 years of field tests are presented in 
Table 8.6. Advanced breeding lines were subjected to waterlogging treatment for 
7 weeks, commencing at 15 days after emergence to allow uniform crop emergence 
until about boot stage. During the duration of waterlogging treatment, continuous 
standing water was maintained within a range of 3 to 8 cm. Percentage leaf chloro-
sis taken after 7 weeks of excess water stress was used as the primary criteria for 
waterlogging tolerance.

An important example of specific adaptation to a submergence tolerance is in 
rice, where a single major gene is the critical element in an adaptive trait. On mil-
lions of hectares, rice is grown by poor farmers, particularly in eastern India and 
Bangladesh, and is subject to flash flooding that completely submerges plants. A 
highly tolerant Indian landrace, FR13A, was used as a donor for the trait in genetic 
analyses that identified a single major quantitative trait locus (QTL), designated 
sub1, which controlled 60–70% of phenotypic variation for the trait in the screening 
system. Submergence 1 (sub1) locus is located on chromosome 9, which is associ-
ated with submergence tolerance (Xu and Mackill, 1996). Sub1 was further mapped 

Table 8.6 Percent leaf chlorosis and agronomic characteristics of synthetic hexaploid wheats 
(Triticum turgidum/Aegilops tauschii) tolerant to waterlogging

Reg. no. Designation Parentage
Chlorosis 
(%)

Grain 
wt. (g 
1000−1)

Anthesis 
(d)

Height 
(cm)

GP- 639 CIGM86.953-SH19 Dverd 2/A. 
tauschii (221)

6.3 49.3 100 84

GP- 640 CIGM90.863-SH64 Botno/A. 
tauschii (617)

6.7 44.7 104 102

GP- 641 CIGM89.567-SH54 Ceta/A. tauschii 
(895)

8.8 37.6 104 93

GP- 642 CIGM92.1723-SH82 68.111/Rgb-U/
Ward/3/A. 
tauschii (454)

9.2 42.4 98 92

Ckeck 1 CM80232 Ducula (BW 
tolerant check)

13.7 34.6 92 81

Ckeck 2 CM33027 Seri M82 (BW 
sensitive check)

76.8 26.4 92 73

LSD (0.05) 3.5 4.1 3 7

Adapted from Villareal et al. (2001)
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to a 0.16 cM region (Xu et al. 2000) and fine mapped to 0.075 cM on chromosome 
9 (Xu et al. 2006). Sub1 locus dissected into three major genes, sub1a, sub1b and 
sub1c, through positional cloning and reveals sub1a has two allelic forms, in which 
sub1a-1 was associated with tolerant lines and sub1a-2 with intolerant lines (Xu 
et  al. 2006). Sub1a-1 allele has been introgressed into Swarna, BR11 and IR 64 
varieties using marker-assisted backcrossing. These are locally adapted and widely 
grown rice cultivars in Asia which were released as ‘Swarna-Sub1’ in India, 
Indonesia and Bangladesh, ‘BR11-Sub1’ in Bangladesh, and ‘IR64-Sub1’ in the 
Philippines and Indonesia (Bailey-Serres et al. 2010). These cultivars had signifi-
cant impact on rice growing in Asia, for example, Swarna-Sub1 submerged for 7 to 
14 days across 128 villages of Odisha offers a 45% increase in yields over the popu-
lar cultivar ‘Swarna’ with no yield penalty (Dar et al. 2013).

8.5  Conclusion and Future Perspectives

Past research groups have advanced great leaps and bounds in understanding spe-
cific stress signalling events comprising of the sensors, secondary messengers, tran-
scription factors, target genes and final stress response. However, challenges and 
research gaps are still in plenty for upcoming enthusiastic researchers to fill in. 
Salinity is still one among the major threats to global agriculture, rendering more 
and more agricultural lands as fallow. Salt stress affects all major primary plant 
physiological processes like photosynthesis, nutrient uptake, assimilation, respira-
tion, hormonal metabolism, etc. Another indirect effect of excess salts in the root 
zone/sensitive plant parts is the increased production of ROS which damages the 
cellular membraneous network and associated macromolecules like proteins, lipids 
and nucleic acids. Therefore, it is highly imperative to critically understand key 
candidate players in the salt stress signalling pathway and modify/manipulate them 
to achieve better tolerance without significant compromise in yield. Integration of 
all the key omics approaches should be another vital target to research groups work-
ing across the globe to further progress towards the ultimate goal of developing 
salt-tolerant crop varieties without compromising yield (Fig. 8.3).

Tolerance to waterlogged conditions is affected by many external factors like soil 
properties, water level, developmental stage of the crop, ambient temperature, etc. 
Another important aspect is the relative time span of waterlogging treatment, which 
is highly critical in determining the extent of differences among tolerant, medium 
tolerant and susceptible genotypes. Waterlogging tolerance is a quantitative trait 
governed by multiple QTLs and has low heritability. Low heritability and difficul-
ties in evaluating for waterlogging tolerance due to external factors make MAS 
highly imperative in selecting useful traits linked to tolerance. Multiple useful 
alleles can be combined in to popular backgrounds using MAS. Accurate locations 
of the QTL and linked markers are very important aspects of efficient marker- 
assisted selection. Stringent and accurate phenotyping are the most important factor 
that determines the accuracy of the mapped QTL, and therefore very reliable screen-
ing facility along with efficient selection indices is highly imperative. Further 
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validation of already identified QTLs should also be done before introgressing these 
into popular backgrounds.

Future prospects include several aspects like regulatory elements that control the 
expression of major genes in the salt stress signalling pathway, synergistic effect of 
combining the cellular transport processes, targeted mutagenesis using genome 
editing technology, salt stress inducible promoter identification and analysis, etc. A 
judicious blend of molecular breeding using marker-assisted selection and modern 
biotechnological tools like genome editing is the need of the hour to develop salt- 
tolerant crop varieties without significant yield reduction in a short span of time.
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Abstract
Plant growth and development are affected by various abiotic stresses like 
drought, submergence, salinity and high and low temperature. These abiotic 
stresses cause average yield losses of greater than 50% in a majority of crop 
plants. Food production needs to be doubled by 2050 to meet the growing 
demands of an increasing global population. Significant damage is being caused 
to crops, especially through temperature and water stress associated with climate 
change. High- and low-temperature stresses affect crop productivity by adverse 
biochemical changes in plants. Similarly, drought and water stress also affect the 
crop’s performance throughout the growing season. Understanding plant 
responses and molecular and physiological changes occurring during these 
stresses is necessary to improve current cultivars and release new cultivars with 
enhanced resistance to such stresses. An overview of the impacts of high- and 
low-temperature stress, drought and submergence in plant growth and develop-
ment and the physiological and molecular responses of plants is discussed. 
Strategies adopted by plants to overcome these stresses through avoidance and 
tolerance mechanisms are also briefly discussed.
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9.1  Introduction

Plants are sessile organisms and have developed the ability to survive at extreme 
environmental conditions that affect their development. Adverse environmental fac-
tors can limit crop production as much as 70% (Boyer 1982). Abiotic stresses like 
high/low temperatures, freezing, drought and salinity cause major losses to crop 
productivity worldwide. These stresses in crops are of major concern since these 
limit plant growth, metabolism and thus productivity. Average yield loss of greater 
than 50% is accounted for due to these abiotic stresses in a majority of crop plants 
(Bray et al. 2000). Recent changes in climate have aggravated abiotic stresses in 
plants, and two major factors threatening crop productivity are temperature and 
water. Increasing concentrations of greenhouse gases like CO2, methane, chloro-
fluorocarbons and nitrous oxide are gradually increasing the average ambient global 
temperature (Wahid et al. 2007). As per IPCC (Intergovernmental Panel of Climatic 
Change), average global temperature may rise 1 and 3 °C above current temperature 
by 2025 and 2100, respectively (Jones et al. 1999). Increase in temperature causes 
heat stress and very low temperatures cause chilling and freezing stress in plants. 
Plants undergo extensive reprogramming at cellular and molecular level to tolerate 
low temperatures, and this affects plant growth and productivity (Conroy et  al. 
1994; Yadav 2010). These extreme conditions affect growth and developmental pro-
cesses of plants by altering the morphology, physiology and biochemistry of plants 
at the cellular and whole plant level (Seneweera et al. 2005). However, some plants 
have adopted survival mechanisms through avoidance and tolerance to heat and 
cold stresses.

Only 2% of fresh water is available for consumption (Shiklomanov 1993). The 
availability of natural water resources for day-to-day consumption and agricultural 
purposes varies with the location and the season of the year. Seasonal changes, as 
well as unexpected changes, in water availability create problems for sustainability 
in agriculture. Excess and limited availability of water causes submergence and 
drought, respectively. According to UNCCD, 12 million hectares in the world are 
lost due to drought or desertification annually. Further, excess water affects 15 million 
hectares or more lowland rice-growing areas in South and Southeast Asia. Both 
limited and excess water cause stress to plants and limit their productivity. 
Knowledge of the physiological and molecular responses of plants to these stresses 
and their tolerance mechanisms is essential for improving crop resistance and 
thereby increasing productivity (Fernando et  al. 2016). An overview of plant 
response to temperature and water stresses in terms of physiological and molecular 
aspects, strategies adopted by plants to alleviate these stresses and biotechnological 
approaches to overcome such stresses is presented in this chapter.
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9.2  High- and Low-Temperature Stress

Temperature above and below the optimum hinders the growth and development of 
crop plant and is considered as heat and cold stress, respectively (Kotak et al. 2007). 
Heat stress can be lethal and lead to major crop losses. Severe losses due to heat 
waves were observed in the USA during 1980 and 1988 and caused a total loss of 
55 and 71 billion dollars, respectively (Lobell et al. 2011; Mittler et al. 2012). Heat 
stress affects all crop plants; in wheat, grain yield loss of 3–5% was observed when 
wheat was grown at one-degree increase in average temperature above 15 °C under 
controlled environments (Gibson and Paulsen 1999). Rice, a staple food of Asian 
countries, is also highly susceptible to high-temperature stress. About 3 million 
hectares of rice cultivation was affected by heat stress in China in 2003 causing a 
total loss of 5.18 million tons of yield (Peng et al. 2004). There has been a continu-
ous increase of 0.13 °C in global average temperature per decade since 1950. An 
increase of 0.2 °C per decade for the next two to three decades is expected globally 
(Lobell et al., 2011). In Australia, by 2030, the annual mean temperature will be 
increased by 0.2–4  °C (Zheng et  al. 2012). Low-temperature stress (LTS) also 
affects plant growth and crop production. Substantial loss due to LTS accounts for 
$2 billion each year. In some cases, cold stress may not cause yield losses; however, 
it may result in reduced quality. One of the major losses due to LTS was accounted 
for in 1995 during early frost events in the USA costing $1 billion loss in corn and 
soybean crop cultivation (Sanghera et  al. 2011). In Australia, frost events cause 
major losses in wheat cultivation especially when it strikes the crops at the repro-
ductive stage (Frederiks et al. 2012).

9.2.1  Growth Effects

Heat stress and low-temperature stress affect seed germination, photosynthesis, 
reproductive development and yield. It also results in oxidative stress (Hasanuzzaman 
et al. 2013a). In rice, seed germination is influenced by high- and low-temperature 
stress. Mild heat stress caused due to a slight increase in temperature causes delayed 
germination. However, extreme temperature stress (heat and cold) might inhibit the 
seed germination completely, and this is called as thermo-inhibition (Fig.  9.1; 
Takahashi 1961). At plant level, especially in crop plants like rice and wheat, heat 
stress during reproductive stages is more detrimental than during the vegetative 
stage (Wollenweber et al. 2003; Xie et al. 2009). Rise in temperature by 1–2 °C 
more than the optimum affects grain filling in crops by shortening the period of filling 
and so affects the yield in cereals (Hasanuzzaman et al. 2013a). In wheat, optimum 
temperature for anthesis and grain filling is about 12–22 °C, and any increase in 
temperature above this affects grain filling and grain size (Farooq et al., 2011). In 
rice, HTS during grain filling causes spikelet sterility and also reduces the duration 
of the grain-filling phase resulting in yield reduction (Fig. 9.1; Xie et al. 2009).
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Low-temperature stress (LTS) can be classified into two categories, freezing and 
chilling stress. Chilling stress is caused by exposing plants to low temperatures 
(0–15 °C) that injures the plant but does not form ice crystals, whereas freezing 
stress is caused by exposing the plants to temperatures below 0 °C that causes injury 
by ice crystal formation (Fig. 9.1). LTS also affects plants at different growth stages 
leading to reduction in growth and yield (Hasanuzzaman et al. 2013b). LTS mainly 
affects early stages of plant growth especially the seedling stage. Injuries caused by 

Fig. 9.1 Effects of temperature and water stress in plants. High (hot) and low (cold) temperature 
and excess (submergence) and scarcity of water (drought) are stresses that affect crop productivity 
and yield. Cellular and physiological effects of these stresses are summarised in this picture
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LTS during seedling stages are discoloration and reduction in seedling growth, 
whitening and yellowing of leaf and failure to grow after transplantation (Buriro 
et al. 2011; Hasanuzzaman et al. 2013b).

Frost is a major low-temperature stress especially in Australia that hinders bar-
ley, wheat and legumes like field pea, fava bean, lentil and chickpea cultivation. 
Damage caused to agricultural crops mentioned above, post-head emergence or pod 
emergence, is economically significant (Frederiks et al. 2012). Radiant frost is wit-
nessed when crops are grown in spring with optimum day temperature but experi-
ence rapid fall in temperature during nights. Consequently, rapid radiation occurs 
resulting in a super cooling effect that drops the plant canopy and actual plant tem-
peratures to as low as −5 °C. This causes whole plant freezing resulting in plant 
death (Frederiks 2010).

9.2.2  Physiological Aspects

High-temperature stress (HTS) affects the plants at different growth stages resulting 
in physiological impairment and thus reduced growth. Photosynthesis is one of the 
physiological processes affected greatly by heat stress (Fig. 9.1). In wheat crops, 
excessive heat damages chlorophyll by altering the structural organisation of thyla-
koids thereby affecting its functionality and also by reducing the chlorophyll con-
tent (Xu et al. 1995). Similar damages of heat stress to the photosynthetic apparatus 
and process are observed in rice (Xie et al. 2009).

Excessive heat also decreases the photosynthetic pigments, which in turn affects 
photosynthesis (Cao et al. 2009). Further, excess heat induces water loss from the 
leaf, negatively affecting leaf water potential resulting in closure of stomata. This is 
one of the major phenomena affecting photosynthesis under heat stress. In Vitis 
vinifera, about 15–30% of photosynthesis reduction during heat stress was caused 
by stomatal closure (Fig. 9.1; Greer and Weedon 2012). HTS affects the reproductive 
health of crops; exposure to high temperatures during flowering affects its fertility 
due to impaired pollen and ovary development. HTS causes water loss in cells, 
which impairs cell size resulting in reduced growth in crop plants. At extreme HTS 
conditions, plants undergo programmed death of cells and tissues as a result of 
water loss and denaturation of proteins and enzymes (Hasanuzzaman et al. 2010).

LTS also causes damages in crop plants similar to HTS. LTS causes ice crystal 
formation in the apoplasm of cells in the leaves which results in cellular dehydra-
tion. This in turn results in stomatal closure and affects the cellular homeostasis in 
plants (Hasanuzzaman et al. 2013b). Cellular dehydration in roots resulting from 
LTS leads to osmotic stress caused by water imbalance in the cells (Chinnusamy 
et al. 2007; Hasanuzzaman et al. 2013b). LTS also affects photosynthesis by damag-
ing the organisation of chlorophyll and thylakoids similar to heat stress (Fig. 9.1; 
Hasanuzzaman et al. 2013b). Stability and structure of the plasma membrane are 
affected due to cellular dehydration and chemical instability of its lipid components 
(Yadav 2010).
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9.2.3  Plant Responses and Tolerance

HTS for short and long periods can affect morphology and physiology and induce 
biochemical changes in plants depending on the developmental stage, leading to 
reduced growth and yield. Crop plants subjected to high temperatures over long 
periods of time exhibit symptoms like scorching of leaves and twigs; sunburns on 
leaves, branches and stems; leaf senescence and abscission; shoot and root growth 
inhibition; fruit discoloration and damage; and reduced yield (Wahid et al. 2007). 
High temperature can lead to shortening of the life cycle of plants. Mild changes in 
temperature may induce changes in membrane properties and activate calcium 
channels. Calcium signalling leads to alteration in plant metabolism resulting in 
acclimation to mild heat stress. However, if plants are subjected to high-temperature 
stress for prolonged periods, they produce ROS (reactive oxygen species) inducing 
oxidative stress throughout the plant (Mittler et al. 2012). Harmful ROS like singlet 
oxygen (O2−), superoxide (•O2), hydroxyl (OH−1) and hydrogen peroxide (H2O2) 
are produced. These react with proteins, DNA and all the components of the cell 
disturbing cellular homeostasis (Asada 2006; Moller et  al. 2007). Heat stress-
induced oxidative stress is very damaging and causes protein degradation and mem-
brane instability (Hasanuzzaman et al. 2013a). Excess accumulation of ROS in the 
plants induces programmed cell death and damages the whole plant (Qi et al. 2010).

Survival mechanisms of plant to HTS can be classified into avoidance and tolerance. 
Avoidance of HTS can be short term by altering the leaf orientation and membrane 
lipid composition or transpirational cooling, or it can be long term with morphologi-
cal and phenological adaptations (Hasanuzzaman et al. 2013a). Plants also adopt 
escape mechanisms to HTS by reducing their life cycle through early maturation; 
however, this causes yield reduction (Rodríguez et al. 2005; Hasanuzzaman et al. 
2013a). Ability of plants to grow, survive and produce economic yield at HTS is 
termed as tolerance. Tolerance of plants may also be classified as short and long 
term. Short-term tolerance mechanisms include morphological and anatomical 
changes. At molecular level, HTS induces heat stress transcription factors which in 
turn induce production and accumulation of HSPs (heat shock proteins) and other 
heat-induced transcripts as molecular chaperones to protect plant metabolism 
(Mittler et al. 2012). Plants produce antioxidants to counteract the damaging effects 
of excess ROS accumulated due to HTS. Various enzymatic and non- enzymatic 
ROS scavengers are synthesised, and these detoxify the plant system and prevent 
programmed cell death.

Temperature that causes cold stress varies from one plant to another. Optimal 
temperature for one plant might cause cold stress to others. However, whenever a 
plant experiences cold stress, it responds by showing various phenotypic and physi-
ological symptoms. Phenotypic symptoms include stunted plant growth, bushy 
appearance, reduced leaf expansion, chlorosis of leaves, wilting and even necrosis 
at severe conditions. LTS at the time of reproductive development leads to sterility 
in plants (Hasanuzzaman et al. 2013b). In fruit crops, extreme cold stress induces 
excessive fruit drop and fruit cracking (Yang et al. 2010). At the cellular level, cold 
stress induces ice crystal formation resulting in dehydration of the cell. Ice crystals 
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are lethal to cells since it damages the cell membranes. LTS also induces oxidative 
stress by excess ROS accumulation leading to programmed cell death (Hasanuzzaman 
et al. 2013b).

Plants adapt to cold stress by certain avoidance and tolerance mechanisms. One 
of the major effects of cold stress in plants is membrane disintegration. Cold stress 
in plants reduces the fluidity of membranes resulting in rigid membranes. This 
membrane rigidification enhances cold acclimation in plants by inducing cold- 
responsive genes. Similar to HTS, calcium signalling and antioxidants play an 
important role in tolerance to LTS in plants. Further, plants tolerate or recover from 
cold stress through repair mechanisms, restructuring the plasma membrane and 
accelerating osmolite synthesis (Yadav 2010; Hasanuzzaman et al. 2013b).

9.2.4  Management Strategies

Employing a combination of genetic improvement and cultural practices can alle-
viate impacts of heat and cold stress in plants. Cultivars that endure and tolerate 
these stresses without any economic loss in yield can be developed through 
genetic improvement. Cultural practices include adjusting and modifying planting 
time and planting density of plants to avoid these stress conditions (Wahid et al. 
2007; Hasanuzzaman et al. 2013b). Other practices include external application of 
protectants like osmo-protectants, phytohormones, signalling molecules and trace 
elements that can protect during adverse conditions especially during HTS 
(Hasanuzzaman et al. 2013a).

Cultivars that are tolerant to high- and low-temperature stresses can be identified 
through proper screening methods and selection criteria through conventional 
breeding techniques in fields. However, other stress factors like pathogens and pests 
could be a hindrance in identifying resistant cultivars in the field. Glasshouse 
screening could be used as an alternative for field screening; nonetheless, certain 
factors like low genetic variation and unreliable selection criteria make it difficult to 
identify heat- or cold-tolerant varieties (Wahid et  al. 2007; Hasanuzzaman et  al. 
2013b). Quantitative trait loci (QTL) associated with heat stress-tolerant traits have 
been identified in wheat, rice and maize (Talukder et al. 2014; Yang et al. 2002; 
Frova and Sari-Gorla 1994; Collins et al. 2008). These traits were associated with 
the reproductive stage of growth in plants (Collins et al. 2008). QTLs associated 
with resistance to chilling at seedling stage have been identified in crop plants like 
maize, sorghum, rice and tomato (Presterl et al. 2007; Lou et al. 2007; Goodstal 
et al. 2005; Knoll and Ejeta 2008). Loci associated with freezing tolerance at 
vegetative phase of plant growth have been identified across Triticeae species and 
also in Arabidopsis model plant (Alonso-Blanco et  al. 2005; Båga et  al. 2007; 
Collins et al. 2008). Very little is known about the QTLs for cold tolerance associated 
with the reproductive phase of crop plants (Collins et al. 2008).

Recent advances in biotechnology approaches have paved the way to develop 
high- and low -temperature-tolerant crops through genetic modification. Transgenic 
crops expressing heat shock proteins and heat shock transcription factors have 
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increased heat tolerance in many crops like maize, rice, carrots and tobacco 
(Hasanuzzaman et  al. 2013a). Manipulating the expression of small non-coding 
RNAs especially microRNAs could also increase heat tolerance and alleviate heat 
sensitivity in crop plants. Genetically modified crops expressing antifreeze proteins 
from winter flounder fish in wheat have shown increased frost tolerance character-
istics. Antifreeze proteins bind to growing ice crystals in the cell and inhibit its 
growth increasing the tolerance of plants to freezing (Khanna and Daggard 2006).

9.3  Drought and Submergence Stress

Both water scarcity and excess water affect plant growth, development and produc-
tion. Severity and duration of each stress determine the total production loss in 
agriculture. According to UNCCD, 12 million hectares in the world are lost due to 
drought or desertification annually. This land extent reduces 20 million tons of 
annual grain production for consumption (http://www.unccd.int). IPCC reported 
that global temperature would be raised by an average of 1.1–6.4 °C by the end of 
the twenty-first century which would increase the area under extreme arid lands by 
1–30%. On the other hand, under the climate change context, annual rainfall pat-
terns have changed, and excess water affects 15 million hectares of lowland rice- 
growing areas in South and Southeast Asia.

9.3.1  Physiological Aspects

Drought reduces water potential of the leaves by changing the cell’s turgor pres-
sure. Less water in the plant induces ABA production that leads to stomatal clo-
sure. This reduces CO2 assimilation affecting the photosynthetic machinery in 
thylakoids of the mesophyll cells, which are the source of fluorescence signals. 
Cell peroxidation damage occurs in the drought-stressed plants with the accumula-
tion of reactive oxygen species, namely, singlet oxygen (O2−), superoxide (•O2), 
hydroxyl (OH−1) and hydrogen peroxide (H2O2). Further, there is a reduction in the 
electron transport rate that creates oxidative stress reducing the photosynthetic 
capacity of the plants under drought stress. Changes in metabolites such as sugars, 
acids and carotenoids under drought stress directly affect the quality of the plant’s 
end product (Ripoll et al. 2016).

Unpredicted waterlogging caused by heavy rains followed by poor drainage is a 
serious problem in a changing climate scenario. Under waterlogging conditions, 
soil gets saturated, and under submergence stress, the plant is partially or completely 
covered by the water body. In both instances, soil becomes anaerobic, and under 
anaerobic conditions, soil produces toxic components and emits different gases to 
the environment. These conditions accelerate plant death.

Diffusion of gases such as O2, CO2 and ethylene is reduced under submergence 
stress. Hypoxia and anoxia conditions under submergence stress are critical for 
plant growth (Fig. 9.1). Hypoxia is the low diffusion of O2 to the roots under water 
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through the plant canopy, which is above the water level. Anoxia is the total absence 
of O2 to the root system due to complete submergence of the whole canopy (Lone 
et  al. 2016). Reduction of O2 diffusion under water hampers aerobic respiration. 
Anaerobic respiration produces the required energy for the plants at anoxia once 
aerobic respiration is arrested (Pradhan 2016). Fermentation enzymes are required 
for anaerobic respiration, and it produces different metabolites that maintains the 
stability of pH in the cell contents.

When photosynthesis is affected by less gas diffusion and poor light penetration, 
unavailability of soluble sugars decreases the activity of the glycolytic pathway. 
When the plant is able to survive utilising stored food reservoirs or using anaerobic 
respiration till the water recedes, the plant must be regrown in an aerated envi-
ronment. The strong reactive oxygen species (ROS) are produced in plants under 
aerated environment upon de-submergence. Antioxidant mechanisms are required 
for the survival of the plant in the presence of ROS (Xu et al. 2010).

9.3.2  Plant Response and Tolerance

Plant response to water stress is a complex mechanism controlled by gene expres-
sion followed by biochemical metabolism through varied physiological processes. 
Leaf area, plant height, biomass and dry matter production are the morphological 
growth indices affected by drought stress. These indices and physiological traits 
such as photosynthetic efficiency, maximum quantum yield, photochemical and 
non-photochemical quenching, gas exchange measurements, stomatal conductance, 
relative water content and malondialdehyde (MDA) content are considered in the 
evaluation of drought stress of the plants (Sairam et al. 1998; Yousfi et al. 2016). 
Plants use different mechanisms like acceleration of life cycle; development of 
water absorption and retention mechanisms or organs within the plant; osmotic, 
metabolic and morphological adjustments; and genetic modifications to avoid, 
tolerate or overcome drought stress.

Under submergence stress, plants change their architecture depending on the 
type of flood. Complete submergence stress is the condition where plants are com-
pletely covered by floodwater for a considerable period of time. With the quiescence 
strategy, plant growth is arrested to conserve energy so it can be utilised once the 
water recedes. This strategy is important for tolerance under complete submergence 
stress. If the plant remains submerged for a long period, it will die upon complete 
depletion of food reserves. Elongation growth is a strategy used by plants to keep 
the canopy above the water level and is associated with tolerance under flash flood-
ing where the water level increases suddenly but is not retained for a longer period 
to cover the plant canopy completely. However, if all the food resources were 
depleted before the canopy emerges from the water body, it would cause the death 
of the plants.

There is a natural multifaceted alteration in plant anatomy and metabolism to 
function under low O2. The arrangement of soft tissues to provide space and a con-
tinuous gas channel for facilitation of an internal O2 pathway from the canopy to the 
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root system is called aerenchyma (Bailey-Serres and Voesenek 2008). Ethylene 
stimulates aerenchyma formation and root growth under submergence stress. 
Metabolic adjustment under submergence stress is driven by various plant hormones 
such as ethylene, gibberellin and abscisic acid. Finally, factors such as ATP produc-
tion under limited O2 diffusion, management of cytosolic pH due to the accumula-
tion of various metabolites, effects of the reactive oxygen species produced under 
anaerobic conditions, the persistence of the antioxidant mechanism and aerenchyma 
development decide the fate of the plant under submergence stress.

9.3.3  Management Strategies

Evolution of plants under drought conditions has created drought-tolerant plants. 
Selection of such plant types for cultivation was practised in the early days. However, 
low heritability, polygenic nature of the trait, epistasis and genotype-by- environment 
interactions were the limitations of this type of selection. Later, selected plant 
materials were bred with elite lines for the production of better cultivars, but the 
complexity of drought tolerance mechanism hampers the breeding for drought 
tolerance.

QTL analysis reveals the segments of chromosomes determining the variation of 
the considered agronomic or physiological trait. Tightly linked markers to the prom-
inent QTLs are used in marker-assisted selection in agriculture. The accuracy of 
QTL mapping and marker density of the genetic linkage map determines marker- 
assisted QTL efficiency (Cattivelli et  al. 2008). The polygenic nature of drought 
tolerance, impact of a single chromosomal location and environment interaction of 
QTL determine the overall success of the breeding program. Finding QTLs related 
to yield and stress tolerance is much more promising in marker-assisted selection 
since the tolerance trait and its relationship with the yield would not be strong.

Many drought-tolerant genes have been identified in various studies. On the 
other hand, the complexity of the drought-tolerant transcriptome has also been 
revealed. The mechanism of drought tolerance has been studied further by leverag-
ing the information from Arabidopsis a model plant to other crops by genome syn-
teny. Metabolic engineering or overproduction of desired metabolites for the 
tolerance of the stress is another approach in improving plants for stress tolerance. 
Plant gene transformation techniques are important to introduce tolerant/resistant 
genes into genomes of elite breeding lines. Inoculation of plant growth-promoting 
bacteria is another attempt to overcome drought stress.

Natural variation in submergence tolerance can be seen within crop species 
including their wild, weed or landraces. Finding new genetic materials with substantial 
tolerance to submergence is needed to broaden gene pools of modern crops. 
Submergence tolerance of a crop species varies with the developmental stage, 
flooding intensity and duration. Finding tolerant materials according to stress level 
is a must in the development of submergence tolerance in plants. A strong 
submergence- tolerant QTL in rice, Sub1, is presently utilised as a marker for 
assisted breeding and gene transformation (Neeraja et al. 2007). Sub1 suppresses 
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plant elongation under submergence stress. Finding such QTLs or genes with different 
tolerant mechanisms is needed to fill the gaps in submergence tolerance at different 
growth stages under varying stress conditions in crops.

9.4  Conclusion

Abiotic stresses due to temperature and water are being amplified as a consequence 
of climate change. To overcome this problem and meet the global demand for food, 
tolerant crops must be selected or developed through appropriate technologies. 
Physiological aspects, mechanisms of tolerance and management strategies for bet-
ter crop production must be thoroughly studied to effectively use such 
technologies.
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10Plant Bioregulators: A Stress Mitigation 
Strategy for Resilient Agriculture
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and Goraksha C. Wakchaure

Abstract
Plant growth and productivity are stimulated by plant bio-regulators (PBRs), 
which are biochemical compounds that are applied even in small quantities at 
appropriate plant growth stages. To enhance the productivity, particularly, PBRs 
are being extensively used in agriculture and horticultural crops. Though nutrient 
allocation and source-sink transitions have their central role in plant growth and 
development  and, most of the PBRs stimulate redox signaling under abiotic 
stress conditions. Since climate change and degrading natural resources are pro-
jected to amplify the stresses, particularly soil moisture deficit, high temperature, 
and soil salinity, PBRs are likely to play a crucial role in plant growth regula-
tion under these stress conditions. However, critical evaluation should consider 
the utility of PBRs to enhance crop productivity under stresses induced by abi-
otic factors. Research efforts so far have centered on the crop and agroecosystem 
specificity, optimal doses, and schedule of their application for optimizing crop 
yields under stress conditions. These efforts are being complemented by investi-
gations on genes and gene regulatory network at molecular level to tailor crop 
plants for climate resilience. In addition to complying with regulation governing 
the use of biochemicals, case studies related to crop yield in major cereals are 
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also reported. In this chapter, prospects and pathways of PBRs are described as 
an emerging stress-alleviating technology for crop production in harsh agroeco-
systems, specifically those featured by drought, heat, and salinity stress.

10.1  Introduction

Understanding the adaptive responses of plants is of paramount importance particu-
larly when grown under harsh environments. A series of experiments conducted in 
the past have clearly established that plant growth regulators and hormones play a 
vital role in determining growth, development, and productivity of crops. This fun-
damental knowledge served as basis for a number of biochemicals as plant growth 
promoters in crop production. This tends to be the integral part of modern agricul-
ture, which is often affected by adverse environmental factors such as drought, high 
temperature, and salt stress. In addition, recent surge in low external input sustain-
able agriculture (LEISA) demands enhanced intervention of modern plant biology 
that can integrate knowledge of plant responses to environmental factors at molecu-
lar, cellular, whole plant, as well as cropping system levels.

Through LEISA, the plant stress tolerance can be improved with an exogenous 
use of stress-alleviating chemicals (Wahid and Shabbir 2005; Wahid et  al. 2007; 
Farooq et al. 2009). Plant bio-regulators (PBRs) are powerful tools for maximizing 
yield and quality and increasing net income to farmers. Control of vegetative vigor, 
stimulation of flowering, regulation of crop load, reduction of fruit drop, and delay 
or stimulation of fruit maturity and ripening are best examples of regulation with the 
exogenous applications. Novel PBRs with possible benefits for fruit growers are 
continually being made available by industries. In addition, research is in progress 
to find new uses for bio-regulator products that have been made available for spe-
cific uses.

Every aspect of plant growth and development is controlled by plant hormones, 
and these serve as key integrators of exogenous (environmental) and endogenous 
(developmental) cues. The classes of phytohormones are auxins, gibberellins (GA), 
cytokinins, ethylene, abscisic acid (ABA), brassinosteroids (BS), salicylic acid 
(SA), and jasmonates, with strigolactones representing a relatively new addition 
(Stamm et al. 2011). Stress may induce common responses such as enhancement  
of plant hormones. For instance, wounding can induce increased production of eth-
ylene, auxin, and ABA. Since many kinds of stresses including water, salt, and tem-
peratures induce ABA synthesis, ABA is considered as a plant stress hormone. It 
regulates several important aspects of plant growth and development. Other than 
plant hormones, exogenous PBRs such as inorganic and organic chemicals and 
booster’s application will also have strong impact on plant adaptation to abiotic 
stress either independently or synergistically with one another (Srivastava et  al. 
2016). Many PBRs influence with the signaling pathways of one another thereby 
promoting plant tolerance to abiotic stress. Various researchers established the inter-
linking of redox signaling pathway among different PBRs to accomplish the goal of 
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tolerance (Srivastava et al. 2016). The coordination of the responses triggered by the 
multiple stimuli is controlled by a network of intricate signal transduction path-
ways. This network has many signaling components and a small number of highly 
interconnected components which are central for the functioning of the network 
(Hetherington and Woodward 2003). For instance, nitric oxide (NO) mediates the 
action of stomatal closure of ABA (Garcia-Mata and Lamattina2007). PBRs also 
promote the uptake and metabolism of nutrient elements as well. Among the stress- 
alleviating compounds, thiourea is one of the important molecules with two func-
tional groups; “thiol” is important to oxidative stress response and “imino” partly 
fulfills the nitrogen requirement. Apart from thiol compounds, other chemicals 
including plant growth regulators – 6-benzyladenine (BA), prohexadione-calcium 
(Pro-Ca), N-2-chloro-4-pyridinyl-N-phenyl- urea (CPPU), 2,4-dichlorophenoxy 
acetic acid (2,4-D), 3,5,6-trichloro-2-pyridyloxyacetic acid (3,5,6-TPA), amino eth-
oxy vinyl glycine (AVG), dithiothreitol (DTT), potassium nitrate (KNO3), thiourea 
(TU), salicylic acid (SA), and silicon (Si) products – were used, to a small extent, to 
screen for their ability to increase agricultural yield without compromising quality.

Stressful environments interrupt the balance between generation and utilization 
of reactive oxygen species (ROS) leading to toxicity by enhancing production of 
ROS such as superoxide radicals (O2

−), hydrogen peroxide (H2O2), hydroxyl radi-
cals (OH−), etc., in plants thereby creating a state of oxidative stress in them (Panda 
et  al. 2003a, b). This increased ROS level in plants causes oxidative damage to 
biomolecules such as lipids, proteins, and nucleic acids, thus altering the redox 
homeostasis (Smirnoff 1993; Gille and Singler 1995; Srivastava et al. 2016). When 
applied exogenously at suitable concentrations, PBRs enhance the efficiency of 
antioxidant system, upregulate osmolytes, and enhance the expression of stress- 
responsive genes in plants (Srivastava et al. 2016; Knorzer et al. 1999) (Fig. 10.1). 
PBRs are also proposed to sustain agriculture by integrating redox signaling as a 
possible unifying mechanism (Srivastava et al. 2016).

Several PBRs such as TU, SA, Si, NO, H2O2, hydrogen-rich water, BS and poly-
amines (PA), etc., have been tested for enhancing the plant stress tolerance as well 
as the crop yield (Jisha et al. 2013; Srivastava et al. 2016). Most of these are applied 
either for seed priming or as foliar spray. Seed priming is a pre-sowing treatment 
that partially hydrates seeds without allowing the radicle emergence. The seed prim-
ing may be induced alone or in combination with the foliar application of PBRs at 
the time or early flowering or grain-filling stage. The mechanism of seed priming 
mediated action is not well understood, but it may act in two ways. First, seed prim-
ing sets in motion germination-related activities (e.g., respiration, endosperm weak-
ening, gene transcription and translation, etc.) that facilitate the transition of 
quiescent dry seeds into germinating state and lead to improved germination poten-
tial. Secondly, priming imposes abiotic stress on seeds that represses radicle protru-
sion but stimulates stress responses, e.g., accumulation of late embryogenesis 
abundant (LEAs), potentially inducing cross-tolerance (Chen and Arora 2013). 
These two strategies together also impose a “memory” in seeds, which can be 
recruited upon a subsequent stress exposure and may mediate a greater stress toler-
ance in the subsequent generation (Pastor et al. 2013).
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10.2  Plant Bio-regulators (PBRs)

PBRs include various plant hormones (Farooq et al. 2015; Ratnakumar et al. 2015; 
Srivastava et  al. 2016) which affect plant’s ability to respond to its environment 
(Table 10.1 and 10.2). These interact with specific target tissues to cause physiologi-
cal responses, such as growth and development. Each response is often the result of 
two or more hormones acting together. Among them, many hormones can be syn-
thesized in the laboratory, therefore increasing the quantity of hormones available 
for commercial applications. For instance, GA is widely used as PBRs. Likewise, 
SA is another important plant hormone that regulates a wide range of metabolic and 
physiological responses in plants such as seed germination, seedling establishment, 
cell growth, respiration, stomatal closure, senescence-associated gene expression, 
responses to abiotic stresses, basal thermo-tolerance, nodulation in legumes, and 
fruit yield. Hence, the PBRs enhance plant growth and yield (Vlot et  al. 2009; 
Rivas-San Vicente and Plasencia 2011) and for particular stress alleviation. However, 
judicious use of SA dose is required as the excess concentration proves toxic for the 
plant growth (Donovan et al. 2013). Exogenous application of cytokinin, preferably 
kinetin, to the foliage of plants has also been shown to increase crop productivity. 
The application of low concentrations of potassium together with cytokinin pro-
vides synergistic effect (US Patent 2012). Similarly, early application of trehalose 
has also shown to enhance the health and vigor of plant resulting in better produc-
tion of sugar content (US Patent 2013). The application of plant sterols and steroid 

Fig. 10.1 Schematic representation of abiotic stress tolerance mechanisms induced by plant bio- 
regulators and phytohormones; impact on antioxidative system, upregulation of osmolytes, and 
gene activation (Source: Ratnakumar et al. 2016a, b)
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Table 10.1 Drought, heat stress, and salinity induced plant tolerance by plant bio-regulator 
(PBRs), viz., SA (salicylic acid), TU (thiourea), and PGPR (plant growth-promoting 
rhizobacteria)

Stress Plant PBRs Studied parameters Response References
Drought Wheat SA Content of ascorbate 

and glutathione
+ Kang et al. 

(2013)
Wheat SA Moisture content, dry 

matter accumulation, 
carboxylase activity of 
Rubisco, SOD, and 
total chlorophyll

+ Singh and Usha 
(2003)

Barley SA ABA content in leaves + Bandurska and 
Stroinsky (2005)

Wheat SA Stomatal regulation, 
maintaining leaf 
chlorophyll content, 
increasing water-use 
efficiency, and 
stimulating root growth

+ Anosheh et al.
(2012)

Salvia 
officinalis

SA Remobilization of 
stored food

+ Abreu and 
Munne-Bosch 
(2008)

Blackgram PGPR Production of IAA, 
cytokinins, 
antioxidants, and ACC 
deaminase

+ Figueiredo et al. 
(2008)

Wheat SA Chlorophyll pigments 
and chlorophyll a/b 
ratio

− Moharekar et al. 
(2003)

Wheat TU Individual grain weight + Sahu and Singh 
(1995)

Heat Arabidopsis SA Oxidative stress + Alonso-Ramı’rez 
et al. (2009)

Mustard SA H2O2 content and CAT 
activity

+ and − Dat et al. (1998a, 
b)

Agrostis 
stolonifera

SA POX activity and CAT 
activity

+ and − Larkindale and 
Huang (2004)

Gram SA Protein and proline 
content induction of 
stress enzymes, viz., 
POX and APX

+ Chakraborty and 
Tongden (2005)

Wheat SA Proline content + Khan et al. 
(2013)

Salt Wheat SA IAA and cytokinin 
levels, proline content, 
ABA accumulation, 
SOD and POX activity

+ Shakirova et al. 
(2003)

Wheat SA Osmotic potential, 
shoot and root dry 
mass, K+/Na+ ratio, and 
photosynthetic pigment 
content

+ Kaydan et al. 
(2007)

(continued)
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hormones such as brassinosteroids (BS) is essential for plant growth, reproduction, 
and responses to various abiotic and biotic stresses. The use of these BS (Vriet et al. 
2012) has also been proposed as a promising strategy for crop improvement.

10.3  Biotic Agents

Apart from chemical-based PBRs, various biotic agents (Table 10.2) have also been 
used for the same purpose. Nagaraju et al. (2012) have used Trichoderma harzia-
num isolates to enhance the plant growth and resistance of sunflower toward downy 
mildew disease. Many bacteria not only promote the growth of plants but also pro-
tect the plants against various abiotic and biotic stress agents including flooding, 
drought, salts, metals, organic contaminants, wilting, and pathogens (Glick 2014).

10.4  Effects of PBRs on Crop Growth

Salicylic acid (SA) and other salicylates, thiourea and other thiol compounds, and 
KNO3 and other nitrites are known to affect various physiological and biochemical 
activities of plants and may play a key role in regulating plant growth and productiv-
ity (Arberg 1981). There are conflicting evidences on the role of SA in flowering. In 
SA-deficient Arabidopsis, initiation of flowering failed when irradiated with UV-C, 
and substantial flowering occurred when grown under non-stress condition than 
wild-type plants (Shulaev et  al. 1995). SIZ1, a SUMO E3 ligase, negatively 

Table 10.1 (continued)

Stress Plant PBRs Studied parameters Response References
Barley SA Photosynthetic rate, 

membrane stability
+ El Tayeb (2005)

Mustard SA Growth, photosynthetic 
parameters and 
activities of enzymes 
(nitrate reductase, 
carbonic anhydrase, 
CAT, POX, and SOD), 
proline content

+ Yusuf et al. 
(2008)

Mung bean SA Antioxidant system + Khan et al. 
(2014)

Tomato SA Activation of aldose 
reductase and ascorbate 
peroxidase, 
accumulation of 
osmolytes such as 
proline

+ Tari et al. (2002, 
2004) and 
Szepesi et al. 
(2005)

The indication marks “+” represents the positive and “−” represents negative responses
Source: Ratnakumar et al. (2016a, b)
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regulates flowering via an SA-dependent pathway (Jin et al. 2008). It was reported 
that the dry matter accumulation was enhanced in Brassica juncea, with SA foliar 
application, while higher concentrations of SA had an inhibitory effect. In sugar-
cane GA3 increased internodal elongation, while glyphosate, CEPA, and other regu-
lators increase the deposition of sucrose; diquat and 2-chloroethylphosphonic acid 
(CEPA) inhibit flowering, and paraquat desiccates leaves just prior to harvest to 
facilitate leaf removal or burning (Kossuth 1984). GA increased the rate of cell divi-
sion and stimulation of vegetative growth (Arteca 1995). The leaf area was found to 
increase significantly after KNO3 application probably due to promoting role of 
potassium (K) in plant growth. Generally, the essential element K has a great regula-
tory role within plant cells and organs such as activating on enzymes, osmosis regu-
lation and photosynthesis, and loading and unloading of sugars in phloem (osmosis 
regulation and photosynthesis). DCPTA delay the natural senescence of mature 
leaves thereby contributing to enlarged leaf canopies and improved carbon assimila-
tion per unit leaf area.

Flowering is another important parameter that is directly related to yield and 
productivity of plants. SA application induces flowering in a number of plants 
(Cleland and Ajama 1974). However, the rigorous mechanism of flower-inducing 
property of SA is not been explored. Kumar et al. (2000) studied the cumulative 
effect of SA in combination with GA, kinetin, NAA, ethral, and chloro chloro chlo-
ride (CCC) and found a synergistic effect between SA and GA on flowering as 
compared to other combinations of hormones. Likewise, ethylene modulates plant 
growth and development under normal conditions and is also a key feature in the 
response of plants to a wide range of stresses. Ethylene is synthesized in plants in 
response to various stresses typically in response to the presence of metals, organic 
and inorganic chemicals, cold or heat stress, drought or flood, ultraviolet light, 
insect and nematode damage, phytopathogens (both fungi and bacteria), and 
mechanical wounding (Glick 2014). A small fraction ethylene synthesis, which con-
sumes the existing pool of 1-aminocyclopropane-1-carboxylate (ACC, the precur-
sor of ethylene) in stressed plant tissues, is believed to be responsible for initiating 
the transcription of genes that encode plant defensive/protective proteins (Robison 
et al. 2001). However, higher level of ethylene production following synthesis by 
the plant of additional ACC in response to a stress is generally injurious to plant 
growth and usually involved in initiating senescence, chlorosis, and leaf abscission 
(Glick 2014). There has been a major increase in the utilization of BRs in agricul-
tural applications as a mean to boost crop productivity and stress tolerance 
(Choudhary et al. 2012). Interactions between BRs and ABA regulate the expres-
sion of many genes that govern several biological processes.

Interaction between soil bacterium may be negative, positive, or neutral, and 
sometimes the effect of soil bacterium changes according to the conditions of soil. 
For instance, when the availability of chemical nitrogen fertilizer is abundant in soil, 
a nitrogen-fixing bacterium is useless for the plants. Similarly, many bacteria are 
useful for the plants only under environmental stress conditions and are unlikely to 
have any beneficial effect under optimal conditions (Glick et al. 2007). It is impor-
tant to mention here that not all strains of a particular bacterial genus or species 
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promote plant growth due to varied genetic makeup and metabolic capabilities. 
Some strains of Pseudomonas fluorescens, for instance, may actively promote plant 
growth, while other strains of this species have no measurable effect on plants 
(Glick 2014). Plant growth-promoting bacteria may facilitate plant growth and 
development either directly or indirectly. The indirect effect on promotion of plant 
growth occurs by preventing harmful effects of plant pathogens, and direct role of 
the PGBRs involves either acquisition of mineral nutrients or modulation of plant 
growth by alteration of phytohormones such as auxin, cytokinin, and ethylene 
(Glick 2012). It has been found that most of the plant growth-promoting rhizobac-
teria isolated from Graminaceae grasses growing in a meadow polluted with heavy 
metals exhibited ACC deaminase activity, which resulted in plant growth promotion 
(Dell’Amico et al. 2005). Some of the abiotic stresses whose effects can be amelio-
rated in this way include temperature extremes, flooding, drought, metals and met-
alloids, hypoxia, salt, and organic contaminants (Glick 2012). Foliar spray and 
rhizosphere irrigation with purple phototrophic bacteria (PPB) on a herb Stevia 
rebaudiana native to certain regions of South America increased the growth and 
also yield of stevioside (ST), one of the steviol glycosides, which is 300 times 
sweeter than cane sugar and non-calorific, and have specific immunomodulatory 
activities (Wu et al. 2013).

10.4.1  Germination

SA is known to improve germination, plant growth, rate of transpiration, stomatal 
regulation, photosynthesis, ion uptake, and transport in plants (Metwally et al. 2003; 
Khodary 2004; He et  al. 2010; Khan et  al. 2014, 2015). Low doses of SA have 
potential to improve seed germination and seedling establishment under different 
abiotic stress conditions (Rajjou et  al. 2006; Alonso-Ramirez et  al. 2009b). Lee 
et al. (2010) reported the role of SA in seed germination under salinity. They found 
that SA promotes germination under high salinity by modulating antioxidant activ-
ity in Arabidopsis. Further, they suggested that SA was not essential for germination 
under normal growth conditions, but under saline conditions, it promotes seed ger-
mination by reducing oxidative damage. Similarly, Hanieh et al. (2013) determined 
the effect of pre-sowing treatment of SA on seed germination of sweet pepper and 
found that pre-sowing seed treatment of SA caused better germination percentage 
and faster growth rate. SA improves seed germination by promoting the synthesis of 
proteins that are essential for germination and the mobilization or degradation of 
seed proteins accumulated during seed maturation (Rajjou et al. 2006). BR-related 
mutants (det2-1 and bri1-1) showed increased sensitivity to the inhibitory effects of 
ABA during seed germination in comparison with wild-type plants (Steber and 
McCourt 2001). However, primary root and hypocotyl elongation assays in the sax1 
mutant revealed hypersensitive responses to ABA, as well as auxin and ethylene 
(Ephirtikhine et  al. 1999). In Phragmites australis, inoculation of seeds with 
Pseudomonas asplenii improved germination and protected the plants from growth 
inhibition (Bashan et al. 2008).
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10.4.2  Root Growth

Prolific root system is important for stress tolerance and improved water uptake 
particularly under abiotic stress conditions in order to harvest better crop yield 
(Farooq et al. 2009; Flowers 2004). Normally, sensitive genotypes have poor pro-
lific roots than susceptible genotypes. Corresponding to this, a pronounced incre-
ment in root growth of sensitive wheat varieties to salt and high-temperature stress 
was reported with the application of TU and that strongly correlate to grain yield 
(Sahu et al. 2006). Thus, in view of TU being water soluble, readily absorbable in 
the tissues that enhance the plant, it has ability to ameliorate stress effects under 
field conditions.

Superiority of synthetic growth hormone NAA over other bio-regulators attrib-
uted its unique role in delaying senescence process, hastening root and shoot growth, 
and setting more fruits (Wein et al. 1989). Keithly et al. (1990) reported that photo-
synthate partitioning in DCPTA-treated (foliar application) sugar beet plants 
appeared to be balanced between the demands of plant growth and taproot sucrose 
accumulation supply. Increased taproot weight of 30-μM-DCPTA-treated taproots 
resulted in an 81% increase in sucrose yield.

SA increased the level of cell division within the apical meristem of seedling 
roots of wheat plants (Sakhabutdinova et al. 2003). Similarly, applications of 10–8 
and 10–6  M SA increased root length (San-Miguel et  al. 2003). The exogenous 
application of SA to plants results in an interference with the ion transportation and 
absorption in the membranes of root cells (Harper and Balke 1981). In soybean 
plants treated with 10 nM, 100 μM, and up to 10 mM SA, root growth increased up 
to 45% (Shakirova et al. 2003).

BSs were unable to antagonize the ET effects on hypocotyl growth in the etio-
lated fer-2 mutant, indicating FER-dependent BS effects on ET-induced growth 
responses (Deslauriers and Larsen 2010; Cheung and Wu 2011). BR-mediated 
hypocotyl cell elongation involves a microtubule regulatory protein, microtubule 
destabilizing protien 40 (MDP40) (Wang et al. 2012). In some plants, the treatment 
of seeds or cuttings with non-pathogenic bacteria, such as Agrobacterium, 
Alcaligenes, Bacillus, Pseudomonas, Streptomyces, etc., induces root formation 
(Esitken et al. 2003). PGPRs (plant growth-promoting rhizobacteria) might induce 
the production of auxin or inhibit ethylene synthesis or mineralization of nutrients 
(Steenhoudt and Vander-Leyden 2000). Desbrosses et  al. (2009) investigated  
the PGPR-Arabidopsis interaction to establish the signaling pathways  
involved in  controlling plant development and observed an ethylene-independent 
and  auxin- independent mechanism, regulating the elongation of root hair in 
Arabidopsis.

10.4.3  Nutrient Uptake, Mobilization, and Translocation

Application of NAA (20  ppm) maximized the seed (1.76  Mg ha−1) and straw 
(4.7  Mg ha−1) yield of fenugreek and was superior to other bio-regulators like 
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GA. The uptake of N, P, and K was the maximum with 20 ppm NAA. Hormone 
application increased physiological and metabolic activities of the plant as a result 
more uptake of nutrients by plants from the soil. The favorable effect of plant growth 
regulators in enhancing the yields and nutrient uptake was also reported in cotton 
and green gram, respectively. Nitric oxide (NO) or its donor has been shown in 
reports by Zhang et  al. 2012 and Zottini et  al. 2007. SA and SNP (nitric oxide 
source) promoted Fe uptake (Table 10.2), translocation, and activation, modulated 
the balance of mineral elements, and protected Fe deficiency-induced oxidative 
stress (Kong et al. 2014). Little information is available on the role of BRs under 
nutrient-deficient conditions. Wang et al. (2012) reported that BRs play a negative 
role in regulating iron (Fe) deficiency-induced ferric reductase (FRO), expressions 
of CsFRO1 (transcripts encoding FRO) and CsIRT1 (Fe transporter), as well as Fe 
translocation from roots to shoots.

In wheat, the mobilization flow rate of sucrose to grain determines the rate at 
which carbohydrate can accumulate in the ear. Sahu and Singh (1995) observed that 
improved productivity of wheat under soil and foliar treatments of thiourea (TU) 
was mainly due to enhanced grain weight. Metabolic transport of sucrose to grains 
via effects on phloem loading was enhanced with application of TU. Mobilization 
of dry matter (reserves) from leaves to grains increased in wheat with TU spray at 
tiller stage. Improvement in harvest index under TU treatments lends further cre-
dence to the role of TU in improving dry matter partitioning to grains (Sahu and 
Solanki 1991). Reduced grain yield with 20 kg ha−1 soil-applied TU compared with 
10 kg ha−1 treatment might be attributed to inhibitory effects perhaps on phloem 
transport of sucrose. The role of TU as a thiol compound and growth-regulating 
chemical in improving productivity of field crops such as wheat and brassica was 
evaluated by Srivastava  et  al. (2009), Sahu et  al. (2005), and NIASM (2013) 
(Table 10.1). Inoculation of rhizobacteria increased uptake of nutrient elements like 
Ca, K, Fe, Cu, Mn, and Zn by plants through stimulation of proton pump ATPase 
(Mantelin and Touraine 2004; Kumar et al. 2014). In crop plants, mineral element 
uptake also increased in combined inoculants of Bacillus and Microbacterium 
(Karlidag et al. 2009). PGPRs might increase the nutrient uptake of plants through 
organic acid production and decreasing the soil pH in rhizosphere.

10.4.4  PBRs Induced Plant Adaptation and Mitigation

10.4.4.1  Drought
Exposure of plants to water stress leads to serious physiological and biochemical 
dysfunctions including reduction in turgor, growth, photosynthetic rate, stomatal 
conductance, and damages of cellular components (Janda et al. 2003). SA has sig-
nificant role in controlling abiotic stresses including drought and salinity stress. SA 
has high potential for improving stress tolerance in agriculturally important crops. 
Its utility however depends on various factors like concentration of SA applied, 
mode of application, and stage of plant growth. At low concentrations, SA has been 
found to alleviate abiotic stress, and at higher concentrations, it induces oxidative 
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stress (Rivas-San Vicente and Plasencia 2011; Miura and Tada 2014). Higher toler-
ance to drought stress was also observed in the plants raised from the grains soaked 
in aqueous solution of acetyl salicylic acid (Hamada and Hakimi 2001). It has been 
suggested that SA-induced drought tolerance is associated with an enhanced antioxi-
dant system (Horvath et al. 2007; Mutlu et al. 2009; Zhou et al. 2009). However, few 
studies have shown that abiotic tolerance induced by SA could be related to the 
altered expression of the genes encoding osmotin, pathogenesis- related proteins, and 
heat shock proteins (Ding et al. 2002; Kim and Delaney 2002; Clarke et al. 2004). To 
explore the molecular mechanisms involved, an effort was made by Kang et  al. 
(2013).Treatment with SA increased drought tolerance of common bean (Phaseolus 
vulgaris) and tomato (Solanum lycopersicum) plants (Senaratna et  al. 2000). 
Exogenously applied SA has also been reported to modulate activities of intracellu-
lar antioxidant enzymes SOD and POD and increase plant tolerance to environmen-
tal stresses (Sakhabutdinova et al. 2004; Senaratna et al. 2000). Application of SA 
alleviated adverse effects of drought stress in wheat plants by increasing improving 
stomatal regulation, maintaining leaf chlorophyll content, increasing water-use effi-
ciency, and stimulating root growth (Anosheh et  al. 2012). Leaf senescence is a 
highly regulated physiological process, allowing the remobilization of stored food 
from the older leaves to the rest of the plant, during stressful conditions, and SA 
involved in the promotion of drought-induced leaf senescence in Salvia officinalis 
plants (Abreu and Munne-Bosch 2008). Singh and Usha (2003) revealed that the 
wheat seedlings subjected to drought stress when treated with SA generally exhib-
ited higher moisture content and also higher dry matter accumulation, ABA accumu-
lation, and carboxylase activity of Rubisco, SOD, and total chlorophyll content 
compared to the untreated plants (Bandurska and Stroinsky 2005; Ghasempour et al. 
2001). Improvement in grain weight with soil and foliar treatments of thiourea that 
increased productivity of wheat (Sahu and Singh 1995) is showed.

SA potentially generates a wide array of metabolic responses and also affects the 
photosynthetic parameters and plant water relations. However, a reduction in chlo-
rophyll content was observed in plants pretreated with SA (Anandhi and Ramanujam 
1997; Pancheva et al. 1996), synthesis of carotenoids, and xanthophylls (Moharekar 
et  al. 2003), enhanced the rate of deep oxidation in wheat, transpiration rate 
decreased significantly in Phaseolus vulgaris and Commelina communis, and 
induced the closure of stomata (Larque-Saavedra 1978, 1979) in contrast  to 
enhanced photosynthesis and growth of soybean (C3 plant) and corn (C4 plant) 
(Khan et al. 2003). SA also has the capacity of osmotic adjustment by maintaining 
low MDA contents and decreased Na/K ratio in leaves (Fayez and Bazaid 2014). 
Brassinosteroids enhance tolerance to drought and cold stress by modulations of the 
expression of drought- and cold-stress marker genes (Kagale et al. 2007). However, 
the exact biochemical link between the Brassinosteroids-signal cascade and stress 
tolerance remains a mystery.

Soil and foliar treatments of thiourea (TU) increased the number of ears and 
grains/ear, indicating an improved storage capacity (Werdan et al. 1975). Because 
of its cytokine-like activity, TU might have also delayed leaf senescence (Halmann 
1990). In maize, foliar spray of TU increased both canopy photosynthesis and 
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photosynthetically active leaf surface during grain filling (Sahu et  al. 1993). 
Chloroplasts isolated from mature leaves of 30-μM-DCPTA-treated plants, as com-
pared with that of controls, showed a 23% increase in the total soluble protein to 
chlorophyll ratio. This parallels to an observed increase in activated ribulose 1, 
5-bisphosphate carboxylase/oxygenase (Rubisco) activity in vitro per unit chloro-
phyll. The Rubisco activity increased 87% per dm2 leaf area of 30-μM-DCPTA- 
treated plants (Keithly et al. 1990). Increased Rubisco activity largely accounted for 
increase in net photosynthesis in DCPTA-treated plants.

Tolerance to drought stress is enhanced in PGPR-inoculated plants (Figueiredo 
et al. 2008). Plants achieve this tolerance either due to the production of IAA, cyto-
kinins, antioxidants, or ACC deaminase. Reports are also available regarding the 
role of PGPR in conferring resistance to water stress in plants such as tomatoes and 
peppers under water-deficient conditions (Aroca and Ruiz-Lozano 2009). More 
efforts are needed to investigate the mechanistic approach of PGPR in eliciting tol-
erance to different stresses. This would improve our understanding of induced sys-
temic tolerance to water stress in modern agriculture.

10.4.4.2  Salinity
High salinity induces serious metabolic perturbations in plants, as it generates ROS 
which disturb the cellular redox system in favor of oxidized forms, thereby creating 
an oxidative stress that may damage DNA, inactivate enzymes, and cause lipid per-
oxidation (Smirnoff 1993) (Table 10.1). The results of Srivastava et al. (2009) rec-
ommend that TU treatment maintains the integrity and functioning of mitochondria 
in seeds as well as seedlings exposed to salinity. Thus, TU has the potential to be 
used as an effective bio-regulator to impart salinity tolerance under field conditions 
and might prove to be of high economic importance by opening new avenues for 
both basic and applied research. However, most of the literature indicates that exog-
enous application of SA to the stressed plants can potentially alleviate the toxic 
effects, generated by salinity. An enhanced tolerance against salinity stress was 
observed in wheat seedlings (Hamada and Hakimi 2001) and tomato plants (Tari 
et al. 2002, 2004; Szepesi et al. 2005; Rai 2002). Wheat seedlings accumulated large 
amounts of proline under salinity stress (Shakirova et al. 2003). It is widely reported 
that the pretreatment with SA resulted in the accumulation of ABA which induces 
the synthesis of a wide range of anti-stress proteins and lowered the level of active 
oxygen species and activities of SOD and POX in the roots of young wheat seed-
lings (Shakirova et al. 2003; Sakhabutdinova et al. 2004). Exogenous application of 
SA enhanced the photosynthetic rate, maintained the stability of membranes (El 
Tayeb 2005) alleviated by exogenous application of SA in Arabidopsis seedlings 
(Borsani et al. 2001; Kaydan et al. (2007), and observed that pre-sowing soaking 
treatment of seeds with SA positively affected the osmotic potential, shoot and root 
dry mass, K+/Na+ ratio, and contents of photosynthetic pigments (chlorophyll a and 
b and carotenoids) in wheat seedlings, under both saline and nonsaline conditions. 
Various antioxidant enzymes (CAT, POX, and SOD) were increased with a con-
comitant increase in proline content (Yusuf et al. 2008; Ismail 2013, Khan et al. 
2014). In both abscisic acid (ABA) levels, increase in both drought and high-salinity 
conditions, along with gene expression, changes (Zeller et al. 2009). Intensive cross 
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talk of ABA with different signaling pathways produces abundance of proteins and 
secondary messengers that act as regulators or modulators of ABA responses 
(Christmann et al. 2006). Both ABA and ethylene responses integrate at the level of 
DELLA proteins under salt stress and under conditions of high salinity and vegeta-
tive growth of plants occurs through activation of ABA and ethylene signaling 
(Achard et al. 2006). The DELLA-mediated growth control and plant survival under 
high salt conditions was shown to be due to an increased accumulation of enzymes 
that detoxify reactive oxygen species (ROS) (Achard et al. 2008). BS crosstalk with 
SA regulates plant responses to abiotic stress. Exogenously applied BRs could not 
confer salt stress tolerance in the SA-insensitive npr1-1 mutant in Arabidopsis (Divi 
et al. 2010). This supports the idea that BR-induced salt tolerance in Arabidopsis 
partially depends on NPR1, a master regulator of the SA-mediated defense signal-
ing pathway (Divi et al. 2010). In Brassica juncea, salt stress tolerance increased 
with exogenous applications of BS and SA. The combined application of BS and 
SA was most effective in alleviating the salt stress when compared with their indi-
vidual treatments (Hayat et al. 2012).

Other PGBRs which enhance salt tolerance in plants include mycorrhizal asso-
ciations of plants. Different mechanisms are employed by arbuscular mycorrhizal 
fungi to enhance salt tolerance of host plants (Azcon and El-Altrash 1997; Giri and 
Mukerji 2004; Sheng et  al. 2009), inhibit high uptake of Na and Cl (Daei et  al. 
2009), improve water uptake (Ruiz-Lozano and Azcon 2000), and accumulate pro-
line and polyamines (Evelin et al. 2009; Ibrahim et al. 2011) and antioxidant defense 
system (SOD and CAT) (Farooq et al. 2015, Wu et al. 2010) (Fig. 10.2). Arbuscular 

Osmatic Stress

RO

ROS 

ExcessROS

Cell wall 
degradation & 

Secondary 
metabolism 

ROS
homeostasis

Reduced

PBRs (TU, SA, PAs,
etc.)

SOD CA

Reduced cell damage &deterioration

PBRs

Protect

Fig. 10.2 Schematic representation of ROS scavenging induced by plant bio-regulators; impact 
on antioxidative system and reduced cell damage and deterioration (Source: Ratnakumar et  al. 
2016a, b)
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mycorrhizal association also improves osmotic adjustment, which helps in mainte-
nance of the leaf turgor pressure, which in turn affects photosynthesis, transpiration, 
stomatal conductance, and water-use efficiency (Juniper and Abbott 1993). Under 
saline condition, mycorrhizal inoculation of three different arbuscular mycorrhizal 
fungi, Glomus mosseae, G. deserticola, and Gigaspora gergaria, significantly 
increased growth responses, nutrient contents, acid and alkaline phosphatases, and 
proline and total soluble protein of wheat plants compared to non-mycorrhizal ones 
(Abdel-Fattah and Asrar 2012). Foliar application of Moringa (Moringa oleifera) 
leaf extract (MLE; 30 times diluted), benzyl amino purine (BAP; 50 mg L-1), and 
hydrogen peroxide (H2O2; 120  μM) at tillering, jointing, booting, and heading 
growth stages decreased the shoot Na+ and Cl- contents, with simultaneous increase 
in shoot K+ contents (Yasmeen et al. 2013).

10.4.4.3  Heat Stress
Deviation from optimum temperature results in serious perturbations in plant 
growth and development (Mittler 2002). Both salinity and high temperatures have 
a common facet of oxidative damage (Wahid et al. 2007). Looking at the structure 
of thiourea, both “imino” and “thiol” functional groups and with foliar spray, 
amino group provides a ready source of nitrogen, and thiol has a great role in alle-
viating oxidative stress damage on the physiologically more important mesophyll 
tissue which results that foliar applied thiourea was effective in improving salt 
(6–11%) and high-temperature tolerance (4–10%) of wheat varieties. However, SA 
plays a key role in providing tolerance against temperature stress. SA stimulates 
alternative respiratory pathway in mitochondria by inducing expression of alterna-
tive oxidase, the terminal electron acceptor of the alternative respiratory pathway, 
and releases unused potential energy as heat (Vlot et al. 2009). SA has been found 
to provide protection against heat stress in plants (Karlidag et al. 2009; Khan et al. 
2013). Exogenous application of SA also partially reverses the inhibitory effect of 
oxidative (0.5 mM paraquat) and heat stress (50 °C for 3 h) on seed germination 
(Alonso- Ramirez et  al. 2009a, b). Jasmonic acid also acts with SA, resulting in 
basal thermo-tolerance in Arabidopsisthaliana (Clarke et al. 2009). A foliar spray 
of SA conferred heat tolerance to mustard (Dat et al. 1998a, b), in potato plantlets 
(Lopez- Delgado et al. 1998), and in plants of Agrostis stolonifera (Larkindale and 
Huang 2004). These authors further reported that the pretreatment with SA had no 
effect on POX activity, whereas the CAT activity was shown to decline as com-
pared to control. Moreover, the treatment enhanced the activity of enzyme ascor-
bate peroxidase. Contrary to this, an enhanced activity of CAT and SOD was 
observed in heat- stressed plants of Poa pratensis, after the treatment with SA (He 
et  al. 2005). The application of SA in Cicer arietinum reduced heat stress and 
induction of various stress enzymes, viz., POX and APX (Chakraborty and Tongden 
2005; Table 10.1).

10.4.4.4  Transferring Knowledge to Farmer’s Field
The use of PBRs is a unique facet of biotechnology and a new approach of manipu-
lating plant biochemistry for enhancing productivity and quality. Although, there is 
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a wide range of PBRs that are commonly used to improve plant growth, develop-
ment, defense, and productivity, the molecular mechanisms of their effects still 
remain to be fully elucidated. In addition, their commercialization depends upon 
several factors such as their stability under the field conditions, inertness, cost- 
effectiveness, ease of application, and versatility toward different stresses. From the 
practical point of view, both endogenous and exogenous substances can be regarded 
as PBRs if they exert an influence on the growth and development of the plant, in 
low concentrations, and without having any biocidal or nutritive action. Since the 
environmental conditions before, during, and after application of PBR may influ-
ence its effect on a given plant, it is critical to develop specific protocols for each 
PBR before it can widely be commercialized. In fact, changing environmental con-
ditions in the field causing fluctuations of multiple parameters simultaneously such 
as temperature, humidity makes it difficult to utilize the results obtained from con-
trolled experiments into practical applications for growers. In addition, plants face 
multiple stresses under farmer’s field conditions, and combinations of PGRs may be 
needed to achieve significant impact on growth and productivity. Another aspect 
which needs to be thoroughly explored is the economic feasibility of commercial-
izing the PBRs from the point of view of agrochemical industry and the customers/
users which are the smallholder farmers.

10.4.4.5  Integrating PBRs with Other Management Activities
Under stressful conditions, crop management is a key component for optimizing 
inputs and reducing yield losses. Plant growth regulators play a vital role in deter-
mining growth, development, and productivity of crops. Advances in ABA signal-
ing science have already allowed refined development of crop management 
techniques for reducing irrigation input (Wilkinson et al. 2012). Ethylenephysiology 
is accessible to manipulation via crop management, for example, applications of 
1-MCP (1-methylcyclopropene). Liquid foliar applications of “Invinsa” (Agro- 
Fresh Inc., USA), which produces gaseous 1-MCP, can act on a range of ethylene- 
associated process. Crop management using plant growth-promoting rhizobacteria 
(PGPRs), as either seed treatments or soil additions, which reduce plant ethylene 
accumulation under stress by metabolizing the ethylene precursor at the root-soil 
interface, also increases yields of legumes in the field (Belimov et al. 2007). This 
provides scope for genetic or management modulation of water use and carbon gain 
in field crops.

10.4.5  PBRs for Enhancement of Water Productivity and Yield: 
Case Studies

10.4.5.1  Wheat
The use of plant bio-regulators has been shown to mitigate the impacts of water 
stress and benefit crops underwater scarce conditions. Therefore, studies were 
reported the impact of irrigation regimes and plant bio-regulators (PBRs) on grain 
yield and water productivity of spring wheat (Triticum aestivum L) (Wakchaure 
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et  al. 2016a; Ratnakumar et  al. 2016a, b). PBR’s application through exogenous 
sprays included 10 mM thiourea (TU), 10 uM salicylic acid (SA), 1.5 g L−1 potas-
sium nitrate (KNO3), 25 ppm gibberellic acid (GA3), and 8 ppm ortho-silicic acid 
(OSA) at crown root initiation (CRI), flag leaf, and seed milking stages and control 
(no PBR). Seven irrigation levels were generated through a line source sprinkler 
system (LSS), viz., application of irrigation water (IW) equaling 1.0, 0.85, 0.70, 
0.55, 0.40, 0.25, and 0.10 times the CPE (cumulative open pan evaporation). The 
maximum yield obtained with PBRs varied between 4.11 and 4.46 Mg ha−1 at IW/
CPE 0.85 against 4.09 Mg ha−1 without PBR, while the yield decline equaled 0.35–
0.42  Mg ha−1 for every 0.1 IW/CPE for PBRs against 0.43  Mg ha−1 without 
PBR. The overall improvement in grain yield and total biomass with PBRs ranged 
between 5.9–20.6% and 4.8–15.3%, respectively. Specifically, TU and SA showed 
a major role under medium (IW/CPE 0.40–0.69) and severe (0.10–0.39) stress con-
ditions in terms of maintenance of leaf water content, modulating the stomatal 
opening and better water usage, and thereby improved yield by 0.41–0.88 Mg ha−1. 
The maximum water productivity ranged between 1.20 and 1.35 kg m−3 with differ-
ent PBRs, while it was 1.18 kg m−3 without PBR, and the latter could be achieved 
with 19–56% lesser irrigation water with PBRs. Overall conclusions are that the 
effects of deficit irrigation could be substantially enhanced in terms of grain yield 
and water productivity when used conjunctively with PBRs like TU and SA. Thus, 
for integrating PBRs with supplemental irrigation, large-scale testing is required for 
defining their economic spray schedules under water scarcity conditions.

10.4.5.2  Cultivar Responses
Supplemental irrigation, drought-tolerant cultivars, and the use of plant bio- 
regulators are now being proposed as key strategies to unlock the yield potential and 
stabilize the yield of wheat grown in rainfed areas. Studies were conducted using 
line source sprinklers (LSS) to determine the interactive effects of quantities of 
supplemental irrigation and exogenous foliar sprays of 10 mM thiourea (TU) and 
32 ppm of orthosilicic acid (OSA) on wheat (Triticum aestivum L.) varieties, viz., 
HD2189, LOK1, NIAW 301, NIAW 34, and PBW 550 (Ratnakumar et al. 2016b). 
The irrigation quantities were fully irrigated (I1:31.8  cm), mild (I2: 28.9  cm), 
medium (I3, 25.9 cm and I4, 22.7 cm), and severe (I5, 19.9 cm and I6, 17.2 cm) 
water stress conditions. Wheat cultivars varied in their response to water deficits and 
those popular with farmers, e.g., NIAW-301 showed higher water productivity 
under deficit irrigation. Response to TU, OSA also varied across water regimes and 
was higher under moderate to severe stress. Foliar application of TU and OSA at 
root crown initiation, flag leaf, and grain-filling stages improved yield by 6–9% at 
fully irrigated; 18–19% at medium stress; 12–17% at severe water stress conditions 
and water productivity by 0.12–0.10 Mg ha-1 with TU, 0.13–0.09 Mg ha-1 with OSA 
at fully irrigated and medium stress; and 0.11–0.03 Mg ha-1 with TU, 0.12–0.03 Mg 
ha-1 with OSA at severe stress conditions. TU and OSA induced efficient use of 
water through increased relative water content, modulating canopy temperatures, 
and enhanced total soluble sugars and sink partition that are essential for enhanced 
water productivity under deficit irrigation. The overall interpretation is that varieties 
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like NIAW 301, NIAW 34, and LOK1 with higher water productivity under medium 
and severe water stress intensities, though having comparatively low potential 
yields, should be preferred, and exogenous application of PBRs like TU and OSA 
could further enhance wheat productivity.

10.4.5.3  Sorghum
Studies were also conducted to evaluate the interactive effects of plant bio- regulators 
(PBRs) and supplemental irrigation on growth and grain yield of sorghum 
(Wakchaure et al. 2016b). Exogenous application of PBRs included 10 uM salicylic 
acid (SA), 100 mg L−1 sodium benzoate (SB), 500 ppm thiourea (TU), 1.5% potas-
sium nitrate (KNO3) at seedling elongation (20DAS), reproductive (50 DAS), and 
panicle emergence (75 DAS) stages and control (no spray of PBR). Line source 
sprinkler system (LSS) was used to apply variable quantities of irrigation water 
(IW), i.e., equaling 0.95, 0.80, 0.65, 0.50, 0.35, 0.20, and 0.05 times the CPE (cumu-
lative open pan evaporation). The maximum grain yield (3.60–3.88 Mg ha−1) was 
obtained at IW/CPE 0.80 and declined at 0.43–0.49 Mg ha-1  for every 0.1 IW/CPE 
for PBRs  – and the corresponding values were 3.49 and 0.53  Mg ha,  1 without 
PBR. The application of PBRs mitigated water stress and improved gain yield by 
6.8–18.5%. SA was more effective under moderate (IW/CPE 0.79–0.50), while SB 
and TU were better under severe water deficits (IW/CPE 0.49–0.05). PBRs main-
tained higher leaf water content; lower canopy temperature modulated the stomatal 
opening and ultimately the source – sink relations – thereby improving the yield and 
water productivity under deficit irrigation. The maxima of water productivity varied 
between 1.16 and 1.41 kg m-3  with PBRs – while it was 1.12 kg m-3 without PBR, 
and the latter could be achieved with 25.2–49.7% lesser irrigation water (IW) with 
PBRs. It is concluded that PBRs like SB and TU present viable option for improv-
ing sorghum yield and water productivity under the conditions of deficit irrigation.

10.4.5.4  Soybean
The interactive effect of bio-regulators and irrigated water applied through (LSS) on 
soybean (J-335) was also studied during the kharif season. Treatment combinations 
were (i) spraying of six bio-regulators, namely, thiourea (10 mM), salicylic acid 
(10 μM), silixol (160 ppm), KNO3 (1.5%), GA3 (25 ppm), and water (control) at 
flowering and seed-filling stages. The highest (2.15 Mg ha−1) yield was obtained 
with application of salicylic acid. The yield was decreased with reduction in amount 
of water received from the sprinkler. The yield was reduced to 91.6, 83.8, 78.4, 70.3, 
and 62.4% when applied water was 29.0, 25.9, 22.7, 19.9, and 17.2  cm, 
respectively.

10.5  Conclusions

Ample research investigations have been carried out to estimate efficacy of the 
PBRs under drought, saline, and high-temperature conditions in crops. Many of 
such studies depended on pot culture or single location or season experiment. Often 
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scientific leads were not carried forward for large-scale evaluation and validation in 
field conditions, possibly for several reasons including biosafety measures that may 
have adverse impact on human health, soil quality, and eco-friendly usage. Further, 
this could also be attributed to lack of information on effect of residues in grain and 
soil that can impact on human health and ecosystem of which soil microbes espe-
cially on rhizobacteria are the useful and vulnerable component. Hence, there is a 
need for non-residual deliverable product, and cost-effective PBR-based  
formulation and technology that can address the alleviation of abiotic stresses.
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11Thiourea: A Potential Bioregulator 
for Alleviating Abiotic Stresses

M.P. Sahu

Abstract
Abiotic stresses, viz. drought, high temperature and salinity, are the major 
constraints in enhancing agricultural productivity. The predicted climate change 
is likely to further aggravate these environmental stresses. There has been unprece-
dented increase in the frequency and intensity of extreme events such as drought, 
heavy rainfall, flooding and high temperatures. Though sporadic in nature, 
these extreme events are expected to expand covering many regions. Hence for 
sustainable agriculture under these conditions, it is necessary to have crop plants 
endowed with mechanisms to cope with environmental stresses. Plants cope with 
these stresses and thrive under harsh environment through sophisticated and 
efficient mechanisms to re-establish and maintain redox homeostasis. These 
mechanisms involve efficient stress sensing and signaling processes. In addition, 
stresses lead to a vital reorientation of transport and partitioning of assimilate for 
plant growth and productivity under environmental stresses. Thiourea, a sulphydryl 
compound, has been observed to improve assimilate partitioning, photosynthetic 
efficiency and crop productivity. Since thiourea has redox regulatory properties 
imparted by –SH group, it can influence thiol-disulphide cycle through effects on 
plant thioredoxin system, which has a key role in plant tolerance to abiotic 
stresses. In several field studies, thiourea has been observed to mitigate drought, 
salinity and heat stress, and it enhances the crop yields when applied through 
foliar sprays. Thus, it acts as an effective bioregulater by regulation of cell meta-
bolic activities and by restoring cellular redox homeostasis in crop plants under 
stressful environments. Hence, thiourea has considerable potential for achieving 
food security under the changing scenario of climate change.
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11.1  Introduction

More than 50% yield losses in agricultural crops are attributed to abiotic stresses 
(Wang et  al. 2007). Among them, the losses due to high temperature, salinity, 
drought and low temperature can be as high as 40, 20, 17 and 15%, respectively 
(Ashraf et al. 2008). Climate change can aggravate these environmental stresses and 
can substantially reduce global crop yields as reported in the case of maize (3.8%) 
and wheat (5.5%) (Lobell et  al. 2011). This can be partially attributed to steep 
decrease in crop productivity when temperatures exceed critical physiological 
thresholds (Battisti and Naylor 2009; Wheeler et  al. 2000). According to the 
Intergovernmental Panel on Climate Change (IPCC), climate change affects crop 
production in several regions of the world, with negative effects more common than 
positive, and developing countries are highly vulnerable to further negative impacts 
(IPCC 2014). Increases in the frequency and intensity of extreme events such as 
drought, heavy rainfall, flooding and high maximum temperatures are already 
occurring and expected to accelerate in many regions (Porter et al. 2014). Despite 
these challenges, the very low agricultural productivity of food-insecure countries 
presents a great opportunity (Brown and Funk 2008). There is wide geographic 
variation in crop productivity, even across regions that experience similar climates 
(Godfray et al. 2010). Even under irrigated conditions of Southeast Asia where the 
average maximum climate-adjusted rice yields are 8.5  Mg  ha−1, the actually 
achieved yield is just 60% of this (Cassman 1999). Similar yield gaps exist in rain-
fed wheat in central Asia and rainfed cereals in Argentina and Brazil.

11.2  Overcoming Productivity Constraints

The crop productivity can be improved by three approaches that involve photosyn-
thesis, the key process responsible for plant growth and development. These include 
enhancing rate of canopy photosynthesis, efficiency of photosynthetic carbon fixa-
tion and translocation of photosynthate for economic yield (Geiger and Giaquinta 
1982). All these three factors are closely linked to harvestable yield (Gifford et al. 
1984). Thus, while attempting crop yield enhancement, it is critical to assess if eco-
nomic yield can be enhanced through improved efficiency in use of photosynthate 
available to the plant or by improving net photosynthate supply to meet the demand 
(Wardlaw 1980). The decision can be difficult due to dynamic nature of these pro-
cesses and interlinks between them as the demand for assimilates can directly influ-
ence net assimilation rate and translocation patterns (Wardlaw 1968). In cereals 
most of the carbohydrate in the grain emanates from post-anthesis photosynthesis 
(Barnell 1936; Carr and Wardlaw 1965; Lupton 1966).

Either the photosynthesis or the grain is often considered as limitations to yield 
in cereals, while the assimilate translocation from photosynthesizing part to grain 
was initially neglected (Evans and Wardlaw 1976). The translocation system has the 
transport and the partitioning of assimilates as its major components, and both of 
them have undergone changes during the evolution of cereals. Further, the vascular 
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system which facilitates transport is unlikely to be a major limitation to yield in 
cereals. Instead, the limitation in the diffusion of assimilates into the phloem at the 
source (leaves) as well as from the phloem of inflorescence into the grains can be a 
more significant limitation (Evans and Wardlaw 1976; Gifford and Evans 1981).

In general, plants are well adapted to diverse environmental conditions. However, 
their growth and productivity is adversely affected by stresses imposed by salinity, 
drought, cold or heat, which are getting amplified due to  the ongoing climate 
changes. Plants cope with these stresses by maintaining ion and cellular homeosta-
sis (Conde et al. 2011). Cellular homeostasis is maintained by sophisticated mecha-
nisms for signaling and sensing the stress, minimizing the toxic elements generated 
in the cell, compatible solute and osmoprotectant accumulation and a reorientation 
of transport and compartmentation of solutes.

11.3  The Available Yield Optimization Technology

Optimum crop productivity under environmental stress depends upon a delicate bal-
ance between photosynthesis and photosynthate partitioning when a particular 
stress leads to the physiological dysfunction in crops. In terms of carbon economy, 
the route to increased crop yield lies between carbon source (photosynthesis) and 
the carbon sink (economic product); hence both these components need to be 
improved simultaneously. High-yielding varieties and good management practices 
can maximize the interception of solar radiation by crop canopy. They can also help 
in prioritizing excessive investment of assimilates into reproductive parts rather 
than vegetative parts. Improving crop photosynthesis rate prior to grain filling by 
means of environmental amelioration can be the most effective strategy for increas-
ing yield (by increasing the number of grains competent to fill). Increasing sink size 
(grain number per ha) by chemical or breeding methods can be another approach to 
achieve higher yields of seed crops. This can be achieved through reducing abscis-
sion or abortion of flowers and young seeds without compromising the ability to fill 
these extra sinks (Gifford et al. 1984).

While in irrigated agriculture increased sink size (grain number per ha) has been 
brought about by dwarf stature of the Mexican wheat and other cereals, in rainfed lands, 
this has not been achieved successfully. Therefore, it is now widely realized that the 
Green Revolution has bypassed the drylands, more particularly the arid lands in India. 
Low crop productivity and sometimes crop failure due to environmental stresses are the 
common occurrences in arid lands. Therefore, molecular biology-based plant breeding 
or molecular agronomy can alone break the yield barrier of crops in arid environments.

11.4  Role of Assimilate Transport and Partitioning

The ability of plants to accumulate assimilated carbon is a function of its photosyn-
thetic capacity and the pattern of carbon allocation among its parts, both of which 
appear to be genetically determined (Gifford et al. 1984). In nature this capacity 
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also depends on the plant’s ability to maintain dry matter accumulation under 
stresses imposed by a variety of environmental factors (Boyer 1982). These stresses 
do not allow plants to realize their genetic potential for productivity. This is evident 
from the fact that agricultural yields are only 12–30% of record yields for a variety 
of crops under field conditions. Under water stress, for example, direct responses 
such as stomata closure initially may inhibit photosynthesis. Subsequent responses, 
mediated by altered gene expressions, can result in changes in allocation of newly 
fixed or stored carbon, synthesis of osmotic agents and expansion of root, which 
ultimately enhances uptake of water, reopens stomata and restores the previous rate 
of photosynthesis. Phloem translocation provides communication from sources to 
sinks, while xylem transport can complete the loop, carrying materials such as 
growth regulators from sinks to sources (Geiger and Servaites 1991).

In arid areas, despite constraints imposed by lack of water and high tempera-
tures, the crop plants mostly survive in average rainfall years. But the yields are 
seldom high even though the biomass production is of a satisfactory level. The 
major limitation is inefficient assimilate partitioning in crop plants at grain filling 
because of high aridity and radiation load. Most probably the sucrose transport 
proteins are rendered weak and may get even inactivated due to the formation of 
free radicals like superoxides under environmental stress conditions. The situation 
becomes still worse when rainfall is below average and the crops mostly fail, pro-
ducing only some biomass and almost no yield.

The allocation and partitioning of assimilated carbon provide resources for 
acclimation to environmental stress. Allocation comprises the processes determin-
ing the biochemical fate of carbon that has become available for distribution, or 
partitioning, among plant parts. Without other specifications, allocation refers to the 
initial determination of recently assimilated carbon. As a result of both biochemical 
conversions and compartmentation, newly assimilated carbon may be used immedi-
ately or set aside as a reserve to be mobilized and used later. Mobilization of reserves 
that were previously allocated to storage can also supply carbon needed for stress 
responses. Plants have mechanisms for appropriate allocation of current photosyn-
thates for internal translocation and for storage in plant tissues. These mechanisms 
enable plants to maintain a steady supply of carbon for development in addition to 
restoring and maintaining homeostasis under environmental stress (Geiger and 
Servaites 1991).

11.5  Role of Sulphydryl Compounds in Assimilate Transport 
and Partitioning

The mechanism of assimilate transport and partitioning in crop plants is still poorly 
understood. However, several evidences suggest that the loading of sucrose  into 
phloem vessels may be a rate-limiting step in assimilate transport. Since the trans-
location of 14C–sucrose in leaf discs of sugar beet was inhibited by sulphydryl 
blocker, para-chloromercuribenzoic sulphonic acid (PCMBS), it was concluded by 
Giaquinta (1976) that sulphydryl groups are necessary for the activity of sucrose 
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transport protein. These compounds may not enhance  the stover and biological 
yields in pearl millet but can enhance harvest index and hence grain yield as evident 
from responses to foliar sprays of sulphydryl compounds such as mercaptoethanol 
and thiourea (Sharma 1988). These observations were later confirmed with maize 
where mercaptoethanol, mercaptoethylamine and thiourea enhanced the grain yield 
by 18.1, 29.2 and 34.1%, respectively (Sahu and Solanki 1991). This was mainly 
due to the respective increase in harvest index to an extent of 6.2, 9.9 and 13.9%. 
Further evidence for the effects of sulphydryl compounds on translocation of 
sucrose from the source to sink in mustard was provided on the basis of the radio-
isotopic studies (Srivastava et al. 2008). Thus, the sulphydryl compounds improve 
translocation of photosynthate and dry matter partitioning by improving phloem 
loading of sucrose (Sahu and Singh, 1995). The role of thiourea in the improvement 
of plant growth and grain yield of maize was further confirmed by studies con-
ducted by Sahu et al. (1993) where seed soaking plus foliar spray of thiourea signifi-
cantly improved leaf area index and number of green leaves per plant which 
ultimately led to increase in both biological and grain yields. Improvement in maize 
yield with thiourea treatments appeared to have resulted from increased photosyn-
thetic efficiency and delayed leaf senescence possibly due to metabolic activities of 
cells supported by -SH group.

11.6  How Thiourea Imparts Crop Tolerance to Environmental 
Stresses

Thiourea is a thiol compound (Gyorgy et  al. 1943; Jocelyn 1972), and there are 
ample evidences to support the role of thiol compounds in stress tolerance of plants. 
A variety of protein and nonprotein thiols and sulphur-containing molecules con-
tribute to plant stress tolerance (Meyer and Hell 2005; Colville and Kranner 2010). 
The potential of thiol compounds in mitigation of water stress in pearl millet is 
evident from experiments involving presowing seed treatment with sulphydryl com-
pounds such as dithiothreitol, thioglycollic acid, thiourea and cysteine. These com-
pounds could improve the activities of key enzymes of superoxide scavenging 
system that involve superoxide dismutase, glutathione reductase and glutathione-S-
transferase (Ramaswamy et al. 2007). In wheat, these compounds could minimize 
the effect of osmotic stress induced by polyethylene glycol on photosystem 1 and 2 
activities (Nathawat et al. 2007). Beneficial effect of these compounds on primary 
photochemistry was evident in water-stressed pearl millet even when they were 
applied through foliar spray (D’Souza et al. 2009).

In many living organisms, thioredoxins (TRX) and glutaredoxins (GRX) are the 
main components of protein-based protection mechanisms that involve thiol-disul-
phide cycle. Thiourea being a redox regulatory molecule most probably influ-
ences thiol-disulphide cycle (Meyer et  al. 2012). TRX and GRX are thiol 
oxidoreductases with a pair of cysteine residues that provide reducing power to a 
variety of stress-related enzymes such as thiol peroxidase, methionine sulfoxide 
reductase (MSR) and arsenate reductases. In addition, they may facilitate 
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thiol-disulphide oxidoreductase activity to various protein targets. GRX are directly 
reduced by GSH to produce GSSG; however, the reduction of TRX requires reduc-
tases specific to compartments within the cell. In cytosol and in mitochondria, TRX 
is reduced by NADPH-dependent TRX reductases (Lemaire et  al. 2007), but in 
plastid, ferredoxin/thioredoxin reductase (Schurmann and Buchanan, 2008) plays a 
key role.

On exposure to abiotic stresses, TRX increases either due to the high level of 
gene expression or the increase in activities at protein level (Zagorchev et al. 2013). 
In rice, Cu stress can lead to upregulation of TRX and GRX genes (Song et al. 2012). 
The existence of genetic variation was evident from difference in the fold increase 
between tolerant and sensitive lines. Similarly, GRX level was more in salt-resistant 
than in salt-sensitive barley genotypes (Fatehi et  al. 2012). A significant genetic 
variation in the TRX gene expression was also observed in a genome-wide study in 
conditions of biotic and abiotic stress (Nuruzzaman et al. 2012). Stress tolerance 
through chaperone-like functions may be conferred by proteins related to TRX or 
GRX.  For example, thioredoxin reductase type C (NTRC) in Arabidopsis can 
undergo heat shock-induced oligomerization and can exhibit chaperone functions to 
confer thermotolerance (Chae et al. 2013). NTRC is a typical example of a protec-
tive protein with numerous functions and roles, depending on the reduction of pro-
tein disulphide bonds or by extending chaperone functions to non-cysteine proteins 
(Chae et al. 2013). Thiourea has a role in the reduction of protein disulphide bonds 
as demonstrated by thiol-disulphide exchange occurring between thiourea and a 
disulphide bond in thyroid tissue (Maloof and Soodak 1961). Thiourea-based 
bifunctional organocatalysts are also capable of activating electrophilic reaction 
components through hydrogen bond donation that mimics a reductase activity 
(Procuranti and Connon 2007). Thus, it is highly probable that thiourea functions 
like thioredoxin reductase type C (NTRC) and regulates protein function and redox 
metabolism in plants under environmental stresses. In view of the above, if antioxi-
dants are sprayed onto the crop plants, most of the damaging free radicals can be 
quenched, and the crop plants can be able to maintain metabolic homeostasis, which 
will then facilitate translocation and partitioning of assimilates for yield formation. 
Since sulphydryl compounds are strong antioxidants and also supply reactive sul-
phydryl group for the functioning of sucrose transport protein, they can more effec-
tively improve assimilate partitioning and yield of crops under arid environment.

11.7  Effects of Thiourea on Plant Metabolism 
Under Environmental Stresses

11.7.1  Drought Stress

As a primary response to water stress, the plant hormone abscisic acid (ABA) accu-
mulates in large quantities in plants (Wright and Hiron 1969). ABA accumulation is 
significantly inhibited by thiol compounds such as dithiothreitol (DTT) and cysteine 
(Cys) (Jia and Zhang 2000). Wheat originated from seed priming with salicylic acid 
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combined with foliar application of thiourea exhibited stronger anti-drought effects, 
in terms of increased growth parameters, yield components, total soluble sugars, 
total carbohydrates, protein and improved nutritional contents of grains including P, 
K, Ca and Mg (Hassanein et al. 2012). Later, Hassanein et al. (2014–2015) further 
observed that treating wheat plants with TU, SA and their combination resulted in 
great increases in the activity of antioxidative system-associated enzymes such as 
superoxide dismutase (SOD) and catalase (CAT) accompanied by great reduction in 
peroxidase (POX) and ascorbate peroxidase (APX) activities. Maximum increase of 
SOD and CAT was observed by spraying with TU at 2.5  mM on SA-pretreated 
plants either under normal irrigation (44 and 32%, respectively) or drought condi-
tions (57.8 and 47.8%, respectively). Thus, the improvement in wheat performance 
was assigned to enhancing antioxidant compounds (phenolics and flavonoids), 
membrane stability, and antioxidant enzymes (SOD and CAT) and by reducing 
hydrogen peroxide free radical product.

11.7.2  Salinity Stress

Seed soaking treatments with chemicals (salicylic acid, sodium thiosulphate and 
thiourea) could alleviate the salt stress (10 dS m−1) and accelerate recovery of plant 
growth rate (Mahatma et al. 2009). This could be attributed to the decrease in lipid 
peroxidation and free amino acid content. Srivastava et al. (2010) reported that thio-
urea could alleviate stress even under a high degree of salinity through different 
signaling and effector mechanisms at an early stage. In mustard plant, TU supple-
mentation to NaCl brought down levels of reactive oxygen species (ROS) to near 
control values as compared to that of NaCl stress. These positive effects could be 
related to the increase in the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scav-
enging activity, reduced glutathione (GSH) and their ratio of reduced to oxidized 
glutathione (GSH/GSSG) and also in the activities of SOD and GR. These responses 
under salinity stress were accompanied by an increase in utilization of energy as 
indicated by ATP/ADP ratio and enhanced activity of ascorbate oxidase (AO), an 
important component of stress signaling (Srivastava et al. 2011). Thus, TU treatment 
was found to regulate redox and antioxidant mechanisms in mustard to alleviate 
oxidative stress induced by NaCl. While NaCl at 200 mM can inhibit the activity of 
amylase enzyme in germinating seeds (Sangeetha 2013), thiourea (20 mM) could 
minimize these inhibitory effects.

Salinity stress induced by 100 mM NaCl can substantially reduce accumulation 
of biomass, chlorophyll content and relative water content in the maize plants (Kaya 
et al. 2013). However, it increases the activities of CAT, SOD and polyphenol 
oxidase (PPO) and levels of hydrogen peroxide and electrolyte leakage, all associated 
with antioxidative system. However, it did not affect peroxidase (POD) activity. It 
was possible to reduce this adverse effect by foliar application of TU in case of 
salt-stressed maize compared to untreated maize plants. Thiourea (7 mM) was as 
effective as mannitol (30 mM) in alleviating salinity stress in maize plants as indi-
cated by growth and physiological attributes. Treatment of seeds before sowing and 
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foliar application of thiourea and nitric oxide in combination could alleviate salt-
stressed maize seedlings (Kaya et al. 2015a). Foliar application of TU (500 ppm) 
resulted in considerable increases in the dry weight of salt-sensitive and salt-tolerant 
cultivars to an extent of 38% and 35%, respectively, relative to control (Kaya et al. 
2015b). It partially improved the salt tolerance of maize plants by reducing Na and 
increasing N, K, Ca and P under salinity stress. In addition to this, the reduction in 
MP, MDA and H2O2 altered activities of antioxidant enzymes and increased photo-
synthetic pigments in response to TU and hence improved the growth of maize 
under saline stress (Kaya et al. 2015b).

11.7.3  Heat Stress

Heat stress during grain filling injures cellular membrane due to accelerated bio-
chemical activity at cellular level which leads to accumulation of high levels of lipid 
peroxide and H2O2 contents (Asthir et al. 2013). However, heat-tolerant genotypes 
such as C 306 and C 273 exhibit less lipid peroxidation and membrane injury due to 
substantially high levels of antioxidants. Thiourea ameliorates the damages caused 
by high temperature by facilitating increase in antioxidant activity, total soluble 
proteins, amino acids and chlorophyll contents in all the genotypes. Impact of these 
biochemical events was reflected in substantial increase in plant height, peduncle 
length, peduncle weight and grain weight. The effect was so remarkable that heat-
sensitive genotypes of wheat such as PBW 550 and PBW 343 exhibited higher grain 
weight despite greater injury to membranes relative to tolerant genotypes such as C 
306 and C 273. Further, it was observed that application of thiourea twice as pre-
sowing seed treatment and as foliar spray was more effective in improving the wheat 
performance as revealed by membrane stability, antioxidant potential and yield 
components recorded in the experiment (Asthir et al. 2013). High temperature (HT) 
significantly increases the activities of soluble acid, neutral and cell wall-bound 
invertases in addition to cellular level of reducing sugar and soluble protein, in both 
root and shoot of wheat (Asthir et al. 2015). However, the application of thiourea 
under HT stress further elevates invertase activities and levels of soluble protein 
because of the effects of -SH group that allows regulation of cellular carbon metab-
olism (Asthir et al. 2015).

Sunflower plants exposed to 35 or 45 °C for 12 h had reduced growth, chloro-
phyll content in leaves, relative leaf water content, oil content, leaf nutrient and 
nitrate reductase enzyme activity (Akladious 2014). Treatment with thiourea applied 
at 10 mM could improve plant growth by maintaining favourable levels of parame-
ters mentioned above. It also induced non-enzymatic and enzymatic antioxidants. 
The studies at molecular and protein level have also confirmed the efficacy of 
thiourea in minimizing heat injury in sunflower plants (Akladious 2014). 
Similarly, foliar spray of 6 mM thiourea could help in the recovery of root to shoot 
ratio in terms of length and dry biomass in the heat-stressed maize (Khanna et al. 
2015). As observed in other crops, thiourea specifically upregulated the activities of 
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catalase and peroxidase in the roots and shoots and effectively reduced cellular 
level of H2O2.

11.8  Crop Response to Sulphydryl Bioregulator Thiourea

The role of thiourea in mitigating environmental stress has been ascribed to the 
bioregulatory role of its sulphydryl group configuration. There was remarkable 
increase in yield components and grain yield in response to foliar spray of thiourea 
(Ameta and Singh 2005). Thiourea at 0.2% spray at grain filling stage was most 
effective, resulting in higher number of grains/cob (24.7%) with increased grain 
weight by 43.3% over control, thus increasing the grain yield by 26.7%. Similarly, 
seed yield and dry matter production of mung bean was enhanced by presowing 
seed treatment with thiourea (500 ppm) followed by foliar application (1000 ppm) 
prior to flowering stage (Mathur et al. 2006). Thiourea leads to the increase in net 
photosynthesis and levels of many metabolites that promote plant growth and 
development. Thiourea could enhance the grain yield of moth bean by 89.2% (Sahu 
et al. 2006), while grain yield could be almost doubled in cluster bean. Thiourea 
application also consistently increased cowpea productivity to an extent of 26% 
under rainfed conditions (Anitha et al. 2004; Burman et al. 2004, 2007; Garg et al. 
2006). However, maximum favourable effects were obtained with combined appli-
cation of seed treatment and foliar spray as seen in other crops. All these studies 
provide sufficient evidences to support the view that the beneficial effects of thio-
urea could be due to its beneficial role in photosynthetic activity as well as nitrogen 
metabolism in addition to its important role in antioxidative mechanisms.

Under soil moisture deficit conditions, it was possible to get 68 and 373 kg of 
additional grain yield of rainfed pearl millet per ha with spray of 6% kaolin and dust 
mulching, respectively. On the other hand, 0.1% thiourea when sprayed at tillering 
and flowering resulted in an increase of grain yield by 26.6% (Sahu et al. 2006). In 
other experiments, where the highest productivity of pearl millet was obtained by 
minimising the rows of plants with dead furrow of 60 cm in between each “pair of 
rows” (Siddiqui et al. 2014), 0.1% thiourea spray on leaf canopy increased the grain 
yield by 10.7% over control regardless of crop stages. Grain filling in wheat is more 
sensitive to salinity than heat. Both of these stresses could be managed with foliar 
application of thiourea (10 mM) which improved net photosynthesis and grain yield 
(Anjum et al. 2008). In another study (Anjum et al. 2011), thiourea enhances the 
threshold of tolerance of wheat plants to salinity and to high temperature. Among 
the five varieties examined, thiourea could effectively enhance tolerance to high 
temperature and salinity in highly sensitive (S-24 and MH-97) varieties. These 
experiments provide sufficient evidences to conclude that it is possible to mitigate 
the adverse effects of the most important abiotic stresses such as salinity and high 
temperature with foliar spray of thiourea. Hence, this may be recommended for 
managing moderate salinity and high temperature stresses that otherwise limit 
wheat production. This can also be used for seed treatment to get the desired benefit 
(Abdelkader et al. 2012) as it facilitates antioxidant system in plants.
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11.9  Way Forward

The ideal conditions for improving crop yield result from the optimization of all 
metabolic events at cellular level through macro- to micromanagement of the crop 
growth environment (Rossi et al. 2015). This needs optimization of rates and dura-
tion of all important processes, which are generally determined by genotype (G) but 
often largely influenced by the environment (GxE). Implicitly, the crop manage-
ment (M) that influences microenvironment for crop growth must be rationally 
included in the yield equation: yield = GxExM. Plants have inbuilt mechanisms to 
counter the adverse effect of harsh environment. They are endowed with reducing-
oxidizing (redox) systems in which catabolic and anabolic processes are driven by 
oxidative and reductive processes, respectively (Hong-bo et al. 2008). Since oxygen 
is the key element in such mechanism, its redox potential determines the scope for 
maintenance and regulation of metabolic functions. Under extreme environmental 
conditions, the pace with which plant metabolism scavenges harmful free radicals 
determines the extent of stress-induced damage (Noctor 2006; Bohnert and Jensen 
1996; Foyer et al. 1994, 1997). ROS are key components contributing to cellular 
redox status through their participation in all processes controlled by redox reac-
tions such as signal transduction, gene expression, protein synthesis and turnover 
and thiol-disulphide exchange reactions (Chaves et  al. 2003; Shao et  al. 2006, 
2007a, b). ROS accumulation is closely linked to initialization of pre-emptive 
defence and adaptive responses that can lead either to stress acclimation or to cell 
death, depending on the degree of oxidative stress experienced. For example, 
responses of wheat to stresses are directed to acclimate and repair damage, which 
also occur in many organisms (Foyer and Nector 2005a, b; Miller et  al. 2003). 
Redox signal transduction is a universal characteristic of aerobic life (Shao et al. 
2005, 2008), and both oxidants and antioxidants fulfil signaling roles. Since kinase-
dependent and kinase-independent pathways that are initiated by redox-sensitive 
receptors modulate thiol status (Hon-bo et al. 2008), thiol bioregulators are impor-
tant agents for metabolic management and restoring cellular redox homeostasis in 
crop plants, both under optimum and stressful environments. Viewed in this context, 
thiourea, a thiol bioregulator, can be considered a novel crop management technol-
ogy in the equation (Y = GxExM) mentioned above. It may be noted here that envi-
ronmental stresses induced by climate change alter source-sink partitioning of 
assimilates as well as photosynthetic efficiency in crop plants (Paul and Foyer 2001; 
Nathawat et  al. 2007). Thiourea, a sulphydryl compound, has been reported to 
improve assimilate partitioning and crop photosynthetic efficiency in maize (Sahu 
and Solanki 1991, Sahu et al. 1993). Recently, the role of thiourea as a ROS scaven-
ger has been highlighted in regulating source-sink relationships and improving 
yield in Indian mustard (Pandey et  al. 2013). In light of these findings, thiourea 
bioregulator holds considerable promise for achieving food security under the 
changing scenario of climate change in the world.
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12Improving Crop Adaptations to Climate 
Change: Contextualizing the Strategy

S. Naresh Kumar

Abstract
Climatic stresses have been affecting agricultural productivity and thereby pres-
ent a major challenge for the food and nutritional security. The frequency and 
magnitude of these stresses are projected to increase and impact the crop yields 
at global level as well as in India. Genetic adaptation is identified as the most 
crucial factor for improving productivity in future climates. Contextualization of 
genetic improvement for changing climates is essential to improve the crop pro-
ductivity as well as to conserve the natural resources. Serious reorientation of 
breeding efforts is required for a comprehensive genetic improvement pro-
gramme that should address the challenges of changing climates and growing 
demand for food and nutritional quality. The approaches to be deployed for crop 
improvement should include characterization of projected climatic stresses, 
entire germplasm with projected climatic variability as background, utilization 
of entire genetic diversity and deploying multipronged approaches for genetic 
improvement. This chapter is aimed to contextualize the issues and approaches 
for breeding climate resilient varieties.

12.1  Introduction

Evolution has been the basis of species development. On the earth, about 1 million 
plant species exist, of which around 350,000 are accepted, while more than 240,000 
are yet be resolved into ‘accepted name’ or ‘synonym’ (BGCI 2017). Out of these, 
only about 20,000 species are edible. Ever since settled agriculture was invented by 
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human being over 10,000 years ago, numbers of species that are cultivated have 
been shrinking. Increase in population and demand for higher production of food 
grains led to expansion of area under agriculture on one hand while narrowing down 
the number of species to only a few on the other. Intensification of agriculture led to 
a further narrowing down of species that are being cultivated. Currently, only 20 
species are providing over 90% of our food. Even among these, only a few varieties 
or hybrids are being cultivated causing extreme narrowing of gene pool in agroeco-
systems. Among the major species that are cultivated, probably rice is the only crop 
with larger diversity. Major cultivated crops have been subjected to improvement 
though human intervened conventional breeding or molecular breeding.

Natural selection has been the driving force for evolution of biological organisms 
on the earth. Organisms that could keep the pace of their evolution way ahead of the 
changing climatic conditions can dominate the ecosystems. Organisms that evolve 
at the pace of changing climates may sustain their existence till the time when the 
pace of climate change overtakes the pace of their evolution and eventually extinct. 
Other organisms which cannot keep the pace of evolution as that of the climate 
change will extinct. This basic principle is applicable to all organisms and cultivated 
species are no exception.

Climate, the mean state of weather over a long period (usually 30 years), of the 
earth has been dynamic and has been changing continuously. Out of 4.54 billion 
years of the earth’s age, 3 million years has seen glacial and interglacial cycles. Last 
interglacial period occurred about 125,000 years ago. During this period the global 
mean surface temperatures were 1–2 °C warmer than present 15 °C. During the last 
glacial maximum, where the ice covered the earth’s surface to the maximum extent 
about 21,000 years ago, the global mean surface temperatures were 4–7 °C cooler 
than present. The greenhouse gases (GHGs) are responsible for tapping of energy 
by the earth’s atmosphere. Without GHGs, earth’s surface mean annual temperature 
would have been −17 °C making earth unsuitable for living organisms. The pres-
ence of GHGs in the atmosphere and greenhouse effect causes warming of about 
32  °C. This resulted in a global mean annual temperature of +14.84 °C in 2016 
(NOAA 2017).

Human activities such as fossil fuel combustion and the GHG-emitting man- 
made technologies, on the one hand, and deforestation and land use change, on the 
other hand, have led to rapid accumulation of GHGs. All these GHGs have differen-
tial potential to warm the earth’s surface, called global warming potential (GWP). 
The GWP is the measure of how much heat a greenhouse gas traps in the atmo-
sphere relative to the amount of heat trapped by carbon dioxide. Carbon dioxide 
(CO2), by definition, has a GWP of 1 regardless of the time period used, because it 
is the gas being used as the reference. The GWP of methane is 21 times and N2O is 
310 times of GWP of CO2 in a 100-year period. The GWP of sulphur hexafluoride 
(SF6) (23,900), hydrofluorocarbons (HFCs, vary between 140 and 11,700 times 
depending the type of molecule) and perfluorocarbons (PFCs) (6500–9200) is 
extremely high for 100-year period. Collectively, their GWP is leading to increase 
in temperatures and climate change.
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Climate change is projected to raise the global surface temperature in excess of 
1.5  °C by 2100 relative to 1850–1900, and warming will continue beyond 2100 
(IPCC AR-5 2013:2014). Increase of global mean surface temperatures for 2081–
2100 relative to 1986–2005 is projected to be 0.3 °C to 1.7 °C in GHG mitigation 
scenario (representative concentration pathway, RCP2.6); between 1.1  °C and 
2.6 °C (RCP4.5) and 1.4 °C to 3.1 °C (RCP6.0) in GHG stabilization scenarios and 
by 2.6 °C to 4.8 °C (RCP8.5) in GHG emission intensive scenario. Concurrently the 
atmospheric CO2 concentrations are projected to increase to 421 ppm (RCP2.6), 
538 ppm (RCP4.5), 670 ppm (RCP6.0) and 936 ppm (RCP 8.5) by the year 2100. 
Further, climate change is projected to increase frequency of extreme temperature 
events, extreme rainfall events and skewed monsoon leading to increased risk of 
drought-related water and food shortage. Further, the report suggests that the risk 
level can be moderately minimized with current adaptation and risk level with high/
intensive adaptation can be minimized.

Climate change impacts on crops are projected to vary with the type of species, 
location and season of crop growth. Several studies have projected that global pro-
duction of many crops may reduce to the tune of 40–60% due to rise in temperature 
and climate change by the end of the century (Rosenzweig et al. 2014). The magni-
tude and direction of climate change impacts have significant spatio-temporal varia-
tion for a given crop, with some regions gaining yield while other losing it based on 
the current climatic conditions (Naresh Kumar et al. 2011, 2013). However, adapta-
tion to climate change will not only reduce the negative impacts but also maximize 
the positive effects. Adaptation of agriculture to climate change involves managing 
current and future climatic risks. This can be achieved through an integrated 
approach of (1) anticipatory research efforts, (2) management of natural resources, 
(3) use of technology and (4) proactive development and policy initiatives. Several 
low-cost technologies can reduce the negative impacts of climate change (Easterling 
et al. 2007). Among the natural resources, genetic resource is the major factor that 
determines the performance of agricultural productivity. Growing suitable crop 
variety in changing climates is identified as one of the essential and easy-to-adapt 
strategy for not only minimizing the negative impacts but also for harnessing the 
beneficial effects (Braun et al. 1996; Chapman et al. 2012).

Historically, crop improvement has been aimed to achieve high yield, resistance 
to disease and pest and tolerance to abiotic stresses. Screening germplasm for iden-
tification of donors having specific traits and their utilization in developing resistant 
and tolerant varieties has been the convention in crop improvement (Ortiz 2002; 
Xin-Guang et al. 2010b). Breeders have been successful in achieving their targets. 
However, changing climates have been throwing new challenges for crop 
improvement.
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12.2  Why Genetic Adaptation in Changing Climates?

The centre of origin of many crops falls in the region between Tropic of Cancer and 
Capricorn. Climate change has been changing the climatic conditions of these 
regions at a much faster pace resulting in new or novel climates (Williams et al. 
2007). Since climate is the primary factor for species distributions and ecosystem 
processes, the new climates may pose challenge to the existing species, while new 
species may emerge. Novel climates are projected to develop primarily in the trop-
ics and subtropics, challenging large portion of existent biodiversity to evolve faster. 
Species that evolve faster can survive, while those who are slow will eventually 
become extinct. This calls for an immediate action of conservation of all biodiver-
sity in these areas, in general and in biodiversity hotspots, in particular. It is quite 
probable that lack of such efforts had led to the collapse of civilizations due to the 
late Holocene droughts between 6000 and 1000 years ago. Droughts resulted in the 
collapse of empires and societies like the Akkadian Empire of Mesopotamia, c. 
6200 years ago; the Classic Maya of Yucatan Peninsula, c. 1400 years ago (Ceccarelli 
et al. 2010); the Moche IV–V transformation of coastal Peru, c. 1700 years ago (de 
Menocal 2001); and the early bronze society in the southern part of the Fertile 
Crescent (Rosen 1990), to name a few. Not just of historical events, these examples 
have current relevance as well, particularly in the current world where the food 
habits of regions are gradually merging.

Crop species gene pools are collected, conserved, catalogued and characterized 
for the use in crop breeding. As mentioned earlier, most of the genetic enhance-
ments are made to achieve higher yield, resistance to specific disease and pest and 
tolerance to some abiotic stresses. Efforts to increase quality also have led to nutri-
tionally enhanced varieties. While all these were done with focussed screening of 
germplasm to identify lines with ‘desirable’ traits, they ignored or overlooked to 
analyse its performance with climatic variability as the backdrop. Therefore, there 
is a need to contextualize the breeding efforts in changing climates to improve the 
crop yields as they are projected to reduce in the changing climates.

Climate change is projected to affect the yield of several major crops across the 
world. For instance, the global yield of maize, wheat, rice and soybean is projected 
to be affected up to 20% in 2020 (2010–2039) scenario, 20–35% in 2050 (2040–
2069) and 40–60% in 2090 (2070–2099) (Rosenzweig et al. 2014). A global analy-
sis on wheat production indicated a decrease of about 6% yield with every 1 °C rise 
in temperature (Asseng et al. 2015). The impacts are variable over space and time, 
e.g. more effects would be visualized in tropical regions (IPCC 2014). The pro-
jected climate change events and major impacts on crop productivity in different 
continents (Table  12.1) indicate a need for concerted effort to adapt to climate 
change. The IPCC reported that each additional decade of climate change is expected 
to reduce mean yields by roughly 1%, while the anticipated increase in productivity 
per decade needed to keep pace with demand is roughly 14% (IPCC 2014).

In Indian region, areas encompassed by climatic stresses and magnitudes of crop 
loss have been increasing recently. These risks are projected to increase in future 
affecting food production if agriculture is not adapted to changing climates. The 
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Table 12.1 Major climate-related risks and projected impacts on agricultural systems in different 
continents

Region Projected climate-related risks Major projected impacts on crops agriculture
Africa Warming, extreme temperatures, 

drying trend, sea level rise and 
change in mean and distribution 
of rainfall

Reduction in the length of growing season
Yield reduction of 8% in Africa by 2050 
averaged over crops, with wheat, maize, 
sorghum and millets more affected than 
cassava and sugarcane
Fall in crop net revenues by up to 90% by 
2100
75 to 250 million people at risk of increased 
water stress by the 2020s and 350 to 600 
million people by the 2050s

Australia Warming, droughts, water stress Agricultural production may decline by 2030 
over much of southern and eastern Australia, 
and over parts of eastern New Zealand, due to 
increased drought and fire
Change land use in southern Australia, with 
cropping becoming non-viable at the dry 
margins
Production of Australian temperate fruits and 
nuts will drop on account of reduced winter 
chill
Geographical spread of a major horticultural 
pest, the Queensland fruit fly (Bactrocera 
tryoni), may spread to other areas including 
the currently quarantined fruit fly-free zone

Islands Drying trend, sea level rise, 
change in mean and distribution 
of rainfall and damaging 
cyclonic events, sea level rise, 
ocean acidification

Coastal agriculture to be affected due to 
salinization and sea level rise
Loss to plantations such as coconuts due to 
cyclonic storms
Subsistence and commercial agriculture on 
small islands will be adversely affected by 
climate change
In mid- and high-latitude islands, higher 
temperatures and the retreat and loss of snow 
cover could enhance the spread of invasive 
species including alien microbes, fungi, 
plants and animals

South 
America

Warming, extreme temperatures, 
drying trend, sea level rise, 
change in mean and distribution 
of rainfall and damaging 
cyclonic events, snow cover

Generalized reductions in rice yields by the 
2020s
Reductions in land suitable for growing 
coffee in Brazil and reductions in coffee 
production in Mexico
The incidence of the coffee disease and pest 
incidence in Brazil’s coffee production area
Risk of Fusarium head blight in wheat is 
very likely to increase in southern Brazil and 
in Uruguay

(continued)
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spatio-temporal variation in direction and magnitude of climate change impacts 
vary with the nature of crops, and therefore the crop-wise impacts and adaptation 
gains are summarized below.

Rice Climate change is projected to reduce irrigated rice yields by ~4% in 2020 
(2010–2039), ~7% in 2050 (2040–2069) and by ~10% in 2080 (2070–2099) climate 
scenarios. Whereas rainfed rice yields are likely to be reduced by ~6% in the 2020 
scenario, yields may reduce only marginally (<2.5%) by 2050 and 2080. However, 
spatial variations exist for the magnitude of the impact, with some regions likely to 
be affected more than others. The study indicated that growing improved varieties 
with efficient agronomy can lead to an increase in all-India irrigated rice yields by 

Table 12.1 (continued)

Region Projected climate-related risks Major projected impacts on crops agriculture
North 
America

Warming, extreme temperatures, 
drying trend, sea level rise, 
change in mean and distribution 
of rainfall and damaging 
cyclonic events

Increased climate sensitivity is anticipated in 
the southeastern USA and in the USA corn 
belt making yield unpredictable
Yields and/or quality of crops currently near 
climate thresholds (e.g. wine grapes in 
California) are likely to decrease
Yields of cotton, soybeans and barley are 
likely to change
Risk of extinctions of important species
By the 2050s, 50% of agricultural lands in 
drier areas may be affected by desertification 
and salinization

Asia Warming, extreme temperatures, 
drying trend, sea level rise, 
change in mean and distribution 
of rainfall and damaging 
cyclonic events

Monsson aberration-related crop loss
Reduction water availability
Crop yields could decrease by up to 30% in 
Central and South Asia
More than 28 million hectares (ha) in arid 
and semiarid regions of South and East Asia 
will require substantial (at least 10%) 
increases in irrigation for a 1 °C increase in 
temperature
Crop yields to reduce (wheat, rice, mustard, 
maize)
Loss in agrobiodiversity
Increased incidence of disease and pests
Water scarcity related food insecurity

Europe Warming, extreme temperatures, 
drying trend, sea level rise, 
extreme precipitation events, 
ocean acidification

Crop productivity is likely to decrease along 
the Mediterranean and in Southeast Europe
Differences in water availability between 
regions are anticipated to increase
Much of European flora is likely to become 
vulnerable, endangered or to extinct by year 
2100

Synthesized from IPCC (2014) and FAO (2010)
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about 17% over current values in the 2020 scenario, by 14% and by 8% in the 2050 
and 2080 scenarios, respectively. Similarly, rainfed rice yield can be increased by 
~20% in the 2020 and by ~35–38% in the 2050 and later scenarios (Naresh Kumar 
et al. 2013).

Wheat Wheat yield in India is projected to reduce by 6–23% by 2050 scenario 
based on management, if no adaptation is followed. Adaption by timely sowing of 
suitable variety and with input (fertilizer and irrigation) management may be a prac-
tical low-cost adaptation strategy to increase the yield (by >10%) in future climates 
(Naresh Kumar et al. 2014a). Central India is projected to lose yield despite this 
adaptation strategy warranting development of varieties highly tolerant to early and 
terminal heat stress.

Maize Climate change is projected to reduce irrigated maize yield by 18% in kharif 
season, but adaptation is projected to increase the yield up to 21% in 2020 scenario 
(Naresh Kumar et al. 2012).

Sorghum Climate change is projected to reduce rainfed sorghum yield by 2.5% in 
2020 (2010–2039). However, it is projected that adaptation can increase the produc-
tivity by 8% in 2020 (Naresh Kumar et al. 2012).

Mustard In India, mustard yield is projected to reduce by ∼2% in 2020 (2010–
2039) if no adaptation is followed (Naresh Kumar et al. 2015). Adoption of a com-
bination of improved agronomic management practices can improve the yield by 
∼17% with current varieties (Naresh Kumar et al. 2014b). However, with improved 
varieties, yield can be enhanced by ∼25% in 2020 climate scenario.

Soybean Increase in soybean yield in the range of 8–13% under future climate 
scenarios (2030 and 2080) is projected (Naresh Kumar et al. 2012).

Groundnut The rainfed groundnut yield is projected to increase by 4–7%, except in 
the climate scenario of A1B 2080 under which yield is projected to reduce by −5% 
(Naresh Kumar et al. 2012).

Potato The potato yield is projected to reduce by ~2.5, ~6 and ~11% in 2020 
(2010–2039), 2050 (2040–2069) and 2080 time periods, respectively, in the Indo- 
Gangetic Plains. Change in planting time is found to be the most important adapta-
tion option for yield improvement by ~6% in 2020 (Naresh Kumar et al. 2015).

Cotton Cotton productivity in northern India is projected to marginally decline due 
to climate change, while in Central and southern India, productivity may increase 
implying that the overall productivity at the national level may not be affected 
(Hebbar et al. 2013).
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Coconut Coconut productivity is projected to increase in western coastal region, 
Kerala, parts of Tamil Nadu, Karnataka and Maharashtra (with current level of 
water and management) while negative impacts are projected for Andhra Pradesh, 
Orissa, West Bengal, Gujarat and parts of Karnataka and Tamil Nadu due to climate 
change. On all-India basis, climate change is projected to increase coconut produc-
tivity by 1.9 to 6.8% in 2080 scenario. Adaptation can increase the productivity by 
~33% in 2030, and by 25–32% in 2080 climate scenarios. Analysis further indicated 
that current productivity in India can be improved by 20% to almost double if all 
plantations in India are provided with location specific agronomic and genotype 
interventions (Naresh Kumar and Aggarwal 2014).

Horticultural Crops Climatic stresses such as extreme temperatures, hailstorms 
and heavy rainfall events damage horticultural crops. A 24 h flooding affects tomato 
crop and the flowering period is highly sensitive. In case of onion, bulb initiation 
stage is sensitive to flooding causing a 27 and 48% reduction in bulb size and yield, 
respectively (Rao et al. 2009). Productivity of temperate fruit crops such as apple is 
affected, and its cultivation is shifted to higher latitudes to 2500 mamsl from 1250 
mamsl in Himachal Pradesh (Bhagat et al. 2009).

Climate change is projected to affect the quality in terms of reduced concentra-
tion of grain protein (under low fertilizer input conditions), and some minerals like 
zinc and iron due to elevated CO2 (Porter et al. 2014). Elevated CO2 caused reduc-
tion in the concentration of protein, secondary metabolites, while rise in tempera-
ture enhanced their concentration in pulse, several vegetable and fruit crops. 
Majority of studies indicate negative impacts; however, rise in temperature may 
decrease cold waves and frost events leading to reduced damage to frost-sensitive 
crops such as chickpea, mustard, potato and other vegetables.

12.3  Strategizing Crop Improvement for Adaptation

Crops have been adapting to external stresses; however, in the climate change sce-
nario, the frequency of climatic stresses has been increasing posing serious threat to 
crop productivity. Several researchers have expressed concern that current breeding 
strategies will not be sufficient to meet the challenges of increased frequency of 
climatic risks. The basic strategy that has so far followed may need a thorough 
relook so that the climate resilient varieties are developed for meeting the ever- 
growing demand for food in changing climates (Rajeev et al. 2011; Stephen and 
Donald 2010a; Chikelu et al. 2012; Smith 2012). Only about 3% of the germplasm 
is being used for crop improvement. There is a need for involving wider germplasm 
pool for crop improvement. This implies that the germplasm characterization itself 
needs to be reoriented so that climatic stress responses are taken into consideration 
apart from other agronomic characteristics. Increased use of plant genetic resources 
is expected to play a major role in developing climate resilient agricultural systems 
(Lin 2011; Hodgkin and Bordoni 2012). Currently, the number of accessions of 612 
genera and 34,446 agricultural species conserved ex situ worldwide has reached 7.4 
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million. However, only less than 30 percent of the total numbers of accessions are 
estimated to be distinct. Though the number of accessions of minor crops and crop 
wild relatives (CWR) has increased, they are still generally underrepresented. 
Moreover, the germplasm erosion is reported from several countries from different 
types of agricultural crops (Fig. 12.1). Several breeding methods have been success-
fully employed for crop improvement. However, the use of crop wild relatives in 
crop improvement efforts is not optimized yet (Ortiz 2002). Genetic diversity avail-
able in crop wild relatives needs to be exploited for sustaining and improving the 
crop yield in dynamic biotic and abiotic stress events (Feuillet et al. 2008) in chang-
ing climates.

Under-exploitation of full genetic potential of edible species is a blessing in dis-
guise as the demand for quantity and quality food will continue to increase in future. 
However, the rate of increase in biodiversity erosion is a major concern. As men-
tioned earlier, species which cannot adapt to the rate of climate change will become 
extinct immediately. Species that are able to adapt but at a rate slower than that of 
change in climate will extinct eventually. This implies that currently exploited spe-
cies in agriculture and food production system must evolve faster. For this crop 
improvement, efforts need multipronged approach including conventional breeding, 
exploitation of full germplasm, molecular breeding, genetic engineering, distant 
hybridization and exploitation of crop wild relatives, among others. Among these, 
the use of currently available germplasm and crop wild relatives is of major concern 
because they are vulnerable to erosion causing serious loss of genetic diversity if 
extra care and precautions are not taken. Protecting areas of genetic diversity, 
national gene banks and ex situ and in situ conservation measures are being fol-
lowed which help in conserving the genetic diversity.

A summary of the major climatic risks, crops in different regions and total germ-
plasm available in different subregions indicate that major stresses and crops are 
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Fig. 12.1 Genetic erosion reported in agricultural species (Data used from The Second Report on 
The State of The World’s Plant Genetic Resources for Food and Agriculture, FAO Report, 2010)
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almost common (Tables 12.1 and 12.2). Crops are being increasingly exposed to 
multiple stresses even in a crop season. Thus, exploiting the available entire germ-
plasm is of utmost importance. Therefore, future crop improvement efforts need 
new initiatives and dimensions (Fig. 12.2) and some of them are briefly mentioned 
below:

•	 Identification of current and anticipated climatic stresses and prioritizing the 
crops, traits and regions for crop improvement. For instance, wheat is exposed 
to early and terminal heat stress in Central India and terminal heat stress in 
North India (Fig.  12.3). Simulation analysis indicated that timely sowing of 

Table 12.2 Climatic stresses, major crops and number of total accessions in gene banks

Region Climate-related risks Subregion
No. of 

accessions Major crops
Africa Warming, extreme 

temperatures, drying 
trend, sea level rise and 
change in mean and 
distribution of rainfall

East Africa 145,644 Maize, sorghum, 
millets

Central Africa 20,277 Sorghum, millets, 
maize, sugarcane, 
groundnuts

West Africa 113,021 Sorghum, millets, 
maize, rice, 
cassava, 
groundnuts, 
pulses

Southern Africa 70,650 Maize, millet, 
sorghum, cotton, 
pulses, sugarcane

Islands Drying trend, sea level 
rise, change in mean 
and distribution of 
rainfall and damaging 
cyclonic events, sea 
level rise, ocean 
acidification

Indian Ocean 
Islands

4604 Rice, cassava, 
maize

America Warming, extreme 
temperatures, drying 
trend, sea level rise, 
change in mean and 
distribution of rainfall 
and damaging cyclonic 
events, snow cover

South America 687,012 Maize, rice, 
sugarcane, 
soybean

Central America 
and Mexico

303,021 Maize, rice, 
cassava, 
sorghum, 
sugarcane

Caribbean 33,115 Sugarcane
America Warming, extreme 

temperatures, drying 
trend, sea level rise, 
change in mean and 
distribution of rainfall 
and damaging cyclonic 
events

North America 708,107 Wheat, maize, 
soybean, cotton, 
sorghum, pulses

(continued)
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Table 12.2 (continued)

Region Climate-related risks Subregion
No. of 

accessions Major crops
Asia Warming, extreme 

temperatures, drying 
trend, sea level rise, 
change in mean and 
distribution of rainfall 
and damaging cyclonic 
events

Pacific East Asia 1,036,946 Rice, wheat, 
groundnut, 
sugarcane, maize, 
soybean, potato

Asia Pacific 252,455 Rice, maize, 
groundnut

Pacific South Asia 714,562 Rice, wheat, 
soybean, maize, 
pulses, groundnut

Pacific Southeast 
Asia

290,097 Rice, maze, oil 
palm, coconut

Near East Central 
Asia

153,849 Wheat, barley, 
cotton

Near East West 
Asia

165,930 Wheat, maize, 
pulses

Near East South/
East Mediterranean

141,015 Maize, wheat, 
pulse

Europe Warming, extreme 
temperatures, drying 
trend, sea level rise, 
extreme precipitation 
events, ocean 
acidification

Europe 725,315 Wheat, maize, 
potato, barley, 
rapeseed

Climate 
change 

•Multiple and sequential stresses of flood, dry spell, temperature, frost
•Extreme events of temperature, rainfall, frost, wind, hailstorm
•High and low temperature stress, skewed monsoon, late on-set and early withdrawal of 

monsoon, droughts, unseasonal rainfall 

Impacts on 
crops

•Elevated CO2 to benifit crops (C3 in normal and C4 in stressed conditions)
•Coinciding above mentioned climatic stress with senaitive stages of crops affect growth, yield 

and quality of crops
•Magnitude and direction of effects have spatial and temporal variation and also depend on 

the crop and variety 
•Use of climate impact and adaptation gain assessment studies to identify vulnerable regaions

Genetic 
adaptation

•Priritization of crops, traits and regions for crop improvement
•Revisting germplasm screening in light of anticipated climatic stresses for a targeted region; 

screening emtire germplasm keeping climatic stresses in view
•Identification of germplasm/gene sources fro climate resilient traits (CRTs) and their use in 

crop improvement 
•Gene pyramiding for development of climate resilient high yielding varieties
•Testing the improved cultivars under current and anticipated climtic stress conditions (use of 

multi-location analysis and simulation models)

Fig. 12.2 Basic steps in development of climate resilient cultivars
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Fig. 12.3 Impact of climate change on wheat (a) without and (b) with adaptation in 2050 scenario 
(Naresh Kumar et al. 2014a)

wheat with suitable cultivars can improve the wheat yield despite climate change 
(Naresh Kumar et al. 2014a). However, yield in Central India is projected to be 
reduced if suitable cultivars are not developed. As per this analysis, development 
of short- duration and heat stress-tolerant varieties for Central India should be 
prioritized. Since development of a variety of an annual crop takes at least 
8–15 years, it is essential to initiate concerted efforts immediately as by 2050 one 
may get about only 3–7 breeding cycles.

•	 Characterizing entire germplasm of a species in the backdrop of current and 
anticipated climatic stresses and conditions. There is a need to exploit all avail-
able genetic variability within a species with climatic stresses as backdrop. 
Targeted breeding, as is done in case of droughts, floods, high temperature and 
salinity stress, also needs to be extended to other types of climatic stresses 
(Table 12.3). Further, the traits that contribute to reduced GHG emission and 
enhanced CO2 sequestration need to be identified. In addition to these, there is 
also a need to identify the climatic threshold for every sensitive phase of crop for 
developing climate resilient varieties. For instance, a rice analysis for India indi-
cated that in areas with current seasonal (June–September) mean minimum tem-
peratures of >23 °C, as in parts of Central, North and northeast regions of India, 
future temperatures constrain higher productivity of irrigated rice (Naresh Kumar 
et al. 2013). Moreover, high as well as low temperature stress coinciding pollina-
tion affects the pollen viability eventually reducing the rice yield. Similarly, in 
case of spring wheat varieties, yield would reduce in areas with mean seasonal 
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maximum and minimum temperatures more than 27 and 13  °C, respectively 
(Naresh Kumar et al. 2014a). Wheat is identified as the most important crop that 
needs to be focussed for crop improvement to beat climatic stress effects in South 
Asia (Lobell et al. 2008). In case of mustard, regions with mean seasonal tem-
perature regimes above 25/10 °C are projected to lose yield due to temperature 
rise. As climatically suitable period for mustard cultivation may reduce in the 
future, short-duration (<130  days) cultivars with 63% pod-filling period will 
become more adaptable (Naresh Kumar et al. 2015). There has been a lot of lit-
erature available on this front with specific examples.

•	 In horticultural crops, the challenge is to retain and improve quality despite 
climatic stresses. For instance, breeding plantation crops need visionary 

Table 12.3 Some climate-resilient traits (CRTs) for different types of abiotic stresses

Major target Component traits References
Drought-adaptive 
traits

Root architecture Hammer et al. (2009)
Accumulation and partitioning of 
water-soluble carbohydrates to storage 
organs

Steele et al. (2013)

Abscisic acid concentration, stay 
green, canopy temperature, carbon 
isotope discrimination, stay green, 
ABA signalling for stomatal 
regulation

Rebetzke et al. (2008)
Kholova et al. (2010)
Lopes et al. (2014)
Borrell et al. (2014)
Ren et al. (2007)

Salinity tolerance Na + accumulation via Na + exclusion James et al. (2006)
Flooding tolerance Sub1 QTL Xu et al. (2006)
Water logging 
tolerance

QTLs for submergence tolerance Septiningsih et al. (2013)
QTLs for adventitious root formation 
at the soil surface in maize

Mano et al. (2005)

Terminal drought Early flowering Hegde (2010)
Flowering time Vernalization requirement (VRN 

genes), photoperiod sensitivity (PPD 
genes)

Bentley et al. (2011)
Faure et al. (2007)

Developmental 
plasticity

Root elongation in water deficit 
condition and inhibition of shoot 
elongation

Spollen et al. (2008)

Cold tolerance Winter hardiness Pan et al. (1994)
Vernalization response and frost 
tolerance

Galiba et al. (1995)

Heat stress tolerance Pollen viability, starch accumulation 
during terminal heat stress in wheat, 
dehydration tolerance

Bita and Gerats (2013)

CO2 sequestration Fast-growing trees and perennial 
grasses

Garten et al. (2011) and 
Jansson et al. (2010)

Low greenhouse gas 
emission

Rice cultivars with low vascular 
transportation of methane

Gogoi et al. (2005); Nirmali 
et al. (2008); and Dubcovsky 
and Dvorak (2007)Nitrogen-use efficiency: NAM-B1 

gene
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approach as the plants live for up to 70 years, and one should take the anticipated 
future climatic stresses, technological improvements, land use change and 
 socio- economic demand for quantity and quality into account. Thus, evaluation 
of germplasm taking into consideration the response to climatic extremes apart 
from other criteria becomes essential. Genotypic improvement strategies include 
population improvement through identified stress-tolerant plants, breeding for 
temperature stress tolerance of pollen and stigma, high retention of set fruits 
under climatic risks and improved source-sink balance and identification of mul-
tiple stress-tolerant cultivars. In addition, there is a need to understand the change 
in quality of produce with respect to climate change. Further, the biotic stresses 
that are anticipated to increase or emergence of new pests must also be taken into 
consideration while breeding climate resilient cultivars:

•	 Identification of climate smart varieties which can meet the challenges of future 
climates. For example, some of the major challenges include breeding:
 – Low-methane-emitting rice cultivars.
 – Rapid nitrogen uptake and its use efficient varieties for reducing the N2O 

emission.
 – High water-use efficient varieties.
 – High carbon sequestration varieties for perennial crops, deep and high root 

volume varieties of annual crops.
 – Stress-tolerant varieties with high revival capacity.
 – Stress avoidance by phenological plasticity.
 – Multiple abiotic and biotic stress-tolerant/stress-resistant varieties.
 – Retaining quality of produce despite climate change.
 – In rice, low-methane-emitting cultivars, cultivars suitable for flood situation, 

water stagnation and salt tolerance become more important. In maize, culti-
vars with flood tolerance and endless gap between silking and tasselling gain 
importance. The farmers’ varieties can be of immense source of tolerance 
gene pool for use. In plantation crops, identification of in situ tolerant trees 
(Naresh Kumar et  al. 2002) and their use in population improvement pro-
gramme becomes very important as they have been exposed to climatic 
stresses during their life cycle and still performed better in terms of physio-
logical parameters and economic yield, indicating the presence of desirable 
genetic composition.

•	 Utilization of crop wild relatives in breeding programme for incorporating desir-
able genes for climatic stress tolerance. Though crop wild relatives may fail to 
adapt to new climatic conditions of their native habitats (Jarvis et al. 2008), they 
possess a gene pool which can be exploited for crop improvement. A number of 
reviews have taken stock of use of crop wild relatives in crop improvement for 
tolerance to abiotic stresses and quality (Radden et al. 2015).

•	 Identification and utilization of genotypes from climate analogue analysis for a 
quick intervention. The climate analogue analysis is a concept which is based on 
identification of areas where either the today’s climate of a location corresponds 
to the future climate projected at another location or the projected future climate 
corresponds to the current climate of another site (Ramírez-Villegas et al. 2011). 
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Using this concept, testing the performance of genotypes in climate analogue 
sites can lead to identification of suitable genotypes for future climates. In addi-
tion, germplasm collection can also be rationalized suing climate analogues.

•	 Geospatial analysis-based germplasm collection to minimize the gaps in germ-
plasm collection and also to minimize the duplication. Further, geospatial tag-
ging and characterizing germplasm is possible in this approach. Geospatial 
software such as DIVA is extensively used for this purpose (Hijmans et al. 2001).

•	 Distant hybridization using interspecific and intergeneric breeding strategies 
(Liu et al. 2014).

•	 Molecular breeding helps in targeted crop improvement and is relatively faster 
than conventional breeding. In molecular or marker-assisted breeding, DNA 
markers are used as a substitute for phenotypic selection and to accelerate the 
release of improved cultivars.

•	 Genetic engineering has to be exploited for gene pyramiding to develop climate 
resilient varieties (Varshney et al. 2009; Scheben et al. 2016).

•	 The use of omics science platforms for crop improvement includes genomics, 
phenomic platform data, molecular data and bioinformatics tools. The growing 
number of available high-quality reference genomes and advances in population- 
level genotyping has contributed to improved understanding of genomic varia-
tion. These developments are leading towards plant pangenomics (Scheben et al. 
2016).

•	 The use of simulation models in climate change research is indispensable for test-
ing the performance of a cultivar in future environments. Several crop models 
such as DSSAT, InfoCrop, APSIM and Crosyst are being used for quantifying 
the impacts of climate change on crops (Assenge et al. 2013; Rosenzweig et al. 
2014; Naresh Kumar et al. 2012, 2013, 2014, 2015). Further, combining the eco-
physiological modelling and genetic mapping is becoming important approach 
in ‘plant breeding through design’ to predict the performance of genotype and 
recombinant inbred line population in terms of phenology and physiological 
traits (Yin et al. 2005).

•	 Engineering agroecosystem genetic composition by varietal diversification 
becomes essential in view of projected increase in climatic stresses and conse-
quent biotic stresses. Varietal diversification can improve the horizontal resis-
tance agroecosystems to climatic and consequential stresses.

•	 Engineering agroecosystem genetic composition by crop diversification: Out of 
over 20,000 species of edible plants in the world, fewer than 20 species provide 
90% of our food. A quick analysis indicated that crop diversity ranged from 23 
to 80 in major states of India (Fig. 12.4).

Diversification of food basket and food production systems helps in sustainable 
food and nutritional security systems in changing climates. There is a need to focus 
on socio-economic research to delineate the effects of globalization, markets, food 
habits, policy initiatives and crop diversification.
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12.4  Some Recent Examples of Breeding for Climate Change

•	 Common bean biodiversity has been used in plant breeding to develop both heat- 
and cold-tolerant varieties grown from the hot Durango region in Mexico to the 
cold high altitudes of Colombia and Peru.

•	 Corn genetic resources have been used in breeding varieties adapted to cultiva-
tion from sea level to over 3000 mamsl, as in Nepal.

•	 Protection of farmers’ varieties as is done for varieties of millets and rice.
•	 Cultivar that can tolerate excessive heat during pollination for cowpea and corn 

and flooding early in the growing season for soybean and rice.
•	 Maize hybrids that show better synchronization of pollination and flowering 

under heat and water stress.
•	 Genome sequences are available for many crop species such as rice (Goff et al. 

2002; Yu et al. 2002; IRGSP 2005), poplar (Populus trichocarpa) (Tuskan et al. 
2006), sorghum (Sorghum bicolor) (Paterson et al. 2009), maize (Schnable et al. 
2009), soybean (Glycine max) (Schmutz et al. 2010), cucumber (Cucumis sati-
vus) (Huang et  al. 2009), pigeon pea (Cajanus cajan) (http://www.icrisat.org/
gt-bt/IIPG/home.html), wheat  (http://www.genomeweb.com/sequencing/wheat- 
genome- sequenced-roches-454) and barley (Hordeum vulgare) (http://bar-
leygenome.org/).

•	 Transgenic rice plants overexpressing Arabidopsis CBF3/DREB1A or ABF3 TF 
showed improved tolerance to drought and salinity without growth retardation 
(Oh et al. 2005).

•	 Using integrated biotechnology approaches, drought-tolerant maize cultivars 
were developed with about 20–50% higher yields under drought than the current 
cultivars. Several of them have already reached farmers’ fields in Africa. The 
high NUE maize cultivars are also being developed (Varshney et al. 2011).
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•	 To enhance adaptive phenotypic plasticity or yield stability of sorghum and pearl 
millet in variable climates, traits such as photoperiod-sensitive flowering, plastic 
tillering, flooding tolerance, seedling heat tolerance and phosphorus efficiency 
are identified for inducting into the cultivars for West Africa (Haussmann et al. 
2012).

•	 Diagnostic markers for photoperiod sensitivity gene (Ppd-D1) and vernalization 
genes (Vrn-A1, Vrn-B1 and Vrn-D1) were used for adaptation of wheat in 
Australia (Eagles et al. 2010).

•	 The Sub1 rice tolerant to flood can survive total submersion for more than 2 
weeks, with great benefits to farmers.

•	 Introduction of Sub1 QTL resulted in rice varieties that can tolerate flooding for 
12–14 days, and these varieties such as Swarna Sub1 are cultivated in over one 
million hectares.

12.5  Conclusion

The strategy for adaptation to climate change has to be multidimensional with crops 
and cultivars as the central themes. There is a need for serious reorientation of 
breeding efforts to a comprehensive genetic improvement programme for sustaining 
the crop productivity in changing climates. Characterization of projected climatic 
stresses, characterization of entire germplasm with projected climatic variability as 
background, utilization of entire genetic diversity and deploying multipronged 
approaches for genetic improvement will ensure the enhanced crop production and 
quality to meet the demands of future climates and population.
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13Biotechnological Applications 
for Improvement of Drought Tolerance

Monika Dalal and T.R. Sharma

Abstract
Biotechnology has contributed significantly toward understanding the funda-
mentals of plant biology. It is steadily making headway in to the agricultural 
sector for improving quality and sustaining yield under different environmental 
stress conditions. However, progress in developing transgenic plants with 
enhanced drought tolerance is relatively slow. Drought tolerance is a quantitative 
trait. Plants respond to water deficit by different physiological, molecular, and 
biochemical mechanisms. Several genes and gene networks have been identified 
and have been shown to confer drought tolerance in different plant species. 
However, most of these studies on drought tolerance are limited to controlled 
conditions of lab or greenhouses. There are a few studies where evaluation of 
transgenic plants has been carried out in field or near-field conditions, and yield 
advantage has been demonstrated under drought stress. Since performance of 
crop plants under field condition is essential, this article describes studies on 
evaluation of transgenic crop plants for drought tolerance under field 
conditions.

13.1  Introduction

Since 1980s when the first transgenic plant was developed, plant biotechnology has 
come a long way. Decoding of complete Arabidopsis genome and development of a 
floral dip method of genetic transformation in Arabidopsis were the stepping stones 
in the field of plant molecular biology and biotechnology. The advent of genomics 
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and proteomics also accelerated the gene discovery, understanding of basic plant 
biological processes, and the responses to different environmental stresses. Though 
plants differ from each other on various aspects including evolutionary period, the 
core components of gene functions and mechanisms have been found to be rela-
tively conserved among plants (Nakashima et al. 2009). Therefore, extrapolating the 
fundamental knowledge from model plants like Arabidopsis to crop plants became 
relatively easier. In addition, the ability to introduce useful genes from heterologous 
systems to the crop plants not only diversifies the gene pool but was proved 
immensely useful for crop improvement. As of now, there are total 577 events of 
different crops under commercially approved genetically modified (GM) plants cat-
egory (Table 13.1).

Progress in developing transgenic crop plants with enhanced abiotic stress toler-
ance has been invariably slow. The eight events under abiotic stress tolerance are 
confined to only three crops: maize, soybean, and sugarcane. Though several genes 
and gene networks involved in abiotic stress response have been identified, and 
many of these have been shown to confer tolerance in different plant species 
(Valliyodan and Nguyen 2006; Yamaguchi-Shinozaki and Shinozaki 2006; Reguera 
et al. 2012), only few events reached commercial cultivation stage. There are several 
reasons for this slow pace. Initially, the recalcitrant nature of major food crops, that 
is, rice, wheat, and maize, for both tissue culture and transformation remained a 
limiting step. Further the plant growth and survival were the major criteria for ana-
lyzing drought tolerance in transgenic plants (Umezawa et al. 2006). Drought toler-
ance was mostly evaluated during vegetative stage, and even if analyzed at 
reproductive stage, it was mainly under controlled conditions. The yield of plants in 
controlled environment or greenhouses cannot be equated with crop yield in field. 
The natural environmental conditions are more dynamic where plants often suffer 
more than one stress at a time. Despite all the odds, there is a dire need to dissect the 
strategy of enhancing the drought tolerance of crop plants. This would require 

Table 13.1 List of commercially approved genetically modified events in different crops

Trait
No. of 
events Plant species

Abiotic stress 
tolerance

8 Maize, soybean, sugarcane

Altered growth/
yield

3 Maize, soybean, eucalyptus

Disease resistance 26 Bean, papaya, plum, potato, squash, sweet pepper, tomato
Herbicide 
tolerance

237 Alfalfa, argentine canola (B. napus), carnation, chicory, cotton, 
creeping bent grass, flax, maize, polish canola (B. rapa), 
potato, rice, soybean, sugar beet, tobacco, wheat

Insect resistance 198 Cotton, eggplant, maize, poplar, potato, rice, soybean, tomato
Modified product 
quality

80 Alfalfa, apple, argentine canola (B. napus), carnation, maize, 
melon, petunia, potato, rice, rose, soybean, tobacco, tomato

Pollination control 
system

25 Argentine canola (B. napus), chicory, maize

Source: http://www.isaaa.org/gmapprovaldatabase/commercialtraitlist/default.asp as on 21.2.16
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amalgamation of knowledge on plant molecular biology, biotechnology, plant phys-
iology and biochemistry, and finally agronomy and crop management at the field 
level to succeed in this challenging endeavor.

13.2  Drought and Mechanism of Tolerance

Drought can be defined in terms of meteorological, hydrological, agricultural, and 
socioeconomic aspects. In general, it refers to precipitation deficit over an extended 
period of time which can be for a season or more, leading to shortage of water 
thereby causing adverse impacts on plants and animals. Drought is a normal and 
recurrent phenomenon worldwide, but the frequency, intensity, and duration of 
drought may increase in the future due to global climate change (Dai 2013).

Agricultural drought refers to soil moisture deficit that affects optimum growth 
and yield of the plants. The water uptake from soil and its transport in the plant are 
driven by the soil-plant-atmosphere continuum (SPAC). Plants experience water 
deficit or drought stress when the demand for water through transpiration exceeds 
the supply. The demand for water varies with growth stage of plants. The soil mois-
ture required for germination is different from that required during grain-filling 
stage. In general, reproductive stage of plants is more susceptible to drought. The 
effect of water deficit also varies depending on the plant species and soil properties. 
Moreover, crops may suffer one or more spells of soil moisture deficit during a 
growing season due to shortfall in precipitation/irrigation or increased evaporation. 
Plants have evolved several morphological, physiological, biochemical, and molec-
ular processes through which they sense, respond, and adapt to drought stress. 
These processes can be categorized into two mechanisms, viz., dehydration avoid-
ance and dehydration tolerance. Dehydration avoidance is the ability of plants to 
sustain high plant water status or cellular hydration under drought conditions by 
enhanced extraction of soil moisture through deep root system and to reduce water 
loss by closing the stomata and through protective plant cuticle, leaf rolling, senes-
cence of older leaves, etc. Dehydration tolerance is defined as the capacity to sustain 
plant function even at relatively low tissue water potential. Dehydration tolerance in 
plants depends on modification of metabolism, production of organic compatible 
solutes (proline, sugars, polyols, betaine, etc.), and expression of genes involved in 
membrane integrity, cellular homeostasis (ionic, osmotic, and metabolic homeosta-
sis), stress damage control, repair, etc.

A plant may have a combination of these adaptive traits for drought tolerance. 
Moreover there are species and genotype-specific differences in drought adaptation. 
In spite of the complex nature of the trait, there are a few studies where significant 
improvement in drought tolerance and grain yield has been reported. The major 
criterion for success of agricultural crop whether it is bred through genetics or 
genetic engineering is performance under field conditions. The following section 
describes those studies where transgenic crop plants have been subjected to field 
evaluation and analyzed for yield or yield components.
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13.3  Strategies for Engineering Drought Tolerance

Under drought stress, two groups of genes are expressed. The first group codes for 
functional proteins that protect plant cells against water deficit. This includes chap-
erones, late embryogenesis abundant (LEA) proteins, sugar and proline, transport-
ers, detoxification enzymes, etc. The second group codes for regulatory proteins 
involved in regulation of signal transduction and transcriptional regulation of stress 
response (Shinozaki and Yamaguchi-Shinozaki 2007). Majority of attempts to 
develop drought-tolerant plants relied on manipulation of single gene coding for 
either functional or regulatory protein which primarily imparted the cellular toler-
ance (Table 13.2). However, realizing the contribution of different component traits 
in drought tolerance, efforts were also made to modulate physiological processes 
and morphological adaptive traits in plants (Fig. 13.1).

Table 13.2 Genes conferring drought tolerance in field conditions

Genes Crop Attributes References
Mn-SOD Alfalfa Two- to fivefold forage 

yield and higher survival
McKersie et al. (1996)

HVA1 (LEA3) Wheat Improved biomass and 
yield attributes

Sivamani et al. (2000) and 
Bahieldin et al. (2005)

OsLEA3–1 Rice Higher grain yield and 
spikelet fertility

Xiao et al. (2007)

CspA; CspB Maize Increase in the yield 
(10.2–30.8%)

Castiglioni et al. (2008)

(OCPI1 Rice Higher grain yield Huang et al. (2007)
BetA Sugarcane – Waltz (2014); http://www.isaaa.

org/gmapprovaldatabase/
BetA Maize Higher cell membrane 

stability and 
photosynthetic rate

Quan et al. (2004)

TsVP Maize Improved grain weight 
per ear and 1000-grain 
weight

Li et al. (2008)

ZmNF-YB2 Maize Yield advantage 
(~50%), improved 
stomatal conductance, 
reduced wilting, and 
maintenance of 
photosynthesis

Nelson et al. (2007)

SNAC1 Rice Higher spikelet fertility 
and enhanced seed 
setting

Hu et al. (2006)

OsNAC10 Increasing grain yield Jeong et al. (2010)
AP37 Rice Yield advantage, lesser 

decrease in spikelet and 
spikelet filling rate

Oh et al. (2009)

LOS5; ZAT10 Rice Higher yield and higher 
spikelet fertility

Xiao et al. (2009)

M. Dalal and T.R. Sharma
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13.4  Manipulating Functional Genes

One of the pioneering studies reporting field trial for evaluating drought stress toler-
ance in plants through transgenic approach was reported by McKersie et al. (1996). 
The strategy involved overexpression of antioxidant enzyme Mn-superoxide dis-
mutase (Mn-SOD) in subcellular compartments such as mitochondria and chloro-
plast of alfalfa (Medicago sativa) plants. Antioxidant enzymes protect cellular 
components from ROS (oxidative stress). Overexpression of Mn-superoxide dis-
mutase (Mn-SOD) in alfalfa (Medicago sativa) plants reduced cellular damage from 
water-deficit stress and increased regrowth from crowns. In a 3-year field trial, 
alfalfa transgenic lines showed a significantly improved (two- to fivefold) herbage 
yield and higher survival as compared to that of wild type (McKersie et al. 1996).

A protein-coding gene family that was successful in imparting drought tolerance 
in many plants is late embryogenesis abundant (LEA) protein. LEA proteins 

Fig. 13.1 Genes and traits related to drought tolerance. The candidate genes were either 
 overexpressed or downregulated in crop plants such as maize and rice, which conferred drought 
tolerance in field conditions. OsMADS6:TTP MADS6 promoter from Oryza sativa, TTP trehalose-
6- phosphate phosphatase, ACS ACC synthases, ERA1 enhanced response to ABA (farnesyl 
 transferase), PPDK pyruvate orthophosphate dikinase, PCK phosphoenolpyruvate carboxylase, 
EDT1/HDG11 enhanced drought tolerance/HOMEODOMAIN GLABROUS11
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accumulate during seed desiccation and in vegetative tissues when plants experi-
ence water deficit (Dalal et  al. 2008). An ABA-responsive group 3 LEA protein 
gene from barley (HVA1) driven by maize ubiquitin (ubi1) promoter was introduced 
into spring wheat (Triticum aestivum L.). T4 progenies of transgenic lines were 
tested in nine field experiments over six cropping seasons. Among these, three lines 
performed better than wild-type (WT) control in terms of plant height, biomass, and 
yield attributes (Sivamani et al. 2000; Bahieldin et al. 2005). Though results were 
variable from year to year, yet it showed the potential of HVA1 to confer drought 
stress tolerance in crop plants. Another drought and salt stress-responsive group 3 
LEA protein, OsLEA3–1, driven by three different promoters, viz., CaMV35S, 
Actin1, and HVA1, was transformed into rice. The transgenic plants expressing 
OsLEA3–1 by a drought-inducible HVA1-like promoter and constitutive promoter 
CaMV35S showed improved drought tolerance than those with Actin 1 driven 
OsLEA3–1 gene. The homozygous transgenic lines (with OsLEA3-35S and OsLEA3- 
HVA constructs) were tested in the field for drought tolerance. The transgenic lines 
showed higher grain yield (15.2–17.8 g) than the wild type (12.1 g) under drought 
stress (Xiao et al. 2007). The spikelet fertility of these transgenic plants was higher 
than the WT plants, while yield components such as number of spikelet per plant 
and grain weight did not show significant difference in transgenic and WT under 
both normal and stress conditions (Xiao et al. 2007). Thus, the improvement in yield 
of transgenic plants under drought stress conditions was mainly due to relatively 
higher spikelet fertility.

In addition to LEA proteins, another class of chaperones is RNA chaperone 
which stabilizes and promotes efficient folding of the RNA under stressful condi-
tions. In maize, heterologous expression of two different RNA chaperones, CspA 
from E. coli and CspB from B. subtilis (cold shock protein A and B), improved 
stress tolerance at both vegetative and reproductive stages (Castiglioni et al. 2008). 
The field trials of 20 independent events (10 CspA and 10 CspB events) for grain 
yield under water-deficit stress and nonstress conditions revealed an average yield 
increase of 4.6 and 7.5% with CspA and CspB transgenic plants, respectively, than 
controls under water stress. The best performing CspA and CspB transgenic events 
recorded a significant increase in the yield ranging from 10.2 to 30.8% under water 
stress. One of the CspB-expressing events (CspB-Zm event 1) was consistent for 
drought tolerance over several field trials. The performance of this CspB event in 
three different hybrid backgrounds was evaluated under water-deficit stress, and 
irrespective of hybrid background, transgenic event outperformed at least by 
0.5 Mg ha−1 as compared to wild-type control under both the vegetative and repro-
ductive stages water-deficit stress (Castiglioni et al. 2008). The CspB event (MON- 
8746Ø- 4) developed by Monsanto has been registered with trade name Genuity® 
DroughtGard™ and approved in 14 countries for food, feed, or cultivation (http://
www.isaaa.org/gmapprovaldatabase/event/). Huang et  al. (2007) developed rice 
transgenics overexpressing a proteinase inhibitor gene chymotrypsin inhibitor-like 1 
(OCPI1) from rice. The transgenic rice lines were evaluated at reproductive stage 
and showed significantly higher grain yield (5.4–6.1 g per plant) than the negative 
transgenic control and WT (1.9–2.1 g per plant) even under severe drought stress 
conditions with soil water content of about 16% (Huang et al. 2007).
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One mechanism of cellular adaptation in plants is osmoregulation. The cells syn-
thesize and accumulate compatible solutes such as amines (polyamines and glycine 
betaine), amino acids (proline), sugars (trehalose, fructan), sugar alcohols (manni-
tol), etc. Accumulation of these solutes enables maintenance of cellular water poten-
tial and cell turgor and also helps in stabilizing membranes and/or scavenges reactive 
oxygen species (ROS) (Reguera et  al. 2012). Overexpression of genes leading to 
synthesis of osmolytes has been shown to confer drought tolerance in many species 
(Chen and Murata 2002, Reguera et al. 2012). One such successful event to reach 
commercial approval is reported in sugarcane. The scientists from PT Perkebunan 
Nusantara XI and University of Jember (Indonesia) have developed transgenic sug-
arcane expressing BetA gene from Rhizobium meliloti (Waltz 2014). BetA codes for 
choline dehydrogenase which converts choline into betaine aldehyde, which is then 
converted to osmoprotectant glycine betaine by the enzyme betaine aldehyde dehy-
drogenase. There are currently three events of drought- tolerant GM sugarcane from 
Indonesia that have been approved by the National Genetically Modified Product 
Biosafety Commission. Two events (NXI-4 T and NXI-6 T) harbor the BetA gene 
from Rhizobium meliloti, while one event (NXI-1  T) harbors BetA from E. coli 
(http://www.isaaa.org/gmapprovaldatabase/event/). In maize, overexpression of betA 
gene from Escherichia coli resulted in drought tolerance at germination, seedling, 
and at reproductive stages. In protected field experiment, the grain yield of some of 
the transgenic plants was 10–23% higher than that of wild-type plants after 3 weeks 
pre-flowering drought treatment. The enhanced glycine betaine accumulation in 
transgenic maize was associated with higher cell membrane stability and photosyn-
thetic rate in transgenic plants as compared to wild-type plants (Quan et al. 2004).

Some plants maintain their turgor at low solute potentials by actively transport-
ing the organic acids or solutes in to the vacuole against their electrochemical gra-
dients. The electrochemical gradients across the vacuolar membrane are established 
by two proton pumps, namely, a vacuolar H+-adenosine triphosphatase  
(VH+-ATPase) and a vacuolar H+-pyrophosphatase (V-H+-PPase) (Martinoia et al. 
2007). Li et  al. (2008) demonstrated that by constitutive overexpression of a 
potassium- dependent TsVP (vacuolar H+-pyrophosphatase) gene from a halophyte 
T. halophile, the drought tolerance of maize plants can be significantly increased. 
Transgenic maize plants recorded better yield attributes such as grain weight per 
ear, number of grains per row, and 1000-grain weight as compared to wild-type 
(WT) plants after 6 weeks of drought stress in the field.

13.5  Manipulating Regulatory Genes

With the basic understanding of the gene networks and mechanisms governing abi-
otic stress tolerance, it was realized that drought tolerance being a multigenic trait 
would need coherent functioning of several genes and networks to attain tolerance. 
This led to another strategy that is to manipulate a master switch. These master 
switches are transcription factors that regulate expression of several downstream 
genes. There were regulatory genes that were found to respond to multiple stresses, 
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e.g., drought and low-temperature stress at the transcriptional level (reviewed in 
Shinozaki and Yamaguchi-Shinozaki 2007). Therefore, the rationale was to target 
multiple stress tolerance by manipulating upstream regulatory protein. The pioneer-
ing work started by overexpressing dehydration-responsive element-binding protein 
1 (DREB1) in Arabidopsis (Liu et al. 1998). However, constitutive expression had 
pleiotropic effects on plants; hence, expression was regulated by stress-responsive 
promoter, e.g., rd29A (Kasuga et al. 1999). Since then several members of DREB 
family have been identified and shown to confer tolerance to different abiotic 
stresses in several plant species (Lata and Prasad 2011).

Several other transcription regulatory gene families such as AP2/ERF, bZIP, 
NAC, MYB, zinc finger, and NFY have been engineered for drought tolerance in 
many plant species. Nelson et al. (2007) demonstrated that constitutive expression 
of ZmNF-YB2 subunit in maize improved stress-related responses such as stomatal 
conductance, leaf temperature, reduced wilting, and maintenance of photosynthesis. 
During 2-year field trials, the best performing transgenic line showed yield advan-
tage of about 50% over that of control (avg 74 bushels acre-1) under severe drought 
stress conditions. In rice, overexpression of stress-responsive NAC1 (SNAC1) gene 
enhanced the seed setting by 22–34% as compared to that of control under severe 
stress (soil moisture content 15%) in the field (Hu et al. 2006). The increase seed set 
was related to higher spikelet fertility (7.4–22.3% and 23.0–34.6%) in transgenic 
plants as compared to control under both moderate and severe drought stresses, 
respectively. The enhanced drought tolerance of the transgenic plants was partly due 
to the increased stomatal closure and/or ABA sensitivity which prevented water loss 
from the plants (Hu et al. 2006). Another member of the NAC family, OsNAC10, 
was overexpressed in rice by constitutive (GOS2) as well as root-specific promoter 
(RCc3). The plants harboring RCc3:OsNAC10 showed increasing grain yield of up 
to 42% under drought and maximum 14% increase under normal conditions over 
control (Jeong et al. 2010).

In rice, there are at least 42 APETELA2 (AP2) domains containing genes that are 
induced by one or more abiotic stress conditions (Oh et al. 2009). Among these, 
overexpression of AP37 driven by cytochrome c gene (OsCc1) promoter in rice 
imparted drought and salinity stress at vegetative stage. At reproductive stage, the 
transgenic plants showed a yield advantage of 16%–57% over controls under severe 
drought conditions. Since there was lesser reduction in the number of spikelet and 
filling rate in the transgenic plants under drought stress, it was suggested that AP37 
enhanced drought tolerance by protecting the development of panicle and spikelet 
in transgenic rice (Oh et al. 2009).

In an ambitious project, efficacy of seven well-characterized genes for drought 
and salt tolerance from model plant was compared in the same rice background (rice 
cultivar Zhonghua 11) (Xiao et al. 2009). Independent transgenic rice plants with 
seven genes, viz., CBF3, SOS2, NCED2, NPK1, LOS5, ZAT10, and NHX1, cloned 
under the control of constitutive promoter (Actin1) and stress-inducible promoter 
(OsHVA22) were developed and evaluated for reproductive stage drought tolerance 
in field (Xiao et al. 2009). The drought tolerance was evaluated based on yield per 
plant and spikelet fertility. Among these, transgenic lines of LOS5 and ZAT10 with 
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both the promoters showed significantly higher yield as well as higher spikelet fer-
tility and thus showed more efficacy for drought tolerance in field than the rest of 
the five genes and promoter combinations examined (Xiao et al. 2009).

13.6  Modulation of Physiological and Morphological Traits

Abscisic acid (ABA) is known as a stress hormone. Under drought stress, there is a 
severalfold increase in the ABA accumulation in the leaves. ABA regulates stomatal 
closure, transpiration, and expression of several drought response genes. Once 
stress is relieved, the ABA concentration in leaves reduces to normal levels. Thus, 
ABA synthesis or accumulation can be one of the targets for enhancing drought 
tolerance. Wang et  al. (2005) employed an antisense technique to downregulate 
ERA1 (β-subunit of farnesyl transferase), a negative regulator of ABA synthesis, 
under the control of stress-inducible rd29A promoter in canola (B. napus). 
Transgenic canola lines showed enhanced ABA sensitivity, significant reduction in 
stomatal conductance, and water transpiration under drought stress conditions. Two 
of the events, YPT1 and YPT2, showed up to 15 and 16% higher grain yield as com-
pared to nontransgenic control during 3 consecutive years of field trial. The trans-
genic plants were also more resistant to drought-induced seed abortion during 
flowering. These transgenic lines were designated as yield protection technology 
(YPT) lines (Wang et al. 2005). The robustness of this strategy was further proved 
by shoot-specific downregulation of α-subunit of farnesyl transferase in canola by 
Wang et  al. (2009). According to the developer company (Performance Plants, 
Kingston, Ontario), in 5 years of field trials, YPT®-protected canola delivered up to 
26% more seed yield with moderate drought stress without any yield penalty under 
normal conditions. YPT® has been successful in corn and petunia, and it is cur-
rently being deployed in soybean, rice, sorghum, cotton, and turf grass (http://www.
performanceplants.com).

Photosynthesis is one of the main physiological processes which get negatively 
affected under water deficit as net carbon uptake gets affected by stomatal closure. 
This affects the photo-assimilate partitioning in the plants and moreover affects the 
grain filling and development. With the aim of improving the photosynthesis rate 
and grain yield under drought stress in rice, Gu et al. (2013) developed transgenic 
rice harboring maize C4 pyruvate orthophosphate dikinase enzyme (PPDK) gene 
independently or in combination with maize C4-specific phosphoenolpyruvate car-
boxylase (PCK) gene. The transgenic plants showed 20–40% higher photosynthetic 
rate under well water condition, 45–60 and 80–120% higher photosynthetic rate 
under moderate and severe drought conditions, respectively. Similarly grain yield 
was improved by 16.1, 20.2, and 20.0% under the well-watered, moderate, and 
severe drought conditions, respectively. Furthermore the transgenic plants had 
higher leaf water content, stomatal conductance, transpiration efficiency, root oxi-
dation activity, and a stronger active oxygen-scavenging system than the WT under 
all the three treatments (Gu et al. 2013). Thus, increase in photosynthesis and hence 
photo-assimilate had a positive effect on other plant processes and also reduced the 
generation of ROS.
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Increasing the water use efficiency (WUE) of the plants can be one of the strate-
gies to save water under drought stress. In physiological terms, WUE is referred to 
as transpiration efficiency, that is, ratio of photosynthesis (A) to transpiration (T). 
There are few candidate genes that have been demonstrated to improve the water 
use efficiency and hence the drought tolerance of the plants. Among these, ERECTA, 
a leucine-rich repeat receptor-like kinase (LRR-RLK) was initially shown to 
enhance WUE in Arabidopsis (Masle et al. 2005). Recently extensive field trials 
conducted at multiple locations demonstrated that overexpression of AtERECTA 
(ER) in rice and tomato confers thermotolerance (Shen et al. 2015). The transgenic 
tomato plants showed decreased stomatal density, decreased stomatal conductance, 
and increased transpiration efficiency, while the transgenic rice plants had signifi-
cantly higher seed setting (55–70%) than the control transgenic line (~35%) under 
heat stress (Shen et al. 2015). However, authors suggested that thermotolerance was 
achieved irrespective of water loss. Another promising candidate gene is HRD gene, 
an AP2/ERF-like transcription factor that was first characterized in Arabidopsis and 
rice for conferring drought tolerance by increasing biomass and WUE (Karaba et al. 
2007). HARDY gene from Arabidopsis was overexpressed in Trifolium alexandri-
num L. (Egyptian clover) which is an important forage crops in semiarid regions 
(Abogadallah et al. 2011). In a combined field trial of drought and salt stress, the 
transgenic plants performed better than the wild-type plants in terms of biomass.

HVA1 gene was also shown to enhance drought tolerance by increasing the WUE 
in wheat (Bahieldin et al. 2005). Enhanced WUE was one of the criteria for select-
ing transgenic wheat plants expressing DREB1A under the control of rd29A pro-
moter in greenhouse conditions (Saint Pierre et  al. 2012). However, under field 
conditions, these transgenic lines did not impart any yield advantage over wild type 
under water deficit (Saint Pierre et al. 2012). Transgenic rice harboring enhanced 
drought tolerance/HOMEODOMAIN GLABROUS11 (EDT1/HDG11), a 
homeodomain- leucine zipper transcription factor from Arabidopsis, showed several 
stress-adaptive responses such as higher levels of abscisic acid, proline, soluble 
sugar, and reactive oxygen species-scavenging enzyme activities and extensive root 
system, reduced stomatal density, and higher WUE (Yu et al. 2013). In field, the 
transgenic lines yielded significantly higher (about 16%) than the wild-type control 
under both normal and drought conditions. The increased grain yield was majorly 
attributed to larger panicle size and higher seed-setting rate in transgenic rice plants 
(Yu et al. 2013).

Kernel abortion is one of the major problem in maize under drought stress condi-
tions. Since higher ethylene levels in kernels lead to kernel abortion, an RNAi strat-
egy was employed to target the ACC synthases (ACS) expression and reduce its 
synthesis (Habben et al. 2014). With this method, about 57 and 49% reduction in 
ethylene could be achieved in transgenic under low- and high-stress conditions as 
compared to the wild type. In field, seven transgenic events registered higher grain 
yield compared with the WT hybrid average of 106.2 bu. acre−1. An increase of 9.3 
bu. acre−1 over WT was with the event (DP-E29) after a flowering time drought 
stress. The transgenic events showed decrease in the anthesis-silking interval and 
increase in kernel number/ear as compared to wild type. Over 2-year field trials, two 
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promising events (DP-E29 and DP-E21) were identified based on consistent posi-
tive yield response compared with WT under drought stress (Habben et al. 2014).

The problem of reduced supply of carbohydrates (sugar) to the developing kernel 
also leads to reduced seed set. Nuccio et al. (2015) overexpressed a rice trehalose- 
6- phosphate phosphatase (TPP) in developing maize ears using a floral promoter 
OsMads6. TPP is a trehalose biosynthesis pathway enzyme which produces treha-
lose from trehalose-6-phosphate (T6P). Trehalose-6-phosphate acts as a sugar sig-
nal that regulates growth and development. Overexpression of TPP increased the 
sucrose concentration in spikes by 20%. In multisite and multi-season field trials, 
the OsMads6-Tpp1 transgenic plants showed yield increase up to 49% under non- 
drought or mild drought conditions and from 31 to 123% under more severe drought 
conditions, as compared to that of nontransgenic controls (Nuccio et al. 2015).

Among morphological traits, epicuticular wax present on the cuticle, the outer-
most surfaces of plants, is one of the drought adaptation traits that reduces the cutic-
ular conductance of the plants and also protects against different environmental 
stress. Glossy 1 (GL1) gene is one of the genes involved in wax synthesis. Rice 
transgenic plants overexpressing OsGL1–2, a homolog of GL1 from rice, were eval-
uated at reproductive stage for drought tolerance in refined field (Islam et al. 2009). 
The transgenic plants showed slower chlorophyll leaching from the overexpression 
plant leaves than that from the WT leaves, thereby suggesting a decrease in cuticular 
permeability in the transgenic plants.

13.7  Conclusions

The success of plant biotechnology is evident by 100-fold increase in cultivation of 
transgenic crops since their introduction in 1996. Such tremendous increase and 
acceptance of transgenic crops are possible due to yield advantages offered by these 
crops. The commercially grown transgenic plants have shown economic, environ-
mental, and social benefits by increasing the yield, by decreasing the pesticide or 
herbicide use, and by increasing the income of the farmers. Drought tolerance in 
crops still remains a major concern. The number of transgenic crops with drought 
tolerance trait is not so encouraging. However, there are promising reports of engi-
neering drought tolerance and yield gains under moderate and severe drought stress 
conditions in field. There is definitely no single magical gene or physiological trait 
that may impart complete drought tolerance, and not all transgenic lines engineered 
with same gene are equally tolerant. Thus, there is a need to understand not only the 
molecular mechanisms but also the physiological basis of drought tolerance, and 
together these can be deployed for designing crops that are climate resilient. There 
are excellent examples of single gene modification in plants outperforming the wild 
type consistently over multilocation and multi-season field trials. However, pyra-
miding the genes conferring cellular tolerance and modulating the physiological 
traits may prove more versatile. Furthermore depending on the site of gene insertion 
and copy number and several other factors, the fate of gene and its expression varies 
accross the  transgenic events. Therefore, it is essential to generate several hundreds 
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of transgenic plants, to screen them under greenhouse conditions, and finally at field 
level to select the best performer. The success of new techniques such as genome 
editing has been demonstrated in some crops (Jiang et al. 2013; Shan et al. 2013; 
Svitashev et al. 2015) and can be exploited for modifying several genes at a time. 
Furthermore, it would be better to combine best with the best, that is, to improve the 
trait in the elite or high-yielding background. Finally, one cannot expect yield with-
out water. It is important to keep the trade-off between water and yield in such a way 
that yields are sustained under drought stress.
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cial assistance to various research programmes at NRCPB.

References

Abogadallah GM, Nada RM, Malinowski R, Quick P (2011) Overexpression of HARDY, an AP2/
ERF gene from Arabidopsis, improves drought and salt tolerance by reducing transpiration and 
sodium uptake in transgenic Trifolium alexandrinum L. Planta 233(6):1265–1276

Bahieldin A, Mahfouz HT, Eissa HF, Saleh OM, Ramadan AM, Ahmed IA, Dyer WE, El-Itriby 
HA, Madkour MA (2005) Field evaluation of transgenic wheat plants stably expressing the 
HVA1 gene for drought tolerance. Physiol Plant 123(4):421–427

Castiglioni P, Warner D, Bensen RJ, Anstrom DC, Harrison J, Stoecker M, Abad M, Kumar G, 
Salvador S, D’Ordine R, Navarro S, Back S, Fernandes M, Targolli J, Dasgupta S, Bonin 
C, Luethy MH, Heard JE (2008) Bacterial RNA chaperones confer abiotic stress tolerance 
in plants and improved grain yield in maize under water-limited conditions. Plant Physiol 
147(2):446–455

Chen TH, Murata N (2002) Enhancement of tolerance of abiotic stress by metabolic engineering 
of betaines and other compatible solutes. Curr Opin Plant Biol 5(3):250–257

Dai A (2013) Increasing drought under global warming in observations and models. Nat Clim 
Change 3(1):52–58

Dalal M, Tayal D, Chinnusamy V, Bansal KC (2008) Abiotic stress and ABA-inducible group 
4 LEA from Brassica napus plays a key role in salt and drought tolerance. J  Biotechnol 
139(2):137–145

Gu J-F, Qiu M, Yang J-C (2013) Enhanced tolerance to drought in transgenic rice plants overex-
pressing C4 photosynthesis enzymes. Crop J 1(2):105–114

Habben JE, Bao X, Bate NJ, DeBruin JL, Dolan D, Hasegawa D, Helentjaris TG, Lafitte RH, 
Lovan N, Mo H, Reimann K, Schussler JR (2014) Transgenic alteration of ethylene biosyn-
thesis increases grain yield in maize under field drought-stress conditions. Plant Biotechnol 
J 12(6):685–693

Hu H, Dai M, Yao J, Xiao B, Li X, Zhang Q, Xiong L (2006) Overexpressing a NAM, ATAF, and 
CUC (NAC) transcription factor enhances drought resistance and salt tolerance in rice. Proc 
Natl Acad Sci U S A 103(35):12987–12992

Huang Y, Xiao B, Xiong L (2007) Characterization of a stress responsive proteinase inhibitor gene 
with positive effect in improving drought resistance in rice. Planta 226(1):73–85

Islam MA, Du H, Ning J, Ye H, Xiong L (2009) Characterization of Glossy1-homologous genes in 
rice involved in leaf wax accumulation and drought resistance. Plant Mol Biol 70(4):443–456

Jeong JS, Kim YS, Baek KH, Jung H, Ha SH, Do Choi Y, Kim M, Reuzeau C, Kim JK (2010) 
Root-specific expression of OsNAC10 improves drought tolerance and grain yield in rice under 
field drought conditions. Plant Physiol 153(1):185–197

Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP (2013) Demonstration of CRISPR/Cas9/
sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum and rice. 
Nucleic Acids Res 41:e188

M. Dalal and T.R. Sharma



311

Karaba A, Dixit S, Greco R, Aharoni A, Trijatmiko KR, Marsch-Martinez N, Krishnan A, Nataraja 
KN, Udayakumar M, Pereira A (2007) Improvement of water use efficiency in rice by expres-
sion of HARDY, an Arabidopsis drought and salt tolerance gene. Proc Natl Acad Sci U S A 
104(39):15270–15275

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(3):287–291

Lata C, Prasad M (2011) Role of DREBs in regulation of abiotic stress responses in plants. J Exp 
Bot 62(14):4731–4748

Li B, Wei A, Song C, Li N, Zhang J (2008) Heterologous expression of the TsVP gene improves 
the drought resistance of maize. Plant Biotechnol J 6(2):146–159

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki K, Shinozaki K (1998) Two 
transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain separate 
two cellular signal transduction pathways in drought- and low-temperature-responsive gene 
expression, respectively, in Arabidopsis. Plant Cell 10(8):1391–1406

Martinoia E, Maeshima M, Neuhaus HE (2007) Vacuolar transporters and their essential role in 
plant metabolism. J Exp Bot 58(1):83–102

Masle J, Gilmore SR, Farquhar GD (2005) The ERECTA gene regulates plant transpiration effi-
ciency in Arabidopsis. Nature 436:866–870

McKersie BD, Bowley SR, Harjanto E, Leprince O (1996) Water-deficit tolerance and field 
performance of transgenic alfalfa overexpressing superoxide dismutase. Plant Physiol 
111(4):1177–1181

Nakashima K, Ito Y, Yamaguchi-Shinozaki K (2009) Transcriptional regulatory networks in 
response to abiotic stresses in Arabidopsis and grasses. Plant Physiol 149:88–95

Nelson DE, Repetti PP, Adams TR, Creelman RA, Wu J, Warner DC, Anstrom DC, Bensen RJ, 
Castiglioni PP, Donnarummo MG, Hinchey BS, Kumimoto RW, Maszle DR, Canales RD, 
Krolikowski KA, Dotson SB, Gutterson N, Ratcliffe OJ, Heard JE (2007) Plant nuclear factor 
Y (NF-Y) B subunits confer drought tolerance and lead to improved corn yields on water- 
limited acres. Proc Natl Acad Sci U S A 104(42):16450–16455

Nuccio ML, Wu J, Mowers R, Zhou H-P, Meghji M, Primavesi LF, Paul MJ, Chen X, Gao Y, Haque 
E, Basu SS, Lagrimini LM (2015) Expression of trehalose-6-phosphate phosphatase in maize 
ears improves yield in well-watered and drought conditions. Nat Biotechnol 33(8):862–869

Oh SJ, Kim YS, Kwon CW, Park HK, Jeong JS, Kim JK (2009) Overexpression of the tran-
scription factor AP37  in rice improves grain yield under drought conditions. Plant Physiol 
150(3):1368–1379

Quan R, Shang M, Zhang H, Zhao Y, Zhang J (2004) Engineering of enhanced glycine betaine 
synthesis improves drought tolerance in maize. Plant Biotechnol J 2(6):477–486

Reguera M, Peleg Z, Blumwald E (2012) Targeting metabolic pathways for genetic engineering 
abiotic stress-tolerance in crops. Biochim Biophys Acta 1819(2):186–194

Saint Pierre C, Crossa JL, Bonnett D, Yamaguchi-Shinozaki K, Reynolds MP (2012) Phenotyping 
transgenic wheat for drought resistance. J Exp Bot 63(5):1799–1808

Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, Zhang K, Liu J, Xi JJ, Qiu J-L, Gao C (2013) 
Targeted genome modification of crop plants using a CRISPR-Cas system. Nat Biotechnol 
31(8):686–688

Shen H, Zhong X, Zhao F, Wang Y, Yan B, Li Q, Chen G, Mao B, Wang J, Li Y, Xiao G, He Y, Xiao 
H, Li J, He Z (2015) Overexpression of receptor-like kinase ERECTA improves thermotoler-
ance in rice and tomato. Nat Biotechnol 33(9):996–1003

Shinozaki K, Yamaguchi-Shinozaki K (2007) Gene networks involved in drought stress response 
and tolerance. J Exp Bot 58(2):221–227

Sivamani E, Bahieldin A, Wraith JM, Al-Niemi T, Dyer WE, Ho TD, Qu R (2000) Improved bio-
mass productivity and water use efficiency under water deficit conditions in transgenic wheat 
constitutively expressing the barley HVA1 gene. Plant Sci 12 155(1):1–9

Svitashev S, Young JK, Schwartz C, Gao H, Falco SC, Cigan AM (2015) Targeted mutagenesis, 
precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA. Plant 
Physiol 169(2):931–945

13 Biotechnological Applications for Improvement of Drought Tolerance



312

Umezawa T, Fujita M, Fujita Y, Yamaguchi-Shinozaki K, Shinozaki K (2006) Engineering drought 
tolerance in plants: discovering and tailoring genes to unlock the future. Curr Opin Biotechnol 
17(2):113–122

Valliyodan B, Nguyen HT (2006) Understanding regulatory networks and engineering for 
enhanced drought tolerance in plants. Curr Opin Plant Biol 9(2):189–195

Waltz E (2014) Beating the heat. Nat Biotechnol 32:610–613
Wang Y, Ying J, Kuzma M, Chalifoux M, Sample A, McArthur C, Uchacz T, Sarvas C, Wan J, 

Dennis DT, McCourt P, Huang Y (2005) Molecular tailoring of farnesylation for plant drought 
tolerance and yield protection. Plant J 43(3):413–424

Wang Y, Beaith M, Chalifoux M, Ying J, Uchacz T, Sarvas C, Griffiths R, Kuzma M, Wan J, Huang 
Y (2009) Shoot-specific down-regulation of protein farnesyl transferase (alpha-subunit) for 
yield protection against drought in canola. Mol Plant 2(1):191–200

Xiao B, Huang Y, Tang N, Xiong L (2007) Over-expression of a LEA gene in rice improves 
drought resistance under the field conditions. Theor Appl Genet 115(1):35–46

Xiao B-Z, Chen X, Xiang C-B, Tang N, Zhang Q-F, Xiong L-Z (2009) Evaluation of seven 
function- known candidate genes for their effects on improving drought resistance of transgenic 
rice under field conditions. Mol Plant 2(1):73–83

Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory networks in cellular 
responses and tolerance to dehydration and cold stresses. Annu Rev Plant Biol 57:781–803

Yu L, Chen X, Wang Z, Wang S, Wang Y, Zhu Q, Li S, Xiang C (2013) Arabidopsis enhanced 
drought tolerance1/HOMEODOMAIN GLABROUS11 confers drought tolerance in transgenic 
rice without yield penalty. Plant Physiol 162(3):1378–1391

M. Dalal and T.R. Sharma



313© Springer Nature Singapore Pte Ltd. 2017
P.S. Minhas et al. (eds.), Abiotic Stress Management for Resilient Agriculture, 
DOI 10.1007/978-981-10-5744-1_14

V. Tiwari (*) • H.M. Mamrutha • S. Sareen • S. Sheoran • R. Tiwari • P. Sharma  
C. Singh • G. Singh 
ICAR-Indian Institute of Wheat & Barley Research, Karnal 132001, Haryana, India
e-mail: pici.dwr@gmail.com; mamruthamadhu@gmail.com; sareen9@hotmail.com; 
sheoransonia@yahoo.co.in; tiwari64@yahoo.co.in; neprads@gmail.com;  
n_charansingh@hotmail.com; gysingh@gmail.com 

J. Rane 
National Institute of Abiotic Stress Management, Indian Council for Agricultural Research,  
Baramati, Maharashtra, India
e-mail: jagrane@hotmail.com

14Managing Abiotic Stresses in Wheat
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Abstract
Wheat, a major staple crop of the world as well as of India, provides food and 
nutritional security to millions of the global populace. While the rate of genetic 
gain in productivity during the recent years has not been as impressive as in the 
past, the cultivars under development are being tailored to meet the demand for 
higher production together with the challenges imposed by several abiotic 
stresses such as high temperature, restricted access to irrigation water, drought, 
salinity/alkalinity, waterlogging, mineral deficiency, crop lodging and preharvest 
sprouting. Since the conventional approaches being practiced for wheat improve-
ment will not be sufficient to achieve the productivity targets, it is essential to 
integrate the modern approaches leveraged by advances in phenomics, molecular 
biology, functional genomics, etc. Furthermore, stress mitigation options partic-
ularly through agronomic interventions are also essential to stabilize the produc-
tivity in wheat. Recent efforts being attempted in this direction have been 
highlighted in this article.
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14.1  Introduction

Wheat (Triticum aestivum L.) is the second most important cereal crop after rice in 
providing food and nutritional security to the masses in India. Wheat production in 
India has progressively scaled new heights over the years with phenomenal increase 
in area, production and productivity. The Indian wheat programme has been very 
vibrant during the last four decades, but there is no scope for complacency and the 
programme needs to be more responsive to the new emerging challenges posed by 
climatic changes. Vulnerability to abiotic stresses is evident from a substantial dip in 
wheat production to 86.53 million tonnes, due to erratic rains, during 2014–2015 over 
the high production of 95.85 M tonnes obtained during the previous year 2013–2014. 
The country produced 93.50 M tonnes of wheat during 2015–2016 crop season.

Wheat is grown in India under six diverse agroclimatic zones, wherein the Indo- 
Gangetic plains (IGP) comprising the north-western plains zone (NWPZ) and the 
north-eastern plains zone (NEPZ) are the major wheat tract covering over 20 mil-
lion hectares, followed by the central zone (CZ) and the peninsular zone (PZ). The 
northern hills zone (NHZ) and southern hills zone (SHZ) are the two other wheat- 
producing zones falling in the hills agroecosystem. This classification of zones for 
wheat cultivation has been based on climatic conditions, soil types and duration of 
the wheat crop. During the growing season, expected changes in climatic factors, 
viz. precipitation/winter rains, minimum and maximum temperature, wind velocity 
and its direction, sunshine hours, etc., need to be considered while developing strat-
egies for enhancement of production and productivity in wheat. It is obvious that 
any significant change in the climate will have an impact on agriculture and food 
production. However, realizing the vast variation in the climatic conditions in differ-
ent wheat-growing regions of India, the ongoing programmes are tuned to address 
even the micro-niches besides the region-specific needs.

14.2  Abiotic Stresses Affecting Wheat Production

Although more than 95% of the wheat area sown in India has access to irrigation, 
major parts face water deficits due to restrictions in the quantity of water availability 
particularly at critical plant growth stages. Wheat grown in the rest of the area is 
dependent on rains and hence highly vulnerable to water stress which reduces the 
productivity and production (Fig. 14.1).

The productivity in wheat is most affected by water deficits. The effect of drought 
on wheat becomes more conspicuous when the south-west monsoon fails to precipi-
tate sufficient soil moisture essential for early establishment of the crop. Drought 
stress may occur throughout the growing season, early or late in the season. Crop 
yield is reduced mostly when water stress occurs at heading time, but its effect on 
yield is highest when it occurs after anthesis. It is evident from restricted irrigation 
experiments that the grain yield obtained in many wheat cultivars under rainfed 
condition can be doubled by providing a single post-sown irrigation. Therefore, 
improvement in drought tolerance ability of wheat genotypes is crucial in view of 
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the restricted access to irrigation water due to the diversion of more water to nonag-
ricultural uses. Early drought in wheat at seedling establishment stage reduces the 
number of plants per unit area and tillers per plant; mid-season drought at CRI to ear 
emergence stage reduces the total biomass, number of productive tillers and grain 
number per spike; and terminal drought at ear emergence to physiological maturity 
reduces the current photosynthesis, spike fertility and grain weight. The losses in 
the present varieties of wheat due to moisture stress in central India can range from 
11.6 to 43.6% if no irrigation is provided to the crop (Tiwari et al. 2015).

While the most optimum temperature for growth and development of the wheat 
plant is considered to be around 21° to 24 °C, the optimal temperature range may 
vary depending on the prevailing agroclimatic situation at the place where the crop 
is grown. The whole wheat-cropped area in India experiences heat. While the cen-
tral and peninsular parts experience heat stress all through the crop season, signifi-
cant parts of north-western and north-eastern plains experience terminal heat. The 
trend by farmers in north-western and central India towards early sowing of wheat 
to take advantage of residual moisture is demanding development of wheat geno-
types for both early and terminal heat tolerance (Misra and Varghese 2012).

The temperature often rises above 30  °C during the subsequent stages of its 
growth, thereby severely affecting the formation and filling of grains (Al-Khatib 
and Paulsen 1984; Randall and Moss 1990; Stone et al. 1995; Wardlaw and Moncur 
1995; Rane et al. 2007). High temperature imposed before anthesis can also decrease 
yield (Wardlaw et al. 1989; Hunt et al. 1991). Under controlled experiments, grain 
yield of wheat per spike was reduced by 3–4% per 1 °C increase in temperature 
above 15 °C. (Wardlaw et al. 1989). The effect of short periods of exposure to high 
temperatures (>30 °C) is thought to be equivalent to 2–3 °C warming in the seasonal 
mean temperature (Wheeler et al. 1996). Also yield reduction (up to 23%) has been 
reported from as little as 4 days of exposure to very high temperatures (Randall and 

Fig. 14.1 Percent reduction in wheat yield during drought years in India (Based on DOAC data)
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Moss 1990; Stone and Nicolas 1994). The effect of high temperature is likely to 
assume much larger proportion considering the current trends and future predictions 
about global warming continue. According to the fifth assessment report of the 
Inter-Governmental Panel on Climate Change (2014), the globally averaged com-
bined land and ocean surface temperature data show a warming of 0.85 °C (0.65–
1.06) over the period 1880 to 2012, and temperature is projected to rise over the 
twenty-first century. Besides high temperature, wheat plants also suffer damage due 
to cold or frost injury when there is a sudden dip in the temperature in northern India 
and mountainous and sub-mountainous regions of the northern hills zone. However, 
the loss due to cold or frost injury in these areas is not that severe as high heat 
conditions.

About 6.73 million ha land in India is salt affected, out of which 3.77 and 2.96 
million ha are covered by sodic and saline soils, respectively. The Indo-Gangetic 
plains include 2.5 million hectares of sodic soils and 2.2 million hectares affected 
by seepage water from irrigation canals (CSSRI 1997). Salinity- and alkalinity- 
affected soils lead to reduction in crop yield. The soil where water stands on the 
surface for a prolonged period of time or the available water fraction in the soil 
surface layer is at least 20% higher than the field water capacity falls in the category 
of waterlogged soil. Waterlogging adversely affects production in about 4.5 million 
hectares in irrigated soils of the Indo-Gangetic plains of northern India (CSSRI 
1997). The combined effect of salt and waterlogging stresses significantly reduces 
wheat yield by causing reduction in grain weight, length of spike and spikelet num-
ber and also shows more adverse effect than salt stress alone in the case of com-
pacted soils. Due to the increased frequency of extreme climate events like heavy 
rains and storms, particularly where water table is high and soils are sodic, water-
logging has become an important constraint to crop production globally.

Preharvest sprouting (PHS) is also of major concern for wheat cultivation in 
eastern and far- eastern parts of India due to early cessation of rains around maturity 
time during the month of March. The PHS in wheat is characterized by premature 
germination of kernels in a mature spike prior to harvest due to early breakage of 
seed dormancy under moist weather conditions that persist after physiological 
maturity. PHS causes loss in yield due to decrease in thousand grain weight and also 
ultimately affects the end product quality. Bread baked from sprouted wheat grain 
express smaller volume and a compact interior. This decrease in the quality is 
mainly due to early α-amylase activity which can be characterized by Hagberg fall-
ing number. The erratic rainfall patterns in such areas, where temperature and mois-
ture during grain development adversely affect the expression of dormancy, lead to 
an increase in problems like PHS and call for the development of wheat genotypes 
with a balanced degree of seed dormancy.

Crop lodging caused by storms and hail is another important factor which 
severely affects the wheat production. The development of genotypes with good 
stem structural strength for lodging tolerance is now gaining more attention. As 
productivity enhancement is targeted in high-fertility environments, genotypes with 
strong stem strength are needed to sustain under lodging situations. In addition, 
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mineral deficiency is also likely to emerge as a major abiotic constraint in zones 
under intensive cultivation (Arvind et al. 2015).

14.3  Adaptive Traits Imparting Tolerance

Under natural condition, the plants adapt to abiotic stress condition mainly by three 
important mechanisms, viz. stress avoidance, stress escape and stress tolerance. 
These mechanisms are in turn governed by many associated traits. In avoidance 
mechanism, the plant avoids the stress through such traits like reduction in leaf area, 
increased pubescence, leaf rolling and leaf reflectance with epicuticular wax accu-
mulation. In escape mechanism, plants sense the future occurrence of stress and 
adjust the phenology to complete their life cycle early so that the effect of stress is 
not evident in the genotypes. While, in tolerance mechanism, the plant experiences 
stress but is able to withstand the stress condition through a number of adaptive 
features like deep root system, accumulating osmolytes, maintaining membrane 
integrity and relative water content, etc.

To improve grain yield under stressed environment, it is essential to improve the 
adaptation to abiotic stresses. Hence, traits contributing to such adaptation are cru-
cial. Observing the plant morphological and anatomical traits such as coleoptile 
length, leaf phyllotaxy, orientation and angle, pubescence, wax, stem length, pedun-
cle length and root traits vis-à-vis the abiotic stresses helps in underlining the stress 
tolerance adaptations. The past arguments that empirical selection for grain yield 
can indirectly place selection pressure for adaptive traits are getting diluted as is 
evident from recent slowdown in genetic gain in the yield potential of wheat. This 
necessitates trait based selection for improvement in adaptation to abiotic stresses. 
It is known that every genotype has different adaptive mechanisms with different 
associated traits. This can be achieved with the knowledge gained about adaptive 
traits, feasibility of using them as traits for selection and their inheritance pattern. In 
spite of new developments in phenotyping techniques, still it is not always true that 
a single trait will account for all the variations present in the population for toler-
ance to abiotic stress. Hence, there is a need to develop a protocol which is able to 
capture numerous traits associated with abiotic stresses.

Water stress mostly leads to stunted plant growth, and leaf wilting is the first vis-
ible sign to observe stressed plants. Drought stress reduces the number of days to 
heading, peduncle length and plant fresh and dry biomass production. The stomatal 
closure under drought condition to prevent transpirational water loss also limits 
photosynthesis through limiting CO2 uptake by leaves (Cornic 2000). Water stress 
also causes reduction in the relative water content. Although a number of morpho-
logical traits and physiological parameters have been put forward for identifying 
drought-tolerant genotypes of wheat, none of these parameters could become prac-
tically feasible for selecting individual plants from the breeding generations. Hence, 
selection of individual segregants is based on survival under natural drought condi-
tions which in effect may or may not result in improvement in grain yield. 
Nevertheless, on limited scale, the segregating material can be exposed to artificial 
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moisture stress under controlled conditions to select drought-tolerant and suscepti-
ble plants based on seedling survival. Recently, the carbon isotope discrimination 
(CID) technique has been successfully utilized in identification of drought-tolerant 
genotypes (Rebetzke et al. 2002).

The magnitude of damage in wheat due to high temperature depends on the 
background ambient temperature, stage of plant development and the genotype. 
Extremes of temperature prevailing at sensitive developmental stages are especially 
detrimental. Temperature above 30 °C around anthesis time can affect pollen forma-
tion and reduce yield. For wheat, there are two critical stages that are sensitive to 
temperature during reproductive growth, viz. the first at micro- or mega- sporogenesis 
(approximately 12 to 3 days prior to anthesis), leading to loss of fertility, and the 
second at pollination/fertilization stage leading to decreased levels of pollen shed, 
pollen reception on stigma, pollen tube growth and fertilization as well as early 
abortion. It is established that many physiological traits/parameters, viz. grain- 
filling duration (GFD) and canopy temperature (CT), have a strong correlation with 
terminal heat tolerance (THT). It is assumed that reduced GFD will avoid the dam-
age due to terminal heat stress, while a low CT will help the plant to withstand ter-
minal heat stress (Sharma et al. 2015). In view of this, both GFD and CT have been 
used while selecting for higher yield under high temperature at the time of maturity 
and thus can be effectively utilized for QTL analysis as parameters for terminal heat 
tolerance.

The abiotic stresses like heat, drought and salt concentration can be quantified by 
recording some physiological, biochemical and developmental traits in wheat plants 
as given below.

Early Vigour A greater biomass/plant canopy during early growth stages provides 
more efficient water utilization by shading the soil and thereby minimizes evapo-
transpiration from the soil. Thus, retained residual moisture will be utilized by the 
plants under severe stress condition to survive. Indirectly, early vigour is attributed 
to a deeper root system. Under abiotic stress condition, early vigour and delayed 
leaf senescence showed positive correlation with grain yield. Genetic variability 
exists for early vigour in wheat (Rane et al. 2002), and this trait may be used as a 
suitable selection criterion under a range of moisture conditions. It can be measured 
quickly and easily through visual score or using NDVI and can also be used for 
quick evaluation of large populations.

Osmotic Adjustment (OA) Osmotic adjustment maintains cell water contents by 
increasing the osmotic force that can be exerted by cells on their surroundings and 
thus increasing water uptake. OA involves the net accumulation of organic or inor-
ganic solutes/osmolytes, total soluble sugars, total free amino acids, proline, gly-
cinebetaine, sodium, chloride and potassium in cells in response to a fall in the 
water potential. As a consequence of this net accumulation, the cell osmotic poten-
tial is lowered, and turgor pressure tends to be maintained along with more water in 
leaf cells with greater OA resulting in higher turgor as compared with leaves having 
less OA. Osmoregulation and turgor maintenance allow continuous growth of roots 

V. Tiwari et al.



319

and uptake of moisture from the soil (Sharp and Davies 1979). Free amino acids and 
proline accumulation contributed significantly for osmotic adjustment in wheat flag 
leaves under salinity stress contributing to higher grain yield (Bandeh-hagh et al. 
2008).

Relative Water Content (RWC) Assessment of water loss from excised leaves has 
been indicated as a good criterion for characterizing drought resistance. RWC is 
related with grain yield under irrigation and dryland conditions. Drought-tolerant 
genotypes have higher RWC, and this trait can be used for screening and identifica-
tion of genotypes (Sonia et al. 2015).

Membrane Leakage A major impact of plant environmental stress is cellular mem-
brane modification which results in its abnormal function or total dysfunction. The 
exact structural and functional modification caused by stress is not fully resolved. 
However, the cellular membrane dysfunction due to stress is well expressed through 
increased permeability and leakage of ions, which can be readily measured by the 
efflux of electrolytes. Hence, the estimation of membrane dysfunction under stress 
by measuring cellular electrolyte leakage from affected leaf tissue into an aqueous 
medium is finding growing use as a measure of cell membrane stability (CMS) and 
as a screen for stress resistance. The CMS is positively associated and explains 
above 70% of drought tolerance as compared to other physiological traits. The 
membrane leakage showed negative relation with heat tolerance for 2 consecutive 
years in a set of spring wheat genotypes under late sown condition (Sharma et al. 
2015).

Chlorophyll Content Index Chlorophyll loss is associated with environmental 
stress, and the variation in total chlorophyll/carotenoids ratio may be a good indica-
tor of stress in plants. High chlorophyll content is a desirable characteristic as it 
indicates a low degree of photoinhibition of the photosynthetic apparatus. Water 
stress condition causes reduction in chlorophyll content up to 20%. Hence, the flag 
leaf chlorophyll content and its stability over time can indicate resilience of the 
photosynthetic activity.

Canopy Temperature The canopy temperature reflects transpirational cooling effi-
ciency of the plants. The relationship between canopy temperature, air temperature 
and transpiration is complex, and it involves atmospheric conditions (vapour pres-
sure deficit, air temperature and wind velocity), soil (mainly available soil moisture) 
and plants (canopy size, canopy architecture and leaf adjustments to water deficit). 
These variables are considered when canopy temperature is used to develop the crop 
water stress index (CWSI) which is used for scheduling irrigation in crops  
(Lopes and Reynolds 2010). It has been shown that bread wheat genotypes with 
cool canopy temperatures under drought and heat stress have been associated with 
increased plant access to water as a result of deeper roots.
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Chlorophyll Fluorescence The Fv/Fm measurements during drought stress reveal 
the effects of co-occurring stresses (heat stress, photo inhibition, etc.) or to the early 
phases of leaf senescence. Measurements of the slow and the fast chlorophyll fluo-
rescence kinetics have been observed to be sensitive to drought stress. The decrease 
of effective PS-II quantum yield (FPSII) and ETR in drought-stressed leaves as 
compared to well-hydrated leaves is mainly due to lack of CO2 inside the leaf caused 
by stomatal closure. The chlorophyll fluorescence has also exhibited positive cor-
relation with grain yield under terminal heat stress condition (Pandey et al. 2014). 
Chlorophyll fluorescence tool could reveal that spikes of durum wheat are more 
tolerant to desiccation in relation to bread wheat (Rane, unpublished).

Pollen Viability The efficiency of pollen transfer and viability of the pollen grains 
determine the reproductive success in plant species. It has been reported that the 
viability of pollen grains under field conditions is highly variable indicating that 
differences in micro-environments may have a profound effect on pollen viability. 
Drought and heat stresses limit crop pollination by reducing pollen grain produc-
tion, increasing pollen grain sterility and decreasing pollen grain germination and 
pollen tube growth (Al-Ghzawi et al. 2009). Drought stress also reduces the mega- 
gametophyte fertility and decreases the setting of seed and its development.

Stem Reserve Mobilization Stem reserves are sugars such as fructans, sucrose, glu-
cose and fructose which get accumulated in the stem as reserves. Water soluble 
carbohydrates (WSC) accumulate up to anthesis time and are partitioned to the stem 
from where they are later available as a reservoir for remobilization to the develop-
ing grains. These reserves are an important source of carbon for grain filling as 
demand frequently exceeds current assimilation, potentially contributing 10–20% 
of the grain yield under favourable conditions. Stem reserve mobilization has been 
shown to be adaptive for drought, heat and/or disease tolerance when current assim-
ilation during grain filling causes a greater demand for stem reserves during grain 
filling. When wheat plants were shaded during grain filling, up to 0.93 g of grain 
was produced per gram of assimilates exported from the stem (Kiniry 1993). Genetic 
variability for stem reserve mobilization exists in wheat, and it can be explored for 
improvement of productivity under high temperature and water deficit environ-
ments (Nagarajan et al. 1998; Rane et al. 2003; Nagarajan and Rane 2002).

14.4  Phenotyping Strategies

Over the past few decades, rapid developments have taken place for phenotyping 
the tolerance to abiotic stresses. The focus has been mainly on the traits that contrib-
ute to plant survival under stress conditions, e.g. root architecture, transpiration 
efficiency/carbon isotope discrimination, stomatal conductance, canopy tempera-
ture, osmotic adjustment, stay green habit, etc. Phenotyping for evaluating the 
impact of both drought and heat stress conditions in wheat is usually done by com-
parison with the irrigated condition. For studying heat stress in open fields, late 
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sowing of the crop complemented with recommended number of irrigations is used. 
The late sowing under irrigated condition enables plants to experience high tem-
perature stress without suffering any drought stress. However, both drought and heat 
stresses are difficult to be simulated precisely at the field scale. Multilocation testing 
in the target environments is another option towards phenotyping stresses since they 
help to obtain response to the stresses under varied natural conditions (Rane et al. 
2007). There is lack of screening techniques which are sufficiently rapid, simple, 
repeatable, not environment dependent with a good predictive value of yield under 
stress and also applicable in the field. The severity, duration and timing of stress, as 
well as responses of plants after stress removal and interaction between stress and 
other factors are extremely and equally important.

Abiotic stresses at a given growth phase are likely to affect the proper develop-
ment of plant organs leading to a reduction in the yield. The reproductive phase is 
usually considered to be the most stress-sensitive stage of wheat. Drought causes 
impaired germination and poor crop stand establishment. Early vigour and rapid 
ground covering have been proposed as important traits for screening for early 
drought tolerance. During drought stress, morphological traits including leaf (shape, 
expansion, area, size, senescence, pubescence, waxiness and cuticle tolerance) and 
root (dry weight, density and length) are affected. Early maturity, reduced plant 
height and leaf area are related to the intensity of drought stress. Late onset and/or 
a slower rate of leaf senescence have an advantage in overcoming water stress. 
Water stress at pre-anthesis stage reduces the time taken for anthesis, while at post- 
anthesis stage, it shortens the duration of grain filling. Post-anthesis drought stress 
is detrimental to grain yield regardless of the severity of stress. Following heading, 
drought has little impact on the rate of kernel development, but it reduces the weight 
of grains by shortening the duration of grain development (Jain et al. 2013).

The size of the root system in wheat can be a selection target for drought and heat 
tolerance. Deeper roots enable plants to explore higher soil volumes and thus remain 
hydrated under drought and permit cooling of the canopy under heat stress. The 
evaluation of grain yield performance in areas of frequent stress remains the most 
widely applied criterion for characterizing adaptation of genotypes under stressful 
conditions. However, in stress environments, yield per se is not always the most 
suitable selection trait. However, an approach based on evaluation of some physio-
logical traits involved in stress tolerance would be a better option. Thus, increasing 
grain weight and grain size might be a way worthy to be followed to improve grain 
yield, especially in case of early water stress which affects mainly spikelet and floret 
initiation, thereby limiting the grain number per unit area, whereas grain weight is 
affected by terminal drought. Grain-filling duration under drought and heat stress 
may be reduced, but it might be partly compensated by a higher grain-filling rate if 
abundant carbohydrates are available from the leaf photosynthesis or from stem or 
leaf reserves. The grain-filling rate may be slightly increased, and the duration 
strongly decreases with heat stress (Garg et al. 2013).

The important target traits which have been used as indicators of stress tolerance 
include reduced plant height which is associated with high harvest index; reduced 
number of days to anthesis and maturity which enables the crop to evade terminal 
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stress; root architectural traits such as even distribution and root length density 
which enable effective water uptake; seedling traits associated with vigorous seed-
ling establishment such as coleoptile length and early ground cover which reduces 
evaporative losses; and traits associated with reduced evaporative losses and photo-
assimilate production such as leaf rolling, flag leaf persistence, stomatal conduc-
tance and canopy temperature. However, these traits should have a positive 
correlation with yield under stress condition. The ultimate criteria for selection of a 
genotype should be the capability to integrate its adaptive mechanisms to optimize 
yield without falling on a single trait. A range of stress tolerance indices including 
yield, morphological, and physiological traits has been suggested for use in screen-
ing wheat genotypes under stress conditions.

14.4.1  Precision Field Phenotyping for Drought Tolerance

The precision phenotyping for drought stress is done under rainout shelter (ROS) to 
identify the real drought-tolerant wheat genotype. Lack of uniformity of plant stand 
while conducting a field experiment can substantially contribute to errors in the 
prediction of association between plant phenotypic traits and the genotypes. Among 
the several factors that can contribute to experimental errors, inconsistent seed depth 
and plant spacing often occur due to lack of precision when seeds are sown by hand 
or seed drills. An improved planting method was devised for sowing of field experi-
ments as well as in ROS. The method involved a tool designed for dibbling seeds 
and a protocol to place seeds uniformly in the soil (Fig. 14.2) (Sharma et al. 2016). 
We studied advantage of the new methods over conventional methods of sowing, 
viz. seed drill and by hand. Compared with conventional methods, the new method 
improved the consistency in plant spacing and depth substantially as indicated by 
reduction in standard deviation at least by three times (unpublished). The germ-
plasm accessions and mapping populations for drought tolerance are being evalu-
ated based on root characters, delayed senescence, canopy temperature, chlorophyll 
content, relative water content, 1000-grain weight and grain yield in comparison to 
irrigated conditions. The ex situ root phenotyping precisely can be done using 

Fig. 14.2 Rainout shelter deployed at IIWBR, Karnal (a). Precise phenotyping for drought stress 
in ROS. (b) Screening of genotypes for root traits in large >1.5 m PVC pipes (c)
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>1.5 m long PVC pipes both under stress and control conditions. The in situ root 
phenotyping is done by using root corer, extracting the roots, washing the roots and 
later scanning using root scanner WinRhizo (Fig. 14.3).

14.4.2  Precision Phenotyping for Heat Tolerance

Various attempts have been made to understand traits associated with high tempera-
ture tolerance in wheat through experiments conducted both in the field and under 
controlled environmental facilities. Many of these attempts were not conclusive due 
to lack of sufficient precision in simulating the ambient temperature dynamics and 
micro-environments prevailing in the field or due to lack of repeatability of results 
in the field, often featured by inconsistent exposure of genotypes to desired level of 
temperature during evaluation. These bottlenecks severely affect the prediction of 
the relationship between plant phenotype and genes. Hence, we attempted to 
develop a method for phenotyping wheat genotypes for high temperature tolerance 
by integrating a novel design of temperature-controlled phenotyping facility (TCPF) 
as a novel inexpensive tool to ensure uniform crop stand. The novel TCPF has been 
designed that allows screening of several wheat genotypes in larger plot size (as in 
the fields) at a desired temperature at any stage of crop growth while allowing plants 
to grow in the natural environment during the rest of the period (Fig. 14.4).

The size of the structure is approximately 100  ft. by 35  ft. Motorized control 
units of this unique system allows roofs and walls to slide down to open the struc-
ture during initial growth stages allowing the plants to respond according to the 
prevailing open environment conditions. The structure is closed with the help of 
sliding roof and windows to seal the whole unit so that the genotypes can be screened 
at any desired temperature and at any desired crop growth stage. For increasing 
temperature, a boiler-based heating system is utilized in which warm water runs 
through a network of pipelines hanging from the roof with several inlets and outlets 
to avoid formation of temperature gradient from one end to another end in the struc-
ture. The temperature regulation in the structure is precise and is linked to ambient 
temperature so that desired difference between the temperature inside and outside 
the structure is maintained in relation to the diurnal cycle during the heat stress 

Fig. 14.3 Direct root coring to phenotype deep roots
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treatment. Cooling is done using split air conditioners integrated and automatically 
governed by the control panel. Desired humidity level is maintained through mist 
system that releases fine water droplets, and the desired soil moisture is obtained 
through drip irrigation system. The structure allows the termination of required tem-
perature stress treatment to expose the crop again to natural environment 
conditions.

Studies clearly revealed the advantage of the integrated method over conven-
tional methods in differentiating high temperature responses of a large number of 
genotypes of wheat. The reduction in error and the lowest coefficient of variation 
(CV) for the plant traits measured in the new method relative to other methods indi-
cated possibility of enhancing precision in phenotyping responses of plants under 
field condition. The repeatable assessment of plant response to stress in terms of 
growth, physiology and productivity supported the view that the novel tool devel-
oped for ensuring uniform crop establishment and the TCPF together can enhance 
the precision of phenotyping crop genotypes. There was high consistency in group-
ing heat tolerant and susceptible wheat genotypes in TCPF as against late sown field 
screening.

14.4.3  Characterization of Wheat for Waterlogging Tolerance

The problem of waterlogging becomes more acute if the fields are not properly 
levelled and normal irrigation schedules are followed by unseasonal heavy rainfall. 
Waterlogging occurring at any growth stage in case of wheat usually causes degra-
dation of chlorophyll in leaves and also protein content in wheat grains. It also 
decreases the concentrations of nitrogen, phosphorous and potassium in the shoot of 

Fig. 14.4 Temperature-controlled phenotyping facility
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wheat plants. Waterlogging also causes reductions in biomass accumulation in both 
shoot and root and hence affects final grain yield.

14.4.4  Traits for Characterization of Preharvest Sprouting 
Tolerance

PHS-resistant/PHS-tolerant wheat cultivars and land races have been identified 
globally, and both red- and white-seeded spring wheat cultivars are known to carry 
resistance to PHS. There are a number of methods to measure the PHS. The falling 
number (FN) is most commonly used approach to quantify PHS which indirectly 
measures the activity of the enzyme α-amylase that breaks down starch in germinat-
ing grains. Two other important traits for the characterization of PHS are GI (germi-
nation index) and SI (susceptibility index). GI values are deduced from seed 
germination tests in petri dishes and constitute a direct measure of seed dormancy. 
The SI values obtained via artificial wetting of intact wheat spikes help in detecting 
dormancy and properties of the inflorescence that affect PHS (DePauw et al. 2012).

14.5  Genetic Understanding of Traits

The use of selection indices is more efficient than direct selection for grain yield 
alone, and the relative efficiencies could be better when two or more traits are 
merged than using each of the single traits independently. Correlation studies also 
increase the possibility of indirect selection for different traits. High estimates of 
broad sense heritability for tillers per plant, plant height, spike length, grains per 
spike, grain yield and 1000-grain weight, root length and shoot length indicate the 
occurrence of additive gene effects. Among the variability parameters, estimates of 
PCV were generally higher than that of GCV for most of the traits, indicating 
thereby the role of environment in total variability. Under stress conditions, tillers 
m−2 and 1000-grains weight have expressed positive correlation with grain yield. 
Path analysis indicated that 1000-grain weight had the highest direct effect on grain 
yield followed by tillers m−2 under both stress and non-stress conditions. Based on 
positive direct effect along with positive genotypic correlation with grain yield, 
1000-grain weight may be considered to be a suitable selection trait under irrigated 
and rainfed conditions. Genotypic correlation study showed the importance of til-
lers and 1000-grain weight under drought stress conditions (Sareen et  al. 2014). 
Grain yield is correlated to biomass and number of fertile tillers per unit area. 
Significant positive correlations with grain yield were also observed for early as 
well as late ground cover, dry matter yield and number of fertile tillers per unit area.

The additive-dominance model is inadequate to account for the inheritance of 
most of the traits and the environmental conditions. Additive, additive x additive 
and additive x dominance gene effects were higher than the dominance and domi-
nance x dominance gene effects, proving the important role of additive gene effects 
for most studied traits. Polygenes with mainly additive effects were involved in the 
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control of stem diameter which was also positively correlated under both drought 
and drought plus heat stress with stem weight and stem density. Stem diameter was 
significantly associated with 1000-kernel weight and grain yield per spike in three 
environments. Such strong association of stem diameter with single-grain mass and 
grain yield per spike under stress indicated the important role this character plays in 
sustaining grain filling through provision of greater capacity for assimilation in the 
stem before mobilizing it to grains (Sallam et al. 2014). Early vigour is genetically 
fixed and positively related to large kernel size. Moreover, physiological traits are 
prone to variation within a trial and between environments, therefore having only 
intermediate heritability.

In a study involving diverse wheat germplasm which were screened under alka-
line and waterlogged soils in ten environments over 2 years at three locations in 
India (IIWBR, CSSRI & NDUAT), the performance of genotypes (plant height, 
tillers, 1000-grains weight and grain yield) over years, conditions and locations was 
adversely influenced by alkalinity and waterlogging (unpublished). Genotype x 
environment interaction was evident from the negligible genetic correlation between 
the grain yields observed at CSSRI and the same at NDUAT under waterlogged 
conditions for both the years (r2 = 0.00–0.01). However, the pattern of reduction in 
grain yields of different genotypes due to waterlogging was consistent over the 
years at same location as evident from the genetic correlation values (r2 = 0.80–0.90 
for CSSRI and 0.50 for NDUAT). At NDUAT, where waterlogging resulted in the 
most severe reduction in grain yield, there was no significant difference in the pat-
tern of genetic variability observed under waterlogged and non-waterlogged condi-
tions indicating that enhanced efforts are needed for genetic improvement of 
tolerance to waterlogging (Singh et al. 2014).

14.6  Molecular Approaches

It is being realized that the success of molecular markers depends on the phenotyp-
ing methods used to characterize the plant responses. This can only be achieved by 
repeated experiments and increasing replications within the experiments, particu-
larly when the genotypes are evaluated under field condition. This may often be 
considered an impractical task when a large number of genotypes have to be char-
acterized with conventional methods. There is little or no evidence that a single 
phenotyping approach, whether conducted in pots, glasshouse or laboratory, is 
effective for germplasm improvement related to abiotic stresses. Trethowan et al. 
(2005) and Rebetzke et al. (2014) have strongly advocated the use of field-based 
screening in environments rigorously controlled for the timing and amount of water 
availability. Therefore, the importance of accurate phenotyping for drought toler-
ance has been realized.

The traits associated with improved performance of wheat under drought have 
complex genetic control with each trait controlled by many genes, each gene having 
small effect. QTLs in large number have already been reported for several traits 
associated with drought tolerance including coleoptile length, CID or Δ, water 
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soluble carbohydrates, root system, grain yield and related traits recorded under 
water stress (Sheoran et al. 2015a, b). Most QTLs for drought tolerance in wheat 
have been identified through yield and yield component measurements under water- 
limited conditions. Genetic analysis has led to the identification of two major QTLs 
for grain yield under water-limited condition, including a QTL each on chromo-
somes 4AL and 7AL.  The QTL on 4AL was co-localized with QTLs for spike 
density, grains per m−2, grain-filling rate and biomass production (Kirgwi et  al. 
2007), while QTL for 7A was co-localized with QTLs for grain weight per ear, flag 
leaf chlorophyll content and flag leaf width (Quarrie et al. 2005). The genome-wide 
association mapping approach has been applied recently for QTL detection in 
wheat. Although the development of gene-based molecular markers and genome 
sequencing in wheat should accelerate positional cloning, the genomic regions 
associated with individual QTL are still very large and are usually unsuitable for 
screening in a breeding programme.

Development of functional markers for useful alleles utilizing DREB genes is 
crucial for crop improvementstrategies. ASM developed for distinguishing drought 
tolerance in bread wheat (Sareen et al. 2015) was validated in 21 wheat accessions 
already field phenotyped. Bi-allelic variation with this primer was observed in gen-
otypes IC36761A, IC57586, IC30276A and IC28665. On the basis of drought sus-
ceptibility index analysis, linear regression between AS-PCR and the phenotypic 
traits like GY, TGW and GW was found to be 1.8%, 41.5% and 20.4%, respectively. 
The highest correlation was observed between SNP and TGW.

Tolerant lines identified would thus lead to higher production and productivity 
under abiotic stress situations that adversely affect the wheat crop. These lines may 
also be utilized in hybridization programme for developing next-generation map-
ping (MAGIC and NAM) populations for identification of fine stress tolerance 
QTLs. Thus, the strategy involving trait-specific germplasm, precision phenotyping 
and the selection criteria based upon indices will be rewarding for increasing grain 
yield in wheat under harsh environments (Pandey et al. 2015).

PHS tolerance is a complex trait, and its genetics needs to be dissected using 
modern methods of QTL analysis. One facet of this complex trait deals with the 
balance of plant growth regulators, abscisic acid (ABA), gibberellic acid (GA) and 
their control to α-amylase enzyme activity. The level of viviparous-1 (Vp-1) gene 
expression in immature embryos positively regulates ABA sensitivity and promotes 
seed dormancy (Kumar et al. 2015). Molecular studies for PHS indicated that chro-
mosomes 3A, 3B, 3D and 4A have been considered potential region for PHS toler-
ance/dormancy. PHS resistance could be improved in spring wheat by pyramiding 
PHS resistance QTLs from different sources. Furthermore, identification and incor-
poration of genetic factors underlying resistant genotypes are keys to improve resis-
tance/tolerance to preharvest sprouting in future cultivars (McCaig and DePauw 
1992; Flinthan 2000; Mares et al. 2005; DePauw et al. 2012).

Modern plant science is dominated by genomics, and it has tremendous capacity 
to provide deep insights into the genetic makeup of plants. However, this needs 
complementation by precise characterization of response of plants to stresses which 
is now encompassed in the emerging field of phenomics. In addition, other 
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components of omics science such as proteomics and metabolomics with bioinfor-
matics as tool for integration of all these sciences are in place for genetic improve-
ment of abiotic stress tolerance. These are equally applicable in important crops like 
wheat.

14.6.1  Transcriptomics

With the advent of microarray, DNA chip technologies, subtraction libraries, cDNA- 
AFLP, serial analysis of gene expression (SAGE) and RNA sequencing (RNA-seq), 
genome-wide transcript profiling has been widely used to identify drought- 
responsive genes in wheat. Next-generation transcriptome sequencing is also used 
for analysis of gene expression, the structure of genomic loci and sequence variation 
present at expressed gene loci. The expression profile of transcription factors 
involved in abiotic stress has been studied in wheat. The differential contributions 
of homeologous genes to abiotic stress response in hexaploid wheat on a genome- 
wide scale have been observed wherein large proportion (68.4%) of wheat home-
ologous genes exhibited partitioned gene expression in a temporal and stress-specific 
manner when subjected to heat stress, drought stress and their combination (Liu 
et  al. 2015). Activity of antioxidant enzymes, viz. superoxide dismutase (SOD), 
ascorbate peroxidase (APX) and catalase (CAT), and the expression of their genes 
were studied in wheat genotypes under controlled severe drought (Sheoran et al. 
2015a, b). The results indicated a unique pattern of activity and gene expression of 
antioxidant enzymes suggesting existence of genetic variation in drought responses 
of wheat at molecular and biochemical level.

14.6.2  Proteomics

The key proteins/enzymes and metabolic pathways identified from drought-tolerant 
wheat lines could be potentially targeted for designing drought-tolerant varieties of 
wheat. A series of proteomic experiments have been carried out in wheat to eluci-
date differential stem proteome patterns in two divergent wheat landraces (N49 and 
N14) under terminal drought stress. The tolerant landrace (N49) was more efficient 
at remobilizing stem reserves than the sensitive landrace (N14). The maximum 
number of differentially expressed proteins was noted at 20 days after anthesis in 
N49 when active remobilization of dry matter was recorded, thus suggesting poten-
tial participation of these proteins in efficient stem reserve remobilization (Bazargani 
et al. 2011).

14.6.3  Metabolomics

Plants react to abiotic stresses by altering the composition and concentration of 
metabolites so that they can acclimatize to adverse environmental changes. 
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Metabolic profiling has accelerated discovery of stress signal transduction mole-
cules and compounds that are integral part of plant response to abiotic stresses. To 
accelerate the trait-based analysis of complex biochemical process, it is necessary 
to assess metabolic profiling along with NGS techniques, transcriptomics and pro-
teomics underlying cellular biochemical events across diverse conditions. The 
metabolite profiling of given mapping population can be combined with the genetic 
linkage makeup maps to obtain greater insights into the genetic map of complex 
traits, thereby rendering metabolomics particularly relevant to crop breeding. 
Experiments have identified multiple metabolite QTLs in wheat under drought 
stress and pinpointed some genomic segments that control both agronomic traits 
and specific metabolites.

14.6.4  Identification and Validation of Stress-Induced Micro-RNA

Micro-RNAs (miRNAs) are a class of short endogenous non-coding small RNA 
molecules of about 18–22 nucleotides in length. Computational predictions have 
raised the number of miRNAs in wheat significantly using an EST-based approach. 
Hence, a combinatorial approach which is amalgamation of bioinformatics software 
and PERL script was used to identify new miRNA to add to the growing database of 
wheat miRNA. Identification of miRNAs was initiated by mining the EST (expressed 
sequence tags) database available at the National Center for Biotechnology 
Information. Pandey et al. (2013) investigated that as many as 4677 mature miRNA 
sequences belonging to 50 miRNA families from different plant species were used 
to predict miRNA in wheat. These authors further identified five abiotic stress- 
responsive new miRNAs. Also four previously identified miRNAs, i.e. Ta-miR1122, 
miR1117, Ta-miR1134 and Ta-miR1133, were predicted in newly identified EST 
sequence, and 14 potential target genes were subsequently predicted, most of which 
seem to encode ubiquitin-carrier protein, serine/threonine protein kinase, 40S ribo-
somal protein, F-box/kelch-repeat protein and BTB/POZ domain-containing pro-
tein, transcription factors which are involved in growth, development, metabolism 
and stress response. Among the predicted miRNAs, expression of miR855 in wheat 
for salt tolerance has been validated (Pandey et al. 2013). The result has increased 
the number of miRNAs in wheat, which should be useful for further investigation 
into the biological functions and evolution of miRNAs in wheat and other plant spe-
cies. In order to understand the differential regulatory mechanism in wheat geno-
type C-306, expression profile of selected abiotic stress-responsive miRNAs 
involved in adaption to drought was examined. The drought-stressed C-306 geno-
type resulted in differential expression of six miRNAs. The accumulation of miR393, 
miR1029 and miR172 was significantly higher; however, drought had no major 
effect on the expression profiling of miR529 as compared to mock-treated plants. 
These findings indicate that a diverse set of miRNAs could play an important role in 
mitigating drought stress responses in wheat. Using NGS, 30 novel miRNAs have 
been mined and work on further validation of selective drought-specific miRNAs, 

14 Managing Abiotic Stresses in Wheat



330

and their targets are being explored in wheat genotypes exhibiting contrasting 
responses to drought (unpublished).

14.6.5  Transformation of Abiotic Stress Genes for Imparting 
Stress Tolerance

Wheat is a less explored cereal crop for the development of transgenics. For the 
development of transgenic wheat, there is a necessity for having a robust regenera-
tion and transformation protocol. Most of the earlier reported transformation sys-
tems are in Chinese spring and Bobwhite genotypes, and they are highly genotype 
dependent. Hence, at ICAR-IIWBR a robust wheat transformation system was 
developed in recently released Indian wheat genotypes with a transformation effi-
ciency of 14% (unpublished). The first wheat transformation was reported by Cheng 
et al. (1997) using marker gene uidA through A. tumefaciens. The HDR77 wheat 
variety was transformed with AtCBF3 gene using particle bombardment method 
and T1 plants showed tolerance under moisture stress conditions (Kasirajan et al. 
2013). The overexpression of TaNF-YB4 gene enhanced the grain yield in wheat 
(Yadav et al. 2015). In the last few years, a number of attempts have been made to 
generate salt-tolerant genotypes. The Vigna aconitifolia_1-pyrroline-5-carboxylate 
synthetase ‘P5CS’ gene-encoding enzyme required for the biosynthesis of proline 
was delivered into wheat, and the resultant transgenics showed significant salinity 
tolerance (Sawahel and Hassan 2002). The overexpression of transcription factor 
TaNAC69 driven under barley drought-inducible HvDhn4s promoter enhanced 
shoot and root biomass of transgenic lines under combined mild salt stress and 
drought conditions (Xue et al. 2011).

14.7  Mitigation of Abiotic Stresses

14.7.1  Role of Phytohormones in Stress Amelioration

Hormones play an important role in plant adaptations to adverse environmental con-
ditions. Crosstalk in hormone signalling reflects the ability to integrate different 
inputs and respond appropriately. There are six main groups of hormones, namely 
auxin, cytokinin (CK), gibberellic acid (GA), abscisic acid (ABA), ethylene and 
brassinosteroids.

Among all plant hormones, ABA is the most critical and hence termed as ‘stress 
hormone’. Stress-induced senescence and abscission are the key processes medi-
ated by ABA. Under water deficit conditions, ABA-modified root architecture con-
tributes to the development of deeper root system along with enhancing hydraulic 
conductivity in plants, maintenance of cell turgor which finally contributes to desic-
cation tolerance. Other hormones, such as auxin, ethylene and cytokinins (CKs) , 
may alter the effect and biosynthesis of ABA. Under water and temperature stress, 
ethylene regulates root growth and development by limiting organ expansion. The 

V. Tiwari et al.



331

higher ABA concentration ingrains might result from autosynthesis within the grain 
and partly by the translocation from leaves and roots during drying. ABA increases 
the endogenous content of proline under drought conditions. CKs play a supportive 
role during water deficit conditions by stimulating osmotic adjustment. Auxin is 
positively associated, and ABA is negatively correlated with the activity of expansin 
protein under oxidative stress condition. The ability of 28-homo-brassinolide to 
confer resistance to soil moisture stress in wheat is also established (Sairam 1994).

Hormonal homeostasis, stability, content, biosynthesis and compartmentaliza-
tion are altered under heat stress. Brassinosteroids are considered as hormones with 
pleiotropic effects as they influence varied developmental processes like growth, 
germination of seeds, rhizogenesis, flowering and senescence. Brassinosteroids also 
confer resistance to plants against various abiotic stresses. They increase the toler-
ance to high temperature in wheat leaves (Seeta-Ram et al. 2002). The tolerance in 
plants to high temperature due to application of brassinosteroids is associated with 
the induction of de novo polypeptide (heat shock protein) synthesis. In a dwarf 
wheat variety, high temperature-induced decrease in cytokinin content was found to 
be responsible for reduced kernel filling and its dry weight (Wilkinson and Davies 
2010). The external application of salicylic acid (SA) under field condition allevi-
ates terminal heat stress in wheat (Mamrutha et al. 2015; Ratnakumar et al. 2016).

The ABA concentration increases in different plant parts in response to stress 
under salinity. ABA acts as the main signalling molecule under salinity stress. Pre- 
sowing treatment of wheat seeds with growth regulators (IAA, GA) inhibits the 
effect of salinity. It has been reported that plant growth-stimulating compounds like 
gibberellic acid, zeatin and ethephon also help to alleviate the impact of salinity 
(Afzal et al. 2005). It was hypothesized that CKs could increase salt tolerance in 
wheat plants by interacting with other plant hormones, especially auxins and 
ABA. Exogenous application of kinetin overcame the effects of salinity stress on 
the growth of wheat seedlings. Gibberellic acid (GA4) has been reported to be help-
ful in enhancing wheat growth under saline conditions (Parasher and Varma 1988). 
Exogenously applied phytohormones act as bioactivators of carbohydrates and alle-
viate the salt stress by acting as an osmoregulator. Salicylic acid (SA)-induced resis-
tance of seedlings against salinity was associated with increase in chlorophyll 
content because SA is linked with the enhanced activity of photosynthetic pigments 
like Chla, b and carotenoids in salt-stressed plant leaves. SA also provides a pool of 
compatible osmolytes under saline conditions. Exogenous applications of SA 
enhanced the accumulation of sugars and hence contribute towards yield enhance-
ment in wheat. Proline also plays a supportive role by osmotic modifications along 
with SA-mediated defence-related role under salinity stress in wheat. SA action 
against salinity stress includes the development of antistress programmes and accel-
eration of normalization of growth processes even after the period of stress. SA can 
protect enzymes like nitrate reductase critical for nitrogen assimilation in wheat 
(Rane et al. 1995; Ratnakumar et al. 2016).

The plant hormones are of interest to produce shorter (2–15 cm), thicker and 
stronger stems which reduce lodging mainly by altering plant’s biosynthesis GA 
(chlormequat chloride) or ethylene (ethephon). Changes in internode lignin content 
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accompanied by those in cytokinin, IPA and t-zeatin suggest the role of CKs in the 
regulation of lignin deposition in wheat under waterlogging condition. The accumu-
lated lignin contributes to mechanical strength/resistance to lodging, tolerance to 
biotic and abiotic stresses and feedstock quality of wheat straw (Nguyen et  al. 
2016).

14.7.2  Agronomic Interventions

While genetic improvement is often prioritized for addressing abiotic stresses, the 
agronomic techniques are also helpful in the management and mitigation of abiotic 
stresses. Though many of the factors causing stress remain beyond control, these 
can be alleviated to some extent for obtaining high productivity. Wheat yields in 
warm environments can be raised significantly by modifying agronomic practices 
involving conservation agriculture which involves significant reductions in tillage, 
surface retention of adequate crop residues and adopting diversified and economi-
cally viable crop rotations. The main longer-term productivity benefit of conserva-
tion agriculture practices comes from its potential to reverse the widespread and 
chronic soil degradation that threatens yields in the intensive wheat-based cropping 
systems. Resource-conserving practices like zero tillage (ZT) allow early sowing of 
wheat after rice harvest so that the crop is able to fill the grains before the hot 
weather ensues. As average temperatures in the region rise, early sowing will 
become even more important for wheat (Ortiz-Monasterio et al. 1994).

The agronomic interventions and management options for mitigating various 
abiotic stresses are briefly discussed hereunder.

Heat Stress Using sprinkler irrigation to cool down the canopy in the afternoon 
whenever the temperature goes beyond 30 °C improves productivity. For addressing 
the early heat stress at tillering stage, need-based light irrigation can be applied. In 
addition, adopting conservation agriculture practices helps in mitigating the tem-
perature stress by moderating temperature variations, conserving soil moisture and 
improving soil organic matter status. Early sowing or timely sowing of the crop 
helps in escaping terminal heat stress and also leads to saving water required for 
pre-sowing irrigation in wheat crop by utilizing the residual moisture available in 
soil after harvesting the previous crop (Rane et al. 2007).

Drought Stress Scheduling irrigation according to growth stages of crop, use of 
efficient sowing methods like bed planting, irrigation based on soil moisture status 
and providing extra irrigation results in higher grain yield by mitigating the effects 
of moisture stress. Different methods of irrigation like furrow irrigation in furrow- 
irrigated raised bed (FIRB) planting system, sprinkler and drip irrigation help in 
efficient management of scarce water resources. These methods can also be utilized 
to use saline water for irrigation without its deleterious effects on the crop growth 
and development. Conservation agriculture practices also help significantly by 
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reducing soil surface evaporation, moderating temperature and enhancing water 
availability for plant uptake, thereby mitigating the moisture stress effects.

Salt Stress Management practices for the safe use of saline water for irrigation 
comprise the use of land preparation methods for uniform distribution of water and 
to increase infiltration, leaching and removal of salts; special planting methods to 
minimize salt accumulation in the vicinity of the seed; irrigation to maintain a high 
level of soil moisture and periodic leaching of salts in the soil; and special treat-
ments such as tillage and additions of chemical amendments, organic matter and 
growing green manure crops to maintain soil permeability and tilth. The use of 
micro-irrigation systems, such as drip and sprinklers, help in better control on salt 
and water distribution and thus enhance the use efficiency of saline water especially 
for high value crops. Saline soils are reclaimed by scraping of salts by using 
mechanical ways; flushing is used in crusting and low permeability soils to wash 
away the surface salts using good quality water to remove salts, and leaching works 
well on saline soils having good structure and internal drainage. Leaving crop resi-
due at the soil surface, as in conservation agriculture, helps to reduce soil evapora-
tion losses to decrease the accumulation of surface salts. The alkali/sodic soils are 
generally reclaimed by leaching of the excess sodium, deep ploughing to incorpo-
rate the calcareous subsoil into the topsoil and adding acidifying minerals like pyrite 
and gypsum.

Waterlogging Adopting conservation agriculture can be beneficial as addition of 
organic manure improves soil physical factors, reduces soil surface crusting, 
enhances plant rooting and alleviates the effects of pan formation on yield. Increase 
in organic content of soil helps in reclaiming problem of waterlogging due to 
increase in infiltration rate. Bed and furrow system or sprinkler irrigation on soils 
prone to waterlogging has been shown to reduce the problem significantly. Furrows 
also help to drain fields or keep a large portion of the root system out of waterlogged 
soils. It has been observed that adopting conservation agriculture and furrow- 
irrigated raised-bed planting system also helps to reduce crop lodging.

Nutrient Deficiency/Toxicity The nutrient management options like integrated 
nutrient management (INM), site-specific nutrient management, enhancing preci-
sion in nitrogen application based on NDVI and fertilizer application on the basis of 
soil test values help in mitigating nutrient deficiencies and toxicity in the soil as well 
as in plants (Yaduvanshi and Sharma 2008).

14.8  The Way Forward

Tolerance to abiotic stresses is essential to improve the productivity of wheat under 
harsh environments and reduce food insecurity threatened by climate changes. 
There are several reports indicating the existence of genetic variation in traits asso-
ciated with tolerance to abiotic stresses. In this regard it is necessary to characterize 
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the available germplasm and mapping populations for the known traits responsible 
for providing tolerance to different stresses. Assessment of the level of stress toler-
ance in popular cultivars not only in terms of yield and its components but also for 
relevant stress tolerance traits can help in fixing the targets for improvement. 
However, there is an urgent need for developing a database of screened germplasm 
and cultivars. The information on reduction in values for the traits in popular culti-
vars and genetic stocks when grown under optimal and suboptimal conditions in 
different agroecosystems should also be compiled. The rapid advances being made 
in genomics have to be utilized for identification of new genes and markers for 
genetic improvement of wheat for tolerance to drought, high temperature, waterlog-
ging, etc. The already identified genes and markers need to be validated for their 
suitability in a particular genetic background. Focus is also required towards devel-
oping progenies with combination of traits rather than individual traits for different 
stresses and also towards finding markers so that they can be easily introgressed or 
tracked in breeding populations. This is essential as the future genetic gain in pro-
ductivity improvement is likely to emerge from a combination of traits which can be 
stacked in a desired agronomic background by molecular approaches.

Since agroecologies where wheat is grown are diverse, genotypes adapted to 
specific locations need to be identified together with agronomic options for mitiga-
tion of stress for boosting wheat production in the future. Further, there have been 
promising results from experiments to identify hormones and bioregulators to alle-
viate abiotic stresses. The protocols for their use need to be optimized so that they 
can be integrated in agronomic packages for management of abiotic stresses in 
wheat. While this can be accomplished by experts in resource management, the 
desired level of resistance/tolerance to stresses in wheat genotypes can be incorpo-
rated through a close linkage between plant breeders and experts undertaking geno-
typing/phenotyping.
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Abstract
Climate change-induced abiotic stresses are considered as notable threat to world 
food security affecting crop, livestock, and fisheries production which are all 
fundamental for sustainable development of human life. Impact of climate vari-
ability affecting water availability, nutrient levels, soil moisture, temperature, 
and tropical ozone in crop yield is measured in various studies. Rice, the critical 
crop in maintaining food security, has high vulnerability to increased frequency 
and intensity of extreme weather events which affects crop growth at macro- and 
microenvironment. Meanwhile, rising temperatures and consequent rise in sea 
level can make farming riskier by increasing salinity in the cultivatable lands. 
Decrease in productivity of rice is mainly related to extreme environmental con-
ditions such as water deficit, high temperature, submergence, salinity, cold, and 
accumulation of heavy metals apart from higher incidence of pathogens and 
pests. Crop germplasm, wild relatives, and other species serve as main genetic 
sources for tolerance. These can be useful in crop breeding as they have had 
adaptation and acclimation responses developed through natural selection 
 process. Hence, identification of genetic loci, mechanism, and signaling path-
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ways provides a paradigm to improve yield under diverse ecosystem. By using 
 marker- assisted selection, beneficial alleles from wild relatives can be 
 introgressed to develop climate-ready rice varieties.

15.1  Introduction

Global food production needs to be increased by at least 50% to meet out the food 
and fuel requirement of projected 9.1  billion people during 2050 (Yamori et  al. 
2013). This warrants an increase of one billion tonnes of annual cereals and around 
200 million tonnes of meat. Predictions based on prevailing growth trends in major 
food crops, viz., rice, wheat, maize, soybean, etc., suggest that prevailing productiv-
ity growth will not be sufficient to meet the projected food demands (Ray et  al. 
2013). Achieving this target needs overcoming challenges, viz., yield plateau, 
declining land, water and labor resources, and predicted adverse effects of global 
climate change. Impacts of these key determinants are being witnessed all over the 
world, but vulnerability of agriculture in developing countries is of major concern 
in view of the large populations being dependent on agriculture, excessive pressure 
on natural resources, and poor coping mechanisms. Climate change has already 
started affecting yield of wheat and paddy in parts of India due to increased tem-
perature, water stress, and reduction in number of rainy days. Its impacts are likely 
to aggravate yield losses in major agricultural crops thereby expected to affect food 
security. The projected agricultural productivity loss due to changing climate by 
2100 is about 30–40% (Cline 2007; Aggarwal 2008). Predicted increase of 1–2 °C 
in global mean temperature along with reduced water availability may reduce cereal 
yields in tropical regions (Rosenzweig et al. 2013). The reduction in annual produc-
tivity may be to the tune of 22, 3, 9, and 2 million tonnes of maize, rice, wheat, and 
soybean, respectively (Ray et al. 2015).

Rice is the second most important cereal food crop next to wheat, and its produc-
tion has to be increased by at least 30% by 2030 and 50–70% by 2050. Abiotic fac-
tors such as drought at the beginning of the cropping season, flash flooding at the 
reproductive stage, coastal salinity, susceptibility of fine-grained cultivars to dis-
eases, etc. are main factors that affect the productivity of the most of the rice- 
growing areas. Annual rice production is susceptible to ~32% fluctuation due to 
climatic factors, viz., higher precipitation variation in South Asia and higher tem-
perature variation in Southeast and East Asia rice-growing tracts (Ray et al. 2015). 
Enumerating the shifting pattern of abiotic and biotic stresses caused by climate 
change, the productivity of major calorie providers such as rice, wheat maize, and 
soybean has to be expanded to 87% more by 2050 to bottle up emerging global food 
shortage (Kromdijk and Long 2016).

Considering the magnitude of problems due to climate change, developing 
climate- smart rice varieties either through conventional breeding or molecular 
breeding or genetic engineering approaches provides for ways to tackle current pre-
dicament in rice production. Climate-smart varietal breeding aims at improving 
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yield and its yield stability across multiple stressors induced by climate extremes. 
For rice production, flooding, water stress, high temperature, salinity, cold, and 
altered pest and disease outbreak pose major challenges for its production.

The green revolution during the 1960s was focused on higher productivity with 
better fertilizer responsiveness through introduction of modern semidwarf and high- 
yielding varieties in rice and wheat. As a consequence, two- to threefold increase in 
productivity has been achieved through modern plant breeding tools during the last 
three to four decades. However, yields are stagnating around 8 Mg ha−1 for the past 
10–15 years even under well-managed conditions. As more than 40% of the rice- 
growing areas are either rainfed lowland or upland cultivation, performance of the 
high-yielding varieties is affected frequently due to vagaries of monsoon and other 
biotic/abiotic stresses. Current scenario of climate change has shifted the focus of 
rice breeders from just yield to combining yield with multiple stress tolerance for 
surviving under extreme climate events. Therefore, multidisciplinary programs 
have been launched for developing climate-smart rice varieties adapted to changing 
climatic conditions. Different innovative breeding techniques are being integrated 
to exploit genetic variation to develop climate-smart rice varieties exhibiting 
enhanced tolerance against multiple stresses coupled with high yield. An overview 
of the global efforts in developing rice varieties adapted to climate-induced stresses 
and thereby preventing yield decline by extreme weather events is discussed below.

15.2  Breeding for Enhanced Drought Tolerance

Plant drought stress is defined as “Water deficit at any plant growth stage – though 
with more impact during reproductive and grain filling stages” (Reynolds et  al. 
2016) – that results in 10% yield loss compared to an adequately-watered control. 
Major symptoms of drought include accelerated plant development resulting in 
reduced biomass, decreased seed set due to reduced panicle size or failure of polli-
nation or reduced grain size, and reduction in harvest index (HI) due to early grain 
filling and premature senescence. Plant’s adaptation to soil moisture deficit is con-
trolled by several mechanisms, viz., escape, avoidance, or tolerance strategies 
(O’Toole and Chang 1979). Drought escape mechanism is defined as the ability of 
the plant to complete its life cycle before enduring water starvation. Rapid pheno-
logical development and developmental plasticity pave way for plant’s escape from 
drought. Avoidance strategy makes the plant to withstand drought by maintaining 
higher internal water status either through increased uptake of water from soil or 
through reduced water loss through the canopy. Drought tolerance is the ability of 
the plant to survive even at low tissue water content. Translocation of assimilates 
capable of maintaining osmotic status is considered as an adaptive trait associated 
with dehydration tolerance (Arrandeau 1989). Breeding for drought tolerance still 
remains a challenge for breeders due to its complex genetic nature with higher envi-
ronmental plasticity and involvement of multiple metabolic pathways. Rice germ-
plasm harbors large amount of functional genetic diversity for drought 
tolerance-related traits/mechanism, and careful exploitation of genetic variation 
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will allow us to integrate diverse traits for improving resilience of rice against cli-
mate change. Most of the conventional approaches in drought breeding emphasize 
on secondary traits such as root architecture and mass, physiological parameters 
such as water use efficiency, relative water content, osmotic adjustment, etc. 
Selection for secondary traits such as root architecture (Courtois et al. 2009; Uga 
et al. 2013), leaf rolling (Price et al. 1997), stomatal conductance (Price et al. 1997; 
Khowaja and Price 2008), relative water content, osmotic adjustment (Kamoshita 
et  al. 2002; Nguyen et  al. 2004), cell membrane stability (Tripathy et  al. 2000), 
epicuticular wax (Srinivasan et  al. 2008), stem reserve mobilization, and canopy 
temperature (Prince et al. 2015) has been used to develop drought-tolerant lines. 
Integrating all these parameters with better yield under water deficit condition was 
a great challenge for plant breeders. Because of low heritability and difficulty in 
precision phenotyping of these traits, attempts were made to use “yield under stress” 
as a criterion for selection in breeding programs despite the moderate heritability of 
yield traits (Venuprasad et al. 2007, 2008; Kumar et al. 2008, 2009). This enabled 
the scientists to select drought-tolerant rice genotypes directly based on yield under 
drought stress (Kumar et al. 2014; Lafitte et al. 2004; Lanceras et al. 2004; Bernier 
et al. 2007; Venuprasad et al. 2007; Kumar et al. 2008).

Completion of rice genome sequencing project and advancements in genotyping 
procedures have enabled us to dissect out the genetic basis of drought tolerance 
through linkage mapping and association mapping. QTL mapping for drought toler-
ance was carried out for different primary and secondary traits using various popu-
lations to dissect genetic basis of this multi-loci controlling trait (Kamoshita et al. 
2008). QTLs and markers identified have been utilized via marker-assisted selection 
(MAS), marker-assisted backcross breeding (MABB), and marker-assisted recur-
rent selection (MARS) to develop drought-tolerant rice varieties.

Marker-assisted selection for better root traits (QTLs on chromosomes 2, 9, and 
11) in a population derived between Kalinga III and Azucena resulted in the identi-
fication of a superior drought-tolerant rice genotype, e.g., Birsa Vikas Dhan 111, 
that was released in Jharkhand, India (Steele et al. 2006, 2007). Keeping grain yield 
under stress as a criterion for genetic mapping has resulted in the discovery of sev-
eral mega-effect QTLs in tolerant genotypes, viz., Apo, Way Rarem, Vandana, 
Nagina 22, etc. Bernier et al. (2007) have reported the first large-effect QTL, namely, 
qDTY12.1, associated with grain yield (explaining 33% variance under severe upland 
stress) under water deficit condition in a population derived between Vandana x 
Way Rarem. Further molecular genetics studies using the QTL-NILs revealed that 
this mega-effect QTL is offering enhanced drought tolerance through the produc-
tion of more number of lateral roots and efficient transpiration control (Henry et al. 
2014), and unexpectedly the susceptible parent Way Rarem contributed positively 
(Dixit et al. 2012).

The same locus was also reported in the genetic background of a cross between 
IR74371-46-1-1 and Sabitri (Mishra et al. 2013). Later, a major-effect QTL qDTY1.1 
on chromosome 1 was identified in a cross involving a drought-tolerant Nagina 22 
with high-yielding cultivars, i.e., Swarna, IR64, and MTU1010. This is one of the 
most consistent QTLs for grain yield under drought which coincide with sd1 
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(semidwarf) region and QTL for plant height and flowering under water deficit con-
dition (Vikram et  al. 2011). Several other major-effect QTLs, namely, qDTY2.1, 
qDTY3.1, qDTY3.2, qDTY6.1, and qDTY10.1, were reported to be associated with grain 
yield under water deficit conditions through the studies conducted at the International 
Rice Research Institute, Philippines (Kumar et  al. 2013), by utilizing mapping 
population(s) developed between Swarna and Apo (Venuprasad et al. 2009). qDTY3.2 
was identified in the region of HD9 that affects flowering in Vandana/Way Rarem 
population whereas its effect on grain yield under drought stress established from 
N22/Swarna population (Vikram et al. 2011). Most of the QTLs associated with 
grain yield under stress were found to be linked with QTLs controlling plant height 
and days to flowering. Co-localization of these traits is not preferred to breed variet-
ies for various ecosystems; therefore, a suitable MAB strategy to break the linkage 
with these traits needs to be designed for transferring these QTLs. Pyramiding of 
these desirable QTLs will lead to enhanced level of tolerance. Swamy and Kumar 
(2013) demonstrated pyramiding of different combinations of grain yield under 
stress QTLs in the genetic background of IR64 and reported that BC lines harboring 
combination qDTY2.2 and qDTY4.1 yielded higher than lines with qDTY2.2, qDTY4.1, 
qDTY9.1, and qDTY10.1. Vikram et al. (2016) have studied the linkage and pleiotropic 
effects of the QTLs, i.e., qDTY1.1, qDTY3.2, and qDTY12.1, and concluded that all 
these three QTLs linked with QTLs for plant height and flowering. qDTY3.2 has 
shown positive interaction with other QTLs by reducing flowering duration, thereby 
helping in avoiding drought and leading to increase in grain yield. Using these 
QTLs, several commercial high-yielding varieties, viz., IR64, Swarna, Vandana, 
Sabitri, Samba Mahsuri, TDK1, and Anjali, were improved for their drought toler-
ance ability (Kumar et al. 2014).

To overcome the limitations in biparental linkage mapping, linkage disequilib-
rium mapping/association mapping strategy has been developed which takes advan-
tage of historical recombination that provides allelic richness and better resolution 
to detect natural variation. Linkage disequilibrium, nonrandom associations among 
different genetic loci, provides a way to detect robust QTLs by using dense markers 
evenly distributed throughout the genome. Association analysis is done either by 
considering candidate gene responsible for the trait (Candidate gene association 
studies) or whole genome scan for detecting QTLs. In rice, association analysis is 
mainly done with landraces, elite cultivars, and other germplasm lines which pro-
vide abundant variations for different traits. Association mapping needs population 
structure and LD information for curtailing false positives. In rice, five major 
groups, i.e., indica, aus, aromatic, temperate japonica, and tropical japonica, were 
identified in many studies (Garris et al. 2005; Xu et al. 2012). Phung et al. (2014) 
has reported that LD decay was faster in indica subpopulation than japonica sub-
population. Hence indica subpopulation need high marker density for genomic 
analysis thereby provides better resolution for association analysis. Association 
mapping was carried out by various researchers for drought tolerance in rice with 
the focus on secondary traits such as root architecture. Phung et al. (2016) further 
identified two significant associations for root thickness on chromosome 2 and for 
crown root number on chromosome 11 in a panel of 200 accessions. Association 
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analysis was performed using mixed model with population structure and kinship 
values for whole panel as well as for japonica and indica accessions subpanels 
separately. Courtois et  al. (2013) has performed association analysis in japonica 
panel of 167 accessions with the identification of 51 significant associations with 
different root traits such as maximum root length, deep root biomass, root dry mass, 
shoot biomass, and root to shoot ratio. Deep rooting, an important drought avoid-
ance trait, has been mapped to a major QTL at chromosome 2 by genome-wide 
association mapping as well as family-based linkage mapping (Lou et al. 2015). 
Genome-wide association mapping was performed by Zaniab Al-Shugeairy and 
Robinson (2015) for the trait drought recovery with 328 rice cultivars which reveals 
a locus at chromosome 2 has significant association with this trait. Therefore, vari-
ous genomic regions identified for drought-related traits through association analy-
sis provide an effective way to narrow down the wide genomic regions influencing 
this quantitative trait. Next-generation breeding tools, viz., nested association map-
ping (NAM) and multi-parent advanced generation intercrosses (MAGIC), are the 
renewed strategies for simultaneous tagging of genomic regions controlling drought 
tolerance-related traits and identification of superior recombinants.

15.3  Breeding for Heat Stress Tolerance

High temperature stress (HTS) is one of the important yield-limiting factors for 
most of the agriculturally important crops, and frequent occurrence of short-term 
heat shocks (extremely high temperatures) had been a common phenomenon during 
recent years (Mackay 2008). Predictions on global climate models suggest that a 
mean increase of 1.0–3.7 °C is expected to occur in majority of agricultural areas by 
the end of the twenty-first century (IPCC 2013). High temperature affects grain 
yield especially when it coincides with reproductive stage by affecting fertility of 
gametes. Reynolds et al. (2016) have reported two critical stages, viz., micro- or 
megasporogenesis and fertilization, which are highly sensitive to rise in temperature 
which can lead to loss of male and female gamete fertility, reduced pollen deposi-
tion and growth, poor fertilization, as well as early embryo abortion. The adverse 
effect of high temperature on crop yield can be minimized by breeding heat-tolerant 
genotypes utilizing functional alleles.

Even though rice is a heat-loving plant, its performance is affected when tem-
perature is beyond threshold levels. Analysis of the temperature and rice yield dur-
ing 1992–2003 at the International Rice Research Institute (IRRI) showed that rice 
grain yield declined by 10% for each 1 °C increase in the temperature during grow-
ing season (Peng et  al. 2004). Recent studies from the Yangtze River in China 
showed that an estimated 3 million ha of rice were damaged and about 5.18 million 
t of paddy rice lost in 2003 due to a heat wave with HDT >38 °C lasting more than 
20 days (Li et al. 2004; Xia and Qi 2004; Yang et al. 2004). Likewise, IR64, one of 
the widely grown rice varieties, which performed well over the last three decades 
under local hot tropical conditions in Pakistan, suffered a 30% yield decline during 
a heat wave in 2007 (Dr. Mari, IRRI, Dokri).
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Multi-crop Experts’ Committee Meeting conducted by the US Agency for 
International Development (USAID) and the Bill & Melinda Gates Foundation dur-
ing 2013 has described heat stress as “Supra-optimal temperatures occurring at any 
plant growth stage that can result in ≥10% yield loss. This is typically characterized 
by accelerated plant development resulting in reduced photosynthetic area, plant 
biomass, and seed set. Where heat stress occurs during grain-filling, reduced grain 
weight (and therefore HI) will result from inhibition of starch synthesis, increased 
starch breakdown, and/or premature and rapid increase in senescence” (Reynolds 
et al. 2016).

The process of evolution has developed various adaptive mechanisms, viz., 
avoidance and tolerance in plants to survive under high temperature stress. 
Mechanism of high temperature stress avoidance includes flowering time alteration 
to favor flowering during the cooler period of the day, altered leaf orientation, exces-
sive rooting, and reducing temperature by transpiration (Sailaja et  al. 2015). 
Tolerance mechanisms against heat stress involve rapid alterations in molecular 
processes, i.e., production of heat shock proteins (HSP), late embryogenesis abun-
dant (LEA) proteins, and metabolites, membrane modifications, accumulation of 
free radical scavengers, and altered cytoskeleton (Bita and Gerats 2013). Existence 
of natural genetic variation for heat-adaptive traits in crop germplasm makes the 
breeding a viable option for achieving yield stability in heat stress environment. 
Reynolds et  al. (2016) has identified priority traits for high temperature stress 
 tolerance (Table 15.1).

Table 15.1 Traits for high temperature tolerance

Trait class Specific trait
Photosynthesis/biomass/metabolism Canopy temperature

Normalized difference vegetative index (NDVI)
Final biomass
Night respiration
Chlorophyll fluorescence
Starch synthesis
Membrane thermostability
Spectral indices for pigments (chlorophyll and 
carotenoid)

Fertility/source-sink partitioning Anthesis/flowering time
Spikelet fertility/pollen viability/pollen shedding 
level
Grain filling
Harvest index
Phenology
Tillering
Assimilate remobilization
Plant growth regulators
Coleoptile length

Source: Reynolds et al. (2016).
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Global heat stress breeding programs have successfully identified donors for dif-
ferent strategies to increase resilience to heat stress damage (Ishimaru et al. 2010; 
Jagadish et al. 2010; Ye et al. 2012). Firstly, cultivation of early maturing versions 
of elite genotypes suitable for summer cultivation will enable the rice plant escape 
from hotter months. Secondly, genetic manipulation of early-morning flowering 
(EMF) will shift the flowering patterns to cooler hours of the morning. Thirdly, true 
heat tolerance will be induced through maintained reproductive success in spite of 
higher temperatures coinciding with flowering. Breeding by conventional tech-
niques for heat stress has been a challenging task due to limited information on 
genetic determinants, biological mechanisms, and effective screening methods. In 
general, genotypes are screened under multiple hot environments and selection 
based on its yield stability across various environments. Advancements in develop-
ment of controlled climate growth chambers, phytotron facilities, etc. have enabled 
the scientists to devise rapid protocols for screening large number of genotypes 
against high temperature stress (Jagadish et al. 2010).

Intensive research efforts across the globe have resulted in the identification of 
few heat-tolerant rice lines, viz., Nagina 22, Dular, Kasalath, Giza178, and 
Todorokiwase (Tenorio et  al. 2013). In general indica genotypes were found to 
exhibit better heat tolerance than japonica genotypes (Zhao et al. 2016). By using 
these tolerant genotypes, few major QTLs have been identified for various high 
temperature adaptive traits at various growth stages of rice. Through several studies 
using independent biparental mapping populations, around 52 main-effect QTLs 
and 25 epistatic QTLs explaining phenotypic variance of 2.27–50.11% have been 
identified (Cao et al. 2002, 2003; Zhu et al. 2005, 2006; Zhao et al. 2006; Chen et al. 
2008; Kui et al. 2008; Zhang et al. 2008; Jagadish et al. 2010; Pan et al. 2011; Xiao 
et al. 2011). Cao et al. (2003) has identified few QTLs for seed setting under heat 
stress in a doubled haploid population derived between IR64 x Azucena and the 
most significant QTLs explaining largest phenotypic variance for seed setting was 
identified in IR64. Zhang et al. (2009) have identified two SSR markers, RM3735 
on chromosome 4 and RM3586 on chromosome 3, to be linked to heat stress 
tolerance- related traits. The most significant heat-tolerant QTL explaining up to 
50% of phenotype variance was found to be contributed by a heat-tolerant indica 
landrace Kasalath (Zhu et  al. 2006). Wei et  al. (2013) has identified a dominant 
locus OsHTAS on chromosome 9 which influences heat tolerance at seedling stage 
in rice. Using Giza178 as heat-tolerant donor, six QTLs were identified for spikelet 
fertility under HT stress in two different mapping populations derived from IR64 
cross and Milyang 23 cross. One of the QTLs qHTSF4.1 explaining phenotypic 
variance of 17.6% was found to increase spikelet fertility in various heat-tolerant 
lines (Ye et al. 2015). Zhao et al. (2016) used chromosome segment substitution 
lines derived from Sasanishiki (heat susceptible) and Habataki (heat tolerant) for 
identifying eleven QTLs for spikelet fertility, daily flowering time and pollen shed-
ding level (Table 15.2).

A mutant NH219 of Nagina 22 was found to exhibit enhanced level of tolerance 
against HT stress, and single-marker analysis among F2 segregates of IR64 × NH219 
revealed significant association of RM1089 with number of tillers and yield per 
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plant, RM423 with leaf senescence, RM584 with leaf width, and RM229 with yield 
per plant (Poli et al. 2013). In an African rice cultivar, a major QTL TT1 involved in 
the degradation of ubiquitinated proteins during heat stress influencing thermotoler-
ance was identified (Li et al. 2015). Many putative QTLs identified in various stud-
ies were overlapped or adjacent with each other suggesting the existence of 
heat-tolerant alleles widely across the chromosomes. Fine mapping of these QTLs 
will provide extensive information on underlying candidate genes and metabolism 
involved in high temperature tolerance stress. Fine mapping of these QTLs will 
provide extensive information on underlying candidate genes and metabolism 
involved in high temperature stress. These QTLs can be introgressed into commer-
cial varieties for developing heat-tolerant lines.

15.4  Breeding for Submergence Tolerance

Submergence is becoming a second major abiotic stress affecting rice production 
under rainfed lowlands of Asia. During recent years, extent of damage caused by 
submergence stress has increased due to extreme weather events such as unexpected 
heavy rains that inundate rice areas. Consequences of submergence range from low 
light intensity, limited oxygen availability (hypoxia), soil nutrient effusion, physical 
injury, and increasing pest and disease access. Rice is extremely susceptible to 
anaerobic conditions during all its growth stages starting from germination (anaero-
bic germination), early vegetative growth, and post-flowering (Angaji et al. 2010). 
Flooding during germination and early seedling growth affects seedling establish-
ment in direct seeded rice, both in rainfed and irrigated areas, because of their high 
sensitivity to hypoxia at this stage (Ismail et  al. 2009). Hence, developing 
submergence- tolerant rice varieties is inevitable to sustain rice production in South 
and Southeast Asia. Limited genetic variation has been reported for submergence 
tolerance, and landraces or traditional genotypes, viz., FR13A, Goda Heenathi, 
Thavalu, Kurkaruppan, etc., were found to exhibit high level of tolerance to submer-
gence (Miro and Ismail 2013). As these genotypes are poor yielders and inferior in 
their grain quality, developing high-yielding varieties that are submergence tolerant 
and readily accepted by farmers will help in sustaining increased rice productivity 
in target regions.

Understanding of the physiological and biochemical bases of submergence toler-
ance has progressed well in recent years, making it possible to design efficient phe-
notyping protocols, and has paved way for further genetic and molecular studies, to 
discover genes underlying component traits associated with tolerance. High- 
yielding rice cultivars with enhanced tolerance to repeated flooding, better regen-
eration capacity, and faster growth after flooding to produce sufficient biomass in a 
shorter period and to minimize delay in flowering when submerged are needed for 
flood-prone areas. Thorough biochemical studies involving susceptible and tolerant 
rice genotypes revealed that maintenance of high levels of stored carbohydrates in 
the seedlings prior to submergence coupled with minimum shoot elongation and 
retention of chlorophyll were contributing for enhanced tolerance.
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Several QTLs controlling submergence tolerance have been reported by many 
authors including a single major quantitative trait locus (QTL) on chromosome 9 
(Xu and Mackill 1996; Nandi et  al. 1997; Toojinda et  al. 2003). Most of these 
reports were based on the exploitation of the landrace FR13A, one of the most 
submergence-tolerant cultivar originated in eastern India. A major QTL named 
Sub1 with a LOD score of 36 and an R2 value of 69% (Xu and Mackill 1996) was 
found to confer tolerance against complete submergence for up to 2 weeks. Further 
fine-mapping of Sub1 using back cross inbred lines has resulted in the identification 
of a genomic region of approx. 0.06  cM (Xu et  al. 2000). Sequencing the Sub1 
region in an FR13A-derived line revealed the presence of three genes encoding 
putative ethylene responsive factors (ERF), Sub1A, Sub1B, and Sub1C.  Out of 
these three putative candidates, Sub1A was subsequently identified as the major 
determinant of submergence tolerance (Xu et al. 2006). Cloning and characteriza-
tion of a major QTL Sub1 and subsequent identification of candidate genes underly-
ing the effect of this QTL not only generated knowledge on the molecular 
mechanisms controlling submergence tolerance but also helped to design tightly 
linked gene-based markers for molecular breeding programs aimed at developing 
submergence-tolerant rice cultivars (Siangliw et  al. 2003; Toojinda et  al. 2005; 
Neeraja et al. 2007).

Considerable genetic variation exists in rice germplasm for anaerobic germina-
tion under flooding, and genotypes, viz., Khao Hlan On, Ma-Zhan Red, Khaiyan, 
Kalonji, Kharsu, and Nanhi, exhibited better germination under anaerobic condi-
tions leading to better crop stand (Miro and Ismail 2013). Several genomic regions 
influencing anaerobic germination under flooding were identified by exploiting tol-
erant landraces. Two major QTLs, viz., qAG9-2 on chromosome 9 (Angaji et al. 
2010) and qAG7-1 on chromosome 7 (Septiningsih et al. 2013), were reported using 
Khao Hlan On and Ma-Zhan Red, respectively. Recently, qAG-9-2 was fine-mapped, 
and a candidate gene OsTPP7 encoding a trehalose-6-phosphate phosphatase was 
identified to control anaerobic germination. Functional characterization of OsTPP7 
suggested its involvement in enhancing starch mobilization to drive embryo germi-
nation and coleoptile elongation (Kretzschmar et al. 2015). Both Sub1 and qAG9-2 
are being extensively deployed in rice breeding programs to enhance submergence 
tolerance at both germination and vegetative stages. In 2003, IRRI initiated a pro-
gram to introduce the Sub1 QTL into six mega-varieties, like Swarna, Samba 
Mahsuri, BR11, IR64, CR1009, and TDK1, using marker-assisted breeding which 
has been extended to other popular high-yielding varieties that are grown in flood- 
prone regions of Asia and Africa (Septiningsih et  al. 2009). The productivity  
and quality of these Sub1 varieties are indistinguishable from that of the parental 
cultivars under non-submerged conditions based on field trials and farmers’ experi-
ence. Sub1 introgressed lines showed a yield advantage of 1–3.5 Mg ha−1 based on 
the duration and flood conditions.
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15.5  Breeding for Salinity Tolerance

Rice production is often constrained due to problems associated with soil and 
 irrigation water. Among the soil factors, salinity remains at the top by affecting rice 
productivity significantly. It has been estimated that about 100 million ha of agricul-
tural area suitable for rice cultivation in South and Southeast Asia is not under rice 
cultivation due to soil-associated problems (Senadhira et  al. 1994). Sustained 
increase in rice production to meet the emerging demand in rice consumption war-
rants bringing in these areas under rice cultivation. Salinity is due to accumulation 
of soluble salts in the soil affecting crop growth and productivity. Salinity affects 
plant growth by reduced water uptake, cellular toxicity, and imbalance among 
 nutrients inside cells (Munns et al. 2006). Rice productivity in both coastal area or 
salinity prone inlands is affected significantly thereby hindering harvest of potential 
yield of popular varieties.

Rice is sensitive to salinity throughout its life cycle starting from germination to 
reproductive phase. Limited genetic variation was found to exist in rice germplasm, 
and several studies have been conducted to identify intricate networks of salt toler-
ance mechanisms. Research across several salinity-acclimatized crops has revealed 
existence of salt tolerance mechanisms, viz., salt exclusion, control of net Na+ uptake 
across the plasma membrane (intracellular influx), and tonoplast (vacuolar and pre- 
vacuolar compartmentalization) of both root and shoot cells to minimize cytosolic 
and organellar ion toxicity, K+/Na+ ion homeostasis, vacuolar osmotic adjustment 
through biosynthesis of osmo-protectants, and compatible solutes for turgor main-
tenance and hormonal modifications (Munns and Tester 2008).

Survey of genetic variability in rice germplasm for salinity tolerance-related 
traits has led to the identification of tolerant cultivars such as Pokkali and Nona 
Bokra. Still, breeding for salinity tolerance has been slow in progress due to com-
plex nature of genetic and physiological mechanisms underlying salinity tolerance. 
Key objectives in breeding for salt tolerance in rice include earliness, exclusion of 
sodium at root and shoot level, enhancing tissue tolerance, improved potassium 
uptake, upregulation of antioxidants, stomatal responsiveness, enhanced source par-
titioning, and high yield, most of which are quantitative traits. With a view to deter-
mine genetic basis of salinity tolerance in rice, an RIL population was developed 
from a cross between the salt-susceptible variety “IR29” and salt-tolerant “Pokkali.” 
An important QTL Saltol associated with the sodium and potassium ratio in shoots 
and salinity tolerance at the seedling stage was identified in chromosome 1 (Gregorio 
1997; Bonilla et al. 2002). Similarly, several QTLs controlling salt tolerance traits 
were identified after mapping analysis of an F2:3 populations as developed from a 
cross between the susceptible japonica cultivar Koshihikari and salt-tolerant indica 
cultivar Nona Bokra. It includes major QTLs for Shoot K+ concentration (qSKC-1) 
in chromosome 1 as it is associated with shoot K+ ion concentration and Shoot 
Na+ concentration (qSNC-7) in chromosome 7 (Lin et al. 2004). Subsequent clon-
ing reveals OsHKT1;5 (previously SKC1) gene that encodes sodium transporter that 
helps to control K+ homeostasis under salinity by unloading Na+  from xylem. 
Existence of allelic variation in this region is said to confer salinity tolerance in rice 
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seedlings by maintaining Na+ and K+ in shoots and leaf blades. Some OsHKT1;5 
alleles effectively maintain shoot K+/Na+ homeostasis owing to specific amino acid 
variations that enhance K+ over Na+  transport into root xylem sap and that alter 
either protein transmembrane stability or phosphorylation that affects function (Ren 
et al. 2005). Besides Saltol locus, many studies have identified various QTLs for 
different tolerant traits (Mangrauthia et al. 2014). Numerous genes have also been 
identified through functional genomics studies of salt stress responses which have 
shown improved tolerance either by over- or underexpression. Availability of NGS 
techniques allowed us to clone major genes for developing SNP and InDel markers 
which can be utilized to transfer these QTLs through marker-assisted backcross 
approach for developing improved rice varieties for salt stress environments.

15.6  Breeding for Cold Tolerance

Climate variability with increased occurrence of extreme temperatures is destruc-
tive to crop growth and productivity. One of the extreme temperature stresses is cold 
stress caused by suboptimal temperature to cause significant yield reduction in rice. 
Generally, rice growth is affected at all stages of development when temperature 
reaches below 15 °C (Howarth and Ougham 1993; Fujino et al. 2004). Cold stress 
comes under two categories, namely, chilling and freezing based on temperature of 
0–15 °C and below 0 °C, respectively. Cold temperature impairs various physiologi-
cal and metabolic processes that affect crop development based on developmental 
stage and intensity of low temperature stress. It affects seedling stage by inhibiting 
seed germination, reducing seedling vigor, and inducing leaf discoloration that 
weakens photosynthesis by decreasing total chlorophyll content. Besides, it reduces 
plant height and causes leaf necrosis, chlorosis, and mottled chlorosis. During pan-
icle development and booting stage, spikelet sterility along with irregular grain 
maturity and poor grain quality caused by cold stress has the highest impact on rice 
productivity.

Few rice cultivars mostly belonging to japonica subspecies have possessed toler-
ance to low temperature stress (Mackill and Lei 1997). Javanica cultivars, an eco-
type of japonica such as Silewah, Lambayeque 1, and Padi Labou Alumbis, have 
contributed cold tolerance genes for japonica breeding lines (Saito et  al. 2001). 
Several genetic analyses have revealed the complex nature of cold tolerance because 
of its interaction nature with environment. Genetic analysis by Nishimura and 
Hamamura (1993) revealed the dominant digenic control tolerance of low tempera-
ture at the reproductive stage. Later, Nagasawa et al. (1994) have identified cold 
tolerance as a complex quantitative trait controlled by four or more genes. In order 
to breed cold-tolerant cultivars by understanding its genetic mechanism, many QTL 
analyses were carried out in various biparental mapping populations as well as 
germplasm panel in different developmental stages, i.e. germination, seedling, and 
reproductive stages (Table 15.3). The japonica cultivars have better cold tolerance 
than indica cultivars at both germination and booting stage. QTL analysis carried 
out in different populations suggests that QTL hotspot for cold tolerance existed in 
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Table 15.3 QTLs identified for cold tolerance in rice

Genetic loci Traits Chromosome no. References
Ctb1, Ctb2 Spikelet fertility/undeveloped 

spikelet
4 Saito et al. 

(2001)
qCT-7 Spikelet sterility/culm length 7 Takeuchi 

et al. (2001)
qCTB2a, qCTB3 Spikelet fertility/undeveloped 

spikelet
2, 3 Andaya and 

Mackill 
(2003b)

qCTS12a Seedling growth 12 Andaya and 
Mackill 
(2003a)

Ctb1 Spikelet fertility 4 Saito et al. 
(2004)

Dth, cl, fer, pe, dc Days to heading/culm length/
spikelet fertility/ panicle neck 
exertion/discoloration

1, 3, 5, 6, 7, 8, 9, 
11

Oh et al. 
(2004)

qCTB-1-1, 
qCTB-10-2

Booting stage 1, 10 Dai et al. 
(2004)

qSV-3-1/2, -5, -8-1/2 Seedling growth 3, 5, 8 Zhang et al. 
(2005)

qLVG2, qLVG7-2, 
qCIVG7-2

Vigor of germination 2, 7 Han et al. 
(2006)

qCTS12 Seedling growth 12 Andaya and 
Tai (2006)

qCTS4 Seedling growth 4 Andaya and 
Tai (2007)

qCTS-2 Seedling growth 2 Lou et al. 
(2007)

qLTG3-1 Vigor of germination 3 Fujino et al. 
(2008)

qCTB-1-1, -4-1/2, 
-5-1/2, -10-1/2, -11-1

Spikelet fertility 1, 4, 5, 10, 11 Xu et al. 
(2008)

qSCT-1, qSCT-5, 
qSCT-6

Seedling growth 1, 5, 6 Jiang et al. 
(2008)

qCTP11, qCTP12 Vigor of germination 11, 12 Baruah et al. 
(2009)

qPSST-3, -7, -9 Spikelet fertility/reproductive 
stage

3, 7, 8, 9, 11 Suh et al. 
(2010)

Ctb1 Spikelet fertility/undeveloped 
spikelet

4 Saito et al. 
(2010)

qCtss11 Seedling growth 11 Koseki et al. 
(2010)

qCTB-5-1/2/3, -7 Vigor of germination 5, 7 Lin et al. 
(2010)

qCTS4a, qCTS4b Seedling growth 4 Suh et al. 
(2012)

qLTB3 Seed fertility 3 Shirasawa 
et al. (2012)

(continued)
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chromosome 11 which harbors several QTLs affecting all developmental stages, 
and it has synteny with chromosome 5A of wheat and 5H of barley that has the 
cluster of FR2 (Frost Resistance 2) and CBF genes (also known as DREB) (Ranawake 
et al. 2014). Nonetheless, complete understanding of genetics and molecular basis 
of cold tolerance is lacking due to unreliable phenotyping methods and complex 
environmental interaction of this stress. Therefore, it is crucial to explore on phe-
nomics to increase the reliability of QTL studies for breeding cold tolerance in rice. 
After careful validations, identified QTLs may be useful to hasten the development 
of improved cold-tolerant genotypes through marker-assisted breeding approach.

15.7  Transgenic Breeding

In rice, transgenic breeding, one of the genetic engineering tools, has proven its 
effect as a viable option for developing stress-tolerant lines. It is mainly carried out 
either by quantitative expression alteration or site specificity in expression of desir-
able genes. Transgenic breeding are mainly aimed at developing plants with genes 
encoding transcription factors such as DREB, NAC proteins, MYB, and MYC and 
genes involving the production and accumulation of osmolytes, late embryogenesis 
abundant protein genes, heat shock proteins, reactive oxygen scavengers, aquapo-
rins, and transporter proteins (Wang et al. 2016). For abiotic stress tolerance, DREB 
(dehydration-responsive element-binding protein) transcription factor is widely uti-
lized for improving stress tolerance for drought, heat, salinity, and cold (Reddy 
et al. 2016). With the availability of genetic information on signal transduction and 
pathways of various complex traits, transgenic breeding has tremendous potential 
for creating climate-smart rice varieties by transferring multiple genes for different 
stress tolerance.

Table 15.3 (continued)

Genetic loci Traits Chromosome no. References
24 loci Booting stage (association 

analysis)
3, 4, 6, 8, 9, 10, 
11

Cui et al. 
(2013)

qCTG6, qCTG7-1, 
qCTG7-2, qCTG-8, 
qCTG-11, qCTS5(1), 
qCTS6(1), 
qCTS11(1)-1, 
qCTS11(1)-2, 
qCTS11(2)-1, 
qCTS11(2)-2, 
qCTS2(2), qCTS7(2), 
qCTS8(2)

Germination/seedling stage 1, 2, 6, 7, 8, 11 Ranawake 
et al. (2014)

51 QTLs, qCTSSR6-3 
(both indica and 
japonica)

Germination/booting stage 
(assoc. analysis)

All chromosomes Pan et al. 
(2015)

Modified from Zhang et al. (2014)
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15.8  Multi-stress Tolerance Breeding

Anthropogenic climate change can potentially enhance different biotic and abiotic 
stresses in agriculture. But global warming, the main threat of this century, causes 
climate change effects with extreme weather events of heavy downpour, low 
 temperature, and high temperature associated with water deficit. The rapid weather 
phenomenon can expose crops at any growth stage to multiple kinds of stresses in a 
crop season. This necessitates development of new crop cultivars possessing 
 multiple stress tolerance, more yield, and yield stability across different 
 environments. Genomic advances favor deciphering genetic information for differ-
ent complex traits, which can pave way for pyramiding multiple QTLs/genes for 
developing multi-stress-tolerant lines. In rice, attempts have been made by various 
groups to pyramid QTLs/genes for developing climate-smart rice cultivars. 
Shamsudin et  al. (2016) has introgressed three QTLs for drought tolerance, i.e. 
qDTY2.2, qDTY3.1, and qDTY12.1, in the background of an elite Malaysian rice cultivar 
MR219. Basmati rice cultivars were constantly improved by multiple genes/QTLs 
for bacterial leaf blight, brown plant hopper, and blast and gall midge diseases. The 
International Rice Research Institute is involved in developing climate-smart rice 
varieties by pyramiding multiple genes/QTLs conferring biotic and abiotic stress 
tolerance in different varietal backgrounds suitable for different rice-growing parts 
of the world (Arvind Kumar, Personal communication). Renu-Singh et al. (2016) 
reported about a project involving successful pyramiding of various QTLs for 
drought, namely, qDTY1.1, qDTY2.1, qDTY2.2, qDTY3.1, qDTY3.2, qDTY9.1, and 
qDTY12.1, into submergence- tolerant lines, i.e. Swarna-Sub1, Samba Mahsuri-Sub1, 
and IR64- Sub1. In India, there is a multi-institutional network project funded by the 
Department of Biotechnology, Government of India, for introgressing QTLs for 
drought, submergence, cold tolerance, blast, bacterial blight, and gall midge into 
various high-yielding mega-varieties for developing climate-resilient rice varieties 
using marker-assisted breeding approach (Agarwal et al. 2016).

15.9  Conclusion

Climate change impact on food security is one of the major challenges in present- 
day life. Various crop modeling studies coupling weather parameters and crop 
response conducted in rice, wheat, maize, soybean, oilseeds, cassava, sugarcane, 
banana, common bean, and millets show its negative impact on crop yield. This 
information emphasizes the need to include climate change factors in breeding 
objectives to increase food production. Rice, being the staple food for more than 
half of world population, has to maintain its production and productivity in order to 
promote food security. But rising levels of biotic and abiotic stresses due to varying 
weather pattern possess great challenge to maintain rice production. Several multi- 
stress- tolerant rice cultivars are being developed by various research groups utiliz-
ing various omics tools for understanding its genetic and physiological mechanism 
in order to cope up with the constraints possessed by climate change. Dissecting 

V.V. Nachimuthu et al.



355

genetic basis of different traits through QTL analysis and gene identification can 
accelerate the breeding process of climate-ready rice. Marker-assisted selection 
serves as an effective tool to introgress positive alleles in desirable genetic back-
ground. Thus, to reduce food security risks from global climate variation, multi- 
stress- tolerant cultivar breeding with various genomics tools would spur the efforts 
for stress resilience in rice.
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Abstract
Barley (Hordeum vulgare L.) is one of the primitive and oldest domesticated 
cereals and preferred by gladiators due to its nutritional properties. Primarily this 
crop is used for feed and food purposes, whereas its enzymatic and husk proper-
ties make it unique for malting and brewing purposes. Barley is known to be a 
climate resilient crop and can thrive well under adverse conditions of cultivation. 
In some regions of the world, where winter crops like wheat are difficult to be 
grown or their cultivation is uneconomical due to the harsh climatic conditions 
and/or problematic soils, barley is the only option to sustain the populace of 
these regions. In India, this is generally grown under rainfed conditions where 
this crop uses the residual moisture efficiently. Despite the fact that barley is 
endowed with resilience to harsh climates, several abiotic stress factors inhibit 
the performance of the crop to its fullest genetic potential. Some of these stresses 
are drought, salinity and alkalinity, water logging, lodging, etc. Morphological 
and physiological traits linked to drought resistance in barley are early growth 
vigour, root development, tillering, grain weight, stay green habit, leaf  
water potential, stomata size, membrane stability, leaf rolling, waxiness, leaf 
temperature, carbon isotope discrimination and the accumulation of metabolites 
such as proline and betaine. Breeders have resorted to the development of semi-
dwarf barley varieties through incorporation of dwarfing genes and to enhance 
stem strength to minimize the risk of lodging. Field screening for tolerance to 
salinity or alkalinity has not been very reliable; therefore, field screening supple-
mented with laboratory screening has been advocated in barley to breed varieties 
tolerant to salinity or alkalinity.
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16.1  Introduction

Barley (Hordeum vulgare L.) is one of the first domesticated cereals, which contrib-
utes nearly 11–12% of the coarse cereal production worldwide (Kumar et al. 2014, 
2016a). It ranks fourth in total acreage under cereal production in the world with 
49.0 million hectares cultivated area with a production of approximately 140.0 mil-
lion metric tons (FAOSTAT 2016; Kumar et  al. 2016b). It is a poor man’s crop 
because it is grown in marginal lands and requires low inputs such as fertilizers, 
irrigations, insecticides, herbicides, etc. In addition, crop can be cultivated in most 
severe conditions like elevation, aridity, salinity, poor soil fertility and poor 
 agronomic management. Thus the wider adaptability to uncongenial and harsh 
 environments has led to its widespread cultivation across 100 countries of the world 
(Bothmer et al. 1995). In India, it is generally grown as rain-fed crop, which thrives 
well on residual moisture. The crop is grown in the states of Rajasthan, Uttar 
Pradesh, Madhya Pradesh, Punjab, Haryana, Bihar, Himachal Pradesh, Uttarakhand 
and Jammu and Kashmir in the hills (Kumar et al. 2013).

Abiotic stresses, i.e., drought, heat, salinity, sodicity, water logging and cold 
sensitivity, adversely affect plant growth, plant architecture, yield, biomass, etc. 
However, drought and salinity are the most devastating stresses affecting large acre-
age in India. It is estimated that more than six million ha area suffered due to salt 
concentrations, and similarly drought hampers crop production in all the zones, 
which cover a sizeable area. Inclusion of responding traits is required to minimize 
the realized and potential yield gaps in abiotic stress-prone environments. To 
increase the yield under harsh environments, the new molecular tools as QTL analy-
sis, association analysis, genotyping by sequencing, transcriptome analysis and pro-
teomics can play a pivotal role for the improvement of barley. Dry agroecologies of 
arid and semiarid regions are more exposed to salt accumulation ultimately leading 
to salinity and alkalinity problems. The inbuilt resistance mechanism is one of the 
best approach, which is eco-friendly, sustainable, economic and with no environ-
mental hazards. However, the crop management practices are integral and essential 
part and cannot be ignored especially for abiotic stress management. Considerable 
improvements in drought and salt tolerance in different crops including barley have 
been achieved. This could only happen due to the concerted efforts in understanding 
physiological mechanism and underlying genetics and changes in different bio-
chemical pathways.

The optimum growth and development of barley is influenced by a number of 
abiotic stress factors that can prevent the plant from expressing to its fullest genetic 
potential. Globally, abiotic stresses are the most serious threats to the challenging 
task of feeding a rapidly growing human population. The plant responses caused by 
these stresses include alterations in transpiration, photosynthetic ability, respiration 
and hormonal response through the development of genetic defence mechanisms. 
The duration of the stress, the crop growth stage at the onset of the stress and inbuilt 
ability of the plant to sustain the negative effects of the stress determine the level of 
damage the stress can cause. Genetic variability plays a primary role in determining 
adaptation to abiotic stresses and, resultantly, the expansion of barley  genotypes/
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varieties to adverse climatic conditions. Occurrence, intensity, timing and duration 
of stresses vary from location to location and in the same location from year to year. 
Keeping above in view, some of the aspects related to abiotic stresses like moisture 
(water logging/drought), temperature, lodging and mineral (saline/alkaline) are dis-
cussed below.

16.2  Drought Stress

Drought stress is one of the major abiotic stresses, which occurs worldwide, with 
devastating effects on crop growth and yields (Ludlow and Muchow 1990). This 
stress affects about 40–60% agricultural lands of the world (Shahryari and 
Mollasadeghi 2011). It is considered that severe drought occurs on an average once 
in every 5 years in most of the tropical countries. Scarcity of moisture leading to 
water stress is of a common occurrence in rain-fed areas due to low to very low 
rainfall and poor irrigation (Wang et al. 2005). To meet the requirements of ever- 
increasing world population, it is necessary to develop drought-tolerant crop variet-
ies. However, the progress in this regard is largely hampered by the physiological 
and genetic complexity of traits associated with drought tolerance. The mechanisms 
of drought resistance have been classified as escape, avoidance and tolerance by 
stress physiologists (Levitt 1972). Drought tolerance is the ability of the plant to 
survive with decreased water potential of the plant tissue (Jenks and Hasegawa 
2014). The reduced water potential may be accompanied with changed tissue water 
content, depending on the severity of the water deficit and the species of the plant 
involved. Drought tolerance allows the plant to function or to survive under harsh 
water deficit conditions.

Large-scale attempts have been made to understand and improve drought toler-
ance in existing cultivars and to develop the novel drought-tolerant cultivars. The 
use of multidisciplinary approach to identify and introgress alleles for drought toler-
ance from wild and landraces may be helpful for successful development of drought- 
tolerant barley varieties. The use of wild barley as a source of novel genes for crop 
improvement essentially remains untapped (Eglinton et al. 2016). Landraces and 
wild species of barley have been recognized by the International Center for 
Agricultural Research in the Dry Areas (ICARDA) breeding programme as rich 
source of genes for adaptation to environments where drought stress is common. 
Barley is well known for its low consumption of water per unit weight of dry matter 
produced than other cereals and can be grown with limited irrigation. Compared to 
other cereals, barley is well adapted to drought as it possesses high water use effi-
ciency which is essential for environments where drought is common (Stanca et al. 
1992). A plant with a robust and deep root system can have sufficient moisture due 
to water uptake from lower levels. Stress factors interact with each other and often 
affect plants in several ways, and the collective effect of action of stress factors may 
vary with the sum of effects of individual stress factors (Mittler 2002, 2006).

Based on the plant growth phase affected by water deficit, three patterns of 
drought stress may occur: (i) before flowering, (ii) grain development and  
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(iii) throughout the life cycle (Reynolds et al. 2005). To overcome this stress due to 
water deficits, the plants have generally evolved three basic strategies, i.e., escape, 
avoidance and tolerance (Levitt 1980; Chaves et al. 2003; Larcher 2003). Drought 
escape is the mechanism to cope up with the drought stress and the completion of 
plant life cycle before the initiation of drought. During drought avoidance, plant cell 
maintains high water status even during water moisture conditions. The mecha-
nisms of high pollen viability, stomata closure, inhibition of shoot growth, high root 
growth, membrane stability and the accumulation of osmotic components are some 
of the phenomenon during drought tolerance (Blum 2005). The increased produc-
tion of free radicals, molecular chaperones (protein protectors) and proteases are 
some of the actions for drought tolerance (Bartels and Sunkar 2005).

Drought events are often associated with high temperatures which impose an 
additional level of stress to plants. The predicted climatic changes will also modify 
the annual temperature profile (Tubiello et al. 2000), which in turn will adversely 
affect the availability of soil moisture and irrigation water. This might imply that in 
the long term, a consequent variation in the sowing date, growth habit and/or head-
ing time can be expected. Constraints in modifying some of the environmental fac-
tors suggest that fitting crops to the changed conditions of environment would be 
more sustainable strategy than modifying the environment to fit the crops. Barley is 
one hope to mitigate the adverse effects of increased temperature, uncertainty of 
monsoon and uneven distribution of precipitation brought about by the climatic 
changes as barley and its wild relatives possess natural potential which is not com-
mon in most of the cereals.

It has always been difficult to mimic drought stress conditions and screen germ-
plasm and breeding populations for selecting drought-tolerant varieties. However, a 
number of field studies have been conducted in barley to select barley genotypes 
tolerant to moisture-deficit conditions. During screening of barley genotypes for 
drought tolerance for agro-physiological traits under optimum and drought stress 
conditions, Vaeiz et al. (2010) noticed that days to heading and days to maturity 
influenced the yield the most during water stress conditions. Negative correlation 
was observed between yield, days to heading and days to maturity under drought 
stress. However, 1000-grain weight, grains per spike, relative water potential and 
stay green were related with yield. Yield was also associated with osmotic adjust-
ment, while it was least related to plant height. Zare et al. (2011) noticed that grain 
yield was the most affected trait under drought stress condition, and it was probably 
due to reduction in biological yield, seed number/spike and spike number/plant. 
Moffat et  al. (1990) also reported that drought stress at the reproductive growth 
stage reduced grain yield in wheat significantly. On the other hand, the least percent 
reduction in magnitude of traits under drought stress condition was observed for 
harvest index, suggesting that reduction in shoot dry weight was lesser than in grain 
yield. 1000-grain weight was adversely affected under drought stress, and this 
decrease in the 1000-grain weight was probably due to reduction in the assimilates 
and also the translocation of assimilates from the source to sink. Under drought 
conditions, three important plant attributes, namely, number of spikes per metre 
square, number of grains per spike and 1000-grain weight, determine the final grain 
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yield of barley. The grain filling duration and growth cycle also contribute to the 
grain yield in barley (Garcia-del-Moral et al. 1991). Barley crop reveals large geno-
typic variability and effects of genotype by environment interactions (GEI) of sev-
eral traits like carbon isotope discrimination; osmotic adjustments; TE, transpiration 
efficiency; WUE, water use efficiency; and affecting the drought resistance. New 
molecular approaches like marker-assisted selection and advanced backcross QTL 
analysis have provided options before the breeders for successful introgression of 
wild genes to the cultivated ones (Tanksley and Nelson 1996).

Drought resistance is a complex trait governed by several genes and depends 
upon the genetic structure of a population, critical growth stage at the time of occur-
rence of drought, the prevailing environmental conditions and other edaphic factors 
affecting the final crop. Agronomic yield under drought stress conditions is deter-
mined by both constitutive and inductive quantitative trait loci, which affects yield 
independently and only under water deficit conditions (Collins et al. 2008). Recently, 
a complete barley genome annotation has been published (The International Barley 
Genome Sequencing Consortium 2012). Barley has a very big and distinct gene 
pool including several landraces adapted to adverse climatic conditions. It can be 
attributed to the fact that this crop was domesticated in the area called Fertile 
Crescent about 10,000 years ago (Araus et al. 2007). The knowledge of the target 
environment, plant ideotype and the suitable breeding methodology based upon 
nature of gene action, mode of pollination and transfer of the QTLs underlying 
drought resistance with marker-assisted selection will be certainly helpful to com-
bat drought stress.

Many morphological and physiological characteristics are associated with 
drought resistance as reported in different studies. The major focus has been on the 
traits, viz., drought susceptibility index (DSI), canopy temperature depression 
(CTD), water use efficiency (WUE), xylem diameter, root-shoot lengths and ratio, 
chlorophyll content, stay green habit, leaf and culm waxiness, leaf breadth, leaf 
senescence, 1000-grain wt., membrane stability, osmotic adjustment, etc. For the 
phenotyping, the novel high-throughput phenotyping platforms (HTPPs) by utiliz-
ing robotics, remote sensing, drones and other cutting-edge science technologies are 
emerging fast for the precise characterization in large mapping populations. Araus 
and Cairns (2014) reported an overview of modern and precise phenotyping meth-
odologies for the assessment of drought-associated traits. With a limited study on 
barley, several dozen of QTLs for different traits associated with drought tolerance 
have been mapped (Diab et al. 2004; Teulat et al. 2001, 2002; Tondelli et al. 2006).

The traits associated with plant mechanism to cope up with water deficit condi-
tions have been identified and discussed in different studies. Among them, traits 
such as stomatal closure, waxy leaf and plant surface, small plant size, early matu-
rity and reduced leaf area help in reducing total seasonal evapotranspiration and 
also reducing yield potential (Fischer and Wood 1979). Awns contribute signifi-
cantly in spike photosynthesis, and the genotypes with longer awns are preferred for 
drought-prone areas (Martin et al. 1976). In barley, the traits, i.e., early heading, 
early growth vigour, long peduncle, leaf and culm waxiness and short grain filling 
duration, were found to be prominent for drought stress (Acevedo and Ceccarelli 1989; 
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Ceccarelli et  al. 2004). Cattivelli et  al. (1994) reported additional  morphological 
and physiological traits linked to drought resistance in barley such as tillering, root 
development, plant vigour, leaf water potential, stomata size, membrane stability, 
desiccation tolerance, leaf rolling, waxiness, leaf temperature, carbon isotope dis-
crimination and the accumulation of metabolites such as proline and betaine.

Strategy to deal with drought stress in barley would be the introduction of new 
alleles into elite breeding germplasm lines through the exploitation of landraces 
grown in harsh environments. The wild progenitor species and primitive landraces 
of barley offer rich sources of genetic variation for improvement of this crop (Nevo 
1992). The approach for identification of donors for genes for drought resistance 
should involve genetic fingerprinting of wild barley sources (Hordeum spontaneum 
C. Koch), which are largely untapped and may be helpful from different regions 
(Forster et al. 1997). These gene pools can be exploited using conventional breeding 
procedures aided with biotechnological tools for greater precision in selecting 
desired genotypes. Genetic fingerprinting of H. spontaneum has revealed genetic 
markers associated with site of origin, ecogeographic factors and also experimen-
tally imposed stresses (Forster et al. 2000). Such landraces are supposed to carry 
genes enabling them to cope with the difficult environments. Identification of genes 
involved for drought tolerance by TILLING and ecoTILLING in barley landraces 
and its progenitor and using most suitable germplasm for pre-breeding barley for 
resistance to drought stress will be beneficial to breed barley for water-limited 
conditions.

Barley is a good source of feed and fodder. It is a key animal feed and fodder in 
dry areas of India (Kharub et al. 2013; Kumar et al. 2013). In India, barley network 
centres under AICW&BIP have got a major research component on barley improve-
ment for grain/feed purposes. A large number of varieties have been developed/
released either by CVRC for different zones or by respective SVRCs for their 
respective states addressing different production conditions and agroclimatic situa-
tions under AICW&BIP. Subsequently, a large number of improved varieties with 
resistance to biotic and abiotic stresses were released for feed and food purposes for 
different agro-ecologies. The rain-fed varieties which yield better under low- 
moisture conditions have been developed for different areas (Table 16.1).

16.3  Lodging Resistance

Lodging is also a critical abiotic stress that occurs in barley when plant stem is 
unable to support its own weight, and it is highly associated with yield loss (Pinthus 
1974). According to Ennos (1991), there are two forms of lodging in cereals: stem 
fragility and poor root development. Early lodging can increase moisture in the 
plant canopy, which adds risk of fungal diseases. Early lodging in barley causes 
immense decline in grain yield potential than lodging at later growth stages (Brigs 
1990). However, level of yield loss depends on cultivar, growth stage and lodging 
severity (Jedel and Helm 1991). Matusinsky et al. (2015) observed that increased 
tiller biomass weight and increased plant height during early growth stages were 
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significant. Lodging risk can be reduced by introducing dwarfing genes to produce 
semidwarf varieties (Kucyzynska et al. 2013; Ren et al. 2014) and by increasing 
stem strength (Ma 2009). Genotypes accompanied with semidwarf plant height pro-
vide good response to the high inputs such as fertilizers and irrigation. Presently, 
utilization of dwarfing gene in breeding process is vital for the development of 
modern varieties. In barley, more than 30 semidwarf types have been identified so 
far. However, only few of them have been successfully used in breeding pro-
grammes. Kucyzynska et al. (2013) noticed that cultivars with dwarfing gene had 
improved lodging resistance and a higher harvest index. Zhang et al. (2003) screened 
500 barley germplasm lines for lodging resistance adopting the scale 1–3 for lodg-
ing. Among 500 germplasm lines evaluated, 73 (14.6%) were very resistant to lodg-
ing, 74 (14.8%) showed medium resistance, and remaining 353 (70.6%) were 
severely lodged. It is reported that most of the varieties resistant or medium resistant 
to lodging were bred with relatively shorter plant height.

16.4  Salinity Stress

Among abiotic stresses, soil salinity is one of the important stresses which affects 
large areas of the world’s cultivated land and causes significant reductions in food 
grain production. Due to salt stress, approximately 20% of agricultural land and 
50% of crop yield in the world have been affected (Flowers and Yeo 1995). Salt- 
affected soils commonly contain a mixture of cations of sodium, calcium, magne-
sium and potassium and anions of chloride, sulphate, bicarbonate, carbonate and 
sometimes borate and nitrate (Dan 2010) and could lead to the impairment of plant 
growth and development. Among cereals, barley is one of the most salt-tolerant 
crops (Maas and Hoffman 1977) due to traits such as fast growth and phenological 
development which help in early flowering and maturity.

Development of salt-tolerant varieties of barley is one of the cheapest sources to 
contain the harmful effects of salts and to sustain yields in salt-affected soils. The 
landraces of barley through conventional breeding may be used to incorporate 

Table 16.1 Barley varieties released for feed and food purposes for rain-fed areas

Cultural practices Variety Year Area of adaptation
Rain fed (plains) PL 419 1995 Punjab

K 560 1997 NEPZ
Getanjali (K1149) 1997 Uttar Pradesh
K 603 2000 NEPZ
RD 2624 2003 NWPZ
JB58 2005 Madhya Pradesh
RD 2660 2006 NWPZ

Rain fed (hills) BHS352 2003 NHZ
BHS380 2010 NHZ
VLB118 2014 NHZ
BHS400 2014 NHZ
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genes for salinity tolerance. The other approach is to exploit the wild species such 
as foxtail barley (Hordeum jubatum) for salinity tolerance (Israelsen et al. 2014). 
However, it is a very challenging task to screen the materials for such conditions 
due to very high variability in the field condition affected by salinity and alkalinity. 
As a result the field screening for salinity tolerance sometimes cannot be fully 
 reliable, because of non-repetitive performance due to soil heterogeneity. 
Supplemented with in vitro screening for salinity-alkalinity tolerance, several vari-
eties have been developed and released which perform well under unfavourable 
conditions (Verma et al. 2012).

Barley and wheat are largely affected during early seedling growth stages than 
the later growth stages (Dan 2010). Tavakkoli et al. (2011) studied effects of Na+ 
and Cl− ions under salinity stress and reported that the reductions in growth and 
photosynthesis were large under NaCl and mainly were due to the combined effects 
of Na+ and Cl− stress. Forster et al. (1994) reported the varietal differences in the 
extent of accumulation of Na+ and Cl− in leaves, but relationship between Na+ and 
Cl− accumulation and salt tolerance was lacking in barley than the wheat and rice 
(Colmer et al. 2005). Soil salinity not only delays but also reduces flowering and 
yield of crops (Hayward and Wadleigh 1949). Effect of soil salinity on grain filling 
and grain development in barley was observed by Gill (1979), and barley cultivars 
showed wide differences in yield attributes under normal and saline conditions. 
Under salt stress condition, grain yield was affected due to reduced efficiency to fill 
the grains and also due to disturbed starch-sugar balance.

Efforts towards improvement of salinity tolerance through plant biotechnology 
have also been made. Since salinity tolerance is a complex trait, QTL mapping is 
commonly used to identify the potential genetic loci that could be associated to 
salinity tolerance. In barley, many QTLs involved in salinity tolerance have been 
detected (Mano and Takeda 1997; Xue et al. 2009). Nonetheless, some of the barley 
varieties which are grown in saline/alkaline regions (Table 16.2) can also serve as 
source of tolerance for developing salt-tolerant varieties.

16.5  Water Logging

Very limited reports are available in case of stress caused by water logging in barley. 
Water logging is one of the most hazardous abiotic stress which results in losses in 
grain yield about 20–25% in the barley crop depending upon the extent of plant 
damage and it may exceed up to 50% due to water logging (Setter et al. 1999).

Table 16.2 Barley varieties for cultivation under saline-alkaline soils

Variety Year of release Recommended for conditions Area
DL 88 1997 Irrigated (timely/late sowing) NWPZ
RD 2552 1999 Irrigated (timely sowing) NWPZ and NEPZ
NDB 1173 2005 Irrigated (timely sowing) NWPZ and NEPZ
NDB1445 2014 Saline/alkaline Uttar Pradesh
RD2794 2016 Saline/alkaline NWPZ, NEPZ
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16.6  Conclusion

Barley is mainly grown as a rain-dependent rabi crop which utilizes the residual 
moisture of precipitation received during the regular rainy season. It can grow well 
under harsh conditions of cultivation, and growing of such climate-resilient crops is 
very important in the present context than it was ever due to the fast-changing cli-
mate. Though much of the barley cultivation area has been replaced by wheat due to 
augmentation of irrigation facilities during and after the green revolution, this crop 
continues to be an important source of green fodder during the winter season when 
not many alternatives are available. Barley is a crop that can produce more from 
lesser water, or the productivity of barley per unit of water used is higher compared 
to other cereals. Ingression of salinity, particularly in the coastal and plain areas, is 
an ever-increasing problem which renders the soils unfit for cultivation of many 
crops, but barley can be grown and produced easily. The remarkable intrinsic ability 
of barley to sustain salinity stress at a level much higher than that of other crops is 
another avenue to expand area under barley. The future research and development 
efforts in barley need to be steered towards the development of enhanced resilience 
to drought and salinity. Availability of such varieties can create more opportunities 
of livelihood and income for farmers in marginal areas featured by drought and 
salinity.
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A.K. Shrivastava, A.D. Pathak, Varucha Misra, 
Sangeeta Srivastava, M. Swapna, and S.P. Shukla

Abstract
Sugarcane (Saccharum species hybrids) is a long-duration, high-water-requiring 
cash crop cultivated under different agroecological conditions. Besides experi-
encing vagaries of weather all the year round, the climate change, the order of the 
day, further aggravates effects of these abiotic stresses affecting sugarcane 
growth, development, sugar synthesis, its accumulation and recovery, ratooning 
ability and availability of the seed cane for succeeding planting. The relatively 
more resilience of sugarcane to abiotic stresses appears to be due to some natural 
endowments like a good deal of compensatory ability, C4 photosynthesis, higher 
temperature optima for most of the physiological activities (but for sugar accu-
mulation), higher water-use efficiency, use of genetic complements from 
Saccharum spontaneum imparting tolerance to various abiotic stresses (in breed-
ing varieties) and carbon-managing ability. Besides, some of the physiological 
interventions like inducing drought hardiness, training roots to penetrate deeper, 
reducing the heat load by trash mulching, increasing the age of the crop at the 
advent of drought/floods, organic matter amendment in the soil, nutrient man-
agement, managing rhizospheric salinity/alkalinity,  etc., also contribute to its 
stress tolerance. Besides a large number of genes, molecular markers and miR-
NAs associated with these stress responses contribute to resilience of sugarcane 
to abiotic stresses. Such efforts have led to development of a transgenic utilizing 
betA gene, imparting drought tolerance, for commercial cultivation.
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17.1  Introduction

Sugarcane, being a long-duration (12 months or more) crop, experiences all of the 
variations of weather prevailing all the year round in different seasons. The critical 
stages (tillering, grand growth phase, ripening and initiation of ratoon) in its life 
cycle lie far apart temporally, and it is practically impossible to provide optimal 
conditions for these to harness its optimal production potential. Further, due to over-
exploitation of natural resources as also human activities, our ecosphere has become 
more prone to abiotic stresses like drought (as also shortage of irrigation water), 
waterlogging/flooding, salinity, temperature extremes, soil-related problems, 
emerging nutrient deficiencies, pollution, etc. In India’s coastal areas (especially in 
the East Coast Zone), cyclone and winds uproot and damage sugarcane and influ-
ence productivity. In addition, use of high-yielding varieties, high-intensity irriga-
tion and fertilizer consumption, particularly lopsided use of N and pesticides has 
also provoked some of these tribulations (Shrivastava and Srivastava 2006). Abiotic 
stresses, as such or the ones induced by climate changes, affect sugarcane’s growth 
and development, its chemical composition, synthesis of sugar as well as its accu-
mulation in stalks and ultimately affect sugarcane/sugar productivity per se. Seed 
cane availability for successive planting of sugarcane is also affected. Certain other 
abiotic and biotic stresses are also provoked by the primary impinging abiotic 
stresses and increase the intensity of the effects (Fig.  17.1; Table  17.1). As per 
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Fig. 17.1 Influence of abiotic stresses and climate change induced abiotic stresses on sugarcane
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projection by the IPCC, global mean annual surface air temperatures may increase 
1.8–4.0 °C, by the turn of this century, and the future may witness hot extremes, 
heat waves and heavy precipitation (Aggarwal 2010). UK Met Office has predicted 
2016 to be the warmest year ever recorded. Thus the climate change-induced advent 
of abiotic stresses may accentuate further. Abiotic stresses experienced by the sug-
arcane crop in India in various zones are given in Table 17.2.

17.2  Sugarcane Tolerance to Abiotic Stresses

The tolerance of sugarcane to abiotic stresses is achieved by some of its natural 
endowments, physiological and biotechnological interventions, etc.

17.2.1  Natural Endowments

To mitigate losses due to climate change-induced abiotic stresses, sugarcane has 
been bestowed with seven natural endowments like a unique compensatory ability, 
relatively higher temperature optima for most of the physiological processes (except 
for sugar storage), its ability not to saturate with light in hot and dry conditions, 
ability to manage carbon (of CO2 in the atmosphere), presence of osmoprotectants, 
use of S. spontaneum as parent and allopolyploidy (Fig. 17.2).

The compensatory ability of sugarcane is due to its unique “Compensatory 
Physiologic Continuum” attributed by its tillering (performance of individual til-
lers, their age and late shoots), two types of roots (sett roots and shoots roots as well 

Table 17.1 Abiotic/biotic stresses likely aggravated by the climate change

Climate change 
induced stress

Aggravated stress
Abiotic stress Biotic stress

Drought Salinity Diseases: wilt, smut, leaf scald
Insect pests: termites, shoot borer, 
Pyrilla, mealy bugs, white flies, 
scale insect, thrips, etc.

Waterlogging Salinity, alkalinity, acidity, Fe 
toxicity, nutrient imbalance and 
deficiency of N and K

Diseases: red rot, wilt syndrome 
and pineapple disease
Insect pests: Whitefly (in ratoon), 
cut worm, scale insect and 
Gurdaspur borer

Salinity Salt blight, toxicity of boron Shoot borer (C. infuscatellus)
Low temperature Reduced water conductance, 

formation of frost heaves, localized 
partial salt stress and banded 
chlorosis

Stem borer (in peninsular zone)

High temperature Drought Diseases: Incidence increases
Insects pests: Stem borer, root 
borer

Source: Shrivastava et al. (2016)
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Table 17.2 Abiotic stress experienced by the sugarcane crop in various sugarcane zones in India

Zone Area covered Abiotic stress experienced by the crop
North-west Punjab, Haryana, western, 

Central Uttar Pradesh, 
Rajasthan and Uttarakhand

High and low temperatures, frost, salinity 
and alkalinity

North-central Eastern Uttar Pradesh, Bihar 
and West Bengal

Relatively less pre-monsoon rainfall and 
high rainfall in later part of the monsoon, 
floods

North-east Assam and Nagaland Floods, waterlogging, less development of 
water resources and irrigation, acid soils

East coastal Orissa, coastal Andhra and 
Tamil Nadu

Cyclonic winds before summer and winter 
monsoons uproot and damage cane, 
ingression of sea water, temperatures 
favourable for growth but not the ripening

Peninsular Maharashtra, Karnataka, 
Gujarat, Madhya Pradesh, 
interior Andhra Pradesh, 
peninsular area of Tamil Nadu

Variability in soil, seepage and poor 
drainage, now severe drought, salinity and 
acid soils in some parts (Marathwada and 
Vidarbha in Maharashtra and parts of 
Karnataka)

Source: Shrivastava et al. (2016)

Fig. 17.2 Natural endowments to sugarcane contributing partial resilience to climate change 
induced abiotic and biotic stresses
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as their emergence from root primordia, at different times), development of leaves 
and the vast ratooning potential. Such an ability may enable sugarcane for bare 
survival, sustenance or mopping-up of certain losses/deficiencies resulting from 
damage by insect pests or even mechanical means, delay in planting or advent of 
certain stress conditions by raising the magnitude of some physiological character-
istics/morphologic component(s) to counterbalance the loss or the deficiency 
incurred (Fig. 17.3). Higher optimal temperatures for most of the growth processes 
(except sugar storage) are another natural endowment to this crop (Table  17.3) 
which reduces sensitivity to increasing temperatures as compared to a C3 plant hav-
ing relatively lower optimal temperatures for most of its growth processes.

Sugarcane, like other C4 plants, is bestowed with higher light saturation, and it 
never saturates with light in hot and dry conditions (http://hyperphysics.phy-astr.
gsu.edu/hbase/biology/phoc.html, 13.05.2016). As per Mona Loa Laboratory, 
Hawaii, the current CO2 concentration in the atmosphere is 403.8 ppm, while its 
safe limit is 350 ppm. Sugarcane has been bestowed with a unique ability to manage 
CO2 concentration by its low CO2 compensation point (0–10 ppm), high rates of 
photosynthesis (39–47  mg CO2dm−2  h−1) and high carbon sequestration ability. 
Carbon sequestration, a long-term storage of carbon dioxide (or other forms of car-
bon) in plants and soil, is another natural mode to counteract CO2 emissions and 
resultant global warming to mitigate their effects (https://en.wikipedia.org/wiki/
Carbon_sequestration, 21.08.2015). Like many other grasses, sugarcane also pos-
sesses such a unique sequestration process for making plant tone or phytoliths. This 

Fig. 17.3 Compensatory ability in sugarcane and expression of its components (Source: 
Shrivastava et al. 2009)
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process extracts around 300 Mt of CO2 yr−1 from the atmosphere and stores it in the 
soil for thousands of years (Parr and Sullivan 2007; Parr et al. 2009). This is also 
called phyto-occluded carbon (PhytOC). Parr and Sullivan (2005) have estimated 
the PhytOC yield of a sugarcane crop to be 18.1 g C m−2 yr−1. This amounts to 
181 kg C sequestered ha−1 yr.−1. In a study carried out at the ICAR-Indian Institute 
of Sugarcane Research, Lucknow, cultivation of sugarcane in a multi-ratooning pro-
duction system accrued 3.3–3.4 Mg ha−1 yr−1 carbon with the amendment of organic 
matter in the soil; however, the rate of carbon sequestration was only 1.6  Mg 
ha−1 yr−1 when the recommended nutrients were supplied through fertilizers (Suman 
et al. 2009). Monoculture of sugarcane over a period of 50 years in Mauritius did 
not significantly influence soil organic carbon (SOC) as compared to that of the 
virgin land in 0–50 cm profile. The long-term sugarcane cultivation resulted in a 
depletion of original SOC by 34–70%. However, this loss was fully compensated by 
C input from sugarcane residues itself so that there was no net change in SOC 
(Gunshiam et al. 2014). Hence sugarcane cultivation, on long-term basis, maintains 
the soil fertility as well as productivity.

Sugarcane contains some osmo-protectants like trehalose, glycine betaine, pro-
line and myo-inositol whose concentration increases under drought (Silva et  al. 
2011). These not only protect the metabolic system but also overcome, to some 
extent, the morphological alteration during drought. Earlier Saccharum officinarum 
varieties were affected by abiotic and biotic stresses which hampered their 

Table 17.3 Optimal temperatures for germination, growth, sugar synthesis, its accumulation and 
flowering of sugarcane

Process Optimum temperature/range (°C)
Germination
Germination of true seed 30–351

Germination of setts 22–361

Sprouting 26–332

Growth processes
Root growth 35 (in soil)3

Shoot growth 36 (in soil)3

Tillering 33.3–34.43

Stalk elongation 304

Photosynthesis
Carbon assimilation 305

Sugar synthesis, transport and storage
Sugar synthesis 306

Sugar transport 30–337

Sugar storage; ripening 178; 12–149

Initiation and development of floral primordia
Early flowering varieties TMin 27.2; TMax 30.010

Late flowering varieties TMin 21.1 °C; TMax 23.910

Source: 1Anon. ( 1987); 2Blume (1985); 3Mathur and Haider (1940); 4Brandes and Artschwager 
(1958); 5Singh and Lal (1935); 6Hartt (1940); 7Julian et al. (1989); 8Rojeff (2002);9 Fageria et al.
(2010); 10Singh (1985)
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productivity, and survival of sugar industry was at stake. In India, a breakthrough 
was achieved in sugarcane breeding by crossing S. officinarum (Vellai) and S. spon-
taneum which generated the first hybrid Co 205 which produced 1.5-fold cane yield 
than the prevailing indigenous varieties. Specifically S. spontaneum possessed tol-
erance to drought, waterlogging, cold and comparatively low-nutrient requirements 
(Anon 1987).

Allopolyploidy in sugarcane with genomic contributions from Saccharum spe-
cies is endowed with many favourable adaptability characters, stress resistance/tol-
erance factors and yield-contributing economic traits (Premachandran et al. 2011). 
Generally polyploids are more tolerant to drought, cold (Levin 1983), mutagenesis 
and irradiation and resistant to insect pests and diseases (Lewis 1980). Some of the 
cases are there where polyploidy has not shown these traits (Stebbins 1985). 
Polyploidy confers gene redundancy which diversifies the gene function by altering 
redundant copies of essential genes (Comai 2005); this is perhaps responsible for 
such behaviour.

All these natural endowments to the sugarcane impart partial resilience against 
the prevailing abiotic stresses as well as the climate change-induced multiple abiotic 
stresses and sustain the productivity to some extent under such conditions.

17.2.2  Variability in Germplasm and Breeding Efforts

Saccharum species and related genera also exhibit multiple stress tolerance which 
could be advantageous for breeding climate-resilient sugarcane varieties 
(Table 17.4).

Table 17.4 Tolerance to abiotic stresses associated with Saccharum species and related genera

Species/ Genera Character- tolerance to Reference
S. spontaneum Drought, waterlogging, cold, 

low nutrient requirement
Krishnamurthi (1989), Anon (1987),
Brandes (1939) and Earle (1928)

S. barberi Salinity, cold Krishnamurthi (1989), Sreenivasan 
et al. (2001) and Ramana et al.  
(1985)

S. robustum Waterlogging, salinity Krishnamurthi (1989)
S. sinense Salinity Sreenivasan et al. (2001) and Ramana 

et al. (1985)
Erianthus spp. Drought, cold, salinity and 

robust growth under low input 
conditions, low nutrient 
requirement

Sreenivasan et al. (2001), Roach and 
Daniels (1987) and Krishnamurthi 
(1989)

Narenga spp. Drought Krishnamurthi (1989)
Miscanthus spp.
Miscanthus 
nepalensis

Cold (performance at high 
altitudes)

Krishnamurthi (1989) and Anon 
(1987)

Source: Shrivastava et al. (2016)
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Among various Saccharum species maintained at the World Germplasm 
Collection, at SBI Research Station Cannanore, the following clones/indigenous 
varieties have been reported to be tolerant to salinity (Ramana et al. 1985).

S. barberi: Katha (Coimbatore), Kewali-14-G, Khatuia-124, Kuswar, Lalri, 
Nargori and Pathri

S. sinense: Khakai, Panshahi, Reha and Uba seedling
S. robustum: IJ-76-422, IJ-76-470, 28-Ng 251, 57-Ng-201, 57 Ng -231, Ng-77- 34, 

Ng-77-55, Ng-77-136, Ng-77-160, Ng-77-167, Ng-77-170, Ng-77-
221 and Ng-77-237

Among the indigenous canes growing in India, Hemja, Khari, Khagari and Ikri 
were tolerant to drought and waterlogging. Among these, Hemja was well adapted 
to early drought and late waterlogging, and Khagari grew well even under 6 f of 
water stagnating over 3 months. Katha was widely adaptable and tolerant to drought, 
flooding and, to a lesser extent, frost. Erianthus clones endowed with abundant til-
lering, high biomass production, robust growth with low inputs and efficient root 
system which imparted tolerance to drought, salinity and also resistance to some of 
the insect pests. Further, in the progeny, sucrose contents did not decline when it 
was used as a pollen parent (Sreenivasan et al. 2001), and thus it could be an excel-
lent donor imparting multiple stress tolerance.

Some of these could be beneficially utilized in breeding programmes for impart-
ing requisite tolerance trait to the progeny to develop a desired variety. Some exam-
ples of the use of S. spontaneum clones are development of Co 205 in 1918 in India 
which sustained sugar industry in earlier days, use of Mandalaya – a clone from 
Burma that is associated with the success of Australian “Early CCS Canes 
Programme” – and use of US56--15-8, another S. spontaneum that is in the parent-
age of a Louisiana variety LCP 85-384, which is not only cold tolerant and required 
less N but also gives high cane and sugar yield and exhibits an early ripening behav-
iour (Jackson 2005). Tew (1987) and Shrivastava and Srivastava (2006, 2012) have 
listed several sugarcane varieties exhibiting multiple abiotic stress tolerance (mainly 
drought, rainfed conditions, waterlogging, salinity and low temperature). Their 
response to tolerance to various abiotic stresses is depicted in Fig. 17.4. The use of 
some of these genotypes for cultivation as such or the use as parents, in breeding 
programmes, could impart multiple stress tolerance for sustaining sugarcane 
productivity.

In India, under the auspices of the All India Co-ordinated Research Project on 
Sugarcane, some improved sugarcane varieties have been developed for tolerance to 
abiotic stresses for various sugarcane zones (Table 17.5). Although in sugarcane 
many physiological and biochemical characteristics have been identified to evaluate 
sugarcane varieties for tolerance to a particular abiotic stress, attributes like treha-
lose and glycine-betaine contents are related to tolerance of more than one abiotic 
stress (Shrivastava and Srivastava 2012). Further under the emanating climate 
change scenario, there is a need to evaluate germplasm comprising Saccharum and 
related genera as well as sugarcane varieties and also to elucidate physiological and 
biochemical characteristics associated with them. Breeding programmes must be 
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tailored to breed multiple stress-tolerant varieties, as in nature more than one stress 
often occur together with or the prevalence of one stress may accentuate or aggra-
vate some other stresses.

17.3  Physiological Interventions

Some of the physiological interventions are helpful in imparting some tolerance to 
abiotic stresses and sustain productivity under such situations to some extent. 
Inducing drought hardiness is by soaking setts in saturated lime solution (80 kg 
lime1000 l−1) for 2 h a day before planting (Anon 2008–2009) and by withholding 
water for 30 days at 90 days after planting (Rajkumar and Kambar 1999). Similarly 
the application of calcium silicate improved tolerance of sugarcane to freeze dam-
age (Ulloa and Anderson 1991). Training of the roots to proliferate vertically deep 
(rather than superficially and laterally) as practiced in trench planting in tropical 
India (Naidu et al. 1983) and delaying the first irrigation after planting in subtropi-
cal India (Dr. R.S. Verma, personal communication), to some extent, impart some 
degree of tolerance to drought in the ensuing summer season. Reducing the heat 
load by trash mulching reduces soil water evaporation and sustains productivity 
under drought conditions in tropical India (Durai 1997; Jayabal and Chockalingam 
1990; Kathiresan and Balasubramanian 1991; Manoharan et al. 1990; Parameswaran 

Fig. 17.4 Sugarcane varieties exhibiting tolerance to more than one and multiple abiotic stresses 
(Modified from Shrivastava and Srivastava 2006)

17 Sugarcane Crop: Its Tolerance Towards Abiotic Stresses



384

and Ramakrishnan 1987; Ramakrishan et al. 1988). In Australia, under dry condi-
tions, use of green cane trash blanket improved cane yields by better moisture reten-
tion and other associated features like prevention of soil erosion and weed 
management (Page et al. 1986). The use of moisture absorbers in the soil like FYM, 

Table 17.5 Abiotic stress tolerant sugarcane varieties identified by the AICRP (Sugarcane) and 
released by the Central Varietal Release Committee (CVRC)

Variety Tolerance to abiotic stress
Peninsular zone (Madhya Pradesh, Gujarat, Karnataka, Kerala, interior Andhra Pradesh and 
plateau region of Tamil Nadu
Co 94008 (Shyama) – early DR, salinity, WA
Co 8371 (Bhima) DR, WL
Co 87025 (Kalyani) DR, WL
Co 87044 (Uttara) DR
CoM 88121 (Krishna) DR, MQL
Co 91010 (Dhanush) DR, RF
Co 99004 (Damodar) DR, salinity
Co 2001–13 (Sulabh) DR, salinity stress
Co 2001–15 (Mangal) DR, salinity and lodging.
North central zone (eastern Uttar Pradesh, Bihar and West Bengal)
Co 87263 (Sarayu) – early WL, RF, LIC
Co 87268 (Moti) – early DR, WL, high soil pH
CoSe 96234 (Rashmi) – early Stress conditions, in general
CoSe 96436 (Jalpari) WL
BO 128 (Pramod) Saline-sodic soils
CoLk 94184 (Birendra) – early DR, WL
Co 0232 (Kamal) – early WL
Co 0233 (Kosi) WL and lodging
BO 146 DR, WL
North-west zone (Punjab, Haryana, Rajasthan, western and central Uttar Pradesh)
CoH 92201 (Haryana-92) – early LPC
CoS 95255 (Rachna) – early LPC
CoPant 90223 (pant 90223) DR, WL, LT
CoPant 93227(pant 93227) LIC, suboptimal environments
CoH 119 DR
Co 98014 (Karan-1) – early DR, WL
CoPant 97222 DR, WL, salinity
CoJ 20193 Late planting
Co 0118 (Karan-2) – early DR, WL
Co 0238 (Karan-4) – early DR, WL, LT, better ratooning
Co 0239 (Karan-6) – early DR, WL
CoPK 05191 DR
Co 86249 (Bhavani) WA
CoC 01061 – early DR

DR drought, WL waterlogging, RF rainfed conditions, WA wider adaptability, LIC low-input condi-
tions, MQL maintains juice quality for long, LPC late-planted conditions [Courtesy: Dr. O.K. Sinha, 
Project Co-ordinator, AICRP (Sugarcane)]
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pressmud, coir waste (Manoharan et al. 1990), Jalshakti, Stocksorb and Alcosorb 
(Bendigeri and Pawar 1997; Durai 1997) maintained better moisture regimes and 
sustained sugarcane productivity under drought.

Foliar spray of plant growth regulators (PGRs, like Ethrel (100 ppm), before the 
onset of drought, sustained sugarcane productivity by imparting some drought toler-
ance (Li and Solomon 2003). Application of 50 or 100 ppm gibberellic acid was 
helpful in reducing post-frost losses (Avtar 1993). Increasing the physiological age 
of the crop (by early planting or planting pregerminated setts, rayungans, etc.) at the 
advent of drought in peninsular India (Prasada-Rao 1989) or waterlogging in Kerala 
(Parthasarathy 1972; Prasada-Rao 1989) and Odisha (Nayak et al. 1997) and sub-
tropical India (Srivastava et al. 1988) so that the plants are sufficiently taller/stout to 
bear the blunt of drought/flood and sustained sugarcane productivity, to some extent. 
In saline conditions, pregerminated settlings are good planting material (Srivastava 
et al. 1988).

Organic matter amendment in the soil (as FYM, pressmud, coir waste, etc.) sus-
tained sugarcane productivity under drought by making moisture available 
(Manoharan et  al. 1990) and waterlogged soils by improving soil aeration, etc. 
(Singh et al. 1991). Amending bulk manures and green manuring by Sesbania acu-
leata enhanced the productivity of saline soils (Kanzaria and Patel 1985; Perur and 
Mithyantha 1985; Patil and Ghonsikar 1985; Singh et al. 1985). In alkaline soils, 
planting cane in deep (20–25 cm) furrows and packing trash in the furrows immedi-
ately after the germination and tiller initiation improved sugarcane yields (Panje 
et al. 1966).

Nutrients also impart tolerance to stress conditions. A fertilized crop of sugar-
cane was relatively less prone to drought (Perez et al. 1996), and plants grown in a 
soil with K are relatively less sensitive to variations in irrigation (Stiles and Cocking 
1969). K has been important in enzyme activation, anion neutralization, membrane 
transport and maintaining osmotic potential (Clarkson and Hanson 1980). In sugar-
cane, use of K (Rutherford 1989) and P (Sato et al. 2010) both perhaps alleviated the 
negative effects of water deficit on sugarcane through accumulation of an osmo- 
protectant. In tropical India, spray of K alone or in combination with urea at peri-
odic intervals sustained sugarcane productivity under drought conditions (Anon 
1987; Annadurai et al. 2002; Jayabal and Chockalingam 1990; Naidu et al. 1983). 
Increase in P content in the stalk was related to tolerance to flooding (Pandey 1964). 
Application of additional P may increase plant growth under saline conditions 
(Awad et  al. 1990), but its high concentrations are injurious (Nieman and Clark 
1976).

Planting on ridges (45–60 cm high from soil surface and 90–120 cm from the 
bottom of the furrow) to prevent water from entering root zone is helpful in flooded 
conditions (Smith 1978) when water level in the field is around 0.6 m. Improving 
drainage by using slotted PVC pipes laid with gravel envelopes (Patel et al. 2000) or 
by network of surface drains (Lal et al. 2000), low frequency of irrigation (Singh 
et al. 1985), deep tillage and subsurface drainage (Smith 1978) sustained productiv-
ity to some extent under waterlogged conditions.
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For alkali soil conditions, additions of gypsum (1.7 Mg ha−1 to remove 1 meq 
Na+ 100 g−1 soil) are helpful (Yadav 1987), and its use in combination with rice husk 
and flushing with water was even more beneficial (Raman et al. 1985). Addition of 
molasses up to 4.8 Mg ha−1 can also be used to partially reclaim alkaline soils after 
which sugarcane may be planted (Bhan 1963). With adjustment of the ridge direc-
tion from east to west, in subtropical India, in saline conditions, planting sugarcane 
on slope of the ridges is beneficial (Srivastava et al. 1988). Crop rotations are also 
helpful under saline conditions (Zende and Hapase 1986; Patil and Ghonsikar 
1985).

17.4  Molecular Interventions: Genes, Markers, miRNAs 
and Transgenics

The genetic complexities of sugarcane and regulatory mechanisms for various abi-
otic stresses complicate the analyses of various traits. The advances in molecular 
biology and other areas like functional genomics have enabled the study of response 
of sugarcane to various abiotic stresses like water deficit and waterlogging toler-
ance, heat tolerance, cold tolerance, salinity tolerance, etc. and the manipulation of 
associated pathways, to some extent.

Increasing incidents of these abiotic stresses such as drought, waterlogging, cold 
and salinity due to changing climatic scenario induce changes in growth and devel-
opment of sugarcane and affect sugarcane and sugar productivity. Recently Abberton 
et al. (2015) have reiterated the role of genomics for enhancing crop productivity, 
reducing cost-intensive agricultural inputs, augmenting crop biodiversity, stabiliz-
ing yield as well as inculcating the resilience to climate change. For agriculturally 
important traits, approaches like identifying gene sequence(s) and epigenetic varia-
tions may increase the diversity of desirable alleles for use and help breeding for 
new climate-resilient ideotype(s). The advancement in genomic and transcriptomic 
technologies and freely accessible information from plant genetic databases has 
opened up the gates for candidate gene approach to identify potential genes for 
stress tolerance. Several stress-related candidate genes including transcription fac-
tors, osmo-protectants, antioxidants, signalling genes, stress-inducible proteins and 
ion transporters are available for tolerance to various abiotic and biotic stresses in 
sugarcane. Among these, DREB (dehydration-responsive transcription factor), 
ERD4 (early response to dehydration protein 4), GolS (galactional synthase), HSP 
(heat shock proteins), LEA (late embryogenesis abundant) protein, NHX (sodium 
proton antiporter), P5CS (pyrroline-5-carboxylase synthetase), RAB (responsive to 
abscisic acid), SodERF3 (sugarcane ethylene-responsive factor), SUT1 (sucrose 
transporter1), heat stress-induced DHNs, some genes encoding for radicals like O−/
OH− and reduction of H2O2 by peroxidase/catalase under heat stress, peroxidase/
catalase, stress-related clusters showing differential expression (>twofold) during 
biotic and abiotic stress conditions, cold-inducible ESTs (expressed sequence tags), 
NADP-MDH (nicotinamide adenine dinucleotide phosphate-malate dehydroge-
nase), PPDK (pyruvate orthophosphate dikinase) and NADP-ME proteins and 
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dehydrin-like proteins which protect membranes against chilling stress, osmolytes 
like proline and glycine betaine and other stress-inducible proteins, dehydrin, osmo-
tin, annexin, choline oxidase, trehalose and PDH (proline dehydrogenase), have 
been identified in sugarcane in response to drought/water deficit, temperature, PEG 
(polyethylene glycol) and salinity-induced stress conditions (Nogueira et al. 2003; 
Molinari et al. 2007; Wahid and Close 2007; Chagas et al. 2008; Guimarães et al. 
2008; Patade et al. 2008; Trujillo et al. 2009; Gupta et al. 2010; Jangpromma et al. 
2010; Iskandar et  al. 2011; Nair 2011; Prabu et  al. 2011; Srivastava et  al. 2012; 
Shrivastava et al. 2016).

Recently, Park et al. (2015) identified nearly 600 differentially expressed genes 
for activity of the transmembrane transporter in sugarcane exposed to chilling (low 
temperature) stress, with ~2.5-fold increase in expression of SspNIP2 (Saccharum 
homologue of a NOD26-like major intrinsic protein gene). Sugarcane transgenics 
overexpressing PDH45, a DEAD-box helicase gene isolated from pea, exhibited an 
upregulation of DREB2-induced downstream stress-related genes and improved 
tolerance to drought and salinity (Augustine et al. 2015). In response to foliar appli-
cation of salicylic acid, expression of genes responsible for synthesis/expression of 
trehalose 5-phosphate and sucrose-phosphate were involved in response to drought 
in sugarcane (Almeida et al. 2003). Sugarcane drought-responsive gene 1(Scdr1) is 
upregulated in response to drought, but it is not associated with drought tolerance of 
some of the varieties of sugarcane. However, transformation of tobacco, using this 
gene, conferred tolerance to multiple abiotic stresses like drought, salinity and oxi-
dative stresses (Begcy et al. 2012). Utilization of these specific stress-induced genes 
and signalling cascades for inculcating stress resistance/tolerance in elite sugarcane 
varieties by their overexpressing or acting upstream in response to a certain stress or 
multiple stresses may lead to development of climate-resilient sugarcane varieties 
which may sustain or even improve sugarcane/sugar productivity in the climate 
change scenario. Not only this but some stress-upregulated genes in sugarcane like 
Scdr1 may confer tolerance to multiple abiotic stresses in some other plants like 
tobacco.

Molecular markers have been widely used for studying the genetic diversity 
among sugarcane genotypes in response to certain abiotic stresses imposed (Ming 
et al. 2006). Molecular marker systems like RAPD, RFLP, SSRs both genomic and 
EST derived, STS, ISSR and TRAP have been used to study the genetic diversity 
among sugarcane clones for tolerance to drought, waterlogging salinity, cold, etc. 
(Fahmy-Eman et  al. 2008; Sharma 2009; Hemaprabha and Simon 2012; Markad 
et al. 2014). Drought-specific candidate genes for superoxide dismutase and indole- 
3- glycerol phosphate synthase were identified for use in marker-assisted selection for 
drought tolerance in sugarcane (Hemaprabha and Simon 2010). Kido et al. (2012) 
identified 75,404 unigenes in sugarcane, of which 213 were drought- responsive and 
upregulated under drought stress. A SCAR (sequence characterized amplified region) 
marker was found highly effective in identifying drought-tolerant genotypes of sug-
arcane (Srivastava et al. 2012). Sequence-specific STS primers of DREB 2 were used 
by Khan et al. (2013) to study diversity with respect to drought tolerance. Cloning 
and characterization of two homologues of Δ’ pyroline-5- carboxylate synthase 
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(P5CS) resulted in identification of SoP5CS1 as a potential marker, to screen sugar-
cane varieties for drought tolerance (Iskandar et al. 2014). Transcription factors such 
as CBF/DREB are important in stress as they regulate gene expression in response to 
drought, salinity and cold by binding to drought- responsive cis-acting elements. 
Upregulation of ten candidate genes, viz., SOD (superoxide dismutase), DHAR 
(dehydroascorbate reductase), cAPX (cytosolic ascorbate peroxidase), GST 1 (gluta-
thione-S-transferases) and GSHS1 (glutathione synthase 1), Prokin (protein kinase), 
LEA 3, IGS (indole-3-glycerol-phosphate synthase), PIN 1 (polar auxin transport 
gene 1) and DREB (dehydration-responsive element binding) proteins in drought-
resistant clones indicated their role in drought resistance in sugarcane (Hemaprabha 
and Simon 2012). Six putative candidate genes ABF 2, CIPK 14, LEA 3, MYB 2, 
RD 28, RGS1 and SNRK 2.5 belonging to ABA-dependent pathway which were 
present in the tolerant species but absent in susceptible clones of S. officinarum indi-
cated their role in imparting drought tolerance to sugarcane (Priji and Hemaprabha 
2015). A QTL mapping study using a panel of 80 genotypes exhibited 21 marker-
trait associations involving SSR markers and 11 marker-trait associations involving 
TRAP markers with drought-related physiological traits (Sharma 2009).

Up- and downregulation of gene expressions have been studied in sugarcane in 
response to abiotic stresses. High-throughput transcriptome profiling combined 
with in silico methods has been used to study the variable expression of genes in 
response to abiotic stresses in sugarcane. Microarray as a tool for expression studies 
has been put to use in sugarcane by several researchers to understand the differential 
gene expression during water deficit (Rocha et  al. 2007; Rodrigues et  al. 2009, 
2011; Iskandar et al. 2011), salinity stress and cold stress (Nogueira et al. 2003). 
The SUCEST (sugarcane EST sequencing project from Brazil) have identified 
2,38,000 ESTs from vegetative and reproductive parts of sugarcane which have 
been utilized for studying differential expression of genes under abiotic stress con-
ditions (Kurama et al. 2002; Nogueira et al. 2003; Rocha et al. 2007; Rodrigues 
et al. 2009, 2011; Zingaretti et al. 2012). Osmo-protectants like betaine aldehyde dH 
(BADH), P5CS, P5CR, myo-inositol-1-phosphate synthase, trehalose-6-phosphate 
synthase, trehalose phosphate protein etc., and transcription factor orthologues like 
Myb, WRKY, NAC, DREB proteins, etc., have been found to be differentially 
expressed under water-deficit conditions (Silva et al. 2011; Menossi et al. 2008). 
Expression studies of drought-response genes during sucrose accumulation and 
water deficit (Iskandar et al. 2011) indicated a change in expression of some genes 
associated with sucrose accumulation in stress-related conditions. Under water 
stress, LEA and dehydrin transcripts were expressed 100- and 1000-fold, respec-
tively. Expression of a number of genes involved in water stress response was cor-
related with sucrose content, but a different regulatory mechanism is presumed to 
operate under water deficit.

Cold stress seemed to activate novel cold response pathways with the identifica-
tion of 20 novel genes (Nogueira et al. 2003). This was apart from the 25 genes 
whose expression was repressed on exposure of sugarcane plants to 4 °C and another 
34 genes that were upregulated. Upregulation of a putative endonuclease gene, 
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involved in DNA repair, was also observed in response to cold (Vicentini and 
Menossi 2007). Guerzoni et al. (2014) confirmed the role of P5CS and PDH (pro-
line dehydrogenases) genes functioning in proline biosynthesis and catabolism in 
providing salinity stress tolerance in sugarcane. Expression profiling of orthologues 
of four abiotic-stress-responsive genes encoding ERD4, GolS, LEA3 and P5CS 
under cold, salinity and moisture-deficit stress conditions in sugarcane revealed 
strong expression of GolS and P5CS under salt stress, ERD4 during drought stress 
and LEA3 during cold stress (McQualter and Dookun-Saumtally 2007). Short-term 
salt- or PEG-induced osmotic stress resulted in expression of sugarcane shaggy-like 
protein kinase (SuSK) involved in signalling of hormone and affecting response of 
plants under stress conditions (Patade et al. 2012).

As in many other crops, in sugarcane also, miRNAs have been speculated to have 
a major role in regulating the plant response to drought and other abiotic stresses 
(Zanca et al. 2010). miRNA-mediated regulation of drought response has been stud-
ied in sugarcane by many workers (Ferreira et al. 2012; Gentile et al. 2013, 2015; 
Thiebaut et al. 2012; Lin et al. 2014). Eighteen miRNA families have been identi-
fied in cultivars differing in their drought tolerance (Ferreira et al. 2012); seven of 
these were differentially expressed. Four of the drought-tolerant and drought- 
sensitive genotypes were used by Thiebaut et al. (2012), for studying the miRNAs 
linked to drought stress. 67 miRNAs were identified specifically in the water-deficit 
assay, with 20 being shared by the tolerant and susceptible assays. Lin et al. (2014) 
identified 11 differentially expressed miRNAs in a drought-resistant cultivar ROC 
22. Gentile et al. (2013) analysed micro-transcriptome regulating drought response 
of two cultivars of sugarcane that differed in their response to drought. Thirteen 
miRNAs were differentially expressed in drought-stressed plants, and seven miR-
NAs were differentially expressed in both the cultivars. Patade and Suprasanna 
(2010) studied expression of mature miRNA, miR159, in sugarcane leaves exposed 
to salt- and PEG-induced stress. Short-term PEG stress led to significant upregula-
tion in the leaves. Members of the MYB transcription factor family were predicted 
to be the potential targets. All these studies confirm that miRNAs indeed have a role 
in regulating the drought response in sugarcane and helped in identifying, to some 
extent, the target genes for these regulatory sequences.

The application of these potential candidate genes in developing abiotic stress- 
tolerant sugarcane crops using a transgenic approach through the transfer of genes 
from various sources is rapidly increasing in sugarcane. Major realms of such 
researches are resistance to insect pests or herbicides, enhanced sucrose content or 
sucrose accumulation with antisense soluble acid invertase gene. Attempts are being 
made to develop sugarcane transgenics having abiotic stress tolerance. Q117 over-
expressing Arabidopsis CBF4 gene (C-repeat-binding factor 4 protein regulating 
gene for drought adaptability) led to increased expression of ERD4 and P5CS but 
had no significant effect on expression levels of GolS and LEA3, suggesting thereby 
the presence of active abiotic-stress-inducible pathways in sugarcane (McQualter 
and Dookun-Saumtally 2007). Genetic transformation mediated by Agrobacterium 
tumefaciens with two plasmids LBA4404 pB1 121 construct GLY1 conferred stress 
tolerance in sugarcane (Shaik et al. 2007). Further tolerance to drought and salinity 
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in sugarcane was introduced using Arabidopsis vascular pyrophosphatase (AVP1) 
gene by A. tumefaciens-mediated transformation (Kumar et  al. 2014). In 2011, 
Empresa Brasileira de Pesquisa Agropecuaria, EMBRAPA, Brazil, has developed 
sugarcane transgenics using DREB2A gene for drought tolerance which were eval-
uated as well as field tested (www.isaaa.org/kc/cropbiotechupdate/, 12.05.2016). A 
DEAD-box helicase gene isolated from pea (PDH45) provided tolerance to soil 
moisture stress and salinity in transgenic sugarcane, and its overexpression resulted 
in upregulation of DREB2-induced downstream stress-related genes which 
enhanced abiotic stress tolerance (Augustine et  al. 2015). Ramiro et  al. (2016) 
showed that transgenic expression of Bax inhibitor-1 (AtBI-1), a highly conserved 
cell death suppressor, from Arabidopsis thaliana conferred water stress tolerance 
when exposed to long-term (>20 days) water stress. Besides, a glycosylation inhibi-
tor protein – tunicamycin – also increased tolerance of the sugarcane to induction of 
endoplasmic reticulum stress.

In Indonesia, PT Perkebunan Nusantara (a state-owned sugar milling conglomer-
ate), University of Jember (East Java) and Ajinomoto Co., Inc., Japan, have devel-
oped a transgenic sugarcane using the betA gene from the Rhizobium meliloti which 
produces glycine-betaine, an osmo-protectant imparting drought tolerance. This 
GM sugarcane variety, under drought conditions, produced 20–30% more sugar 
over the conventional varieties, and by being approved for commercial cultivation 
in Indonesia by the national genetically Modified Product Biosafety Commission of 
Indonesia (Marshall 2014; Waltz 2014), it has become the world’s first commercial-
ized GM sugarcane (Anon 2013).

Thus a large number of genes associated with abiotic stress tolerance, molecular 
markers and miRNAs associated with response to some of abiotic stresses affecting 
sugarcane have been identified. Some transgenics have also been developed for tol-
erance to abiotic stresses, and GM sugarcane utilizing betA gene has been commer-
cialized in Indonesia. With the availability of efficient genetic transformation 
systems in sugarcane, the days are not far behind when it would be possible to 
impart multiple stress tolerance and improve economically important traits through 
appropriate gene transfer.

17.5  Conclusions

Sugarcane (Saccharum species hybrids), an important cash crop in our country, is a 
long-duration (10–12 months), high-water-requiring (20 million Lha−1 yr.−1) crop 
growing under different agroecological conditions in subtropical and tropical belts 
experiencing most of the abiotic stresses (including drought, waterlogging, salinity, 
low as well as high temperatures and associated western disturbance, cyclones and 
ingression of sea water in coastal regions), etc. Besides experiencing vagaries of 
weather all the year round, the present scenario of climate change further aggravates 
abiotic stresses affecting sugarcane and sugar productivity, per se, through influenc-
ing the soil supporting its growth and development, ratooning ability, sugar 
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synthesis and its accumulation, harvest and recovery and also the availability of 
seed cane for planting to raise the next crop.

Sugarcane has been uniquely bestowed with certain natural endowments like C4 
photosynthesis associated with relatively higher temperature optima for most of the 
physiological processes (except for sugar accumulation) and higher water-use effi-
ciency, a good deal of compensatory ability, use of genetic complements from 
Saccharum spontaneum (to impart tolerance to various abiotic and biotic stresses) 
in breeding programmes and carbon managing ability by high rates of photosynthe-
sis, low CO2 compensation point and carbon sequestration (due to Phytolith forma-
tion) which make it relatively more resilient to climate change-induced abiotic 
stresses.

• There is good deal of tolerance to abiotic stresses among various clones in 
Saccharum species and related genera; and some of these have been exploited to 
improve adaptations to abiotic stresses, but more needs to be done.

• Some of the physiological interventions like inducing drought hardiness, training 
the roots to go vertically deeper, reducing the heat load by trash mulching, 
increasing the age of the crop at the advent of drought/floods, organic matter 
amendment in the soil, nutrient management, managing rhizospheric salinity/
alkalinity, etc. have paid dividends.

• A large number of genes, molecular markers and miRNAs associated with toler-
ance to abiotic stresses in sugarcane have been identified; and such efforts have 
culminated into a GM sugarcane variety carrying betA gene, released for cultiva-
tion in Indonesia.
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in Fruit Crops
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Abstract
With nutritional benefits, fruits are important part of human diets. These crops 
not only play an important role in nutritional security but also offer gainful 
employment and enhanced income to the farmers’ community. However, the abi-
otic stresses, encountered at critical growth stages, adversely affect their produc-
tivity. Further, climate change is likely to increase frequency, intensity, and 
duration of abiotic stresses. The main abiotic stresses affecting tropical fruit 
crops in India are the drought/water-deficit, high temperature, and salinity 
stresses. These stresses cause many morphological, anatomical, physiological, 
and biochemical changes ultimately impacting both their productivity and qual-
ity. Thus, thorough understanding of the adverse influence of abiotic stresses on 
different crop species is imperative for devising innovative horticultural practices 
for overcoming the adverse impacts. Timely intervention with appropriate 
 adaptation strategies would help in realizing sustainable yields. Practices like 
providing irrigation at critical stages, adopting micro-irrigation, use of growth 
regulators, soil mulching, amendments, and nutrient management need to be 
implemented for alleviating adverse effects. The advanced irrigation methods 
like partial root-zone drying (PRD) are another option for limited water condi-
tions. The inclusion of tolerant crops or cultivars and adoption of tolerant root-
stocks to graft the choice cultivars would further enable the farmers to overcome 
adverse effects of abiotic stresses. The focus should be on developing integrated 
crop-specific adaptation strategies. Integration of all available adaptation options 
would be the most effective approach in sustaining the production and productiv-
ity of fruit crops under abiotic stresses.
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18.1  Introduction

Horticulture sector, with diverse crops, has been a driving force for nutritive diet 
and enhanced income in Indian agriculture. Presently, its share in the agriculture 
GDP is more than 30%. India has witnessed voluminous increase in horticulture 
production over the last few years both due to substantial increases in area and pro-
ductivity. During the last decade, the annual growth in area under horticulture sector 
was about 2.7% and annual production 7.0%. During the year 2013–2014, the total 
horticulture production in the country was 283.5 million tons from 24.2 million ha 
area. The production of horticultural crops has outpaced the production of food 
grains since 2012–2013 (Anonymous 2015a). The special thrust given to horticul-
ture sector through the National Horticulture Mission (NHM) and Horticulture 
Mission for North East and Himalayan States (HMNEH) has paid rich dividends. 
The Mission for Integrated Development of Horticulture (MIDH) was launched 
during the XII 5-year Plan for holistic development of the horticulture sector.  
These concerted efforts resulted not only in increased production for domestic con-
sumption but also for export.

Horticulture provides employment opportunities, higher income, and nutritional 
security across various states of the country. The technology-led horticulture during 
the last two decades has made tremendous impact on production, productivity, and 
profitability of all horticultural crops. The Government of India has recognized hor-
ticulture crops as a means of diversification in agriculture in an eco-friendly manner 
through efficient use of land and natural resources. Fruits due to their nutritional 
benefits are highly valuable for humanity, and along with vegetables, they are part 
of everyday meals. Thus, fruits and vegetables contribute nearly 90% to the total 
horticulture production in India. Globally, India stands second in the production of 
fruits and vegetables (Anonymous 2015a). Fruit crops provide not only nutritional 
security but also livelihood security to the farmers.

In order to realize higher yields, the perfect match between climate of a region 
and the suitability of a particular fruit species to that region is very essential. The 
potential yield levels are seldom achieved due to the occurrence of various biotic 
and abiotic stresses. Worldwide occurrence of environmental stresses is the primary 
cause of crop losses, with average yield reduction by more than 50% for the major 
crops (Bray et  al. 2000). The majority of fruit crops are peculiar mainly due to 
perennial nature and deep root system. They undergo vegetative and reproductive 
phases during different seasons. The abiotic stresses coinciding with these pheno-
logical phases play a significant role in determining the duration of phenology and 
productivity. Further, under climate change and climate variable conditions, fruit 
crops are likely to face abiotic stresses quiet frequently. Hence, under such circum-
stances, meeting the increasing demand for fruits becomes challenging. Realizing 
sustained and enhanced yields under abiotic stress situations primarily depends on 
implementation of appropriate adaptation strategies. Hence, the adverse effects of 
abiotic stresses on important fruit crops and available adaptation options are dis-
cussed in this chapter.
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18.2  Impact of Abiotic Stresses

Though specific agroecological regions are sustaining the cultivation of fruit crops 
as niche areas, the variability in weather conditions during critical stages of crop 
growth and development causes heavy yield loss and affect fruit quality. Fruit crops 
face various abiotic stresses like high temperature, excess and limited moisture, and 
salinity stresses. These stresses occurring, either at intermittent or terminal stages of 
crop growth, in an agroecological zone play very significant role in determining 
phenology, growth, development, and consequently the productivity of horticultural 
crops. Global warming is likely to increase the frequency, intensity, and duration of 
excess and limited water and high temperature stresses (Bates et al. 2008). Climate 
change, with its influence on hydrological cycles leading to changed precipitation 
pattern, may affect the crop production than increases in temperature. The elevated 
temperatures would hasten plant transpiration and soil evaporation. These stresses 
either individually or in combination would significantly influence the production, 
productivity, and quality of fruit crops.

Environmental stresses during different developmental stages can cause morpho-
logical, anatomical, physiological, and biochemical changes (Ahmad et al. 2011). 
In order to develop timely and appropriate adaptation measures, a better under-
standing of the overall effects of abiotic stresses on fruit crops is required. Moreover, 
the interactions of abiotic factors with physiological processes, phenology, growth, 
and development are extremely important for devising innovative horticultural prac-
tices for overcoming the adverse impacts of various abiotic stresses.

18.2.1  Water Stress

Horticultural crops, due to high water requirement, are grown under assured irriga-
tion conditions, and the water-limiting situations adversely affect these crops. 
However, the timing, intensity, and duration determine the scale of water stress 
effects. In mango appearance of vegetative flushes is greatly reduced during water 
stress period. The water stress also causes reduction in number of leaves in a flush, 
the flush length, and leaf water contents. In mango water stress also plays an impor-
tant role in induction of flowering mainly through its influence on floral stimulus 
produced by mature leaves. Under tropical conditions, even though the prevailing 
temperatures are not as low, water stress for a brief period induces flowering 
(Scholefield et al. 1986). Through its inhibitory influence on vegetative flushing, 
water stress may provide more time for accumulation of floral stimulus (Schaffer 
et al. 1994). The advancement of floral bud break by nearly 2 weeks and floral bud 
growth and postponement in development of vegetative buds were observed under 
water stress (Whiley 1986; Nunez-Elisea and Davenport 1994; Schaffer et al. 1994).

Another important fruit crop, grapes, encounters frequent moisture stress condi-
tions. It undergoes several morphological and physiological changes under water 
stress. Grapevines are considered as relatively tolerant to water stress due to large 
xylem vessels in comparison to other crops (Serra et al. 2013). The roots keep on 
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growing and exploring deeper soil layers for moisture under water-limiting condi-
tions, but under adequate water supply, these remain confined to topsoil layer 
(Bauerle et  al. 2008). The vines adapt to water scarcity conditions not only by 
enhancing root length but also reducing the shoot growth (Hardie and Martin 2000). 
Higher proportion of new roots was observed in different soil layers during dry and 
hot seasons for increasing the water uptake (Serra et al. 2013).

Field studies have shown that the bananas are quite sensitive to soil moisture 
stress. The carbon assimilation is affected as stomata close to conserve leaf water 
(Thomas 1995). Flowering stage is reported to be the most sensitive in banana. In 
cultivar “Elakki,” the lowest yield was obtained when water stress was imposed at 
flower differentiation stage (Murali et al. 2005). In cv. Robusta, maximum reduction 
in yield was observed when stress was imposed during a 5-week period  immediately 
after flowering (Hegde and Srinivas 1989). In different cvs. Robusta, Karpuravalli, 
and Rasthali, water stress at flowering stage caused reduction in bunch weight to the 
extent of 42.07%, 25.0%, and 18.83%, respectively (Ravi et al. 2013). In papaya 
under field conditions, water-deficit stress treatment caused 50% reduction in leaves 
and significantly reduced number of flowers by 86% and fruit by 58%. The growth 
and development of papaya fruit was also retarded (Masri et al. 1990).

18.2.2  High Temperature Stress

High temperature stress is of concern in tropical and subtropical areas. It causes 
damages like sunburns on leaves, branches, and stems, leaf senescence and abscis-
sion, shoot and root growth inhibition, and fruit discoloration and damage (Almeida 
and Valle 2007; Wahid et al. 2007). The high temperatures encountered at various 
stages of crop growth and development affect various physiological processes. The 
plant carbon fixation through photosynthesis would largely determine the dry mat-
ter accumulation and distribution into various plant parts. Reproductive processes 
are also highly affected by heat stress in most plants (Wahid et al. 2007). High tem-
perature stress disrupts the biochemical reactions fundamental to normal cell func-
tioning, and it primarily affects the photosynthetic functions of higher plants (Weis 
and Berry 1988). Mango being a tropical tree, though adapted to both tropical and 
subtropical climatic conditions, endures a wide range of temperatures. The prevail-
ing temperatures determine the vegetative and flowering flushes in mango. Due to 
episodic vegetative flushes in a mango tree, the interaction of plant and environmen-
tal factors controls the synchronization of growth phases. Higher temperatures lead 
to stronger vegetative bias under sufficient nutrient and water availability (Laxman 
et al. 2016). Floral induction in mango is temperature dependent (Davenport 2007) 
and is triggered by temperatures below 16 °C (Schaffer et al. 1994). Floral induction 
occurred at 15 °C day and 10 °C night temperatures whereas vegetative induction at 
30 °C day and 25 °C night temperatures (Whiley et al. 1989, 1991). Panicles that 
developed during the prevailing low temperatures usually had higher proportion of 
male flowers (Singh et al. 1974), and the panicles emerging late experiencing higher 
temperatures had higher percentage of hermaphrodite flowers (Ramaswamy and 
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Vijayakumar 1992), signifying that the proportion of male and hermaphrodite flow-
ers change with the prevailing temperatures. Thus, the sudden changes in tempera-
tures due to climate variability would influence not only the vegetative and 
reproductive cycles but also proportion of female flowers in the panicle, leading to 
effects on productivity.

In wine grapes, each cultivar grows in a suitable range of temperatures, and for 
each cultivar, it is possible to define climates for premium wine production (Jones 
2008). The adaptability of cultivars enables the production of fruit crops over a rela-
tively large range of climates. The high temperatures advance harvest times in 
grapes with higher sugar concentrations, low acidity, and alterations in aroma com-
pounds. The extreme hot temperatures may affect wine aroma and color through the 
effects on metabolism (Mira de Orduna 2010). The high temperatures also affect 
banana growth and production. The leaf production and relative leaf area growth are 
affected beyond 33.5  °C. The relative growth rate and dry weight increment are 
sustained till 39.2 °C (Turner and Lahav 1983). Banana can relatively persist under 
prolonged water stress, but the combined effects of deficit soil moisture along with 
prolonged prevalence of temperatures beyond 35 °C can reduce banana production 
(Thornton and Cramer 2012). The prevailing high temperature episodes coinciding 
with critical phenophases would affect fruit crops to various magnitudes.

18.2.3  Salinity Stress

The area under salt-affected soils in India is 6.74 M ha with approximately 2.95 and 
3.79  M ha saline and sodic soils, respectively (Anonymous 2015b). In climate 
change situations, the crops would further be affected by salinity stress due to accu-
mulation of higher amounts of salts owing to high evaporation. The higher levels of 
chlorides and sulfates of calcium, magnesium, and sodium present in the soils 
adversely cause considerable damage to many crops. These dissolved salts in the 
root zone cause either osmotic stress to roots, or/and when taken up, the salt ions 
cause toxicity to plants. The accumulation of toxic ions in leaves leads to nutrient 
imbalance and lower uptake of major nutrients. This results in injury to leaves, inhi-
bition of growth, lack of fruit bearing, and consequently reduces yields.

Studies have shown that the saline conditions are not favorable for successful 
mango cultivation. The increase in irrigation water salinity caused the reductions in 
N, K, Ca, and Mg contents in leaves without affecting the contents of P and S. In 
banana, salt stress-induced necrosis is seen first in leaf margins and subsequently 
spreads to inner parts of the leaf. The salinity stress causes reduction in pseudostem 
thickness, delayed flowering, reduced finger size, and low-quality bunches (Ravi 
and Vaganan 2016). In grapes, also many physiological parameters, growth, and 
nutrient uptake are affected under salinity stress (Bybordi 2012). The papaya seed-
ling growth was not affected at 2 dS m−2, growth was reduced by 50 per cent at  
4 dS m−2, and mortality occurred at salinity levels >6 dS m−2 (Makhija and Jindal 
1983). Therefore, fruit crops respond differently to salinity stress and are affected to 
various degrees at different levels of salinity.
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18.3  Management Options

Successful cultivation of crops and attaining reasonable yields under abiotic stress 
situations mainly depends on the available adaptation options. The adaptation 
efforts would enable us to channelize concerted efforts for the holistic development 
of horticulture sector empowering marginal and small farmers. Majority of the 
fruit crops are perennial, possess deep root system, and undergo vegetative and 
reproductive phases during different seasons in a year. The long time horizon of 
perennial horticulture crops itself is a challenge. The quick adaptation strategies, 
like switching over to tolerant cultivars and changing planting dates or season, fol-
lowed in annual crops are not likely in perennial fruit crops. Hence, the choice of 
fruit crops should be guided by the suitability of a crop species and their varieties 
in a particular location. The planting and rearrangement of fruit orchards require 
long-term consideration. In addition, the preference for a choice variety of fruit 
delays  adoption of a new cultivar than an annual crop. Even the perennial habit 
slows the process of developing new varieties and limits the options for shifting 
varieties (Koski 1996). Thus, with these limitations, the adaptation of new varieties 
of fruit crops takes time and requires long-term considerations. Hence, the abiotic 
stresses in perennial crops need to be managed mainly through alterations in culti-
vation practices.

18.3.1  Modification in Cultural Practices

The alterations in cultivation practices help in effective management of abiotic 
stresses in perennial crops. In mango better tree growth, fruit retention, and fruit 
size and higher yields are realized under irrigation. The fruit size and yield increased 
in field-grown mango cv. Hindi with more frequent irrigation (Azzouz et al. 1977). 
The bigger size fruits and highest yield were obtained with 7-day irrigation interval 
(Larson et  al. 1989). Weekly irrigation during the first 6 weeks in cv. Dashehari 
reduced fruit drop compared with three weekly irrigation treatments (Singh and 
Arora 1965). Irrigation during the initial 4–6 weeks succeeding the fruit set is cru-
cial for attaining better fruit size and yield, as cell division and cell wall develop-
ment take place at initial stage (Whiley and Schaffer 1997). Since the occurrence of 
water stress immediately after fruit set increases fruit drop, protective irrigation is 
essential during the fruit development period (Anonymous 2014). Thus, providing 
irrigation at least during post-fruit set period under water-limiting conditions is very 
important for realizing sustainable yields.

Under water-deficit conditions, production practices that can improve water use 
efficiency would help in water saving and bringing more area under irrigation. 
Plastic mulching helps in reducing soil water evaporation and rainwater impact and 
provides effective weed control and congenial environment for soil microflora. The 
use of mulching enhances the production and quality of produce under water- 
limiting conditions. The production system employing drip irrigation, fertigation, 
and plastic mulching would help in realizing higher yields. During initial 
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establishment of mango plants in the field, under water scarcity situations, applica-
tion of 1.25 l of subsoil irrigation per day through pitcher placed one foot below 
ground and mulching with sugarcane thrash at 1.0 kg basin−1 is suggested for better 
establishment. Rainwater harvesting through opening of circular trenches around 
trees at a distance of 6 ft and 9 in. width and depth and mulching the trenches with 
dry mango leaves helps in retaining sufficient moisture in the soil during flowering 
and fruiting, resulting in higher yield (Anonymous 2014).

In bananas, genotypes belonging to Musa balbisiana group are reported to be 
tolerant to abiotic stresses. In regions with limited water availability, the cultivars 
like “Saba” (ABB), Monthan, (ABB), Karpuravalli (ABB), and Poovan (AAB) 
which are relatively drought tolerant than other cavendish clones like “Grand Naine” 
and “Robusta” could be an option (Ravi and Vaganan 2016). Under water-deficit 
conditions, 0.1 mM salicylic acid foliar spray at 250 ml plant−1 is suggested for 
banana. Foliar application of kaolinite (5%) during vegetative stage reduces the 
water loss through transpiration. Basin mulching either with black polythene or 
with plant residues can be followed to reduce water loss. Application of 5 kg rice 
husk ash or composted coir pith in the pit at the time of planting is recommended to 
increase the water-holding capacity in the rhizosphere (Anonymous 2014).

In grapes, providing subsurface irrigation and recommended surface drip irriga-
tion helped in saving 46.8 and 25.9% irrigation water, respectively. The irrigation 
water saving of 19.1–26.6% is achieved through partial root-zone drying (PRD) 
technique (Anonymous 2017). Mulching with 400 mm-thick black polyethylene 
film enhances water use efficiency and crop yield. The application of bagasse at the 
rate of 10 tons per acre (3″ thick layer covering root-zone strip) and spraying of 
Anti-stress (permitted biodegradable acrylic polymer) 4–6 ml L−1 at 30, 60, and 
90 days after foundation pruning and 30 and 60 days after fruit pruning resulted in 
reduction of 25% irrigation water requirement (Adsule et al. 2013). Crop residue 
recycling is suggested to build organic carbon reserves to improve soil health and 
water-holding capacity to cope with dry spells. Salt accumulation in the root zone 
due to excessive irrigation could be overcome through leaching by impounding 
excess water and use of soil amendments. Practices like incorporation of crop resi-
dues and green manure improves soil organic matter status and inturn soil structure 
and moisture-holding capacity. In situ moisture conservation using organic or inor-
ganic mulches could be practiced. Intercultural operations need to be reduced to 
minimize the moisture loss. The measures like contour cultivation and zero tillage 
help in situ soil moisture conservation. The establishment of farm ponds to harvest 
the runoff water and utilizing the same to provide protective irrigation in the pro-
longed dry spell period could be explored.

In salt-affected soils, planting of cooking banana cultivar Saba could be taken up 
(Ravi and Vaganan 2016). The crop management practices that enhance soil physical 
properties and nutrient and water availability in the active root zone would be advanta-
geous. The banana cultivar Nendran, which is sensitive to high salinity, showed no salt 
injury symptoms and recorded highest bunch weight of 10.33 kg when applied with 
2 kg Gypsum + 15 kg FYM with 120% K (450 g plant−1). The application of amend-
ment along with higher potassium helped in maintaining higher leaf K:Na ratio and 
alleviation of sodium salt stress in banana (Jeyabaskaran et al. 2000).
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18.3.2  Micro-irrigation

Systematic irrigation scheduling enhances water productivity largely because of 
improved efficiency and timing of water applications. Through the precise and 
direct application of water in root zone through drip irrigation, better crop growth 
and yield can be realized along with considerable savings in water. Drip irrigation 
method enables judicious use of available irrigation water in fruit orchards. Overall 
it saves up to 30–70% irrigation water and also helps in realizing higher yields by 
25–80% (Sikka and Samra 2010). Various studies have shown that the adoption of 
micro-irrigation systems increased yield. And productivity of fruit increases by 
42.3%. This resulted in improved water use efficiency, and an average irrigation 
cost has been brought down by 31.9%. This has helped the farmers to introduce new 
crops. However, in India, only around 8 Mha is under micro-irrigation, but the esti-
mated potential for micro-irrigation is around 69 Mha. Hence there is great potential 
for adaptation of this technology (Anonymous 2016).

Micro sprinkler irrigation not only helps in water saving to the tune of 20 to 30%, 
but during summer it helps in reducing temperature in the microclimate and 
increases the humidity, leading to better growth and yield. Micro-irrigation, because 
of high cost and intensive management constraints, presently is adopted in few 
crops. However, it offers a great perspective for water savings due to its advantage 
of precise application of water at the root zone, and also it is an extremely flexible 
irrigation method. It could be adapted to almost any crop production situation and 
climatic conditions. In situations where limited water is available, providing irriga-
tion during critical stages of the crop growth like active growth, flowering, and fruit 
enlargement is very essential. Micro-irrigation helps in achieving this feat and con-
servation of water under water-limiting conditions. Hence, appropriate management 
strategies are needed to solve the production problems.

18.3.3  Adopting Novel Irrigation Methods

In addition to drip irrigation and mulching, novel irrigation methods, like partial 
root-zone drying (PRD), could be adapted for production of fruit crops under water 
scarcity conditions. Partial root-zone drying is an irrigation water application tech-
nique alternating from one side of the plant to the other. This system purposefully 
imposes water stress to the plants at specific growth stages by providing limited 
amounts of plant’s daily water use. The production of ABA hormone and other 
chemical signals in the drying roots presumably reduces stomatal conductance and 
leaf growth (Gowing et al. 1990) thereby increasing water use efficiency. In mango 
orchards where water is a limiting factor, PRD may be the key for a sustainable 
production (Spreer et al. 2007). A frequent response of fruit trees to deficit irrigation 
(DI) is earliness in flowering. This stress-induced flowering is often explained in 
terms of a lesser resource competition with vegetative growth effectively restrained 
by water deficit in evergreen and deciduous fruit trees (Behboudian and Mills 1997). 
This tree response to DI has been successfully exploited to induce out of season 
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blooming and to increase the levels of flowering in many tropical and subtropical 
fruit crops. The average yields of 4 years were 83.3, 80.1, 80.8, and 66.1 kg tree−1 
when irrigated equal to ETc, RDI (regulated deficit irrigation 0.5 ETc), PRD (partial 
root-zone drying, 0.5ETc), and nonirrigated control, respectively. Further RDI and 
PRD were at par during normal rainfall years while PRD outyielded RDI during 
deficient rainfall years. The trees receiving PRD also bore bigger size fruits (Spreer 
et al. 2009).

Papaya can tolerate certain water deficit without substantial yield reduction. A 
30% water deficit induced through PRD and RDI water supply technique did not 
significantly affect vegetative growth and yield components as compared to full 
irrigation. Lima et al. (2015) confirmed that PRD technique improved papaya WUE 
through lower stomatal conductance without affecting the photosynthesis and 
growth characteristics. Subsurface irrigation in papaya also enhanced water use effi-
ciency (Srinivas 1996). In grape cultivar Thompson Seedless, subsurface irrigation 
(10 cm depth) produced not only higher yield (12.4 vs. 8.1 t ha−1 with surface drip) 
but also water productivity (28.9 vs. 18.8 kg grapes mm−1) (Sharma et al. 2005). 
Thus, a shift to these irrigation methods should help in substantial savings in irriga-
tion water.

18.3.4  Choice of Tolerant Rootstocks

In situations where there is a strong consumer preference for a select cultivar that is 
susceptible and if alternative tolerant cultivars are not available, the option of using 
rootstocks for better performance needs to be explored. Rootstocks with better root 
system, having capacity for enhanced water and nutrient uptake, could be used for 
grafting commercial cultivars to mine water from deeper soil layers. In grapes, cv. 
Pinot Noir on “101–14 Mgt” rootstock had higher CO2 assimilation, transpiration 
rate, and higher water use efficiency than on “3309C” (Candolfi-Vasconcelos et al. 
1994). Rootstocks, 110R, 99R, and 1103P, belonging to Vitis berlandieri x Vitis 
rupestris crosses, show increased water use efficiency (Satisha et al. 2006, 2007). 
The rootstocks such as Dogridge, Salt Creek, and Vitis champini clone showed 
 tolerance with reduced cytokinin level and increased ABA accumulation at 50% 
moisture stress compared to irrigated vines (Satisha et al. 2007). Rootstocks 110R, 
Dogridge, Salt Creek, and B2-56 though enhanced sugar and other compatible sol-
ute accumulation showed both moisture and salinity stress tolerance (Jogaiah et al. 
2014). Mango rootstocks exhibited differential response during water stress. The 
cultivars Starch, Peach, and Kensington required 7–9  days, whereas Mylepelian 
took 16 days to reach negligible photosynthesis rates during water stress. But upon 
rewatering, Starch, Mylepelian, Peach, and Kensington recovered in 1, 2, 3, and 
4 days, respectively (Laxman 2015). Thus, availability of different suitable root-
stocks enhances the farmers’ ability to manage abiotic stresses.

Although saline conditions have adverse effects on plant height, number of 
leaves, leaf area, and stem thickness (Ahmed and Ahmed 1997), the mono- and 
polyembryonic mango cultivars display differential tolerance to salinity stress. 
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Studies have demonstrated that the polyembryonic genotypes appear to have greater 
tolerance to salinity compared to monoembryonic types (Jindal et al. 1975). The 
polyembryonic cultivars Kurakkan and 13-1 have shown tolerance to salinity stress. 
Among the different polyembryonic mango rootstocks evaluated, Olour and 
Kurukkan have been identified as tolerant to salt stress (Dubey et al. 2006; Srivastav 
et al. 2009). The polyembryonic rootstock cvs. Bappakai and Olour (Anonymous 
1989) have also been identified as moderately tolerant to salt stress. The Gomera-1 
having ability to restrict uptake and transport of Cl and Na ions from root system to 
the aboveground parts is identified as tolerant to salinity stress (Duran-Zuazo et al. 
2003). The tolerant seedlings exhibit physiological tolerance to chloride ion con-
centrations in leaf tissues.

The rootstocks have the ability to either restrict sodium uptake or, once taken up, 
sequester sodium in vacuole or older leaves (Paranychianakis and Angelakis 2007). 
The adverse effects of salinity stress could be successfully alleviated by using toler-
ant rootstocks. The rootstock Dogridge followed by Salt Creek showed least mortal-
ity under saline conditions (8 dS m−1, Yohannes 2006). The cv. Thompson Seedless, 
grown extensively in India for both domestic consumption and export, when grafted 
on 110R (Vitis berlandieri x Vitis rupestris) rootstock showed lower accumulation 
of sodium ions and sustained the yield over a period of time (Satisha et al. 2010; 
Sharma and Upadhya 2008). It is also reported that the Thompson Seedless vines, 
on rootstock 110R, exhibited not only early and uniform sprouting but also increased 
fruitfulness under saline water (1.8 dS m−1) irrigation (Jogaiah et al. 2013). Vines 
grafted on B2-56 rootstock which is a clone of 110R accumulated considerably 
lower Na concentration (Sharma and Upadhya 2008). The rootstocks 1103P and 
110R also have shown restriction in uptake of both sodium and chloride in grape-
vines (Sharma et al. 2011). Hence, grape orchards could be successfully established 
and grown in salt-affected soils by employing tolerant rootstocks as one of the strat-
egies to overcome the adverse effects.

18.3.5  Choice of Tolerant Crops

In areas where the crops perennially face water and high temperature stresses, the 
knowledge should be shared with farmers on fruit crops which would be most suit-
able. In such circumstances, the selection of appropriate fruit species becomes very 
important. Many fruit crops are endowed with physiological and morphological 
adaptations and have capacity to withstand adverse effects of water stress. Leaf 
hairiness, hypostomatous distribution, and sunken stomata are all characteristic fea-
tures of species that exist in drought-prone regions (Clifford et al. 2002). Ber sheds 
leaves to avoid extreme water stress during summer. Pomegranate is fairly winter 
hardy and tolerant to water-deficit and high temperature stresses. It tolerates con-
centrations up to 40  mM NaCl in irrigation water (Naeini et  al. 2006). Fig has 
adopted to retain high-bound water in the tissue, by having sunken stomata, thick 
cuticle, and leaf wax coating. Aonla, being a hardy and drought-tolerant subtropical 
tree, can be grown well under tropical conditions. In salt-affected lands where 
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cultivation of annual field crops is limited, adopting relatively tolerant crops like 
ber, aonla, guava, grape, karonda, jamun, and phalsa would help in utilization of 
such lands for horticulture. These crops could be considered as candidate crops to 
face the challenges of abiotic stresses under climate change conditions.

18.4  Conclusion

Though various adaptation options like cultural practices, advanced irrigation meth-
ods, tolerant crops, or varieties and rootstocks are available, the productivity of fruit 
crops remains low in areas experiencing abiotic stresses. The main reasons are slow 
pace of adoption by the small and marginal farmers, limited awareness about the 
potential adverse effects of abiotic stresses, dearth of agroecological zone-based 
perspective plans, lack of awareness about the risks associated with horticultural 
crops, and lack of integrated location-specific modules to overcome abiotic stresses. 
Therefore, focus is required for developing integrated location-specific and 
 crop-specific adaptation strategies for various abiotic stresses. Dissemination of 
already available adaptation strategies can be taken up through location-specific 
monitoring networks and creating awareness among farmers on likely climatic 
risks. The timely availability of planting material of tolerant cultivars needs to be 
assured through proper institutional mechanism. The institutional support to pro-
vide forecast and early warnings needs to be further strengthened. Robust insurance 
policies linked to climatic risks of a region, recent weather extremes, and weather 
forecasts are very much essential.

The coping measures need to be further developed with focused research. 
Multidisciplinary efforts are needed to develop integrated adaptation strategies. 
There is an immediate necessity to enhance the genetic base through collection of 
wild and cultivated genotypes having tolerance to abiotic stresses. The identification 
of traits imparting tolerance to abiotic stresses is an important step in the process of 
crop improvement and development of tolerant cultivars. Development of trans-
genic cultivars could be an option for the genetic enhancement approaches. In the 
case of perennial fruit crops, development of transgenic rootstocks is the best option. 
Hence, the impacts of abiotic stresses on fruit crops could be overcome by adopting 
different strategies. An integrated approach with all available options is the most 
effective for sustaining production, productivity, and quality of fruit crops.

References

Adsule PG, Yadav DS, Satisha J, Sharma AK, Upadhaya A (2013) Good agricultural practices for 
production of quality table grapes. NRC for Grapes (ICAR), Pune

Ahmad A, Xiao-yu X, Long-chang W, Muhammad FS, Chen M, Wang L (2011) Morphological, 
physiological and biochemical responses of plants to drought stress. Afr J  Agric Res 
6(9):2026–2032

Ahmed AM, Ahmed FF (1997) Effect of saline water irrigation and cycocel on growth and uptake 
of some elements of Taimour and alphonso mango seedlings. Ann Agric Sci Moshtohor 
35(2):901–908

18 Abiotic Stress Management in Fruit Crops



410

Almeida AAF, Valle RR (2007) Ecophysiology of cacao tree. Braz J Plant Physiol 19:425–448
Anonymous (1989) News. Indian Inst Hortic Res 10(4):1–3
Anonymous (2014) Horticultural Advisories for rain deficient or delayed monsoons-2014, ICAR. 

www.icar.org.in/files/Advisories_Horticultural%20crops.pdf
Anonymous (2015a) Horticultural statistics at a glance 2015, horticulture statistics division, 

Department of Agriculture, Cooperation & Farmers Welfare, Ministry of Agriculture & farm-
ers Welfare government of India. Oxford University Press, New Delhi

Anonymous (2015b) Vision 2050. Central soil salinity research Institute. Karnal, Haryana
Anonymous (2016) Accelerating growth of Indian agriculture: Micro irrigation an efficient  

solution. Strategy paper – Future prospects of micro irrigation in India. 2016 Grant Thornton 
India LLP

Anonymous (2017) Annual Report 2016–17, Department of Agricultural Research and Education- 
ICAR, Ministry of Agriculture and Farmers Welfare, Govt. of India

Azzouz S, El-Nokrashy MA, Dahshan IM (1977) Effect of frequency of irrigation on tree produc-
tion and fruit quality of mango. Agric Res Rev 55:59

Bates BC, Kundzewicz ZW, Wu, S, Palutikof JP (2008) Climate change and water. Technical paper 
of the intergovernmental panel on climate change. Intergovernmental panel on climate change, 
IPCC Secretariat, Geneva

Bauerle TL, Smart DR, Bauerle W, Stockert CM, Eissenstat DM (2008) Root foraging in response 
to heterogeneous soil moisture in two grapevines that differ in potential growth rate. New 
Phytol 179:857–866

Behboudian MH, Mills TM (1997) Deficit irrigation in deciduous orchards. Hortic Rev 21:105–131
Bray EA, Bailey-Serres J, Weretilnyk E (2000) Responses to abiotic stresses. In: Gruissem W, 

Buchannan B, Jones R (eds) Biochemistry and molecular biology of plants. ASPP, Rockville, 
pp 1158–1249

Bybordi A (2012) Study effect of salinity on some physiologic and morphologic properties of two 
grape cultivars. Life Sci J 9:1092–1101

Candolfi-Vasconcelos MC, Koblet W, Howell GS, Zweifel W (1994) Influence of defoliation, root-
stock, training system, and leaf position on gas exchange of pinot noir grapevines. Am J Enol 
Vitic 45:173–180

Clifford SC, Arndt SK, Popp M, Jones HG (2002) Mucilages and polysaccharides in Ziziphus spe-
cies (Rhamnaceae): localization, composition and physiological roles during drought- stress. 
J Exp Bot 53:131–138

Davenport TL (2007) Reproductive physiology of mango. Braz J Plant Physiol 19(4):363–376
Dubey AK, Srivastav M, Singh R, Pandey RN, Deshmukh PS (2006) Response of mango 

(Mangifera indica) genotypes to graded levels of salt stress. Indian J Agric Sci 76:670–672
Duran-Zuazo VH, Martinez-Raya A, Aguilar Ruiz J  (2003) Salt tolerance of mango rootstock. 

Span J Agric Res 1:67–78
Gowing DJG, Davies WJ, Jobes HG (1990) A positive root sourced signal as an indicator of soil 

drying in apple, malus x domestica-Borkh. J Exp Bot 41:1535–1540
Hardie WJ, Martin SR (2000) Shoot growth on de-fruited grapevines: a physiological indicator for 

irrigation scheduling. Aust J Grape Wine Res 6:52–58
Hegde DM, Srinivas K (1989) Yield and quality of banana in relation to post-flowering moisture 

stress. South Indian Hort 37(3):131–134
Jeyabaskaran KJ, Pandey SD, Laxman RH (2000) Studies on reclamation of saline sodic soil 

for banana (cv. Nendran). Proceedings of the international conference on managing natu-
ral resources for sustainable agricultural production in the 21st century, New Delhi, vol. 2: 
357–360

Jindal PC, Singh JP, Gupta OP (1975) Screening of mango seedlings for salt tolerance. Haryana 
J Hortic Sci 4:112–115

Jogaiah S, Ramteke SD, Sharma J, Upadhyay AK (2014) Moisture and salinity stress induced 
changes in biochemical constituents and water relations of different grape rootstock cultivars. 
Int J Agron. doi:http://dx.doi.org/10.1155/2014/789087

R.H. Laxman and R.M. Bhatt

http://www.icar.org.in/files/Advisories_Horticultural crops.pdf
http://dx.doi.org/10.1155/2014/789087


411

Jogaiah S, Oulkar DP, Banerjee K, Sharma J, Patil AS, Maske SR, Somkuwar RG (2013) 
Biochemically induced variations during some phonological stages in Thompson Seedless 
grapevines grafted on different rootstocks. S Afr J Enol Vitic 34:36–45

Jones GV (2008) Climate change and the global wine industry. In: Rae Blair Pat Williams (eds) 
Proceedings of the 13th AWITC, Sakkie Pretorius, pp 91–98

Koski V (1996) Breeding plans in case of global warming. Euphytica 92(1–2):235–239
Larson KD, Schaffer B, Davies FS (1989) Effect of irrigation on leaf water potential, growth and 

yield of mango trees. Proc Fla State Hortic Soc 102:226–228
Laxman RH (2015) Unpublished data. ICAR-Indian Institute of Horticultural Research, Bengaluru
Laxman RH, Annapoornamma CJ, Geeta Biradar (2016) Mango. In: Srinivasa Rao NK, 

Shivashankara KS, Laxman RH (eds). Abiotic stress physiology of horticultural crops. 
Springer, pp 169–181

Lima RSM, Figueiredoa FAMMA, Martinsa AO, Deusa BCS, Ferraza TM, Gomesa MMA, Sousab 
F, Glennc DM, Campostrini E (2015) Partial rootzone drying (PRD) and regulated deficit irri-
gation (RDI) effects on stomatal conductance, growth, photosynthetic capacity, and water-use 
efficiency of papaya. Sci Hortic 183:13–22

Makhija M, Jindal PC (1983) Effect of different soil salinity levels on seed germination and seed-
ling growth in papaya (Carica papaya). Seed Res 11:125–128

Masri M, Razak AS, Ghazalli MZ (1990) Response of papaya (Carica papaya L.) to limited soil 
moisture at reproductive stage. Mardi Res J 18:191–196

Mira de Orduna R (2010) Climate change associated effects on grape and wine quality and produc-
tion. Food Res Int 43:1844–1855

Murali K, Srinivas K, Shivakumar HR, Kalyanamurthy KN (2005) Effect of soil moisture stress at 
different stages on yield and yield parameters of “Elakki” banana. Adv Plant Sci 18(2):817–822

Naeini MR, Khoshgoftarmanesh AH, Fallahi E (2006) Partitioning of chlorine, sodium, and potas-
sium and shoot growth of three pomegranate cultivars under different levels of salinity. J Plant 
Nutr 29:1835–1843

Nunez-Elisea R, Davenport TL (1994) Flowering of mango trees in containers as influenced by 
seasonal temperature and water stress. Sci Hortic 58:57–66

Paranychianakis NV, Angelakis AN (2007) The effect of water stress and rootstock on the develop-
ment of leaf injuries in grapevines irrigated with saline effluent. Agric Water Manag 2531:1–8

Ramaswamy N, Vijayakumar M (1992) Studies of the effects of flowering and fruiting behaviour 
of south Indian mango cultivars in abstract IV. International Mango Symposium, Miami Beach, 
p 47

Ravi I, Vaganan MM (2016) Abiotic Stress Tolerance in Banana. In: Rao NKS, Shivashankara 
KS, Laxman RH (eds.). Abiotic Stress Physiology of Horticultural Crops. Springer India, 
pp 207–222

Ravi I, Uma S, Vaganan MM, Mustaffa MM (2013) Phenotyping bananas for drought resistance. 
Front Phys 4:Article 9. doi:10.3389/fphys.2013.00009

Satisha J, Prakash GS, Murti GSR, Upreti KK (2006) Response of grape rootstocks to soil mois-
ture stress. J Hortic Sci 1:19–23

Satisha J, Prakash GS, Murti GSR, Upreti KK (2007) Water stress and rootstocks influences hor-
monal status of grafted grapevines. Eur J Hortic Sci 72:202–205

Satisha J, Somkuwar RG, Sharma J, Upadhyay AK, Adsule PG (2010) Influence of rootstock on 
growth, yield and fruit composition of Thompson Seedless grown in the Pune region of India. 
S Afr J Enol Vitic 31:1–8

Schaffer B, Whiley AW, Crane JH (1994) Mango. In: Schaffer B, Andersen PC (eds) Handbook 
of environmental physiology of fruit crops, vol 2, Sub tropical and tropical crops. CRC Press, 
Boca Raton, pp165–197

Scholefield PB, Oag DR, Sedgley M (1986) The relationship between vegetative and reproductive 
development in mango in northern Australia. Aust J Agric Res 37:425–433

Serra I, Strever A, Myburgh P, Deloire A (2013) Review: the interaction between rootstocks and 
cultivars (Vitis vinifera L.) to enhance drought tolerance in grapevine. Aust J Grape Wine Res. 
doi:10.1111/ajgw.12054

18 Abiotic Stress Management in Fruit Crops

https://doi.org/10.3389/fphys.2013.00009
https://doi.org/10.1111/ajgw.12054


412

Sharma J, Upadhya AK (2008) Rootstock effect on Tas A-Ganesh (Vitis vinifera L.) for sodium and 
chloride uptake. Acta Hortic 785:113–116

Sharma J, Upadhyay AK, Adsule PG (2005) Effect of drip water application at sub-surface on 
grapevine performance- a case study. J Appl Hortic 7(2):137–138

Sharma J, Upadhyay AK, Bande D, Patil SD (2011) Susceptibility of Thompson Seedless grape-
vines raised on different rootstocks to leaf blackening and necrosis under saline irrigation. 
J Plant Nutr 34:1711–1722

Sikka AK, Samra JS (2010) Rainfed horticulture perspective and priorities. In: Chadha KL, Singh 
AK, Patel VB (eds) Recent initiatives in horticulture. Horticultural Society of India, New Delhi

Singh RN, Arora KS (1965) Some factors affecting fruit drop in mango (Mangifera indica L.) 
Indian J Agric Sci 35:196

Singh RN, Majumder PK, Sharma DK, Sinha GC, Bose PC (1974) Effect of de-blossoming on the 
productivity of mango. Sci Hortic 2:399–403

Spreer W, Nagle MC, Neidhart S, Carle R, Ongprasert S, Mueller J  (2007) Effect of regulated 
deficit irrigation and partial root zone drying on the quality of mango fruits (Mangifera indica 
L., cv. ‘Chok Anan’). Agric Water Manag 88(1–3):173–180

Spreer W, Ongprasert S, Hegele M (2009) Yield and fruit development in mango (Mangifera 
indica L. cv. Chok Anan) under different irrigation regimes. Agric Water Manag 96:574–584

Srinivas K (1996) Plant water relations, yield, and water use of papaya (Carica papaya L.) at dif-
ferent evaporation-replenishment rates under drip irrigation. Trop Agric 73:264–269

Srivastav M, Dubey AK, Singh AK, Singh R, Pandey RN, Deshmukh PS (2009) Effect of salt 
stress on mortality, reduction in root growth and distribution of mineral nutrients in Kurukkan 
mango at nursery stage. Indian J Hortic 66:28–34

Thomas DS (1995) The influence of the atmospheric environment and soil drought on the leaf gas 
exchange of banana (Musa spp). PhD thesis, The University of Western Australia

Thornton P, Cramer L (2012) Impacts of climate change on the agricultural and aquatic systems and 
natural resources within the CGIAR’s mandate. CCAFS Working Paper 23. CGIAR Research 
Program on Climate Change, Agriculture and Food Security (CCAFS), Copenhagen, Denmark

Turner DW, Lahav E (1983) The growth of banana plants in relation to temperature. Aust J Plant 
Physiol 10:43–53

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat tolerance in plants: an overview. Environ 
Exp Bot 61:199–223

Weis E, Berry JA (1988) Plants and high temperature stress. Soc Exp Biol 42:329–346
Whiley AW (1986) Crop management review. Proc of the first Australian mango research work-

shop, Melbourne, pp 186–195
Whiley AW, Schaffer B (1997) Stress physiology. In: Litz RE (ed) The mango: botany, production 

and uses. CAB International, New York, pp 147–174. 198 Madison Avenue
Whiley AW, Rasmussen TS, Saranah JB, Wolstenholme BN (1989) Effect of temperature on 

growth, dry matter production and starch accumulation in ten mango (Mangifera indica L.) 
cultivars. J Hortic Sci Biotechnol 64:753–765

Whiley AW, Rasmussen TS, Wolstenholme BN, Saranah JB, Cull BW (1991) Interpretation of 
growth responses of some mango cultivars grown under controlled temperature. Acta Hortic 
291:22–31

Yohannes DB (2006) Studies on salt tolerance of Vitis spp. Ph.D thesis submitted to University of 
Agricultural Sciences, Dharwad, India, p 132

R.H. Laxman and R.M. Bhatt



413© Springer Nature Singapore Pte Ltd. 2017
P.S. Minhas et al. (eds.), Abiotic Stress Management for Resilient Agriculture, 
DOI 10.1007/978-981-10-5744-1_19

P.S. Naik • M. Singh (*) • J.K. Ranjan 
ICAR-Indian Institute of Vegetable Research, Varanasi 221 305, Uttar Pradesh, India
e-mail: naikps1952@gmail.com; singhvns@gmail.com; jkranjan2001@yahoo.co.in

19Impact of Climate Change on Vegetable 
Production and Adaptation Measures

Prakash S. Naik, Major Singh, and J.K. Ranjan

Abstract
Climate change influences vegetable production worldwide. However, its nature 
and impact vary, depending on the degree of climate change, geographical 
region, and crop production system. Possible impact of climate change may be 
visualized by change in productivity with reference to quality of crops; changes 
in agricultural practices like use of water, fertilizers, and pesticides; and environ-
mental influences particularly in relation to the frequency and intensity of soil 
drainage which may lead to loss of nitrogen through leaching, soil erosion, and 
reduction of crop diversity. Vegetables are in general more sensitive to environ-
mental extremes such as high temperatures and soil moisture stress. CO2, a major 
greenhouse gas, influences growth and development as well as incidence of 
insect pests and diseases of vegetable crops. Under changing climatic situations, 
crop failures, shortage of yields, reduction in quality, and increasing pest and 
disease problems are common, and they render the vegetable cultivation unprof-
itable. Agriculture production needs to be adapted to the changing climate by 
mitigating its impact. Unless measures are undertaken to adapt to the effects of 
climate change on vegetable production, nutritional security in developing coun-
tries will be under threat.

19.1  Introduction

Global vegetable production has made unprecedented growth especially on per cap-
ita basis, which has increased more than 60% over the last 20 years. However, the 
projected growth in the world’s population to 9.1  billion by 2050 adds an extra 
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challenge for food and nutritional security worldwide, and it has been reported that 
more than one billion people are undernourished (FAO 2009), and over one third of 
the burden of disease in children below 5 years of age is mainly due to undernutri-
tion (Black et al. 2008). Vegetables being the major source of nutrition in terms of 
vitamins and minerals have to play a crucial role in meeting this challenge. As per 
FAO statistics 2015, the world vegetable production during 2011 was 1087.59 mil-
lion tonnes from an area of 56.69  million hectares with average productivity of 
19.18 tonnes ha−1. The report suggests that vegetables cover 1.1% of the world’s 
total agricultural area in which Europe and Central Asia contribute 12% of the total 
global area and 14% of global production. The leading vegetable-producing coun-
tries in the world are developing countries which are highly vulnerable to climate 
change. This issue becomes more pertinent when it relates to the fight against pov-
erty, hidden hunger, and livelihoods of billions of people in developing countries. 
For providing food and nutritional security to the burgeoning population, global 
vegetable production needs a sustainable growth. However, climate change is 
becoming one of the most serious environmental threats to impact agriculture in a 
long way. Agriculture is highly climate dependent and global climate change will 
certainly impact agriculture and consequently affect the world’s food supply.

Climate change is a complex phenomenon occurred due to changing climatic 
scenario over time most probably by natural variability or by man-made conse-
quences. Climate change per se is not necessarily harmful but the nuisance arises 
from extreme weather situation that are difficult to predict are the main concern 
(FAO 2001). By 2100, increase in atmospheric CO2 will be recorded from 360 ppm 
to 400–750 ppm and elevation in sea level from 15 to 95 cm as per Intergovernmental 
Panel on Climate Change (IPCC 2007a, b). This rise in CO2 level will subsequently 
increase the global average temperature from 0.8 °C in 2001 to 1.4–5.8 °C by 2100. 
Variability in atmospheric air temperature alters the amount and distribution of pre-
cipitation; wind patterns resulting into weather extremes, viz., flooding, drought, 
hailstorms, high temperature, and freezing stress; change in ocean currents; acidifi-
cation; and forest fires in addition to rate of ozone depletion (Minaxi et al. 2011; 
Kumar 2012). The current fertilizer use efficiency that ranges between 2 and 50% in 
India is likely to be reduced further with increasing temperatures. Huge fertilizer 
uses for boosting agricultural production will in turn lead to higher emission of 
greenhouse gases. Small fluctuation in atmospheric temperature and rainfall pattern 
affects both the production and quality of fruits and vegetables ultimately with 
resultant implication in domestic and international trade. Similarly, a high tempera-
ture stimulates the outbreak of new and aggressive pests and diseases along with the 
weeds which altogether invade our standing crop impeding its performance and 
yield. Studies focusing on climate change and its consequence in different crops are 
increasingly becoming the major areas of scientific concern. Scientist and research-
ers all over the world are engaged in developing different adaptation strategies and 
improved variety for answering the question of an hour. However, tackling this 
immense challenge must involve both adaptation to manage the unavoidable and 
mitigation to avoid the unmanageable while maintaining a focus on its social 
dimensions.
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19.2  Impact of Climate Change on Vegetable Production

Change in productivity due to the impact of climate change with reference to quan-
tity and quality of crops may be visualized by changes in agricultural practices like 
use of water, fertilizers, and pesticides and environmental influences particularly in 
relation to the frequency and intensity of soil drainage which may lead to loss of 
nitrogen through leaching, soil erosion, and reduction of crop diversity. Climate 
change is basically associated with extremities of four factors, viz., temperature, 
drought, salinity, and CO2 concentration. The first three factors are causing environ-
mental stress leading to crop losses worldwide, reducing average yields for most of 
the crops by more than 50% (Boyer 1982; Bray et al. 2000). Vegetable crops are 
more sensitive to climate extremes such as elevated temperatures and limited soil 
moisture which are the major causes for its lower yields and poor quality. These 
effects will be further magnified by climate change.

19.2.1  Impact of Increasing Temperature

Temperature is the major abiotic stress factor limiting the production and quality of 
horticulture crops, mainly the vegetables. Generally, most of the vegetable crops 
require low temperature for their cultivation, and hence average productivity of tem-
perate countries is much higher than tropical regions where high temperature is 
habitually established. In tropical region where thermal tolerance of crops is already 
near its limit, even a slight increase in temperature will result in drastic fall in crop 
productivity. Increasing temperature will reduce the irrigation water availability, 
decrease soil fertility, and increase soil erosion and flooding and salinity incursion, 
which are major restrictive factors in sustainable vegetable production (Wheeler 
and vonBraun 2013; Anwar et al. 2015). A warmer climate is likely to increase the 
frequency of high day or night temperature stress events that can negatively affect 
flowering, fruit set, and quality. Analysis of climate trends in tomato-growing loca-
tions reported that severity and frequency of above-optimal temperature episodes 
will increase in the coming decades at an alarming rate (Bell et al. 2000). This is 
may be due to the fact that vegetative and reproductive processes in tomatoes are 
strongly modified by temperature alone or in conjunction with other environmental 
factors (Abdalla and Verderk 1968). Elevated temperature affects the plant develop-
mental processes by disturbing its normal biosynthetic pathways like photosynthe-
sis and translocation processes essential for normal cellular functioning in plants 
(Weis and Berry 1988). In tomato, if temperatures exceed 32.2 °C during critical 
flowering and pollination periods (Sato et al. 2001), it causes significant losses in 
tomato productivity due to reduced fruit set and smaller and lower-quality fruits 
(Stevens and Rudich 1978). The symptoms of tomato fruit set failure at high tem-
peratures include bud drop, abnormal flower development, poor pollen production, 
dehiscence and viability, ovule abortion and poor viability, reduced carbohydrate 
availability, and other reproductive abnormalities (Hazra et al. 2007). Higher tem-
perature during pre-anthesis can influence developmental changes in the anthers, 
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particularly irregularities in the epidermis and endothecium, lack of opening of the 
strontium, and poor pollen formation (Sato et al. 2002). However, in pepper pre- 
anthesis period is not sensitive to high-temperature exposure as it did not affect 
pistil or stamen viability, but high post-pollination temperatures inhibited fruit set, 
suggesting that fertilization is sensitive to high-temperature stress at later stage 
(Erickson and Markhart 2002). Numerous primary metabolic processes are severely 
affected by high-temperature stress, viz., photosynthesis, respiration, plant water 
relations, and cellular membrane stability and enzymatic activities. Secondary met-
abolic pathways like phytohormone biosynthetic pathways and synthesis of second-
ary metabolites essential for defense mechanism in plants are altered by fluctuating 
temperature. The symptoms of high-temperature stress injury vary from crop to 
crop (Table 19.1). In the past few years, the impact of climate change is seen and 
experienced worldwide as in Sambalpur, India, and increased temperatures have 
delayed the onset of winter resulting in the decline of cauliflower yields (Pani 2008). 
Earlier growers used to harvest 1  kg of inflorescences head but now weight has 
reduced to 0.25–0.30 kg each. Such reductions in yield hiked production costs of 
other vegetables like tomatoes, radish, and other native Indian vegetable crops.

Nevertheless, there may be some positive impacts of climate change on crop 
productivity which is expected to rise slightly in mid- to high latitudes for mean 
temperature increase up to 3 °C coupled with enhanced CO2 concentration. Slightly 
higher temperature increases rate of development in plants, and thus a short life 
cycle, though less productive, can be beneficial for escaping drought and frost.  
Late- maturing cultivars could benefit from faster development rate. In colder 
regions, global warming could lead to lengthening of growth period and optimal 
assimilation at elevated temperatures.

Table 19.1 High-temperature injury symptoms in different vegetable crops

Crop Injury symptoms
Snap bean Brown and reddish spots on the pod; spots can coalesce to form a water- 

soaked area
Cabbage Outer leaves showing a bleached, papery appearance; damaged leaves are 

more susceptible to decay
Lettuce Damaged leaves assume papery aspect; affected areas are more susceptible to 

decay; tipburn is a disorder normally associated with high temperatures in the 
field; it can cause soft rot development during post-harvest

Muskmelon Characteristic sunburn symptoms: dry and sunken areas; green color and 
brown spots are also observed on rind

Bell pepper Sunburn: yellowing and, in some cases, a slight wilting
Potato Black heart: occurs during excessively hot weather in saturated soil; 

symptoms usually occur in the center of the tuber as dark-gray to black 
discoloration

Tomato Sunburn: disruption of lycopene synthesis; appearance of yellow areas in the 
affected tissues, no fruit set after 35°C day temperature

Source: Moretti et al. (2010)
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19.2.2  Impact of Water Stress

Changing climatic scenario and distribution of amount of rainfall leads to a serious 
consequence of water stress. Water stress comprises of two types of events depend-
ing upon the amount of rainfall, viz., the water-deficit stress/drought stress and 
flooding stress. Vegetables, being succulent products by definition, generally consist 
of more than 90% water). Thus, water act as a very important factor for determining 
yield and quality of vegetables. Drought is a meteorological term drastically reduc-
ing vegetable productivity worldwide due to insufficient water supply. Drought 
stress disturbs the plant water status by disturbing the soil water potential by increas-
ing the solute concentration in plant rhizospheric and surrounding soil leading to an 
osmotic flow of water out of plant cells. The processes ultimately decrease the plant 
water potential and increase the solute accumulation in plat cell thereby disturbing 
the cellular membrane and various membrane-bound processes and enzyme activi-
ties, namely, photosynthesis and respiration processes. The impact of drought stress 
in plants depends mainly on its duration, intensity, plant species, and soil properties. 
In India only about 41% area is irrigated and the remaining 59% is rainfed. By uti-
lizing maximum irrigation potential of the country, still about 50% of the area will 
depend on rainfed farming system. Under such circumstances, increase in tempera-
tures and changes in rainfall patterns are likely to reduce agricultural productivity in 
rainfed areas.

19.2.3  Impact of Salinity

Vegetable production is a source of 40% of the world’s food) but increasing soil 
salinity at an alarming rate is becoming the major issue for irrigated crops particu-
larly vegetables. In hot and dry environments, high evapotranspiration results into 
substantial water loss, thus leaving salt around the plant roots which interferes with 
the plant’s ability to uptake water and thus reduces crop productivity. According to 
the US Department of Agriculture (USDA), onions are more sensitive to saline soils 
due to its shallow root system, while cucumbers, eggplant, peppers, and tomatoes 
are moderately sensitive. Plant sensitivity to salt stress is reflected in loss of turgor, 
growth reduction, wilting, leaf curling and epinasty, leaf abscission, decreased pho-
tosynthesis, senescence, respiratory changes, loss of cellular integrity, tissue necro-
sis, and ultimately plant death (Jones 1986; Cheeseman 1988). Crops cultivated 
along coastal regions are highly prone to salinity due to poor water quality with 
huge salts in irrigated water. Seasonal variations are observed for soil salinity, 
mostly elevated during dry spells and minimized with rainfall where freshwater 
flushing is prevalent.
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19.2.4  Impact of Elevated CO2 Concentration

Carbon dioxide level in the atmosphere has hiked approximately 35% from prein-
dustrial era to 2005 (IPCC 2007a, b). Its concentration in the atmosphere is a key 
factor for plant growth and physiological processes. Increased atmospheric CO2 is 
reported as a modifier for net photosynthesis, biomass production, sugar and organic 
acid contents, stomatal conductance, fruit firmness, seed yield, light, water, nutrient 
use efficiency, and plant water potential in vegetables (Bazzaz 1990; Cure and 
Acock 1986; Idso and Idso 1994). The magnitude of the “CO2 fertilization effect” 
varies tremendously among plant species and even within varieties of same species 
(Wolfe 1994). Major vegetables come under C3 plants, which respond positively 
under elevated CO2 concentrations and ambient temperature compared to C4 plants 
(Patterson et al. 1999), but this effect is found to be reversed during elevated tem-
peratures. However, attaining maximum CO2 benefits often requires more fertilizer 
(to support bigger plants), optimum temperatures, unrestricted root growth, and 
excellent control of weeds, insects, and diseases. High CO2 concentration can have 
additional direct effect on plants that is reducing transpiration (water loss) per unit 
leaf area by causing partial closure of leaf stomata. However, often this water- 
conserving response is minimized or not observed at the whole-plant or field (ET) 
level because high CO2-grown plants have more total leaf (transpirational surface) 
area. Thus, CO2 fertilization effect cannot be paid off for other detrimental effects 
occurring due to other abiotic stresses (Luo and Mooney 1999).

Crops show reduced nutritional quality and higher carbon to nitrogen ratio in 
plant foliage when grown under elevated CO2 concentration. This also stimulates 
enhanced feeding activities in few herbivores and by pests which lead to greater 
crop damage (Hill and Dymock 1989; Porter et  al. 1991); however, this theme 
remains controversial. Clark (2004), while working on tropical forests, argued that 
increasing atmospheric CO2 has negligible effect on biomass production rates. He 
stressed that the growth of tropical forests is not carbon limited, since higher tem-
perature increases respiration rate and other metabolic processes resulting in 
increased atmospheric CO2, which reduces forest productivity. There will also be 
associated changes in the movement of crop pests and diseases, thereby changing 
the dynamics of their interactions (Harrington and Woiwod 1995; Bale et al. 2002). 
It has been reported that many of the supreme invasive and noxious weeds respond 
more positively to increasing CO2 than do most of our cash crops (Ziska 2003). 
Weeds are much more difficult to control with herbicides at higher CO2 levels as we 
anticipate will occur in the coming decades (Ziska et al. 1999). It is mostly specula-
tion at this time as to which crops and regions will benefit and which will be worse 
off by CO2 elevation in the future with regard to weed and pest control. Some leaf- 
feeding insects cause more crop damage to plants under high CO2 conditions 
(Hamilton et  al. 2005). It remains difficult to predict future rainfall patterns, but 
wetter summers would tend to favor many foliar pathogens (Coakley et al. 1999). 
Climate change also influences the ecology and biology of insect pests.
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19.3  Adaptation Measures

Farmers from the tropical part of world need new and innovative technologies for 
adapting and mitigating the undesirable effects of changing climatic scenario on 
agricultural productivity, particularly vegetable production and quality. It is now 
becoming a challenging task before farmers from developing countries of the trop-
ics. Novel technologies developed by scientist all over the world through plant 
stress physiology research can potentially contribute to mitigate the threats from 
climate change on vegetable production. However, farmers in developing countries 
are usually smallholders with fewer options and must rely heavily on resources 
available in their farms or within their communities. They need adaptive tools to 
manage the adverse effects of climate change on vegetable productivity and 
quality.

19.3.1  Crop Management Practices

Climate change will alter the environmental conditions for crop growth and require 
adjustments in management practices at the field scale. These practices need to be 
explored and utilized for efficient crop management. A number of technologies 
have been developed at AVRDC – The World Vegetable Center – to alleviate the 
production challenges of vegetable crops grown under stressful environment.

19.3.2  Efficient Water Management

The efficient water management and quality of irrigation water determine the veg-
etable yield and quality. Further, the optimum frequency and amount of applied 
water are functions of climate and weather conditions, crop species, variety, stage of 
growth, rooting characteristics, soil structure and water holding capacity, irrigation 
system, and cultural practices (Phene 1989). Lavishly or inadequate water causes 
abnormal plant growth, predisposes plants to infection by pathogens, and causes 
nutritional disorders. Under limited water supply, soil water conservation and proper 
irrigation schedule are essential agronomical practices for maintaining crop yield 
potential. There are several irrigation methods and the choice depends on the crop, 
water availability, soil characteristics, and topography. Irrigation practices like over-
head, surface, and drip systems could be implemented during water-scare situation. 
Surface irrigation methods are utilized in more than 80% of the world’s irrigated 
lands, yet its field-level application efficiency is often 40–50% (Von Westarp and 
Chieng 2004). Drip irrigation delivers water directly to plants through small plastic 
tubes which prevent water losses due to minimal runoff and deep percolation, and 
water savings of 50–80% are achieved when compared to surface irrigation. Thus, 
by implementing the drip irrigation practice, more plants can be irrigated per unit of 
water and with less labor. In Nepal, drip irrigation practices did not record signifi-
cant difference in cauliflower yield; however, its long-term use is found to be 
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beneficial as per the cost and labor are concerned (Von Westarp and Chieng 2004). 
The water-use efficiency in chili and pepper was significantly higher by drip irriga-
tion compared to furrow irrigation, with higher efficiencies observed with high 
delivery rate drip irrigation regimes (AVRDC 2005). As per the report of AVRDC, 
in drought-tolerant crop like watermelon, yield differences between furrow and drip 
were not significant; however, the incidence of fusarium wilt was reduced when a 
lower drip irrigation rate was used. Thus, drip irrigation is the most preferred due to 
its low cost, labor-saving, and efficient water management as more plants are to be 
grown per unit of water and simultaneously increasing the farmers’ incomes.

19.3.3  Cultural Practices

Various cultural practices such as mulching, use of shelters, and raised beds are 
helpful for protection against high temperatures, heavy rains, and flooding. They 
also conserve soil health in terms of soil moisture and nutrient conservation required 
for crop production. The organic and inorganic mulches are commonly used for the 
production of high-valued cucurbitaceous vegetable crops, viz., gynoecious parthe-
nocarpic cucumber hybrid, gynoecious bitter gourd, and summer squash specially 
zucchini type either in open or in protected condition. This adaptive measure ulti-
mately minimizes the evaporation losses from soil optimizing its temperature, 
reducing the soil erosion, hampering the weed growth, and protecting the fruits 
from direct soil contact. Additionally, the organic materials as mulch help in enhanc-
ing soil fertility and improving soil structure and other properties. In India, mulch-
ing improved the growth of bottle gourd, round melon, ridge gourd, and sponge 
gourd compared to the non-mulched controls (Pandita and Singh 1992). Yields were 
the highest when polythene and sarkanda (Saccharum spp. and Canna spp.) were 
used as mulching materials. Planting cucurbitaceous vegetables in raised beds can 
ameliorate the effects of flooding during the rainy season.

19.3.4  Organic Farming

Organic farming emits less greenhouse gases than conventional agriculture (Mader 
et al. 2002; Pimentel et al. 2005; Reganold et al. 2001) and enhances carbon seques-
tration in the soil. Organic farming practices preserve soil fertility and maintain or 
increase organic matter that can reduce the negative effects of climate extremes 
while increasing crop productivity (ITC and FiBL 2007; Niggli et al. 2008). The 
organic farming practices that can mitigate the effect of climate change include 
replacement of chemical fertilizers through organic amendments, crop residue recy-
cling, incorporation of legume in crop rotations, crop diversification, avoidance of 
burning of crop waste and residues, as well as more use of organic mulches, bio- 
inoculants, and organic growth-promoting substances as vegetable production 
 strategies. These practices will help to build up soil organic matter and will offer 
sustainable carbon credit generation (Bellarby et  al. 2008; Niggli et  al. 2008).  
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Crop diversification and an increase of soil organic matter will enhance the nutrient 
buffer capacity and the microbial activity; both will strengthen soil fertility and will 
enhance resilience against extreme weather events.

19.3.5  Grafting Technique

Changing climate increases in incidence of biotic and abiotic stresses which 
enforces formers to use more pesticides which become major concern for health and 
environment. Vegetables are prone to soilborne diseases for this development of 
resistant variety is the best solution in the disease-prone areas. Grafting method can 
overcome some of these barriers to make potential genetic stocks available to the 
farmers. This technique quickly and directly and basically correlates the traits of 
two plants, one providing a root system (rootstock) and the other providing a shoot 
(scion). Though the major concern of grafting is to avoid soilborne diseases such as 
fusarium wilt in Cucurbitaceae (cucumber, melon, etc.) and bacterial wilt in 
Solanaceae (tomato, pepper, etc.), it is also practiced for a number of other purposes 
and has several advantages (Lee et al. 2010) such as yield increase, shoot growth 
promotion, disease tolerance, nematode tolerance/resistance, low-temperature tol-
erance, high-temperature tolerance, enhanced nutrient uptake, enhanced water 
uptake, high salt tolerance, wet soil tolerance, heavy metal and organic pollutant 
tolerance, quality changes, extended harvest period, etc. Grafting as an intensive 
labor work is majorly practiced on cucurbits and members of the solanaceous veg-
etables such as brinjal and tomato. Among grafting-practiced vegetables, certain 
rootstocks have been identified which possess tolerance/resistance against stresses 
(Table 19.2). Grafting on these resistant/tolerant rootstocks protects the crop from 
ill effects of soilborne stresses.

19.4  Developing Climate-Resilient Genotypes/Varieties

Availability of potential and diverse genetic resource material is a key element for 
farmers as well as breeders to meet the ever-changing population demands and to 
mitigate the changing climate. Presently, breeders have plenty of genotypes with 
good yield potential with other yield-contributing traits. But there is a need to screen 
and diagnose all available genetic materials against different biotic and abiotic 
stresses to identify potential genetic stock which can tolerate a wide range of cli-
matic conditions.

19.4.1  Breeding for Stress Tolerance

Identification of tolerance/resistance is a major activity for initiating breeding for 
stress in any crop. After screening the available genetic material, wild species is a 
best option against breeder to identify the improvement process. Wild and related 
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Table 19.2 Rootstocks for cucurbitaceous crops and some related characteristics

Rootstock Cultivar
Major 
characteristics Possible disadvantage

Watermelon
Bottle gourd 
(Lagenaria 
siceraria L.)

Dongjanggoon, 
Bulrojangsaeng, 
Sinhwachangjo (Korea), FR 
Dantos, Renshi, Friend, 
Super FR Power (Japan)

VRS, FT, LTT New Fusarium race, 
susceptible to 
anthracnose

Squash (Cucurbita 
moschata Duch.)

Chinkyo, No. 8, 
Keumkang(Korea)

VRS, FT, LTT Inferior fruit shape and 
quality

Interspecific hybrid 
squash (Cucurbita 
maxima Duch. × C. 
moschata Duch.)

Shintozwa, Shintozwa #1, 
Shintozwa #2, Chulgap, 
(Japan, China, Taiwan, 
Korea)

VRS, FT, LTT, 
HTT, SV

Reduced fertilizers 
required; quality 
reduction may result

Pumpkins 
(Cucurbita pepo 
L.)

Keumsakwa, Unyong, Super 
Unyong

VRS, FT, LTT Mostly for cucumbers

Winter melon 
(Benincasa hispida 
Thunb.)

Lion, Best, Donga GDR Incompatibility

Watermelon 
[Citrullus lanatus 
(Thunb.) Matsum. 
et Nakai]

Kanggang, Res. #1, Tuffnes 
(Japan), Ojakkyo(Syngenta)

FT Not enough vigor and 
disease resistance

African horned 
(AH) cucumber 
(Cucumism 
etuliferus E. Mey. 
Ex)

NHRI-1 FT, NMT Medium to poor graft 
compatibility

Cucumber
Fig leaf gourd 
(Cucurbita ficifolia 
Bouché)

Heukjong (black seeded 
figleaf gourd)

LTT, GDT Narrow graft 
compatibility

Squash (Cucurbita 
moschata Duch.)

Butternut, Unyong #1, 
Super Unyong

FT, FQ Affected by 
Phytophthora

Interspecific hybrid 
squash (Cucurbita 
maxima Duch. × C. 
moschata Duch.)

Shintozwa, Keumtozwa, 
Ferro RZ,64-05 RZ, 
GangryukShinwha

FT, LTT Slight quality reduction 
expected

Bur cucumber 
(Sicyos angulatus 
L.)

Andong FT, LTT, SMT, 
NMT

Reduced yield

AH cucumber 
(Cucumis 
metuliferus E. Mey. 
ex Naud)

NHRI-1 FT, NMT Weak temperature 
tolerance

(continued)
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species which grows under variable environmental conditions are the untapped res-
ervoir of genepool. This selection process needs to accumulate the superior alleles 
at multiple loci in a specific genotype, so further improvement can be done by 
applying different breeding techniques including tissue culture and transgenic.

Here selection of species which is already accumulated for marked climatic 
change becomes more easy to subject to variable environmental conditions. This 
also helps breeding techniques to identify genes or gene combinations which confer 
such resilience. As onions are more prone to salinity, there is an urgent need develop 
a variety which sustains against saline condition and gives potential yield and ulti-
mately enriches the onion growers. In European gene banks, alliums with cold and 
frost resistance are also reported. In case of cucurbits, these crops are more adapt-
able to warm season, and any increase in temperature will largely affect its produc-
tivity. Hence, there is an urgent need to develop varieties of cucurbitaceous vegetable 
crops with general adaptation to hot and humid tropical environments. AVRDC has 
developed tomatoes and Chinese cabbage with general adaptation to hot and humid 
tropical environments and low-input cropping systems since the early 1970s by 
developing tolerant breeding lines for heat and disease resistant.

Tissue tolerance to severe dehydration is not common in crop plants but is found 
in species native to extremely dry environments (Ingram and Bartels 1996). Some 
Cucurbita sp. possess some xerophytic characters essential to adopt under water 
scarcity condition. Drought stress is a major environmental factor affecting plant 
physiological growth and overall development. For development of drought- 
resistant species, root system of particular crops plays a vital role; Citrullus colo-
cynthis a drought-tolerant cucurbit species have a deep root system. Differences in 
gene expression during drought were studied using cDNA-AFLP.  Two genes, 

Table 19.2 (continued)

Rootstock Cultivar
Major 
characteristics Possible disadvantage

Melon
Squash (Cucurbita 
moschata Duch.)

Baekkukzwa, No. 8, 
Keumkang, Hongtozwa

FT, LTT Phytophthora infection

Interspecific hybrid 
squash (Cucurbita 
maxima Duch. × C. 
moschata Duch.

Shintozwa, Shintozwa #1, 
Shintozwa #2

FT, LTT, HTT, 
SMT

Phytophthora 
infection, poor fruit 
quality

Pumpkin 
(Cucurbita pepo 
L.)

Keumsakwa, Unyong, Super 
Unyong

FT, LTT, HTT, 
SMT

Phytophthora infection

Melon (Cucumis 
melo L.)

Rootstock #1, Kangyoung, 
Keonkak, Keumgang

FT, FQ Phytophthora 
problem

Cultivars vary greatly depending upon countries, growing types, years, and grafting methods; VRS 
vigorous root systems, FT Fusarium tolerance, LTT low-temperature tolerance, ST strong vigor, 
HTT high-temperature tolerance, GDT good disease tolerance, GDR good disease resistance, NMT 
nematode tolerance, SMT high soil moisture tolerance, FQ fruit quality modification (Source: Lee 
et al. 2010)
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CcrbohD and CcrbohF, encoding respiratory burst oxidase proteins were cloned 
using RACE. Real-time RT-PCR analysis showed that expression of CcrbohD was 
rapidly and strongly induced by abiotic stress imposed by PEG, ABA, SA, and JA 
treatment. CcrbohD has great promise for improving drought tolerance of other 
cucurbit species.

Besides tackling drought stress, severity of diseases and pests among stressed 
genotypes as associated action as well as in normal climate change is a major con-
cern. Identification of resistant/tolerant gene/genotype in genepool of crop, its wild 
species, and related species will be the best option to curb the situation. Large gene 
pool is available in Cucurbitaceae family which can be utilized for the development 
of pest-tolerant/pest-resistant varieties or elite breeding lines in cucumber, musk-
melon, watermelon, and other important cucurbitaceous vegetable crops.

19.4.2  Climate-Proofing Through Genomics and Biotechnology

Stress tolerance in plants is a complex phenomenon involving many genes (Wang 
et al. 2003). Genome sequencing of some of the vegetable crops including cucum-
ber, muskmelon, watermelon, potato, tomato, and pepper has opened the way to 
genetic manipulation of genes associated with tolerance to environmental stresses. 
Even though this technology is rapid and promising, it is not found to be cost- 
effective on large scale. The use of molecular markers as a selection tool provides 
the potential for increasing the efficiency of breeding programs by reducing envi-
ronmental variability, facilitating earlier selection, and reducing subsequent popula-
tion sizes for field testing. However, its use in vegetable crop is limited, but progess 
is being initiated in this line for identifying the QTLs and candidate genes for stress 
tolerance QTLs for drought tolerance have been identified in tomato (Martin et al. 
1989). In plants RNA and protein expression profiling alters during stress; reports 
show approximately 130 drought-responsive genes have been identified using 
microarrays (Seki et al. 2001; Reymond et al. 2000). These genes are involved with 
transcription modulation, ion transport, transpiration control, and carbohydrate 
metabolism. DREB1A and CBF and HSF genes are transcription factors implicated 
in drought and heat response, respectively (Sung et al. 2003; Sakuma et al. 2002). 
The ERECTA gene regulates plant transpiration efficiency in Arabidopsis thaliana 
(Masle et al. 2005), and the NHX and AVP1 genes are associated with ion transport 
(Zhang and Blumwald 2001). There are many more genes implicated with stress 
response, and the current challenge is to identify the ones that confer a tolerant 
phenotype in the crop of interest. Complete analysis of the genes is already being 
reported in A. thaliana, but overexpression of only few candidate genes contributes 
for stress-tolerant phenotype in vegetable crops (Zhang et  al. 2004). In tomato, 
expression of AVP1, a vacuolar H+ pyrophosphatase from A. thaliana, resulted into 
improved tolerance mechanism for drought stress (Park et al. 2005). The engineered 
tomato has a stronger, larger root system which allows efficient use of limited water. 
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The control plants suffered irreversible damage after 5  days without water as 
opposed to transgenictomatoes which began to show water stress damage only after 
13 days but recovered completely as soon as water was supplied. The CBF/DREB1 
genes have been used successfully to engineer drought tolerance in tomato and 
other crops (Hsieh et al. 2002).

19.4.3  Exploring Climate-Resilient Vegetable Crops 
for the Future

One of the important steps toward combating the ill effects of climate is to look for 
those species which may adapt to climatic changes in a better way and make the 
dynamics of carbon sequestration faster. There is a need to diversify our food basket 
with new species which have the potential to combat the challenges of food and 
nutrition even under adverse climatic conditions. The crops for the future are to be 
identified and promoted in an emerging production scenario. Crops with either C4 
cycle or CAM pathway, like amaranth, Indian spinach, opuntia, portulaca, etc., may 
be promoted as they make carbon sequestration faster under high CO2 level. Other 
potential vegetable crops which may be grown on marginal lands with low inputs 
should be promoted.

19.5  Conclusions

The chapter reveals that global climate change puts forth a series of new challenges 
and opportunities for researcher globally for sustainable agriculture production 
under the erratic climatic events. However, it is well understood that factors contrib-
uting for food security are likely to be multiplied under climate change. The limited 
reasons for climate change are known today; nonetheless, as per the available infor-
mation, anthropogenic activities like industrialization and mechanization may con-
tribute up to some extent. The elevated temperature resulting into two detrimental 
abiotic stresses, namely, drought and soil salinity, is an important factor limiting 
vegetable production. Among the major gases contributing the global warming, CO2 
concentration in the atmosphere can enhance plant growth and development as well 
as the pest and disease outbreak. Under changing climatic situations, crop failures, 
shortage of yield, reduction in quality, and increasing pest and disease problems are 
common, and they can render the vegetable cultivation unprofitable. Agriculture 
practices need to be adapted to the changing climatic scenario along with options 
for mitigating its effects. Unless measures are undertaken to adapt to the effects of 
climate change on vegetable production, nutritional security in developing countries 
will be under threat.
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20Nutritional Management: Key to Sustain 
Livestock in Drought-Prone Areas

N.P. Kurade, B. Sajjanar, A.V. Nirmale, S.S. Pawar, 
and K.T. Sampath

Abstract
Frequent drought situations with below monsoon rainfall have severe impacts on 
the availability of nutritional resources for livestock. Droughts are usually 
accompanied with events of higher temperatures leading to multiple abiotic 
stresses. Nutritional strategies to overcome feed shortages include improved 
drought-tolerant fodder varieties including rabi crops for producing more rough-
age, preserving fodder by hay and silage making during lush season, use of grass 
from reserved forests, enrichment of straw for complete feed blocks and total 
mixed rations (TMR), lopping of tree leaves for fodder, growing fodder through 
hydroponics etc. Providing shelters through organization of cattle camps is 
 proving as one of the lifelines for survival of livestock and farmers in the drought 
situations. Judicious use of novel/unconventional feed resources needs to be 
exploited to manage nutritional requirements of animals during scarcity by 
 alleviating the effect of anti-nutritional factors (ANF). The use of antistress min-
erals, vitamins and herbal supplements needs to be further explored to mitigate 
the harmful effects of drought on livestock health and production.
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20.1  Introduction

Abiotic stress is defined as the negative impacts of nonliving factors on the living 
organisms under specific environment. The present classification of abiotic stress as 
edaphic, drought and atmospheric is based on the basic requirements of plants for 
their growth and production. Although edaphic factors have influenced the whole 
biosphere, they do not directly influence animal growth and production. The nutri-
tional requirements of animals are mostly fulfilled through plants which are the 
source of proteins, carbohydrates, fats, vitamins and minerals. Edaphic factors 
which directly influence plants have only indirect impact on animals. The effects of 
climate change on animal performance result mainly from alterations in the nutri-
tional resources besides the direct impact of heat stress and water scarcity during 
drought cycles (Valtorta 2010). Drought is an extended period of water scarcity due 
to reduced or absence of rainfall including inefficient water resource management. 
Water scarcity is the frequent climatic condition adversely affecting agriculture/
livestock production in drought-prone areas of India. Among all other natural haz-
ards, drought sets slowly over months to years and affects comparatively large areas. 
Therefore, the edaphic, atmospheric and drought factors influence livestock by 
altering nutrient availability. The inappropriate environmental factors influence 
directly as well as indirectly by altering supply of nonliving requirements to live-
stock in the specific production system. Thus, nutritional resource management is a 
key factor for abiotic stress management in livestock in addition to genetic 
improvement.

20.2  Drought-Prone Areas in India

The severity of drought has increased in India over the last two centuries (Anonymous 
2010). The Rainfed Area Development Programme (RADP) prioritized the districts 
with less than 60% cultivated area under irrigation and further identified them as 
arid (31), semi-arid (133) and sub-humid (175) agroecosystems. Recently, extensive 
studies conducted under National Innovations in Climate Resilient Agriculture 
(NICRA) have led to identification of 100 districts in peninsular India highly prone 
to drought (Prasad et al. 2012). Due to adverse impact of drought, vast agricultural 
land remains uncultivated and leads to severe forage crisis for animals.

Drought-affected areas of India can be categorized into two tracts. The rectangu-
lar area that extends from Ahmedabad to Kanpur then to Jalandhar comprising of 
0.6 million km2 desert, and semiarid area comes under the first tract. The rainfall of 
this region is 400–750 mm. The eastern slope of Western Ghats up to a distance of 
300 km from the coast represents the second tract, and that is a rain shadow area of 
Western Ghats. The rainfall in this region is highly erratic and is also less than 
750 mm. In addition to these two tracts, there are isolated pockets of drought-prone 
areas such as Kattabomman, Nellai and Coimbatore districts in Tamil Nadu, 
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Kachchh and Saurashtra regions, Lalitpur-Janshi region, Mirzapur plateau, 
Kalahandi region and Odisha and Purulia district of West Bengal (Sarkar 2011).

20.3  Nutritional Resources in Drought-Prone Areas

During periods of drought cycles, there is an overall shortage of feeds and fodder for 
livestock in the area. Unavailability of forages and low-quality forages result in 
shortage of dry matter and overall required nutrients for animals. Animals need to 
be supplemented under such circumstances to maintain production levels. Protein- 
and energy-deficient status reduces dry matter intake and not only affects the perfor-
mance but also adds stress to animals.

In a survey conducted in villages of Chopan and Ghorawal in Sonbhadra district, 
Uttar Pradesh, the nutrient intake through different feed ingredients was not suffi-
cient to fulfil the standard animal requirements (Sagar et al. 2013). Pantgne et al. 
(2002) reported that feeding practices followed by farmers, in general, are not as per 
balanced feeding requirements of their animals. Moreover, the farmers from Middle 
Gangetic Plain did not fed dairy animals as per standard requirements as the feeding 
practices followed were traditional with deficit amount of DM, CP and TDN (Singh 
et al. 2008).

There is wide variation in data/estimates of fodder production and availability in 
the country. Fodder production and its utilization depend on the cropping pattern, 
type of livestock and climatic and socioeconomic factors. At present, there is an 
overall net deficit of 61.1% greens, 21.9% dry fodder/crop residues and 64% feeds 
in the country (Anonymous 2010). Although there are variable estimates of feed and 
fodder availability in the country (Tables 20.1 and 20.2), all of the estimates point 
towards overall deficient status of feed and fodders for livestock even in the absence 
of drought. The projected deficit of green and dry fodder appears to be aggravated 
during the near future.

20.4  Impact of Drought on Livestock

Besides direct impact of scarcity of water, drought also results in scarcity of nutri-
tional resources and exposure of animals to adverse climatic conditions mainly heat 
stress (Fig. 20.1). Scarcity of water and forages during drought can increase the 
risks of poisonings in animal and nutritional deficiencies. The impaired water 

Table 20.1 Status of feed and fodder (DM basis) in India (NIANP 2005)

Feeds Available (million tonnes) Requirements (million tonnes) Deficit (%)
Dry fodder 365 412 11
Concentrate 34 47 28
Green fodder 126 193 35
Total 526 652 19
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quality, feed quality, nutritional deficiency and increased incidence of plant poison-
ings are some drought-related risks to cattle productivity and health (Poppenga and 
Puschner 2014). Due to reduced availability of fodder, animals are forced to con-
sume other vegetations or nonconventional feedstuffs with increased risk of expo-
sure to anti-nutritional factors. In addition, the rains after long drought spell result 
in sudden changes in the grazing conditions for cattle, leading to additional health 
risks. The conditions most commonly associated with this change are bloat, certain 
deficiency problems, plant poisonings and clostridial diseases. Other impacts of 
drought are changes in production systems which include migration of livestock 

Fig. 20.1 Impact of drought on livestock

Table 20.2 Supply and demand scenario of forage and roughages (1995–2025) (in million 
tonnes)

Year
Supply Demand Deficit as % of demand (as actual)
Green Dry Green Dry Green Dry

1995 379.3 421 947 526 568 (59.95) 105 (19.95)
2000 384.5 428 988 549 604 (61.10) 121 (21.93)
2005 389.9 443 1025 569 635 (61.96) 126 (22.08)
2010 395.2 451 1061 589 666 (62.76) 138 (23.46)
2015 400.6 466 1097 609 696 (63.50) 143 (23.56)
2020 405.9 473 1134 630 728 (64.21) 157 (24.81)
2025 411.3 488 1170 650 759 (64.87) 162 (24.92)

Source: Based on X Five Year Plan Document, Government of India. Figures in parentheses indi-
cate the deficit in percentage
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farmers to surplus areas, sale of animals for slaughter and shifting from large 
ruminant- based systems to small ruminant systems.

20.5  Nutritional Strategies for Livestock

There are many challenges for sustaining livestock wealth due to recurrent drought 
or delayed monsoon-like situations in drought-prone areas of the country. Efforts 
regarding suitability of fodder species for increasing production, alternate fodder 
sources and optimization for their use, storage and transport are critical for mitiga-
tion of drought conditions in livestock. Further research on optimizing nutrient 
availability and utilization by the different livestock species in target areas are war-
ranted for sustainable livestock production in drought-prone areas. Special attention 
needs to be provided for recommendation of plant- and animal-based mixed produc-
tion system where forage needs of the animals are fulfilled. Several innovations that 
have happened during the last few decades, which can help in enhancing productiv-
ity of fodders/feed, need to be adopted.

20.5.1  Drought-Tolerant Fodder Varieties

Efforts have been made for increasing the fodder yield of cultivated fodder crops on 
agricultural lands as well as on wastelands and community pastures (Hegde 2010). 
The strategy should include selection and breeding of high-yielding and stress- 
tolerant as well as short duration fodder crops and varieties. Importance may be 
given to improve the yields through sustainable production practices, efficient con-
servation practices and strengthening the value chain of dairy and meat producers 
by providing various critical services required to improve productivity and sustain 
livelihood. For this, joint efforts of various government and non-governmental 
agencies are important. A comprehensive review of the improved fodder crop vari-
eties released/notified during the last three decades, fodder production systems and 
packages of practices for important fodder crop and intensive forage sequences rec-
ommended for different regions has been provided in the Handbook of Agriculture 
(2010).

20.5.2  Hay and Silage Making

Haymaking and ensiling are the only methods to conserve forage on a large scale. 
Haymaking is important in drier climates. However, the trend to conserve forage as 
silage has been proportionately increased, as compared to the proportion dedicated 
to hay (Wilkinson et  al. 1996). Ensiling has many advantages than haymaking. 
Forage can be conserved in large quantities in less time, forage conservation is not 
dependent on weather and thirdly, mechanization is well suited to silage making. 
However, the feeding value of the resultant forage is reduced relative to that of the 
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original crop which is a disadvantage associated with silage making (Charmley 
2000). Silage can be made of crop residues or agricultural and industrial by- products 
and excess forages. During silage making, forages are preserved by natural or arti-
ficial acidification, for use as animal feed in periods when feed supply is inadequate 
(Mannetje 1999). According to Charmley (2000), there is a genuine possibility that 
in the future, silages will have superior feeding value than that of the original crop. 
Physical treatments may help to break down obstacles to improve intake and digest-
ibility of the silage. Expected silage fermentation can be used to augment rumen 
function. More research efforts, besides popularization of technique, to improve 
silage intake and utilization using locally available forages are required to overcome 
the scarcity of fodder during drought cycles in different regions of India.
Making silage from drought-damaged crops needs to be assessed in drought- prone 
areas in India for nutritional management. Availability of sugar cane tops/whole 
sugarcane in the drought-prone areas needs to be exploited for an effective drought 
stress management option. During drought period, plant growth is diminished and 
nitrates can accumulate in the plant. Soil nitrates are normally absorbed by plants 
and utilized for the synthesis of plant proteins. Elevated nitrate in annual forages 
can also occur in summer if subjected to drought stress. Weeds commonly found in 
corn fields, viz. ragweed, pigweed, lamb’s-quarter, nightshade and johnsongrass 
can also accumulate nitrates in toxic levels under drought conditions. Elevated 
nitrate levels in corn plants and also in corn silage can possibly be toxic to cattle 
(Ajaib et al. 2002; Wright et al. 2015).

20.5.3  Complete Feed Blocks

The crop residues have low and variable nutritional value and are bulky and fibrous. 
Besides this, availability of crop residues varies with location and season. In some 
areas, there may be deficiency of crop residues, while in some other areas, they are 
available in large quantity but are mostly wasted. Under emergency situations, com-
plete feed technology has been used to save the animals from hunger and death. 
Based on the productivity levels of animals, the densified total mixed ration blocks 
(DTMRBs) or the densified total mixed ration pellets (DTMRPs) of different for-
mulations can be made using different ingredients, comprising of vitamins, miner-
als and feed additives. Thus, the straw-based densified complete feed as block or 
pellet technology could play a vital role in providing need-based rations to livestock 
in drought-prone areas. The technology may provide a means to increase livestock 
production in the drought-prone areas apart from having other benefits such as 
decrease in environmental contaminants (including methane emission), increase in 
earnings of farmers, decrease in labour cost and time for feeding and saving of 
transportation cost of straw. The block making technology also offers the potential 
to remove regional disparity in feed availability, if the block or pellet making setups 
are used as ‘feed banks’ in regions having excess availability of crop residues. It 
could be used to provide balanced feed to livestock under crisis situations created 
by natural disasters such as drought and human conflicts (FAO 2012). However, 
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further research is required on reducing energy cost of straw transportation and feed 
densification. Monitoring the quality of the processed feed for the availability of 
essential nutrients to avoid its dilution by the addition of more of non-nutritional 
feed additives is also required. The use of complete ration in mash form for feeding 
is more advantageous with regard to feed intake, nutrient utilization, body weight 
gain and feed conversion efficiency in cattle compared to conventional feeding sys-
tem (Sharma et al. 2010).

20.5.4  Urea-Molasses Treatment

It is generally recommended to avoid urea treatment during periods of drought. 
However, urea treatment of poor-quality fodder if done judiciously under controlled 
condition is beneficial to sustain the periods of drought.

20.5.5  Novel Feed Resources or Alternate Feeds

Search for alternate feed resources and research for its judicious use need to be car-
ried out for the different agroecological systems. Several newer feed resources have 
been evaluated and found useful for feeding. Incriminating factors have been identi-
fied in unconventional feeds and methods for their detoxification have been evolved. 
Protein cakes after oil extraction from seeds of neem, castor, karanj, palm and 
mahua have been evaluated and found suitable after detoxification to use for feed-
ing. However, largely this technology is not yet adopted by end users. Over the 
years, in some regions of Karnataka, Kerala and Assam, the areca (Areca catechu) 
cultivation as a commercial crop has replaced the traditional paddy and other cereal 
crops to a large extent due to its higher economic returns. There is a gradual shift in 
the cropping pattern from cereals to more remunerative fruit and horticultural crops. 
This results in generation of huge quantity of fruit and vegetable residues. Presently, 
such residues are not effectively used and either composted or dumped in landfills 
causing environmental pollution. There is a need to develop suitable methods to 
convert waste to wealth and contribute to value-added feed resources. Some of the 
potential fruit residues that can be used in feeding are summarized below.

In India, annually about 1.74 million tonne of apple is produced, and waste con-
sists of peels, seed and pulp, which represents 25–35% of fresh apple. The apple 
pomace on dry matter basis consists of 4.72% crude protein and 48–60% total sugar. 
It is a good source of energy (75%) and can replace 30% maize grain in ruminant 
ration. The residue contains high moisture and can be dried in sunlight or, at 65% 
moisture level, can be made as silage for preservation to use as feed.

Grape pomace is a by-product of wine industry comprising grape pulp, skin, 
stem and seeds accounting for about 20% of the grape fruit. The annual production 
is about 1.6 million tons. Grape pomace contains 11% crude protein, 27% crude 
fibre and 5% lignin on dry matter basis. Due to lower nutritive value, grape pomace 
can’t be used in higher quantity in ruminant feeding.
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Majority of the mango is consumed freshly, and only about 2% is processed and 
generates 40–50% waste. The waste includes peels, juice extraction waste, seeds 
and kernel. The waste has more sugar and moisture and hence needs to be dried and 
made silage for preservation. The silage of peels and juice extraction waste is a good 
energy (70%). The by-products of orange, mandarin orange and lemon are peel and 
rag. About 40–50% waste is generated from citrus juice industry and contains solu-
ble sugars. It can be made as silage along with dry fodder and used as cattle feed.
About 30–40% of whole banana is available for livestock feeding. The banana fruit 
waste like peels contains more moisture, low protein and more soluble sugars. This 
can be preserved as silage along with dry fodder and fed to cattle with other feeds. 
The pineapple wastes include leafy crown, peels and the pomace of juice extraction. 
The waste can be chaffed and dried to use as bran. Otherwise, after draining the 
excess moisture, the waste can be made as silage and can be used as a fodder source 
for cattle/sheep.

20.5.6  Hydroponics

Available literature points towards use of hydroponic fodder production which dates 
back to the 1930s.This method is gaining renewed attention for producing fodder 
for sheep, goats and other livestock. The quantity and quality of shoots produced are 
affected by many factors such as grain quality, soaking time, fodder variety and 
treatments, temperature, humidity, nutrients used, depth and density of seeds in 
troughs and the occurrence of mould (Sneath and McIntosh 2003). The technology 
of hydroponic systems is changing rapidly with systems producing yields never 
before realized. Water saving techniques and methods that may help to improve 
productivity are desired for drought-prone areas; hence, hydroponic technique mer-
its closer consideration (Al-Karaki and Al-Hashimi 2012). Hydroponically pro-
duced fodder was found to enhance the efficiency of water use as compared to 
growing fodder in soil. Bradley and Marulanda (2000) reported that green fodder 
produced in hydroponic system requires only about 10–20% of the water required 
to produce the same amount of crop in soil culture. More research efforts regarding 
water saving options including the use of treated waste water for hydroponic green 
fodder production need to be carried out for applying in drought-prone areas of 
India.

20.6  Nutrient Management During Drought Period

During periods of scarcity, nutrient management of individual animals is important 
to sustain health and production or even save the life of animals. Mineral/vitamin 
supplementation based on the requirement may be provided under the guidance of 
experts. For example, selenium and vitamin E have beneficial effect on alleviating 
stressed conditions. The harmful effects of heat stress which is more common dur-
ing water scarcity can be minimized by supplements of vitamin E and selenium 
which have protective role on lipid peroxidation (Sahin et al. 2002).
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During drought cycles, deficit forage conditions are further aggravated in 
drought-prone areas with severe negative impact on livestock population. To address 
these problems, several strategies and relief measures being adapted by the National 
Disaster Management Authority (NDMA) are listed in Table 20.3.

20.7  Conclusions

Most of the abiotic stressors affect livestock through their diet, and their impacts 
may be managed by providing appropriate nutrition. Therefore, nutritional manage-
ment is an important aspect of abiotic stress mitigation in livestock. Defining the 
availability of various nutritional resources, strategic management through various 
nutritional technologies and judicious use of alternative feed resources may help to 
sustain the livestock population in drought-prone areas. The role of livestock farm-
ers and initiatives of government and non-governmental agencies are crucial for 
abiotic stress management in livestock in drought-prone areas of India.

Table 20.3 Strategies suggested by the National Disaster Management Authority (NDMA) and 
required interventions

Strategies suggested by NDMA Interventions needed
Assessment of need for fodder will be done well in 
advance. If a deficit is identified, ways and means to fill 
the gap will be explored including supplies from the 
nearest area, within the Mandal, within the district or in 
the nearby state

Timely and realistic assessments 
and ensuring availability of 
fodder. Exploring alternative 
sources

Raising of fodder in government as well as farmers’ lands 
with buy-back arrangements for fodder cultivated will be 
promoted

Initiatives of government agencies 
with area-specific programmes 
required

Use of tank bunds for fodder cultivation Suitable guidelines with 
area-specific varieties needed

Utilizing the period between crops for fodder cultivation Suitable guidelines with 
area-specific varieties needed

Distribution of fodder produced within a state in nearby 
areas

Initiatives of government and 
non-governmental agencies

Establishment of fodder banks
Conserving fish and aquaculture during droughts Need to be coupled with water 

conservation practices
Utilizing the assistance of Ministry of Railways in 
transport of fodder and drinking water from unaffected 
areas to those affected

Initiatives of government agencies 
required

Organizing online availability of information relating to 
demand and supply of fodder
Undertaking market intervention to keep the prices 
reasonable
Intensification of water conservation measures in the 
villages
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21Mitigation Options for GHG Emissions 
from Ruminants

Raghavendra Bhatta and P.K. Malik

Abstract
Livestock are one of the major contributors as well as sufferers of climate change. 
The adverse impact of climate change on livestock sector is now ubiquitary; 
however, its intensity is stratified. Livestock production among various agricul-
tural sectors is considered one of the major fronts that is accountable for large 
greenhouse gas emission. The demand for livestock products is expected to 
accelerate that would essentially come from more livestock. The increasing live-
stock numbers would cost larger GHG emission. Livestock production and 
excrement storage contribute three major greenhouse gases, namely, carbon 
dioxide, methane and nitrous oxide into the atmosphere. The contribution of CO2 
in GHG emission from livestock is almost negligible due to its continuous 
cycling into the biological system. India alone contributes 10 Tg methane to the 
global pool every year that arises from the enteric fermentation. Major livestock 
species (cattle and buffalo) in the country is held accountable for 85–90% of the 
annual enteric methane emission. Countries such as India and China are expected 
to have maximum increase in enteric methane emission in the world during the 
next 20 years. Temperature, humidity and storage conditions are major deciding 
factors for the extent of emission from excrement. The GHG emission from 
manure management depends on the storage conditions. The anaerobic storage 
of the dung leads to its decomposition and subsequent CH4 production, whilst 
aerobic storage results into N2O emission. This chapter dealt with the GHG gen-
erated from livestock production including enteric fermentation and excrement 
management. Ameliorative and preventive measures are discussed in this chapter 
for reducing the emission of greenhouse gases that originates from livestock 
production.
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21.1  Introduction

Worldwide annual emission of greenhouse gases (GHGs) was estimated about 49 
gigatonnes for the year 2005 (WRI 2011). Among the nations, China, the USA and 
27 member states of the European Union (WRI 2011) contribute the maximum 
quantum, whilst India contributes only 4.25% of the total GHG emission (Fig. 21.1). 
Livestock are an integral component in agriculture sector that globally support the 
livelihood for more than one billion. About 1/8 of energy and 1/3 of protein require-
ment of the populace are fulfilled by this sector. Due to the fast changing food hab-
its, the requirement for livestock products such as milk, meat and eggs would 
increase substantially. To meet this additional requirement, the livestock numbers 
have to proportionally be multiplied or the production has to be intensified. FAO 
(2006) in an estimate revealed that the bovine and ovine population is to be 2.6 and 
2.7 billion more, respectively, by the end of 2050. Livestock production and climate 
change are connected through such a complex mechanism where adversity of one 
has the adverse impacts on another. The threat of climate change to livestock sector 
is ubiquitary, but the intensity of adversity is stratified depending on the prevailing 
agroclimatic situations. Livestock is being influenced by climatic variations both 
directly and indirectly through alterations in comfort (stress), compositional and 
fodder biomass availability, health, etc. In other words, livestock are both culprit 
and sufferer due to climate change.

21.1.1  Livestock and GHG Emissions

Livestock majorly emit carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O) greenhouse gases (GHGs) into the surrounding atmosphere. However, due to 
continuous cycling of CO2 in biological systems, it is not being considered whilst 

Fig. 21.1 Nation-wise greenhouse gas emissions (WRI 2011)
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quantifying the GHG emissions from livestock (FAO 2006; EPA et  al. 2006). 
Agriculture including livestock is one of the sectors accountable for large emission 
of greenhouse gases in the atmosphere. On the whole, agriculture contributes about 
14–15% of the global GHG (WRI 2005). Soil alone contributes about 40% of the 
total GHG emission in the form of N2O from agricultural sector, whilst livestock 
sector constitutes 34% of GHG emission primarily as methane (27% enteric and 7% 
manure). Rice cultivation contributes 10% to the total GHG emission from agricul-
ture, and the contribution from other subsectors including biomass burning is about 
16% (Table 21.1). Both N2O (46%) and CH4 (45%) equally contribute to the total 
GHG emission from agricultural sector, whilst CO2 only makes 9% of the total 
emission from this sector.

Livestock production is held accountable for the larger CH4 emission that arises 
from enteric fermentation and excrement disposal, whilst N2O emission is primarily 
from the manure management. Ruminants are one of the major sources of CH4 
emission in many countries; however, the emission from manure management due 
to different disposal systems is comparatively far less than the enteric fermentation. 
The confined animal operation where manure is primarily disposed in liquid form 
leads to the CH4 emission. On the other hand, the disposal of excrement in aerobic 
environment likely represents the nitrogen loss in many forms including 
N2O. Globally, livestock only account for 9% of CO2 emission, but this sector con-
tributes 35 and 65% of CH4 and N2O from anthropogenic sources, respectively. 
Livestock in Latin America emit the highest enteric CH4 emission followed by 
Africa and China (Table 21.2). India with an emission figure of 8–10 Tg is also a 
significant contributor to the global enteric methane emission. These emissions are 
projected to increase substantially in the next 20  years (Table  21.3), whilst the 
increase in CH4 from manure management may not be much. The enteric methane 
emission during the next 20 years is expected to increase by 0.7 and 0.8% com-
pounded annual growth rate for India and China, respectively (Table 21.3). China 
will also have substantial increase in N2O emission from excrement by the end of 
2030 (Fig. 21.2).

21.1.2  Enteric CH4: A Necessity for Ruminants

Degradation of complex structural carbohydrates is being accomplished in the 
rumen that accommodates diverse kind of microbes for the vested purpose. These 

Table 21.1 Global GHG emission from various agricultural subsectors

Agricultural subsectors Primary GHG emission GHG emission (%)
Soil N2O 40
Enteric fermentation CH4 27
Rice cultivation CH4 10
Manure management CH4 7
Energy related CO2 9
Others CH4, N2O 7
Total 100
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microbes work in a syntrophic fashion where the end metabolites of one group are 
used by other group of microbes as substrate. H2, a major end by-product of the 
fermentation, is essentially removed from the anaerobic vat (rumen) to maintain the 
prerequisite favourable conditions for the rumen microbes. Fermentative H2 is pri-
marily used for the reduction of CO2 into CH4 which later on belch out in the sur-
rounding atmosphere via oral route. Archaea, a distinct group of microbe in the 
rumen, are responsible for the reduction of CO2 into CH4. These microbes previ-
ously considered under bacterial domain, but recently they are classified (Woese 
et al. 1990) as under separate domain Archaea. Most of the Archaea species in the 
rumen primarily use H2 as basal substrate; however, there are other species too that 

Table 21.2 Region-wise enteric methane emission

Region
Enteric methane emission (M tonnes 
CO2-eq year−1) Emission (%)

Africa 280 14.5
Latin America 460 23.8
North America 136 7.06
Non-EU former Soviet Union 97 5.03
Europe 188 9.83
India 218 11.3
China 259 13.4
Rest of Asia 175 9.09
Australia/New Zealand 88 4.57
Middle East 27.3 1.42
World 1929 100

Modified from Frank O’Mara (2011)

Table 21.3 CH4 emission (Mt CO2 eq) and projections for the livestock sector

Major emitter Projection CAGR
2010 2020 2030

Enteric fermentation
India 265 283 301 0.7
Brazil 225 237 234 0.2
China 162 179 191 0.8
USA 132 138 143 0.4
Pakistan 73 90 111 0.1
ROW 1088 1223 1365 1.04
Manure management Projection

2010 2020 2030
India 35 39 42 0.9
Brazil 10 11 12 0.8
China 79 83 87 0.5
USA 43 43 43 0.0
France 8 8 8 −0.4
ROW 166 178 192 0.8

Reproduced and modified from EPA (2013)
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use other substrate for methanogenesis. Thus, H2 may be referred as one of the cru-
cial metabolites, and its partial pressure in the rumen is a deciding factor for deter-
mining the extent of methanogenesis (Hegarty and Gerdes 1998). Due to the 
significant energy loss, rumen methanogenesis is said to be one of the necessary but 
wasteful processes.

21.1.3  Enteric CH4 Emission: Indian Scenario

As per latest livestock census (19th census, Govt. of India), India has 512 million 
livestock, wherein cattle and buffaloes dominate and constitute 60% of the total 
population. On an average, Indian livestock annually emit 8–10 Tg enteric CH4 
wherein cattle and buffalo aggregately emit >90% of the total emission (Table 21.4). 
However, small ruminants such as sheep and goats contribute only 7.7% of the 
enteric methane emission in the country. The rest of the emission comes from the 
species which are very less in numbers and only confined to specific geographical 
locations, i.e. yak, mithun, etc. There is a disparity among the cattle species also: 
crossbred cattle emit more methane than their indigenous counterparts (46 vs 25 kg 
h− yr.−1).

21.1.4  Rumen Methane Amelioration: Challenges 
and Opportunities

The challenges related to the enteric methane emission and amelioration are sum-
marised below (Table 21.5) for the easy understanding and to achieve the long-term 
methane reduction from livestock:

Fig. 21.2 Projections for N2O emission from livestock sector (2010–2030; EPA 2013)
Adapted from MAC Report 2013
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• Lack of reliable and validated country-/region-specific database
• Improper methodologies for methane prediction
• Feed and fodder shortage
• Feed and fodder quality
• Low productivity
• Twinkling methane reduction attributes
• Complexity of rumen microbial system
• Unexplored community of rumen archaea

The enteric CH4 emission from rumen is H2 centric, and therefore, the successful 
reduction through any strategy under investigation should qualify the criteria of 
minimising H2 production (Malik et al. 2015). Reducing the numbers of unproduc-
tive/low-productive animal, dipping of H2 production in the rumen to obstruct the 
supply, alternating disposal of H2 away from methanogenesis, targeting H2-utilising 
microbes for indirect inhibition of methanogenesis and targeting rumen archaea for 
direct inhibition are most likely the opportunities for minimising the enteric meth-
ane emission (Table 21.5).

21.1.5  Manure Management and GHG Emission

Manure is a valuable resource that is obtained from livestock and serves as primary 
reservoir for various nutrients required by a crop at different physiological stages. 
The emission of CH4 from manure management due to aerobic storage in our condi-
tions is very less (0.1 Tg year−1). Nevertheless, it is one of the listed sources for 
methane emission. The excrement storage in anaerobic conditions is being practised 
in the developed world where dung is mixed with water and stored as lagoons; it 

Table 21.4 Relative enteric 
methane emission by Indian 
livestock

Species Methane emission (%)
Cattle
  Indigenous 31.3
  Crossbred 14.9
  Total from cattle 46.2
Buffalo 45.1
Sheep 2.6
Goat 5.06
Yak 0.03
Mithun 0.11
Horse/pony 0.08
Mule 0.04
Donkey 0.04
Camel 0.17
Pig 0.57
Total 100

Source: Bhatta et al. (2015)
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Table 21.5 Ameliorative measures for enteric CH4 mitigation

Measures Opportunities/limitation Remarks
Reducing livestock 
numbers

Due to a high number of low-producing 
or non-producing ruminants, CH4 
emission per kg of livestock product is 
high. Killing of such livestock is not 
possible due to the ban on cow 
slaughter

Low-productive animals 
should be graded up with 
rigorous selection for 
improving their productivity 
and less enteric methane 
emission

Feeding of quality 
feeds

Feed interventions are the best option 
for methane amelioration. The 
uninterrupted availability is a question 
mark. Area under pasture and 
permanent fodder production is 
declining or stagnant since the last 
three decades. Livestock are getting 
their fodders from 7 to 8% of the arable 
area

Improving the quality of 
fodders’ availability seems 
unrealistic under the 
ever-increasing human 
population and food-feed- 
fuel competition scenario

Ionophores Selective inhibition of microbes and 
failures to achieve the reduction in the 
long term are big issues. Animals turn 
back to normal level of emission after 
short time. Their use is banned in many 
European countries

May be tried in rotation as 
well as in combination for 
sustaining the reduction in 
long term

Ration balancing Ration balancing with feed resources 
available at farmer’s doorstep will 
improve the productivity with 
concurrent methane reduction at low 
input level

Farmers should be made 
aware about the importance 
of ration balancing and 
monetary advantages

Removal of protozoa Removal of ciliate protozoa from the 
rumen results in lower CH4 production. 
May witness less fibre digestibility. It 
is practically impossible to maintain 
protozoa-free ruminants

In spite of complete removal, 
partial defaunation may be 
achieved for enteric methane 
reduction without affecting 
the fibre digestion

Reductive 
acetogenesis

Thermodynamics favour 
methanogenesis in the rumen. The 
affinity of acetogens for H2 substrate is 
considerably lower than 
methanogenesis. It cannot work until 
unless methanogens are targeted in the 
rumen

Reductive acetogenesis may 
be promoted by 
simultaneously targeting the 
rumen archaea. This will 
ensure less methane with 
additional acetate availability 
for the host animal

Plant secondary 
metabolites

Under the quality fodders’ deficit 
scenario, the use of PSM as methane- 
mitigating agents is a good option. 
Dose optimisation and validation of 
methane migration potential in vivo on 
large scale are mandatory before 
recommendation

Inclusion at safe level 
without affecting the feed 
fermentability may be a 
viable option for enteric 
methane amelioration. 
Combined action of PSM on 
in vivo methane emission 
needs to be assessed

(continued)
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serves as one of the potential sources for CH4 emission. On the contrary, excrement 
storage in an open environment favours the large emission of N2O from the decom-
position. Apart from N2O, nitrogen from excrement is also lost in other forms (NH3 
and NOX). According to one estimate, India alone is accountable for 9.6% of the 
CH4 emission from manure. The emission of CH4 from excrement in the country is 
projected to remain constant (9.5–10.2%) during the next 40 years (Table 21.6). 
Indian livestock on an average contribute 3.9% of the world’s total N2O emission.

Excrement management is a deciding factor for determining the extent of GHG 
emissions that arise from microbial decomposition. Anaerobic storage and decom-
position of the dung lead to larger emission of CH4. These conditions mostly prevail 
when manure is stored as lagoons by mixing of excrement with water and urine. 
Temperature and the duration are two major factors that greatly affect the quantum 

Table 21.5 (continued)

Measures Opportunities/limitation Remarks
Nitrate/sulphate Nitrate and sulphate hold the potential 

to reduce methane emission to a greater 
extent. These reductive processes are 
thermodynamically more favourable 
than methanogenesis. The end product 
from this productive process will not 
have any energetic gain for the animal. 
Intermediary products are toxic to the 
host animal

Probably slow-releasing 
sources for these compounds 
will reduce the toxicity 
chances caused by 
intermediary metabolites. 
Safe level of inclusion must 
be decided and tested on 
large number of animals by 
considering all the species 
accountable for methane 
emission

Active immunisation This approach holds the potential for 
substantial methane reduction provided 
methanogenic archaea of the rumen is 
explored to a maximum extent for 
identifying the candidate target for the 
inclusion in vaccine

Information on species and 
biogeographic variation in 
methanogenic archaeal 
community should be 
explored for considering this 
approach for enteric methane 
amelioration

Disabling surface 
proteins

It is well established that methanogens 
adhere to the surface of other microbes 
for H2 transfer through surface 
proteins. Identifying and disabling of 
these surface proteins will certainly 
reduce enteric methane emission by 
cutting supply of H2

This is unexplored area and 
needs some basic and 
advance research for 
exploring the possibility

Bio-hydrogenation Restricting H2 supply to methanogens 
with alternate use of bio-hydrogenation 
decreases enteric methane 
amelioration. The use of fat/lipids at 
high level depresses fibre digestion. Of 
the total, about 5–7% of H2 is utilised 
in this process

This approach is not practical 
due to high cost of fat/lipids 
and fibre depression at high 
level of use
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of CH4 produced. However, dung processing as stacks or piles favours the aerobic 
degradation and, hence, generates very less CH4. Volatile solid (VS) is the major 
degradable fraction of excrement that decomposes and converts into CH4 during 
anaerobic decomposition. The VS content/excretion either may be determined or 
retrieved from the literature. It can also be determined from the feed intake if the 
average daily VS excretion rates are not known. Feed intake for cattle and buffalo 
can be estimated using the ‘enhanced’ characterisation method. The VS content of 
dung represents the fraction of diet consumed but not digested and thus excreted as 
faecal material. The VS excretion rate is calculated using the following equation of 
Dong et al. (2006):
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CH4 emission factor from VS excretion rate may be worked out using the follow-
ing equation:
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where:

EF (T)  =  annual CH4 emission factor for livestock category T, kg CH4 
animal−1 yr.−1

VS (T) = daily volatile solid for livestock category T, kg dry matter animal−1 day−1

Bo (T) = maximum methane producing capacity for manure produced by livestock 
category T, m3 CH4 kg−1 of VS excreted

Table 21.6 Estimate and projected emissions of methane and nitrous oxide from manure 
management

Methane

Manure methane (kg × 105)
Estimated Projected
2010 2025 2050

World 11,414 12,849 15,046
India 1096 1221 1543
% of total 9.6 9.5 10.2
Nitrous oxide Manure nitrous oxide (kg × 105)

Estimated Projected
2010 2025 2050

World 383 445 516
India 15.3 17.5 21.4
% of total 3.9 3.9 4.1

Source: Patra (2014)
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0.67 = conversion factor
MCF (S,k) = methane conversion factors for each manure management system S by 

climate region k, %
MS (T,S,k) = fraction of livestock category T’s manure handled using manure man-

agement system S in climate region k, dimensionless

N2O emissions from manure are a combined result of both nitrification and deni-
trification process. Nitrogen, carbon content and storage duration are three major 
factors that decide the quantum of N2O emission from manure. Nitrification, a nec-
essary step, is likely to occur if there is adequate supply of oxygen during excrement 
storage. In the process of denitrification, nitrite and nitrates are transformed into 
N2O and dinitrogen (N2). N2O generation from the manures requires either nitrite or 
nitrate for the conversion to oxidised forms of nitrogen. A common equation used 
for quantifying the N2O emission from manure is given below.

Direct N2O emission from manure management:
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where:

N2OD (mm) = direct N2O emissions from manure management, kg N2O yr.−1

N (T) = number of head of livestock species/category T in the country
Nex (T) = annual average N excretion kg animal−1 yr.−1

MS (T, S) = fraction of total annual nitrogen excretion for each livestock species/
category T that is managed in manure management system S in the country, 
dimension less

EF3 (S) = emission factor for direct N2O emissions from manure management sys-
tem S in the country, kg N2O-N/kg N in manure management system S

S = manure management system
T = species/category of livestock
44/28 = conversion of (N2O-N) (mm) emissions to N2O (mm) emissions

21.1.6  Preventive and Ameliorative Measures for Minimising 
GHG Emissions from Excrement

For mitigating the CH4 and N2O emissions from the manure management, precau-
tionary/ameliorative measures are compiled and presented in Table 21.7.
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21.2  Conclusion

Enteric fermentation and manure management are two integral components associ-
ated to livestock production that contribute to the methane and nitrous oxide emis-
sion. These two gases have very high global warming potential than that of CO2. 
Apart from an accelerating factor in global warming, enteric methanogenesis also 
deprives the host animal from a substantial fraction of the biological energy. 
Developing countries like India cannot afford such a high loss of biological energy. 
Ameliorative measures for the enteric methane mitigation must be devised by con-
sidering local feed resources availability, seasonal variation, etc. Researchers should 
focus on the approaches that may persist for long and achieve 18–25% reduction in 
enteric methane emission. The problem of GHG emission (methane and nitrous 
oxide) is not uniform across the countries and varies according to the storage 

Table 21.7 Precautionary/ameliorative measures for reducing GHG emissions from manure 
management

GHG Measures
CH4 Handle manure as a solid or deposit it on pasture rather than storing it in a liquid-based 

system such as a lagoon (this may increase N2O emission)
Capture CH4 from manure decomposition to produce renewable energy
Avoid adding straw to manure which serve as a substrate for anaerobic bacteria
Apply manure to the soil as soon as possible because prolonged storage of manure 
encourages anaerobic decomposition that results in increased CH4

Avoid manure application when the soil is extremely wet, as this leads to anaerobic 
conditions and increased methane emissions
Improve animal’s feed conversion efficiency by either feeding quality feeds or 
processing to decrease GHG emissions
Cover lagoons which involve placing an impermeable floating cover (e.g. plastic cover) 
over the surface of the tank or lagoon to capture GHGs

N2O Apply manure shortly before crop growth to allow for the maximum amount of 
available nitrogen to be used by the crop
Avoid applying manure in the late fall and winter because these conditions lead to high 
emission of N2O and high nitrogen loss in the spring (Anonymous 2004)
Avoid applying manure when the weather is hot and windy, or before a storm, because 
these conditions can increase N2O emissions
Implement soil and water management practices such as improving drainage, avoiding 
soil compaction, increasing soil aeration and using nitrification inhibitors for nitrogen 
gas production instead of nitrogen oxide (Anonymous 2004)
Spread manure evenly around the pasture
Maintain healthy pastures by implementing beneficial management grazing practices to 
help increase the quality of forages
Include low-protein levels and the proper balance of amino acids in the diet to minimise 
the amount of nitrogen excreted, particularly in urine. Use phase feeding to match diet 
to growth and development
Move fresh manure to a covered storage facility to reduce adding moisture, which 
reduces the amount of N2O emission
Storage in below-ground facilities with lower temperatures reduces microbial activities
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conditions of the excrement. Due to storage of dung as heap in the country, methane 
emission from manure is not alarming, and hence, our full focus should be on tack-
ling nitrous oxide from excrement.
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22Mitigation of Climatic Change Effect 
on Sheep Farming Under Arid 
Environment
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Abstract
Livestock is the integral part of agricultural systems all over the world. However, 
in India, climate change has become a serious concern for ensuring nutritional 
security for the growing population. Small ruminants, especially pastoral farm-
ing, serve a major livelihood option and are embedded deep in the culture of 
resource-poor small and marginal farmers of arid and semiarid western India. 
The breeds of these arid and semiarid region are well adapted to the local cli-
matic condition and have amalgamated themselves to very harsh climatic factors 
in the region. The local native animals of this region have their own adaptive 
mechanism of altering physiological, neuroendocrine, biochemical, cellular, and 
molecular process to encounter the stress; still, they need to endure stressful con-
ditions due to high temperature, low feed, and water scarcity. All these con-
straints expose the sheep production into heat stress, nutritional stress, water 
stress, walking stress, and their combinations. All the stress factors affecting 
sheep production directly and indirectly and ultimately lead to compromised per-
formance, lower efficiency, and increased mortality and affect the immune sys-
tem. Giving the poor farmer’s economic security, under changing climatic 
scenario, sheep production has to be sustainable by combating the detrimental 
effect of different mitigation strategies. In the present chapter, the mitigation 
strategies have been discussed which include genetic improvement, breeding 
management, grazing management, nutritional management, utilization of 
unconventional feed resources, antioxidant supplementation, water management, 
shelter management, and disease management. Basically, all these strategies are 
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based on a physical modification of the environment, genetic modification, and 
improved nutritional management. To get optimum production under changing 
climatic scenario, holistic approach is needed as per the environmental condi-
tions and available resources.

22.1  Introduction

In the twenty-first century, worldwide climate change is a critical challenge to the 
mankind as well as the animal kingdom. The developing countries like India are 
more vulnerable to this threat due to their dependence on natural resources and high 
poverty levels. High temperature hinders productive and reproductive performance, 
impairs metabolic health and metabolic status, and weakens immune response. A 
pertinent increase of drought may affect forage and crop production (Nordone et al. 
2010). These situations will likely worsen further under the ensuing changing 
climatic scenario. Under such situation, sheep production may play a critical role 
for the development of sustainable and environmentally sound production system 
(Ben- Salem 2010).

Sheep husbandry is one of the sustainable livelihood options for the people living 
in arid and semiarid regions. But nature has been a little harsh toward these regions 
by providing less vegetative resources, climatic variability, and water scarcity. In 
India, the arid and semiarid region comprise almost 53.4% of the total land area. 
These regions cover mostly rangelands. Therefore, the poor landless small and mar-
ginal farmers of the region rear their livestock through a low-input pastoral system 
of management (Naqvi et al. 2013b). Nearly 21% of the sheep belong to arid and 
semiarid region, and they play an important role in the rural economy with its mul-
tifaceted utility of wool, meat, milk, skin, and manure. Out of 41 well-recognized 
breeds of India, 11 breeds survive/exist/sustain/belong to arid and semiarid region. 
The harsh climatic condition compels the breeds of these areas to make some behav-
ioral, physiological, and morphological adjustment to adopt to the climatic variabil-
ity. Therefore, the native breeds of these regions have become well adapted to scarce 
feed supply and shortage of drinking water and able to survive in extreme heat, can 
migrate long distances, and show resistance against tropical diseases. Nonetheless, 
the adaptation mechanism supports their survivability, but with a compromised 
production efficiency.

22.2  Impact of Climate Change on Sheep Production

The pronounced impacts of climate change on sheep production are apparent in 
breed composition, population and distribution, feed and fodder scarcity, shrinkage 
of grazing land, reproductive and productive disorders, spread of diseases, poor 
performances, consumer demand and market trend for wool and meat, etc. Some of 
the important attributable climate-driven changes are discussed here.
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22.2.1  Sheep Population and Distribution

A reduction in the sheep population from 74 million in 2010 to 65 million in 2012 
(Livestock Census 2012) raised an alarm on its future status. The reasons may be 
multifarious, an increasing demand for meat and higher slaughter rate to preference 
shift toward the rearing of other livestock species. The effect of climate change on 
the distribution of sheep population is visualized by the recent change in the sheep 
population from Rajasthan to Andhra Pradesh (Table 22.1). The sheep population in 
Rajasthan was 10.62 million in 1997, which declined to 10.05 million in 2003 live-
stock census with an overall reduction of 5.72%. On the other hand, the sheep popu-
lation in Andhra Pradesh increased by 13.9%.

The frequent drought and famine situations and continuous declining of grazing 
resources, both in terms of quality and quantity, could be the reasons for the decline 
of sheep in Rajasthan during the period. In the present climate-changing scenario, 
migration becomes hard and harsh for the farmers. Flock size is declining sharply 
over the period; the average flock size was 100–120 in 1990, which has reduced to 
70–80 in 2000 and 35–40 in 2008 in the semiarid region of Rajasthan (Shinde and 
Sejian 2013).

22.2.2  Breed Composition and Distribution

Farmers of arid and semiarid regions always prefer sheep breeds which can with-
stand thermal and nutritional stresses and able to walk long distances during migra-
tion. The evolution of indigenous sheep breeds in different agroecological niches 
through natural selection over the time period also supports these characteristic 
changes. Farmers are taking initiative for adopting breeding strategies to cope with 
the changing climate. Kheri sheep, developed by crossing Malpura with Marwari, 
are hardy, produce carpet-type wool, have better walking efficiency, and thrive well 
under the migratory system (Shinde and Sejian 2013). Magra breed found in and 
around Bikaner, known as Bikaneri Chokla, produce excellent carpet wool with a 
fiber diameter of 32–35 μ and lustrous character. However, their population got 
reduced considerably with the intermixing of breeds during migration.

Table 22.1 Current changes in the sheep population in India and top five sheep-producing states

Year Population (million) State Population (million)
1992 50.78 Andhra Pradesh 26.40 (40.5)
1997 57.49 Karnataka 9.6 (14.7)
2003 61.47 Rajasthan 9.1 (13.9)
2007 71.56 Tamil Nadu 4.8 (7.3)
2012 65.07 Jammu and Kashmir 3.4 (5.2)

Figures in parenthesis refer to percent increase in two decades (Source: Livestock Census 2012)
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22.2.3  Grazing Land

In arid and semiarid regions of the country, 45–50% of the land is utilized for graz-
ing purposes, and in extreme arid regions of Rajasthan, 90% of the land is utilized 
for grazing purposes. The area of common property resources (CPR) has declined 
by 26–63% during the last three decades. This CPR is also now in a state of dwin-
dling and produce only 0.2–0.3 Mg ha−1 of dry fodder under normal rainfall, which 
reduced to 40–50% with changing climate due to decline and erratic distribution of 
rain (Sankhyan et al. 1999).

22.3  Multiple Stress Factors and Their Effect

22.3.1  Heat Stress

Heat stress is the foremost effect of climate change in the arid and semiarid region 
in sheep production. Heat stress can disrupt the physiology and productive perfor-
mance of an animal. The increase in body temperature caused by heat stress has 
direct, adverse consequences on cellular function. Production losses in domestic 
animals are largely attributed to increase in maintenance requirement associated 
with sustaining a constant body temperature and altered feed intake (Indu et  al. 
2014). Heat stress also hampers the male and female reproduction. Heat stress 
affects estrus percent and duration, conception rate, lambing rate, and birth weight 
of lambs (Maurya et al. 2004). In addition, it influences plasma estradiol and pro-
gesterone concentration in Malpura ewes (Sejian et al. 2011). Further, a reduction in 
superovulatory response and embryo production occurred in Bharat Merino ewes 
(Naqvi et al. 2004) while it reduced the feed intake and body weight (Sejian et al. 
2010a).

22.3.2  Nutritional Stress

Another potential stressor in this region is nutritional scarcity which is increasing 
due to the scarcity of good quality and quantity of fodder. Poor and marginal farm-
ers of semiarid tropics depend a lot on livestock and agriculture for their livelihood. 
In extensive production system, the well-being of livestock entirely depends on the 
herbage. Livestock of this region mainly remained undernutrition during late spring 
and summer due to increased energy output for thermoregulation and concurrent 
reduction in energy intake (Sahoo et al. 2013). This can result in impairing repro-
duction and production efficiency of grazing animals (Ali 2008). Sheep and goat 
flocks migrate in search of feeding and grazing resources from one place to another 
and from the lower hills (800–900 m above MSL) up to the high alpine pastures 
(3600–4800 m above MSL) and back again as the climate determines the availability 
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of fodder and forage (Sahoo 2013). But the magnitude of stress was severe when 
only 60% or less of their nutritional requirement are available (Sejian et al. 2014).

Thermal stress and feed scarcity are the major predisposing factors for the low 
productivity of ewes under hot semiarid environment. Moberg (2000) described a 
hypothetical scheme of how two stressors can summit together, and their total 
impact might be severe on biological functions. The combined thermal and nutri-
tional stress had a severe impact on biological functions, though the native breeds 
possessed considerable adaptive mechanisms to overcome these stresses (Sejian 
et al. 2010b).

22.3.3  Water Stress

Water scarcity during summer is a serious problem in this region. Therefore, during 
this period, availability of good quality drinking water is reduced for all the species. 
Drinking water is often a limiting factor for livestock in grazing areas of the semi-
arid region (Sahoo et al. 2015a). Some breeds of small ruminants could survive up 
to 1 week with little or even no water in hot arid and semiarid regions (Nejad et al. 
2014; Chedid et  al. 2014), but water shortage affected animal’s physiological 
homeostasis leading to loss of body weight, low reproductive performance, and a 
decreased resistance to diseases (Barbour et  al. 2005). The feed intake, average 
daily gain, physiological responses, hematological parameters, and reproduction of 
ewes impaired during water stress (Kumar et al. 2016). Well-adapted Malpura ewes 
have the capacity to adjust their physiochemical response and reproduction com-
fortably up to 20% of water restriction during hot summer, and the impact increased 
with the magnitude of water restriction (Kumar et al. 2016).

22.3.4  Walking Stress

During the summer, another key constraint of arid and semiarid tropical environ-
ments is their low biomass productivity (Sahoo et al. 2015b). The availability of 
feed in the rangeland reduced substantially and most of the time, it is not available 
in the dry season. As biomass density (feed) per unit area remained very low, the 
sheep tries to increase the grazing time each day as well as disperse more widely. 
Therefore, other than thermal stress and feed scarcity, the animals need to walk long 
distances for grazing (Naqvi et al. 1991) and are exposed to exercise stress during 
walking in such an environment. These stresses lead to alterations in the process of 
homeostasis and metabolism. The changes in respiration rate, heart rate, rectal tem-
perature, plasma cortisol, thyroxine, and triiodothyronine showed that native sheep 
have the capability to adapt to long-distance walking. The negative effect on growth 
performance shows that productive performances are compromised while trying to 
adapt to long-distance walking (Sejian et al. 2012b).
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22.3.5  Multiple Stresses

Under field condition, most of the time, the above stresses, i.e., heat stress, nutri-
tional stress, water stress, and walking stress, occur in combinations and simultane-
ously and causing multiple stress. Multiple stress affects body weight, respiration 
rate, pulse rate, rectal temperature, sweating rate, triiodothyronine, thyroxine, corti-
sol, hemoglobin, packed cell volume, glucose, and total protein (Sejian et al. 2013). 
Along with that, both conception and lambing rate also reduced significantly under 
multiple stress (Sejian et al. 2012a, b). Hence, selection of adapted animal breeds is 
very important for sustaining animal production under this challenging environ-
ment. The breeds of this region have developed adaptive capacity to survive in these 
adverse conditions.

22.4  Free Ranging and Metabolizable Energy Requirement

In free ranging, if the food availability is scarce, the animals are forced to travel to 
meet their energy requirements, and this extra energy drain can be an important 
contributor to the metabolizable energy (ME) need for maintenance (Sahoo 2013). 
Sheep have adapted well to environmental conditions prevailing in arid lands, being 
able to obtain an adequate diet even when forage is scarce. Anyhow, the energy 
requirements in open range may increase severalfold over values assessed for 
restrained animals due to walking stress in search of scarce feed resources in rugged 
and otherwise inaccessible terrain. According to NRC (1981), the energy require-
ment of goat increased 25% under grazing conditions due to increased muscular 
activity. The energy requirement increased 50% in semiarid rangeland pasture and 
in slightly hilly land due to higher muscular activity for less availability of biomass 
in these regions. The requirement of energy increased up to 75% in case of long- 
distance travel on sparsely vegetated grassland and/or mountainous transhumance 
pasture. Both the increased energy expenditure of eating and the energy expended 
in walking would account to this increased maintenance requirement. The heat pro-
duction (HP) attained 401 kJ kg−0.75 d−1 for restrained goats. The increase in HP for 
unrestrained over restrained goats was 43.1%, and daily distance traveled (say 
2 km) accounted for 9% of the extra HP.

22.4.1  Sheep Diseases

Other than direct effect of climate change, sheep diseases and resistance are also 
affected by reduction in natural grazing land and increasing metabolic disorders. 
Poor-quality green grass due to vitamin A deficiency increases the incidence of 
corneal opacity and night blindness. The deficiency of vitamins A, D, and B1 and 
minerals, viz., calcium, phosphorus, zinc, and copper, is not only prevailing 
unabated but also is registering an upward trend in the recent past (Shinde and 
Sankhyan 2007). Copper, cobalt, selenium, zinc, and iodine are some of the trace 
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mineral deficiencies resulting in anemia, retarded growth, and reproductive disor-
ders. Apart from these, deficiencies of vitamins A, D3, E, B1, and C were also identi-
fied in the flock. The nutritional stress increases the case of pregnancy toxemia and 
neonatal death due to poor milk yield and immunity, prone to many infectious dis-
eases. The increased morbidity and mortality and declined production under climate 
change would lead to economic losses to farmers (Singh et al. 2010). Under the 
traditional system, breeding of sheep is associated with acacia and khejri pods in 
arid and semiarid regions. The climate change and its effect on tree pods would 
adversely affect the reproduction in sheep and goats. A poor vegetation cover of 
CPR would provoke soil ingestion because of their close grazing habit, e.g., soil 
ingestion increased up to 39.1, 15.6, and 46.4% of dry matter intake in sheep during 
drought and famine conditions. Soil that accumulates in the rumen and reticulum 
impairs the digestion and production resulting in mortality under prolonged expo-
sure (Shinde et al. 2005).

22.4.2  Marketing and Economics

The climate change is leading to shrinkage of grazing lands and scarcity of feed and 
fodder from grazing lands which are directly hampering production performance of 
sheep. As a consequence, farmers are being forced to sell their lambs early 
(3–4  months age weighing only 12–14  kg) instead of regular practice of selling 
lambs of 20–22 kg weight (9–12 months old) (Shinde and Sankhyan 2010). Earlier, 
flocks were managed completely on grazing resources. However, the grain supple-
mentation to young stock has now become a common practice as a protection 
against the vagaries of nutritional stress. This along with climate change induced 
poor health and increased susceptibility to diseases which are adding to the cost of 
production (Shinde and Sejian 2013).

22.5  Mitigation Strategies

In changing climatic situation of arid and semiarid region, keeping in view the poor 
farmer’s economic security, sheep production has to be sustainable by combating 
the deleterious effect of different stressors. Thermal variability challenges the ani-
mal’s ability to maintain energy, thermal, water, and hormonal and mineral balance. 
Reducing stress on sheep requires multidisciplinary approaches that emphasize ani-
mal nutrition, housing, and animal health management. The effect of hot climate 
can alleviate through suitable management strategies like provision of shade, dimin-
ishing the ground reflection, suitable shelters, restriction of feeding during hotter 
parts of the day, postponement of shearing to cooler season, and control of mating 
so that late pregnancy occurs in comparatively cooler season (Naqvi et al. 2013b).
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22.5.1  Genetic Improvement

The increasing demand for meat urges a serious need of sturdy, heat-tolerant, 
disease- resistant, and relatively adaptable breeds to the adverse conditions (Moran 
et al. 2006). In such situation, some of the indigenous breeds are able to cope better 
than the crossbred. The native sheep breed like Malpura, Chokla, Marwari, and 
Magra are well adopted in arid and semiarid region and can tolerate heat and nutri-
tional stress. Disease- and parasite-resistant sheep breed need to propagate in this 
region as the resistant line does not require drenching and reduces the problem of 
drug resistance, drenching cost, and drug residues in meat and milk (Swarnkar et al. 
2009). Pattanwadi and Malpura sheep yield 1.2–1.4 and 0.6–0.7 liter of milk daily 
which can provide extra security and economic support in the dry regions. The 
crossbreeding of Awassi sheep that is well adapted to dry and hot conditions, with 
Pattanwadi or Malpura, to improve milk yield of native sheep appears to be a better 
option. Fat tail sheep breeds can withstand the harsh climate and can serve as a 
source of income for poor farmers (Shinde and Sejian 2013).

22.5.2  Breeding Management

In Rajasthan and Gujarat, the farmer used to tie the prepuce of rams with cotton 
threads to avoid matings during undesirable seasons. Most sheep breeding takes 
place in July–August, i.e., immediately after the onset of the monsoon and some of 
it in March–April, when stubble grazing and Acacia and Prosopis pods are available 
to the animals. Though 80–100% of animals exhibit estrus throughout the year, 
considering lambing percent and lamb survival and growth, breeding in March–
April and August–September is preferable (Acharya 1982).

22.5.3  Grazing Management

The sheep mainly graze either on pastures, wasteland, fallow lands, or stall fed to 
meet their nutritional requirements as per their physiological state and levels of 
production. The climate variability is changing the pattern of land utilization, defor-
estation, degradation of pasture, and range lands, which ultimately are increasing 
the gap between availability and requirement of nutrients. In such condition, trees 
and shrubs provide green biomass of moderate to high digestibility and protein con-
tent when other feed reserves are scarce. There are several options for making effec-
tive use of shrubs and tree foliage. In many parts of the country, small ruminants are 
maintained on top feeds than conventional fodder resources. Sheep and goat browse 
on tree leaves. The tree leaves are also harvested, sun dried, and stored at proper 
stage; thereafter, they are supplemented during the lean summer months, at the time 
of feed scarcity to maintain the small ruminant production. Although lopping of 
standing trees in the forest is prohibited, removal of fallen tree leaves is allowed. 
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It is estimated that 300–350 million Mg dry fallen leaves and grass is available from 
the forests which has better CP value than the crop residues. Almost 43 million Mg 
of this resource, if processed, can be effectively used in livestock feeding. However, 
fallen tree leaves cannot maintain the sole feeding of sheep. Therefore, plantations 
of palatable trees like subabul (Leucaena leucocephala) can become a good alterna-
tive. Mainly locally available species should be preferred which produce leaf resi-
dues during lean period (Sahoo et al. 2013).

22.5.4  Nutritional Management During Migration

In Rajasthan, almost 0.5 million sheep are on permanent migration following estab-
lished migratory routes and seasons (Acharya 1985). From western districts of 
Rajasthan, almost 1.0 million migrates for 6–9 months to the neighboring states. 
Most flocks begin migration between October and February and follow set migra-
tory routes and return by May to June or before the onset of the monsoon. The sheep 
flocks are grazed on uncultivated land during the monsoon, and when the kharif 
crops are harvested, the animals are permitted to graze on crop stubbles. During 
later part of the year, beginning in September/October, most nonmigratory flocks 
graze on the harvested fields and reserve forests in their migratory tracts. During the 
extreme summer months, the flocks graze during the cooler hours of the day. About 
60% of the flocks are penned in open fields away from the house; the rest are penned 
in temporary courtyards made out of thorny bushes or earth near the house (Naqvi 
et al. 2013b).

The sheep and goats fulfill their maintenance requirements from grazing during 
migration and thus considered to be not under stress (Sahoo 2013). However, nutri-
ent requirements are higher during critical physiological stages, viz., last quarter of 
lactation and early part of lactation. In view of poor pasture quality and high stock-
ing density of grazing lands, such animals remain underfed. Similarly, adequate 
nutrition of lambs/kids through their dam during pre-weaning phase is important. 
Healthy lambs of comparatively higher birth weight suckling from optimum fed 
ewes grow faster and attain finishing weights at an early age. Therefore, the supple-
mentation of ewes/does on pasture is important for economic fat lamb production.

22.5.5  Utilizing Unconventional Feed Resources

The cactus species like prickly pear cactus (Opuntia ficus-indica) has been propa-
gated successfully as an alternative to provide biomass and water to sheep during 
summer scarcity (CSWRI 2013–14). The approach is applicable elsewhere in dry 
arid region, where feed scarcity along with water scarcity is severe. Lopping of fod-
der trees like khejri (Prosopis cineraria), ardu (Ailanthus spp.), and neem 
(Azadirachta indica) serves as the best option during the harsh periods of the year.
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22.5.6  Antioxidant Supplementation

Heat stress stimulates excessive production of free radicals (Bernabucchi et  al. 
2002; Sivakumar et al. 2010). In such situation, the deficiency of dietary trace ele-
ment affects physiological function and particularly on reproduction. The dietary 
and tissue balance of antioxidant nutrients is important in protecting tissues against 
free radical damage. Antioxidants such as vitamins C and E are free radical scaven-
gers, which protect the body defense system against excessively produced free radi-
cals during heat stress and stabilize the health status of the animal. Free radicals and 
reactive oxygen species play a number of significant and diverse roles in reproduc-
tive biology (Agarwal et al. 2006). Mineral mixture and antioxidant like zinc, cobalt, 
chromium, and selenium and vitamin E supplementation in the feed protected the 
ewes from adverse effects of heat stress (Fig. 22.1). The adverse effect of heat stress 
on the productive and reproductive efficiency of Malpura ewes (Tables 22.2 and 
22.3) was alleviated by mineral mixture and antioxidant supplementation (Sejian 
et al. 2014).
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22.5.7  Water Management

Water scarcity during summer is a serious problem in this region. Water manage-
ment of the sheep in the desert area is costly affair. During peak summer, literally no 
groundwater is available in the areas falling under Thar Desert and even the adjoin-
ing the same. Watering sheep in nearby ponds is essential for their good health, and 
for this, watering twice a week is sufficient to sustain health and productivity of 
sheep. Magra and Marwari breeds are genetically adapted to the desert conditions 
(Mittal and Ghosh 1983) and are able to produce and reproduce normally even with 
prolonged periods of drinking naturally occurring saline waters (TSS up to 3500 mg 
l−1). The native sheep breeds have also the capability to overcome water shortage of 
about 40% for a month with little effect on their physiology and rejuvenation 
(Table 22.4; De et al. 2015b). Watershed management is a very effective strategy for 
long-term supply of water in the areas prone to drought. Integrated watershed man-
agement (IWM) provides a framework to integrate natural resource management 
with community livelihoods in a sustainable way. Several approaches can be initi-
ated starting from desert rainwater harvesting for saving more water and its utiliza-
tion. Development of watershed will not only help to fertilize the region but also for 
better management and upkeep of the livestock and sheep in particular (Naqvi 
et al. 2017).

22.5.8  Shelter Management

The sheep keepers of arid and semi-arid region generally construct different types 
of structure within their limited resources which are mostly primitive to semi- 
migratory type. In the southern and the northeastern part of Rajasthan, the flocks are 
kept in mud hut only in the night and the rest of them in an open field under grazing 
condition. These huts are mostly attached to the outer side of the owner’s house. 
Roofs are commonly thatched with long rough grass. In the northern and western 
part of Rajasthan, the flocks are mostly migratory and are kept in open fields during 
the night. They usually flock back to their native village after 2 days of grazing for 
drinking water (De et al. 2013).

Table 22.3 Effect of mineral antioxidant supplementation on reproductive performance of 
Malpura ewes

Parameters Control Heat stress
Heat stress + antioxidant 
supplementation

Estrus (%) 85.71 85.71 100
Duration (h) 34.29 ± 6.10 24.86 ± 5.77 36.86 ± 2.42
Length (days) 14.00 ± 0.01 14.33 ± 0.31 14.29 ± 0.18

Source: Sejian et al. (2014)

S.M.K. Naqvi et al.
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The traditional sheep housing depends on the local customs and availability of 
materials. The sheep houses are mostly constructed in one corner of the main family 
house, an overhang attached to the roof of the house of open yard with no roof or at 
the basement under the family house or a separate house of thatched roofs. But 
mostly the traditional sheds are insufficient in drainage and ventilation. It is gener-
ally recommended that smallholder producers who keep a few animals should con-
struct a shed attached to their main house using locally available inexpensive 
materials to reduce the cost of construction. Generally, thatched roof houses are 
often sufficient. New knowledge about the animal response to the environment 
continues to be developed to reduce the effect of climate change (De et al. 2014). 
Keeping this in view, different models of sheds have been tried. A bamboo dome is 
one of such sheds, where lambs are kept to protect from severe cold during the night 
(Table 22.5). Generally, lambs are kept inside the dome in the shed that maintains 
higher minimum temperature at night and provides comfortable microclimate 
(De et al. 2015a). Cold- and heat-protected sheds have also been tried to protect the 
weaner or grower lambs from winter as well as summer. In this special type of shed, 
the floor is usually at lower level than the outside, and its roof is prepared from 
thermocol-insulated PV sheet. These types of shed maintain lower maximum tem-
perature and higher minimum temperature than asbestos-roofed shed (De et  al. 
2015a). Yagya-type shed is also constructed to protect animals during extreme sum-
mer. It has pagoda-style roof which provides better ventilation. The wall is double 
walled with a hollow space in the middle, which is filled up with sand and the sand 
remains moist by continuous water drip. This innovative strategy protects the ani-
mal from direct hot wind as well as provide extra evaporative cooling that keep the 
microclimate inside the shed comfortable (De et al. 2017). Another option is prepar-
ing a mat of locally available dry grasses at the open side wall and sprinkling water 
three to four times in a day on that mat to provide evaporative cooling. Similarly, 
canopy curtain may be used in the open side of the wall to provide protection in the 
chilling cold nights. Increased roof height building with ridge ventilation is con-
structed to protect from direct solar radiation as well as better ventilation during the 
summer months.

Table 22.5 Meteorological data of different housing during winter

Weather parameters Control Bamboo dome Thermocol insulated
Maximum temperature 8.5 ± 0.7c 14.6 ± 0.5a 11.8 ± 0.6b

Minimum temperature 25.0 ± 0.3a 23.9 ± 0.4ab 22.6 ± 0.4b

Relative humidity (%) 59.2 ± 4.5 66.4 ± 2.0 56.4 ± 3.7
Temperature–humidity index2 12.5 ± 0.9b 16.1 ± 0.6a 14.0 ± 1.0ab

Wind velocity (m s−1) 5.58 ± 0.4 5.58 ± 0.4 5.58 ± 0.4

Source De et al. (2015a)
a,b, c values within a row with different superscripts differ significantly at P<0.05

S.M.K. Naqvi et al.
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22.5.9  Disease Management

Sheep in the arid region are relatively less susceptible to diseases due to less humid-
ity that is an impediment for the pathogen development. Most mortalities occur due 
to liver-fluke infestation, while other causes include enterotoxaemia, anthrax, and 
foot-and-mouth disease. Sheep pox also results in serious mortality, although it usu-
ally becomes epidemic once in 3–4 years. So far health care has been given little 
attention, and the sick animals are generally treated using indigenous medicines. 
Animals infested with gastrointestinal parasites, though not a major menace during 
dry periods, must be treated after 1 week of onset of monsoon and thereafter on 
case-to-case basis. Nutritional stress also leads to chronic worm problems and thus 
nutritional supplementation is necessary (Naqvi et al. 2013a). However, considering 
the overall poor facilities for prevention and control of sheep diseases, a compre-
hensive plan (e.g., health, disaster reduction) needs to be developed to prevent pro-
liferation of diseases with climate change. In endemic regions, vaccination can be 
done as a protective measure. By combining improved empirical data and refined 
models with a broad view of the production system, robust projection of disease risk 
can be developed (Swarnkar and Singh 2013).

22.6  Conclusion

In India, a major portion of the rural poor community depends greatly on small 
ruminants for their survival. Like other agricultural systems, small ruminant pro-
duction system is also likely to be affected directly or indirectly by climate change. 
This would impact the performance and profitability in sheep production system by 
lowering feed intake and nutrient utilization and production. Although sheep hus-
bandry, itself, is a climate-smart agriculture, still there is a scope to make it better 
and sustainable under the pressure of climate change and increasing demand. For 
this purpose, the present science and technology has to concentrate more on the-
matic issues related to climatic adaptation, dissemination of new understanding in 
rangeland ecology, and holistic understanding of pastoral resource management. 
The issues need to be addressed are early warning system, multiple stress research, 
simulation model, water availability, exploitation of genetic potential of native 
breeds, suitable breeding program, and nutritional intervention. However, the pres-
ent existing condition concentrates on reduction of the magnitude of climate change 
in the long term, i.e., mitigation and adaptation. In this process, the local livestock 
farmers should have a key role in determining what adaptation and mitigation strate-
gies existing husbandry system will support to make the production sustainable in 
the changing climate scenario. Furthermore, integration of new technologies into 
the research and proper transfer of those into the field offers many opportunities in 
the development of climate-smart sheep production system.

22 Mitigation of Climatic Change Effect on Sheep Farming Under Arid Environment
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Abstract
Abiotic stress causes more than 50% losses in crop productivity and hence got 
major concerns for food and nutritional security. Two case studies addressing the 
impacts of abiotic stress on agricultural sector, adaptation measure taken up and 
needed policy options are included. The first case addresses the impact of cli-
matic variables in Godavari River basin of Telangana where the impact of cli-
mate change on yield of paddy, groundnut and maize crops had been assessed 
using the Just-Pope production function. Climate change has serious effect on 
groundnut (with high yield variation of 69–90%), rice (with moderate yield vari-
ation of 23–38%) and maize (with negligible yield variation). Case two discusses 
about different adaptation strategies followed by agro-silvipastoral farmers to 
manage the abiotic (drought) stress in Tamil Nadu where among the 17 strategies 
identified, 12 were indexed as important strategies undertaken. At the time of 
severe drought stress, farmers used cotton waste as livestock feed, gave vaccina-
tion and added shade to protect the livestock from cold and heat stress. Majority 
of the farmers are only medium adopters, and hence there is an increasing need 
for creating awareness among the farmers on latest stress management practices 
by strengthening the extension services and capacity building programmes.
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23.1  Introduction

Agriculture sector in general and crop production in particular are more sensitive to 
different kinds of stresses that occur in different periods of time and space. These 
stresses are normally classified into biotic and abiotic stresses. Biotic stress in agri-
culture encompasses pests and diseases of crops, inimical parasites and microbial 
infections in animals as well as zoonotic disease-based health problems in animals 
and humans. Abiotic stresses are “suboptimal environmental conditions caused by 
non-living factors that are harmful to a living organism”. Some types of primary 
abiotic stresses include drought, salinity, cold, heat, etc. Abiotic stress-related fac-
tors affect severely the agricultural production and the livelihood of farmers espe-
cially in tropical and subtropical countries where larger proportion of work force is 
directly depending on climate-sensitive agriculture sector. Among the countries, 
India is more challenged with multitude of several abiotic and biotic stresses as a 
result of unfavourable climate and soil conditions resulting in salt stress, low and 
high temperature stress, flooding stress, chemical stress, oxidative stress and other 
related stress types. Droughts encompass the global ecosystem as a whole, but the 
impacts may vary from region to region. According to Miyan (2015), the increasing 
biophysical vulnerability contexts and intensity in the Asian LDCs cause adverse 
effects on food security, human health, biodiversity, water resources, hydroelectric 
power generation, streams, perennial springs and livelihood. Drought is also respon-
sible for increasing pollution, pests and diseases and forced migration and famine. 
In recent years, there has been a general increase in extreme events including floods, 
droughts, forest fires and tropical cyclones in the Asian continent (Grover et  al. 
2003). Climate change-resultant abiotic environment especially changes in hydro-
logical cycles (Rowntree 1990) and temperature regimes may alter the composition 
of agroecosystems; (Sutherst et al. 1991; NACCAP 2012).

Abiotic stresses, which cause more than 50% losses in crop productivity, are the 
major concerns for food and nutritional security of additional 0.4 billion Indians by 
2050 (Wang et al. 2007). This loss is caused mainly by high temperature (40%), 
salinity (20%), drought (17%), low temperature (15%) and other forms of stresses 
(Ashraf et al. 2008). Further it is estimated that only 9% of the world area is condu-
cive for crop production, while 91% is afflicted by various stressors (NIASM 2015).

Agroecosystem environment is largely governed by interactions between abiotic 
(temperature, humidity, rainfall, soil factors, pollutants, etc.) and biotic (crop plants, 
weeds, insect pests, pathogens, nematodes, etc.) components. The abiotic stress fac-
tors modulate the effects of biotic stresses and are most harmful when they occur in 
combination (Mittler 2006), greatly influencing crop growth and productivity to the 
extent of 80% (Oerke et al. 1994; Theilert 2006). Thus, climate-induced changes 
may affect our ability to expand the food production area as required to feed the 
burgeoning population of more than ten billion people projected for the middle of 
the next century. Therefore, understanding abiotic stress responses in plants, ani-
mals and fishes and enhancing stress resilience are the most demanding areas in 
agricultural research. In this context, Bennet et al. (2003) had indicated the possible 
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interventions and the likelihood of major progress that can be done for the manage-
ment of abiotic stresses (Table 23.1).

Impact of climate change on crop production has been well documented in the 
works of Palanisami et  al. 2015. It is observed that the Indian climate has also 
undergone significant changes showing increasing trends in annual temperature 
with an average of 0.56 °C rise over last 100 years (IPCC 2007; Rao et al. 2009; 
IMD 2010). Warming was more pronounced during post monsoon and winter sea-
son with increase in number of hotter days in a year (IMD 2010). Even though there 
was slight increase in total rainfall received, the number of rainy days has decreased. 
The rainfed zone of the country has shown significant negative trends in annual 
rainfall (De and Mukhopadhyay 1999; Lal 2003; Rao et al. 2009). The semiarid 
regions of the country had maximum probability of prevalence of droughts of vary-
ing magnitudes (20–30%), leading to sharp decline in water tables and crop failures 
(Lal 2003; Rao et al. 2009; Samra 2003). By the end of next century (2100), the 
temperature in India is likely to increase by 1–5 °C (De and Mukhopadhyay 1999; 
Lal 2003; IPCC 2007; IMD 2010). According to the estimates of NATCOM (2004), 
there will be 15–40% increase in rainfall with high degree of variation in its 

Table 23.1 Management of abiotic stress – possible interventions and likelihood progress

Abiotic stress Possible interventions

Likelihood of 
progress (in 
5 years)

Saline soils and water (presence 
of salts and of sodium salts)

Increase salt tolerance of rice High
Improve leaching; apply gypsum, 
improve various agronomic practices

High

Waterlogging Improve water and salt management High
Increase tolerance for waterlogging Medium
Improve water management Medium

Water pollution (agrochemicals, 
industrial waste products)

Improve dosage of agro-chemicals 
and waste water treatment

Low

Acid sulphate soils (low pH, toxic 
anaerobic conditions in root zone)

Short duration varieties and seedling 
vigour

High

Improve water management Medium
High and low temperatures Increase heat and cold tolerance at 

flowering
Medium

Improve cooling mechanism for 
leaves

High

Dry periods and droughts Improve irrigation infrastructure Medium
Increase drought tolerance High
Short duration varieties and seedling 
vigour

High

Floods Increase tolerance for submergence High
Improve water management at river 
basin level

Low

Air pollution Improve environmental quality 
(industrial and urban waste gases)

Low

Source: Bennett (2003)
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distribution. Apart from this, the country is likely to experience frequently occurring 
extreme events like heat and cold waves, heavy tropical cyclones, frosts, droughts 
and floods (NATCOM 2004; IPCC 2007).

Already, the productivity of Indian agriculture is limited by its high dependency 
on monsoon rainfall which is most often erratic and inadequate in its distribution 
(Chand and Raju 2009). The country is experiencing declining trend of agricultural 
productivity due to fluctuating temperatures (Samra and Singh 2004; Aggarwal 
2008; Joshi and Viraktamath 2004), frequently occurring droughts and floods 
(Samra 2003), problem soils and increased outbreaks of insect pests (Joshi and 
Viraktamath 2004; Srikanth 2007; Dhawan et  al. 2007; IARI News 2008; IRRI 
News 2009) and diseases. These problems are likely to be aggravated further by 
changing climate which put forth major challenge to attain food security.

Intensive agriculture practices to meet the demands of ever increasing population 
have caused land degradation problems and also consequently increased the magni-
tude of abiotic stressors. Further, agricultural intensification through modifications 
to the environment (like increasing use of irrigation, agrichemicals) and the expan-
sion of farming into undisturbed lands affect natural ecosystems. Hence, in the con-
text of global climate change, it is important to address the abiotic stresses 
threatening sustainability of agricultural production systems. Hence, understanding 
abiotic stress responses in crop plants, insect pests and their natural enemies is an 
important and challenging area in future agricultural research and education. In this 
context, there is a need to develop simple and low-cost biological methods for the 
management of abiotic stress, which can be used easily on short-term basis. Also, 
there is much scope for abiotic stress management and improving the adaptation 
mechanisms. This chapter includes salient issues that underpin the economics of 
addressing the impacts of abiotic stress on agricultural sector, adaptation measure 
that can be taken up and some policy options. Two case studies are discussed below 
with respect to the impacts and adaptation aspects of abiotic stresses.

23.2  Case Study 1: Impact of Temperature and Precipitation 
on Crop Yields

Given the importance of abiotic stresses in agriculture, this case study mainly 
addresses the impact of temperature (both max and min) and precipitation in 
Godavari River basin of India under varying climate change scenarios.

23.2.1  Approach and Methodology

More accurate region-specific predictions for changes in temperature and rainfall 
are needed to capture the impact of climate change. Gosain (2011) has applied data 
from Providing Regional Climates for Impact Studies (PRECIS), a regional circula-
tion model (RCM) for projecting climate changes in Godavari basin. PRECIS is the 
Hadley Centre portable regional climate model, developed for a grid resolution of 
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0.44° × 0.44°. It captures important regional information on summer monsoon rain-
fall missing in its parent GCM simulations. The changes in temperature and precipi-
tation (from base line period, 1960–1990) predicted for mid-century (2021–2050) 
and end-century (2071–2098) (Gosain 2011) were used in getting the projected 
change in temperature and precipitation for the Kharif (June to November) and Rabi 
(December to April) season in study region (Table 23.2).

Based on these changes, two scenarios are formulated, one for the mid-century 
and the other one for end-century. The mid-century scenario for Kharif season is an 
increase of 1.93 °C and an overall increase of 13.6% in precipitation. This scenario 
is denoted by 1.93 °C/13.6% for Kharif, and for the Rabi season, the scenario is 
2.22 °C/13.6%. Similarly for the end-century, the scenarios for Kharif and Rabi are 
4.03 °C/17.8% and 4.28 °C/17.8%. It should be noted that in all these scenarios only 
the annual change in precipitation (and not seasonal changes) is considered. The 
reason is annual precipitation reflects inter-seasonal water accumulation. These pre-
dicted changes are used in the mean and variance functions to predict the climate 
change-induced average yield and variability in yield.

23.2.2  Study Area, Data and Variables

The Sri Ram Sagar Project (SRSP) in Godavari River basin was selected for the 
analysis. The SRSP covers four neighbouring districts, viz. Adilabad, Karimnagar, 
Nizamabad and Warangal. The project is located at Nizamabad, and it augments the 
irrigation needs of these districts besides providing drinking water to Warangal 
town. The crop data for the present study consisted of 39 years (1970–2008) panel 
data on yield of three important crops, viz. rice, maize and groundnut. The data 
were collected from various sources, publications and websites. The yield data for 
the crops were collected from season and crop reports of erstwhile Andhra Pradesh 
and also from the website www.andhrapradeshstat.com. The climate variables were 
annual precipitation and average seasonal temperature. Meteorological data were 
collected from various publications and also from the website www.indiawaterpor-
tal.org. The annual precipitation data (time series) was collected, which reflects 
both precipitation falling directly on a crop and inter-seasonal water accumulation 
within a year (Isik and Devadoss 2006). The temperature data collected is the aver-
age temperature observed over the Kharif (June to November) and Rabi (December 
to April) seasons.

Table 23.2 Projected changes in climatic variables

Change from baseline to Mean temperature (°C) Mean precipitation (Per cent)
Kharif Rabi Kharif Rabi Overall

Mid-century (2021–2050) 1.93 2.22 12.5 17.6 13.6
End-century (2071–2098) 4.03 4.28 13.0 53.4 17.8

Source: Calculations based on those reported by Gosain (2011)
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23.2.3  The Model

In the present study, we focus on the yield and its variability in the context of cli-
mate change. Following Isik and Devadoss 2006, we assume that the relation 
between yield (also known as yield or production per hectare) yit of a crop at district 
i during year t and the climatic variables xit, viz. precipitation and temperature, is 
given by the Just-Pope stochastic production function (Just and Pope 1978).

 
y f x h xit it it it= ( ) + ( ); ;β ω δ 0 5.

 (23.1)

where ωit is the stochastic term with mean zero and variance σ2, β and δare the pro-
duction function parameters to be estimated using historical data. The independent 
variables (xit) used for the estimations include a constant, annual precipitation (P), 
temperature (T), trend (t) and three district dummy variables. The expected crop 
yield is given by E(yit) = f(xit; β), and crop variability is given by V y h xit it( ) = ( )σ δω

2 ;
. Hence the functions f(xit; β) and h(xit; δ)are called mean and variance functions, 
respectively. Estimation of the above production function can be considered as esti-
mation with heteroscedastic errors as in the following equation (Saha et al. 1997; 
Kumbhakar 1997):

 
y f x uit it it= ( ) +;β  (23.2)

where uit = ωith(xit; β)0.5 with E(uit) = 0 and Var(uit) = σ2h(xit; δ). There are two 
approaches suggested in many studies to estimate the mean and variance functions 
of the Just-Pope production function. They can be estimated using feasible general-
ized least squares or the maximum likelihood method. For example, Barnwal and 
Kotani (2010) applied the first method. However, Saha et al. (1997) have shown that 
the estimators under the maximum likelihood method are consistent and more effi-
cient than the feasible generalized least squares method. Hence in our study, maxi-
mum likelihood method has been used. Following Ranganathan (2009) and Isik and 
Devadoss 2006, the following quadratic form is assumed for the mean function:
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where, Di, i = 1,2,3 are the district dummy variables taking values 1 and 0. The vari-
ance function σ δ ηω

2h xit ;, ;,( )  with σω
2 1= was assumed to have exponential form:
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23.2.4  Results and Discussions

A summary statistics of rice yield, precipitation and temperature of the four districts 
(average for 39 years, (1970–2008) is given in Table 23.3. The major share of annual 
precipitation is from Kharif season in all the districts. Temperature during the Kharif 

K. Palanisami et al.



481

season is slightly higher than that of Rabi season. The most of the coefficients of the 
climate variables and their square terms are significant for both mean and variance 
functions (Table 23.4). The coefficient of trend is positive and highly significant in 
the two seasons showing the technological advancement in rice production in the 
four districts of Telangana. The percentage losses are computed based on normal 
yield (Table 23.5). The normal yield is the average yield during the last 5 years end-
ing 2008–2009. For the first climate change scenario, i.e. an increase of 1.93 °C in 
temperature and 13.6% increase in precipitation, the expected loss in yield during 
Kharif season varies from 1.9 to 9.4%. The highest loss corresponds to Warangal 

Table 23.3 Summary statistics of yield of rice and climate variables

District

Kharif season (June to November) Rabi season (December to April)
Yield 
(kg ha−1)

Precipitation 
(mm)

Temperature 
(°C)

Yield 
(kg ha−1)

Precipitation 
(mm)

Temperature 
(°C)

Adilabad 1543 941.4 27.3 2179 43.1 26.5
Karimnagar 2437 905.8 27.0 2523 56.1 26.2
Nizamabad 2241 888.2 26.7 2242 47.0 26.5
Warangal 2167 817.8 27.8 2039 50.5 26.7

Source: Palanisami et al. (2015)

Table 23.4 Just-Pope production function for rice: parameter estimates

Kharif Rabi
Mean yield Coefficient Std. error Coefficient Std. error
Precipitation (R)(in 
mm)

7.2104** 3.5083 2.4397** 0.995

Temperature (T)(in oC) 2245.9150** 1015.6600 2284.363** 1098.4
Trend(year) 42.4363*** 2.3439 42.7376*** 2.88
R2 −0.0013*** 0.0003 −0.0016*** 0.00038

T2 −40.1724 50.3485 −43.6677 57.13

R*T −0.1519 0.1944 0.0528 0.19

Adilabad −710.6665 59.2652 159.4246** 79.32

Karimnagar 119.0369** 62.4787 427.0203*** 67.17
Nizamabad 5.2939 95.3290 215.0166 74.92
Constant −31671.7 39543.3500 −30787.6 42010.98

Variability in yield
Precipitation (R) −0.0014** 0.0006 −0.0004 0.0007

Temperature (T) 0.6296** 0.2775 0.2830 0.246
Trend 0.0267** 0.0126 0.0315** 0.0138
Adilabad 1.0743** 0.3636 −0.3060 0.402

Karimnagar 0.8547** 0.4534 −0.6833* 0.41

Nizamabad 1.9225*** 0.4638 −0.2294 0.37

Constant −6.1009 7.6631 3.8732 6.69

Likelihood fun. −1096.8 −1106.4

*Significant at 10% level; ** Significant at 5% level; ***Significant at 1%t level.
Source: Palanisami et al. (2015)
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district and the lowest to Karimnagar. The standard deviation ranges from 511 to 
763 kg. The second climate change scenario produces greater percentage of losses 
and variability in yield. The percentage loss varies from 22.9 to 38.3% and yield in 
Adilabad and Warangal district area is expected to suffer maximum losses. A simi-
lar conclusion can be drawn for the yield losses and variability for Rabi season also. 
The variability in yield for end-century is more than that for mid-century. Thus it 
can be concluded that climate change induces not only loss in yield but also greater 
variability in yield of rice. This conclusion coincides with the results of (Ranganathan 
2009; Barnwal and Kotani 2010).

Parameter estimates of the fitted Just-Pope production functions for maize and 
groundnut are given in Table 23.6. As in the case of rice, coefficients of most of the 
climate variables are significant for the two crops in mean function as well as in 
variance function. Coefficients of precipitation, temperature and temperature square 
are significant for maize with temperature having negative effect on the mean yield. 
For groundnut, temperature has positive significant effect. Trend has positive 

Table 23.5 Impact of climate change on rice yield in the two seasons (kg ha−1)

Climate change 
(temperature/
rainfall variation) Parameter

Adilabad 
district

Karimnagar 
district

Nizamabad 
district

Warangal 
district

All 
districts

Kharif season
Mid-century 
1.93 °C/13.6%

Normal yield 2262 3115 3226 3009 2972
Max yield 2616 3445 3332 3326 3180
MC-predicted 
yield

2140 3056 3028 2726 2747

Percent loss 5.4 1.9 6.1 9.4 7.6
Standard 
deviation

616 511 763 455 575

End-century 
4.03 °C/17.8%

EC-predicted 
yield

1395 2401 2438 1989 2065

Percent loss 38.3 22.9 24.4 33.9 30.5
Standard 
deviation

1160 964 1439 860 1086

Rabi season
Mid-century 
2.22 °C/13.6%

Normal yield 2460 3338 3214 2929 2985
Max yield 2544 3374 3260 3255 3108
MC-predicted 
yield

2248 3129 2975 2882 2814

Percent loss 8.6 6.2 7.4 1.6 5.7
Standard 
deviation

536 458 828 371 523

End-century 
4.28 °C/17.8%

EC-predicted 
yield

1596 2550 2355 2274 2200

Percent loss 35.1 23.6 26.7 22.4 26.3
Standard 
deviation

998 853 1542 692 975

Source: Palanisami et al. (2015)
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significant effect on the two crops. Interaction between precipitation and tempera-
ture is not significant for the two crops. Since the coefficients of temperature in the 
variance function for the two crops are positive and significant, temperature is a 
risk- increasing factor for the two crops where increase in temperature results in 
higher variability in yield.

Table 23.7 presents the climate change impact on the two crops. The percentage 
of loss in yield for maize is small for the first scenario in all the districts. The maxi-
mum loss will be about 8% for Warangal district. Surprisingly, for the scenario 
4.1 °C/17.8%, the percentage loss seems to decrease, and the maximum loss will be 
5.5% for Nizamabad district. However, variability in yield increases by about 
10–12%. Thus we can conclude that climate change may not have considerable 
impact on maize yield in the four districts. However, impact of climate change on 
groundnut production will be considerable. For the first scenario, the percentage 
loss varies from 13.8 to 25.2. Nizamabad district will have maximum loss. The 
standard deviation in yield ranges from 292 to 383 kg. The second scenario will 
have more damaging effect with the percentage loss varying from 69 to 90% while 
the standard deviation ranges from 387 to 802  kg. Thus we can conclude that 
groundnut production will be very much affected by climate change.

Table 23.6 Just-Pope function parameters for maize and groundnut

Maize Groundnut

Mean yield Coefficient Std. error Coefficient Std. error
Precipitation(R)(in 
mm)

1.458*** 0.624 −0.140 5.488

Temperature (T)(in oC) −1684.180** 901.492 4621.546** 2272.849

Trend(year) 73.988*** 4.854 20.096*** 3.243
R2 −0.001 0.001 0.000 0.000

T2 29.238*** 7.480 −86.010*** 31.296

R*T −0.005 0.364 −0.002 0.193

Adilabad −443.900*** 117.295 −237.896*** 69.177

Karimnagar 317.455*** 123.596 −40.902 71.334

Nizamabad 168.429 149.899 78.230 130.970
Constant 24377.590 68948.460 −61385.950 40394.420

Variability in yield
Precipitation (R) −0.001 0.001 0.000 0.001

Temperature (T) 0.133* 0.075 0.281** 0.130
Trend 0.035** 0.014 0.029 0.022
Adilabad 0.443 0.350 0.656 0.455
Karimnagar −0.136 0.420 0.347 0.473

Nizamabad 0.368 0.404 1.576 0.501
Constant 8.376 7.709 2.566 7.871
Likelihood fun. −1182.2 −1081.3

Source: Palanisami et al. (2015)
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In summary, climate change will have very serious effect on groundnut, moder-
ate effect on rice and negligible effect on maize. Further, stronger climate change 
will induce higher variability in yield in all the crops. In this context, the following 
management options have been examined to address the impact of climate change 
on yield of selected crops:

• System of Rice Intensification (SRI) (with 20% reduction in water use)
• Machine Transplanting (MT) (with 15% reduction in labour use)
• Alternate Wetting and Drying (Maize Water Management (MWM) (with 10% 

reduction in water use)

Table 23.7 Impact of climate change on maize and groundnut yield (kg ha−1)

CC-scenario Parameter Adilabad Karimnagar Nizamabad Warangal Average
Maize

Normal yield 
(kg ha−1)

3340 4185 4162 3999 3922

Max yield (kg 
ha−1)

3248 4010 3861 3692 3703

Mid-century 
2.05 °C/13.6%

MC-predicted 
yield (kg ha-1)

3249 4022 3866 3687 3708

% loss in yield 2.7 3.9 7.1 7.8 5.5
Standard 
deviation

785 587 763 667 696

End-century 
4.1 °C/17.8%

EC-predicted 
yield (kg ha-1)

3321 4064 3932 3788 3778

% loss in yield 0.6 2.9 5.5 5.3 3.7
Standard 
deviation

889 665 865 757 789

Groundnut
Normal yield 
(Kg ha−1)

1344 1602 1865 1412 1556

Max yield  
(Kg ha−1)

1203 1400 1519 1441 1391

Mid-century 
2.05 °C/13.6%

MC-predicted 
yield (kg ha-1)

1072 1325 1394 1217 1254

% loss (base/
normal yield)

20.2 17.3 25.2 13.8 19.4

Standard 
deviation

382 319 606 292 383

End-century 
4.1 °C/17.8%

EC-predicted 
yield (kg ha-1/)

140 490 485 224 338

% loss (base/
normal yield)

89.6 69.4 74.0 84.1 78.3

Standard 
deviation

506 422 802 387 507

Source: Palanisami et al. (2015)
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Adoption of the water- and labour-saving technologies helps the rice production 
in the project AWD (with 10% reduction in water use) area. It is observed that in all 
the cases, the SRI resulted in higher production, gross income and water saving 
compared to alternate drying and wetting and machine transplanting. Nonetheless, 
adoption of SRI is less due to its challenges in sowing, cono weeding, etc. As an 
alternate strategy, machine transplanting can help the rice production releasing the 
labour to cover additional area under rice. It is understood that in the future, the 
labour scarcity is expected to reduce the area under rice as it will constraint the 
transplanting operations. Hence machine transplanting helps to ease the labour scar-
city to the extent of 20–25%.

23.3  Case Study 2: Drought Stress Management in Dryland 
Agrosilvipastoral System

Abiotic stress is to be either managed through mitigation or abatement strategies, 
while biotic forces are tackled mechanically/chemically or biologically. A wide 
range of adaptation and mitigation strategies are required to cope with the severe 
impacts of abiotic stress. Efficient resource management and crop/livestock 
improvement for evolving better breeds can help to overcome abiotic stresses to 
some extent. Hence, this case study focuses on the adaptation strategies followed by 
the dryland farmers to manage the drought stress that accounts for 17% of the crop 
loss.

23.3.1  Study Area, Data and Methodology

This case study investigates the strategies followed by the livestock-based inte-
grated farmers to manage the drought stress in the dry land area of Tamil Nadu. The 
study covered Tiruppur district in Tamil Nadu which is a rain shadow region with a 
rainfall of 600 mm per annum. The district often suffers from severe drought stress 
due to the increased frequency of drought and erratic pattern of rainfall. As a resil-
ience mechanism, the district leads in mixed farming with animal husbandry as one 
of the key enterprises where in several locations unique agrosilvipastoral farming is 
followed. Under this silvipastoral system, Velvel (Acacia leucophloea) is allowed to 
grow in rainfed lands with naturally emerging perennial grass called Kolukattai 
grass (Cenchrus ciliaris) which encourages sheep rearing and became a popular 
subsidiary occupation in the area. However, the adoption level of this practice is 
also not increasing over the years in spite of erratic and uncertain rains. The study 
analysed the adoption aspects of these adaptation strategies by covering 180 farmers 
from six blocks of the district who were selected using multistage purposive 
sampling.
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23.3.2  Adoption Index

The farmers’ were categorized into two groups based on their adoptability: adopt 
(score 1) and non-adopt (score 0). Data were tabulated using frequency distribution 
and were analysed descriptively. The adoption level of the respondents was mea-
sured by making use of adoption index (Karthikeyan 1994 in Rahman 2007).

 
Adoption Index

Respondent Total Score

Total Possible Score
=

∗

1100
 

23.3.3  Extent of Adoption

 
Extent of Adoption

Number of respondants who hadadopted the 
=

ppractice

Total number of practices

∗

100
 

where:
Respondents total score = total number of practices adopted by a farmer multi-

plied by the respective practice weight age and summated.
Total possible score = total number of practices recommended, multiplied by the 

respective practice weight age and summated.

23.3.4  Results and Discussions

Among the 17 strategies identified, viz. change in sowing dates, change in cropping 
pattern, summer ploughing, deepening of exiting bore well and/or drilling of new 
bore wells, barbed wire fencing, usage of drought-tolerant varieties, crop insurance 
and usage of drip irrigation, shifted to nonfarm activity and construction of water 
harvesting, waste management, purchase of feed and fodder, sell and reduce the 
herd size, provide shade, lease in more lands, livestock insurance and reviewed vac-
cination; 12 were indexed as important strategies followed by the sample farmers 
(Table 23.8). The change in planting dates and the change in cropping pattern were 
given with high score since the majority of the farmers cope with the drought stress. 
When the precipitation is lesser than the normal level, they changed their cropping 
system from agricultural crops to forage crops, as these crops require less water and 
can be sustained even in the drought conditions. Deepening of exiting bore well or 
drilling of new bore wells has been followed by the large farmers. Usage of drip 
irrigation to the crops like coconut was also observed. Marginal farmers and many 
agricultural labourers were adversely affected by the impact of climate change and 
therefore shifted to other business like finance, sweet stalls, etc. Some farmers con-
structed few water-harvesting structures such as farm ponds and drainage channels 
in their field with the help of the government schemes and on their own to collect 
the rainwater which recharge their wells. Although many drought-tolerant varieties 
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are available, farmers are not aware of those, and hence usages are also very limited. 
In spite of being aware and avail the crop/livestock insurance schemes, farmers are 
not interested to avail them because of the low compensation paid and the complex 
procedures involved.

Farmers use cotton waste as livestock feed from Tiruppur textile industry to sup-
plement the fodder. To sustain their livestock at the time of severe drought stress, 
farmers purchase the waste at very low cost. When the farmers are unable to meet 
the fodder demand for livestock at the extreme drought situations, they are reducing 
the number of livestock by selling. On the other hand, to avoid some seasonal and 
climatic disease infections, regular vaccination is given for the livestock. Farmers 
built some sort of infrastructures to provide shade which protects the livestock from 
severe cold and heat stress. The majority of farmers (57%) were medium level 
adopters. And about 21% of farmers are low adopters and 22% of farmers’ high 
level adopters (Table 23.9).

Table 23.8 Adoption 
indices of strategies followed 
in abiotic stress management

Adoption strategies Adoption index
Change in cropping pattern 82
Usage of drought-tolerant 
variety

17

Usage of drip irrigation 35
Deepening of existing wells or 
drilling new bore wells

75

Shift to nonfarming 29
Change in planting dates 93
Crop/livestock insurance 3
Investing in water-harvesting 
structures

26

Providing shade 37
Waste management to 
supplement fodder

83

Reduction in number of 
livestock

77

Providing livestock vaccination 59

Note: All parameters are assumed to carry equal weight. 
Source: Mohanasundari (2015)

Table 23.9 Different 
Adoption level of farmers 
(n = 180)

Extent of adoption in crops Frequency Percentage
Low (<33 score) 38 21.11
Medium (33–74) 103 57.22
High (>74) 39 21.67
Total 180 100.00

Source: Mohanasundari (2015)

23 Policy Support: Challenges and Opportunities in Abiotically Stressed…
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23.4  Conclusions and Way Forward

The key message is that water is the key constraint in rice production in the long run, 
and land put under current fallow due to water scarcity will be a key issue to be dealt 
with. Implementation of various rice water- and labour-saving technologies will 
minimize the reduction in rice production between 20–25% under the medium-term 
and long-term basis. Hence, simply implementing the water management technolo-
gies will address the rice production constraints without making any structural 
interventions such as construction of new storage structures. Already field-level 
studies in the project area had shown that water-saving technologies will have a 
higher rate of return in rice production systems (Palanisami et al. 2011). The key 
question is how and what scale these technologies should be introduced and what 
kind of institutional and capacity-building mechanisms are needed to achieve this.

The results of the agrosilvipastoral study convey that most of the farmers do not 
have awareness about the drought-resistant varieties, and even in farmers with some 
awareness, they are not insuring their crop or livestock for losses. Drilling bore 
wells in drought prone regions is not a good option due to increasing well failure. 
However, agrosilvipastoral farmers adopted few strategies such as change in crop 
pattern, change in planting dates and micro irrigation for fodder to cope with the 
increasing drought-related stresses. But still, there is an increasing need for creating 
awareness among the farmers on latest practices and strengthening the extension 
services. Given the importance of climate change and its impact on agriculture, it is 
important that abiotic stress-related interventions need to be prioritized. The follow-
ing are considered important.

Irrigation Ecosystems
• Water management technologies should be piloted in selected locations of the 

project, and based on the success of these technologies, the upscaling mecha-
nisms should be initiated.

• A cluster approach (covering a group of villages in a location) will be more 
useful in upscaling the water management technologies, and farmers will be 
free to interact and follow up with the relevant technologies.

• Labour-saving technologies such as machine transplanting have proved to 
increase the rice area and production in all the climate scenarios studied. 
Hence, given the future labour scarcity in rice production, machine trans-
planting package should be organized at village level through the involvement 
of local community. A custom hiring unit can be established in the cluster of 
villages, and farmers can easily forecast their requirement for paddy seedlings 
and planting in a given time schedule.

• The existing government programmes with the agriculture departments 
should include the water management technologies in their programme.

• Adequate capacity-building programmes in technology upscaling and main-
streaming should be established. The expertise with the agricultural university 
research stations and KVKs should be explored for strengthening the capacity- 
building programmes.

K. Palanisami et al.
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• As the transaction cost of adoption of the adaptation strategies is compara-
tively high, it is important to address how these costs could be reduced for 
quick adoption by the farmers (Palanisami et al. 2015).

• There is need for a greater number of dedicated laboratories which deal solely 
with the production of abiotic stress-tolerant transgenic crops and sharing the 
results with SAUs.

Rainfed Ecosystem
• In the case of rainfed situation, availability of adequate credit, yield- increasing 

technology packages to suit drought situations, creating opportunities for off- 
farm employment, conducting further research on the crop and livestock com-
bination package, introduction of crop and livestock insurance product and 
investing in water-harvesting structures in dry lands are important compo-
nents for upscaling agro-silvipastoral systems.

23.5  Areas for Policy Support

Technical and policy instruments complement each other for reduction of harmful 
impacts and thereby build climate change resilience among crops. Therefore, it is 
imperative that various dimensions of adoption of different management strategies 
that have been discussed in the paper are taken into account in implementing techno- 
economic interventions. As a way forward, the following issues need to be consid-
ered in the long-term planning process (Kareemulla and Rama Rao (2013):

• Land degradation and implications  – socioeconomic medium and long term. 
Over the years, land degradation is becoming an issue, and policies that help to 
manage the land and water ecosystems should be developed along with imple-
mentation procedures.

• Community actions for mitigation and coping mechanisms. Already in several 
locations, community-based mitigation strategies to address abiotic stresses have 
been identified and tested. It is important to find pathways to upscale them.

• Public policies for communities and regions affected by abiotic stress. Guidelines 
to develop policy frameworks that are relevant to address the abiotic stresses to 
suit different agro-ecological environment need to be developed and practiced.

• Relationship of abiotic stress on poverty and resource-poor farmers. As discussed 
in the paper, in the long run, agriculture production may be affected due to cli-
mate change impacts, and it is highly warranted that poverty alleviation pro-
grammes with adequate social safety nets particularly in rural sector need to be 
introduced. Resource-poor farmers should be supported with needed inputs and 
technology backups to sustain their farming and shared values. The concept of 
smart villages with package of affordable and appropriate practices is more rel-
evant now.

23 Policy Support: Challenges and Opportunities in Abiotically Stressed…
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Abstract
Several transformative changes like growing population, changing lifestyles, 
expanding urbanisation, accelerated land degradation and climate change- 
induced abiotic stresses are challenging the future food and nutritional security 
world over especially the low-income countries. All these changes necessitate 
development of a strategic framework for agricultural innovations which can 
ensure inclusive and sustainable agricultural growth especially in harsh agroeco-
systems afflicted by abiotic stresses. A multidisciplinary and holistic approach to 
manage the stressed environments should aim at characterisation of abiotically 
stressed environments; reoriented, novel and scaled-up natural resource manage-
ment (NRM) technologies for stress mitigation; improved adaptation to stressed 
environments; and task-oriented capacity building. Augmentation, integration 
and promotion of the best available tools, approaches and technologies should 
involve investments and incentives for breeding protocols, regional networks for 
exploring synergies and dynamic policy support. Several leads for policy support 
towards successful mitigation and adaptation have been listed for meeting the 
future challenges of abiotic stresses.
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24.1  Introduction

The agriculture led to the domestication of many plant and animal species and con-
sequently to the exploitation of natural resources to support them. The art and then 
the science of agriculture gradually evolved to meet the food demand of the society. 
The recent advances in agriculture have evolved so strongly that the food grain pro-
duction could be doubled in just four decades (1960–2000), whereas it took almost 
10,000 years for production to touch one billion tons by 1960. This inspiring feat of 
unprecedented increase in food grain production, referred as ‘green revolution’, 
resulted from the fertiliser- and irrigation-responsive genetically improved crop 
varieties combined with other improved agronomic practices in addition to appro-
priate policy support (Khush 2001). Similar analogies can be extended to other 
components of food and nutritional security such as milk, egg, meat, fruits, vegeta-
bles and fibre. However, several transformative changes are occurring world over 
which include growing population, changing lifestyles, expanding urbanisation, 
accelerated land degradation and climate change. Therefore it is emerging that the 
past gains in the food productions have started showing the signs of fatigue and can 
even come to a halt if we fail to adopt new approaches to enhance food production 
in the context of stagnation in genetic gain in crops and adverse effect of emerging 
abiotic stresses as consequence of land degradation and climate change. Despite all 
these constraints, there is a scope to keep pace with desired quantity and quality 
demands of food for ever-increasing population. One of the obvious alternatives is 
systematic efforts to envision challenges and opportunities to formulate strategies 
for minimising the impacts of abiotic stresses featuring drought, high/low tempera-
ture, acidity/salinity, nutrient deficiencies/toxicities, extreme weather events, etc. 
This needs special attention by scientists, academicians, administrators and policy-
makers for developing an inclusive growth and sustainable agroecosystem oriented 
strategic framework to promote innovations in all sectors of agriculture. Thus the 
way forward for sustainable and abiotic stress resilient agriculture is based on new 
approaches as earlier described in the different comprehensive chapters of this book 
by experts from diverse disciplines.

24.2  Strategy

The concept of abiotic stress is not new to agriculture. Perhaps its management co- 
evolved with modern agriculture. However, benefits of modern agriculture rarely 
reached ecologically challenged regions and that have huge potential for sustaining 
agricultural productivity. Since the current mitigation and adaptation options are 
insufficient to face the challenges for food security, there is a need to change the 
strategy for addressing abiotic stress in agriculture through research, management, 
capacity building and policy change so as to promote novel, innovative and reward-
ing technologies. However, the key to such an approach has to be multidisciplinary 
and should essentially consider the following aspects:
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• Characterisation of abiotically stressed environments
• Reoriented, novel and scaled-up stress mitigation NRM technologies
• Enhanced efforts to improve adaptation to changing environment
• Task-oriented capacity building that can create next-generation highly capable 

managers, researchers and farmers
• Networks that can connect, share and explore synergies at regional, national and 

international level
• Dynamic policy support tools to realise benefit of advances in science

24.3  Characterisation of Abiotically Stressed Environments

Unlike industrial sectors, the agriculture is largely dependent on natural resources 
which are always exposed to aberration in weather parameters and anthropogenic 
activities. Abiotically stressed environments are the outcome of their influences. 
The monsoon has been and continues to be the driving factor for agriculture and 
many other related sectors. Hence in tropical countries like India, the responsibili-
ties to watch, warn, inform and to act during vagaries of monsoon have been a prior-
ity. Even the most of the promising technologies to manage agricultural risks are 
dependent on weather information and remain underexploited. Therefore, a number 
of government and private agencies are involved in providing weather forecasting 
services. The emphasis is to develop end-to-end capacity in weather monitoring and 
to evolve mechanisms for drought monitoring and early warning for extreme 
weather events. There is a general consensus among scientific and farming com-
munity that the existing technologies can go a long way to help farmers if the mon-
soon forecast becomes more robust. Moreover, with their enhanced ability of 
detecting, monitoring and forecasting, it is further possible to lessen the impact of 
drought, floods, hailstorms and other weather extremes. To take advantage of 
advances in collection, compilation and analysis of data set, in data management 
capacity and in modelling science, the Department of Tropical Meteorology is now 
gearing up for better forecast of monsoon. The National Monsoon Mission pro-
gramme launched by the Ministry of Earth Sciences (MoES) in 2012 is likely to 
improve monsoon prediction at all temporal and spatial scales through joint efforts 
of national and international scientific communities. By deciphering the drivers of 
the variability in the Indian monsoon, the prediction will become more robust, and 
the success from such efforts will be the game changer for abiotic stress manage-
ment and extreme weather events including drought.

In addition to weather forecasting science, advances in remote sensing and GIS 
are providing great opportunities for explaining abiotic stresses at regional level. 
These advances are making it possible to map abiotic stresses in agroecosystems 
even at block and village levels because of enhanced resolution of images provided 
by satellite like IKONOS, QuickBird, etc. These provide the basis for assessing the 
vulnerability of crop species to different abiotic stresses in isolation or in various 
combinations. Since the impact of environmental factors widely varies across space 
and time, the abiotic stress maps are highly critical for making decision on abiotic 
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stress management strategies. These tools can gradually evolve as robust decision 
support system for managing abiotic stresses if further supplemented adequately 
with information on edaphic factors derived from soil maps, cropping patterns and 
their responses to stressors, existing regional to local models and GIS-based statisti-
cal tools.

Since the extreme weather events are becoming more frequent, to make future 
agriculture remunerative, risk-free and sustainable, the dynamic characteristics of 
atmospheric stressors have to be understood in detail. These should include extremes 
of precipitation, viz. drought, flood, submergence and hailstorm; extremes of tem-
peratures, viz. heat, cold and frost; extremes of radiation, viz. high, low, UV and 
cloudy days; extremes of wind, viz. cyclone, sand, dust storm, etc., in addition to 
adverse effect of ozone. Since the knowledge of different dimensions of these fac-
tors is elementary for managing abiotic stresses, it is necessary to generate informa-
tion on various processes that lead to energy and gas exchanges from earth surface, 
source or sink potential of various ecosystems under varied climatic conditions for 
developing climate-smart mitigation strategies.

In the changing climatic scenario, a large number of strategies to reduce yield 
gaps are being evaluated by employing various crop simulation models. Since these 
models are relatively inexpensive, it is possible to explore the specific management 
options including those for mitigation and adaptation to counter the adverse effects 
of abiotic stresses often induced or amplified by climate change. Optimisation of 
these models together with impact assessment tools can help in understanding and 
defining the abiotic stress environments to be targeted and simulated for assessment 
of stress tolerance in germplasm.

Though the recent advances have enhanced the understanding of physical and 
physiological impacts of various abiotic stressors, much remains to be done regard-
ing quantifying its impacts and long-term implications on agriculture. The types and 
level of stresses must be properly quantified for future references. In addition, 
stresses arising out of increased atmospheric aerosol and decreasing in available 
light need extra attention as change in land use pattern and crop residue burning has 
changed the way we have been dealing these aspects in the past.

24.4  Reoriented, Novel and Scaled-Up Stress-Mitigating 
NRM Technologies

Though human beings do not have full control of natural phenomenon, there is a 
large scope for minimising the adverse effects by addressing the secondary causes 
of atmospheric, edaphic and water-related stresses. There are many proposed prac-
tices for management of land and water which can help in mitigation of abiotic 
stresses. The benefits of these practices ensure basically with increase in organic 
matter, replenishment of nutrients, improvement in soil structure, reduction in ero-
sion of soil, increase in infiltration of water, increase in water-use efficiency and 
also uptake of nutrient (Winterbottom et al. 2013). Among these, the most promis-
ing to combat abiotic stresses include conservation agriculture (CA), Integrated 



49724 Inculcating Resilience to Agriculture Under Abiotically Stressed Environments…

Farming Systems (IFS), integrated soil fertility management, rainwater harvesting, 
agroforestry, etc.

Conservation agriculture (CA) combines three environmentally friendly agro-
nomic practices to reduce tillage, retain crop residues on surface or maintain cover 
crops and to rotate or diversify crops in a remunerative cropping sequence. Hence 
CA can save resources and optimise agricultural system for sustainable intensifica-
tion, enhanced economic benefits, improved natural resources and more efficient 
external inputs (Jat et al. 2015). CA systems have worked in all kind of environ-
ments/ecologies and helped millions of farmers through arresting land degradation, 
improving input use efficiency, adapting and mitigating climate extremes/abiotic 
stresses and improving farm profitability (Kasam et al. 2014). CA can benefit agro-
ecosystem through its capacity to sequester atmospheric CO2 in the soil organic 
matter and also reduce emissions of GHG through efficient management of input 
use. CA when adapted along with other component technologies for efficient soil 
and water management can serve as foundation for mitigation of abiotic stresses. 
This warrants for synergies to capitalise on different elements of CA for the stressed 
environments.

The other approach for stress mitigation and building resilience is resorting to 
‘Integrated Farming Systems’ which spread the stress-induced risks amongst the 
multi-enterprises and thus provide for a better buffering capacity. Since the abiotic 
stresses show differential impacts on the crop/tree/animal/fishery enterprises, such 
a diversification of farming enterprises can at least provide for life-saving returns to 
the farmers. Thus Integrated Farming Systems can be an ultimate solution for stabi-
lising farmers’ income and can act as safeguard for extremes of weather events/
abiotic stresses. Stress-specific IFS will be guided by long-term weather events, 
demography, and socio-economic and agricultural landscape conditions which are 
essential to find out the best combination of crops, crop varieties, water-saving pro-
tocols, livestock, land use plans for grain, fodder, dual-purpose crops, agroforestry/
horticulture, etc. For instance, the past experiences show that in regions with rainfall 
of 500–700 m, the livestock-based IFS should rely on water-use efficient grasses, 
trees and bushes that can provide fodder, fuel and shelter. In rainfall zones of 700–
1000  mm, crop-horticulture-livestock systems that perform better integration of 
paddy with fisheries are ideal where rainfall is more than 1100 mm (Joshi et  al. 
2005). Therefore, future efforts are required to identify more economical and sus-
tainable IFS modules for the stressed environments.

Nutrient deficiencies and low factor productivity are the matters of great concern 
in the abiotically stressed environments. The new decision tools like Nutrient 
Expert, GreenSeeker, remote sensing coupled with ICTs, etc., are becoming very 
handy for quick recommendations on SSNP (site-specific nutrient management) 
and thus improving nutrient use efficiencies. Such decision-making support tools 
using modern communication platforms are the need of the hour for stressed envi-
ronments where the present nutrient use efficiencies are dismally low and the over-
all fertiliser use is very low and highly imbalanced, i.e. skewed towards nitrogen 
only. It is possible to offset the abiotic stresses and to minimise GHG emissions 
from agriculture through integrated nutrient management practices which involve 
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judicious use of mineral fertilisers and amendments for soil productivity improve-
ment through application of organic manure/compost/leaf/residues of crops and 
reduction of salinity/alkalinity/acidity through application of gypsum/lime/rock 
phosphate, etc.

Effective management of rainwater is also very critical for stress mitigation and 
successful agriculture. Without due attention to conservation of water and soil, a 
major part of the rainfall water is lost as runoff from denuded farm fields’ simulta-
neously stimulating soil erosion. Thus slowing water runoff with in situ water har-
vesting practices can be of great help to farmers for adjusting to fluctuations in 
rainfall. Though the suitability of the practices depends upon the topography of the 
field, temporal and spatial distribution of rainfall and type of soil, crop, etc., a vari-
ety of simple low-cost practices like compartmental bunds, conservation furrows, 
broad bed and furrow, ridge and furrow, ridge planting, set furrow, inter-plot rain-
water harvesting, etc., have been developed to effectively retain and collect rainwa-
ter in the fields well before it gets lost through runoff. These if customised for 
specific abiotic stresses can be of great help to offset their impacts. Moreover, the 
Integrated Watershed Management Systems (IWMS) have been advocated on a 
large scale where surplus water is diverted to storage structure and used as such or 
in conjunction with groundwater for meeting the water requirements at critical crop 
stages. Drip irrigation is emerging as a viable solution for improving the use effi-
ciency of this water and can further be utilised to offshoot the other abiotic stresses.

Similarly the understanding of biology and management of horticultural planta-
tions have greatly improved under abiotically stressed environments where the shal-
lowness of soils/hard subsoil layers restricts access to stored soil moisture (e.g. in 
regions with drought) and nutrients and allows episodic events such as prolonged 
flooding/waterlogging, drought, etc. To overcome these constraints, the on-site soil 
and water conservation technologies like trenching, contour/strip planting and 
graded farrows/ridges are being advocated to enhance crop/tree growth, while the 
off-site techniques include storage of runoff, transport of canal/drain water through 
multistage pumping, water tankers and switching to drip irrigation. It is generally 
argued that successful cultivation of fruit trees requires a major shift in planting 
techniques, site preparation for planting and post-planting management since the 
initial establishment and growth of fruit tree saplings are highly critical for fruit 
orchards. Thus the aim should be to create favourable niches in the ambient where 
their roots are located. The typical examples are that of auger hole planting in alkali 
land and sub-surface planting and furrow irrigation in saline lands (Minhas and 
Dagar 2016). With such innovative planting techniques and the site management, 
the orchard establishment can be boosted in other stressed environments also.

Microclimate modification research needs focus as it is possible to protect crops 
from abiotic stresses such as low temperature stress in subtropical parts of country 
where night-time irrigation (flooding) can save crops like oranges and grapes from 
freezing. Mulch can be used to protect soil from freezing and plant from low tem-
perature root damage. For high temperature stress, frequent sprinkling of water on 
foliage can prevent plants from huge evapotranspiration loss. Proper row arrange-
ment can be done so that cold air/hot air cannot directly pass on to crops. Soil and 
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land management practices such as ridge and furrow sowing can prove better germi-
nation of seeds and also can prevent crop lodging. Several hydrogels are also being 
advocated for moisture retention in soil where water deficits are frequent but need 
field validation. Use of antitranspirant can save plants from excess transpirational 
water loss. Some reflectants can prevent detrimental temperature which affects crop 
growth and yield. Irrigation management schedules need to be tailored for different 
crop-agroecology combinations for better crop growth taking into consideration 
water requirements at critical growth stages and capacity of soil to meet the evapo-
ration and transpirational water demand. Irrigation requirements of most of the cul-
tivated crops have been standardised, but these need further optimisation under 
stressed environments, e.g. there is a need for additional irrigation to meet leaching 
requirements. Water-saving technologies like deficit irrigation/partial root drying, 
etc., often fail to enhance yield but have the benefits of improving water productiv-
ity, reducing pest-disease incidences, irrigation costs and labour requirement, etc. 
Therefore, all these technologies need to be fine-tuned for stressed conditions.

Protective structures used in vegetable cultivation can lessen the impact of 
extreme temperatures, hailstorm, waterlogging, etc., through sufficient protection 
for both the crop and soil. Even high-value crops such as grapes are highly vulner-
able to disastrous hailstorms which necessitate protection technology. Protective 
structure can also provide suitable microclimate for plant growth, but research is 
needed to make this structure economic, durable and more productive.

While plant has inherent mechanisms to respond to the stresses, these mecha-
nisms can be facilitated by exogenous application of bioregulators to alleviate 
stress-like drought, salinity and high temperature (Srivastva et al. 2016). The future 
prospects for bioregulators lie in identification of the best combination of crop or 
varieties and agroecosystem as well as optimised dose, frequency of application and 
appropriate stage for efficiently mitigating the stress. Moreover, the opportunities 
should be explored to use the wide range of microorganisms prevailing in problem-
atic soils on surfaces of plants and in marine ecosystems by employing appropriate 
techniques. The useful microbes or their products in isolation or in combination 
should be the target for facilitating nutrient cycling, tolerance to abiotic stresses, 
enhanced fixation of atmospheric nitrogen and promotion of plant growth under 
harsh agroecosystems. Candidate endophytic isolates identified so far particularly 
from abiotically stressed ecosystem need to be validated as promising technologies 
for abiotic stress tolerance.

Nutrition being one of the major factors in mitigating heat stress in livestock, 
nutrient supplementation and feeding practices for cattle, small ruminants, poultry 
and fish should be given priority to improve their performances under heat stress. 
Anti-nutritional factors associated with abiotic stresses need special attention to 
enhance productivity of livestock and fisheries. Nano(bio-)technological innova-
tions have potential to cater to the nanofeed demand in addition to deliver other 
effective nanoparticle-based products for climate-resilient agriculture. Stress miti-
gation strategies for livestock can be developed through research for robust predic-
tion of animal growth, body composition, feed requirement and waste output in 
future climate.
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The contingency plans particularly in the event of natural disaster such as drought 
have been formulated and being propagated. The lack of appreciation from end 
users often points at the need for validation of these technologies as it has been 
demonstrated in some real-time contingency plans. There should be robust mecha-
nisms to get feedback from farmers on utility of these technologies so that they can 
be scaled up or modified to make it acceptable or to be replaced by other options.

24.5  Enhanced Efforts to Improve Adaptation

Approaches for improved adaptation to abiotic stresses in agriculture include grow-
ing crops and their varieties which are relatively tolerant to specific stress and a shift 
to intercropping, crop diversification, etc., which help to cope with the adverse 
influence of stress/extreme weather event. So far there has been a notion that selec-
tions of crop cultivars for high yield potential in crop breeding programme would 
indirectly incorporate traits associated with tolerance to abiotic and biotic factors. 
However, the recent slowed down genetic gains vis-a-vis productivity of crops indi-
cate that this empirical approach may not be sufficient to meet the requirement of 
stress resilience if future food demands are to be realised. Hence focus should be on 
complementary effects of trait-based approaches to breed stress-resilient crops, 
livestock and fish. In this regard, there is a need for better insight into the biological 
mechanisms underlying stress responses that can support classical and emerging 
modern technologies in production, breeding and biotechnology. Metagenomics, 
which has redefined the concept of genome analysis, should be utilised to accelerate 
the process of gene discovery through gene mining in stress-resilient microbes for 
conferring tolerance to stresses. Recent developments in genomics widen scope for 
mechanistic insights into organisms through classical genetics and even the difficult 
phenotypes can be tackled. Use of genomics for abiotic stress tolerance should con-
tinue for realising their benefit for end user as it has enhanced our understanding 
about evolution of the genes and genomes. Omics approaches are overlapping and 
dependent on each other, and integration of all these approaches is necessary to 
enhance stress tolerance in cultivars.

Dissecting genetic basis of different traits through QTL analysis and gene iden-
tification accelerates the breeding process for stress-ready crops. Marker-assisted 
selection (MAS) serves as an effective tool to introgress positive alleles in desirable 
genetic background. Thus combining crop breeding with various genomic tools 
would spur the efforts of multi-stress-tolerant cultivars. This approach has been suc-
cessful in inducing both drought and submergence tolerance in rice. Such leads 
should be utilised in breeding programme to improve stress tolerance in other crops 
including vegetables and fruit crops. The exact location of the QTLs and closely 
linkages of markers determine the effectiveness of MAS. Many of the vegetables 
are highly sensitive to post-flowering rise in temperature which severely affects 
their productivity. Leads from rice reveal that it is possible to focus traits associated 
with inherent diurnal adjustment to escape peak temperatures during fertilisation for 
the purpose of genetic improvement in high temperature tolerance. Identification of 
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abiotic stress-resilient root stocks can help improve inherent tolerance of horticul-
tural and vegetable crops, and the strategy may make the orchards more resilient to 
climate change. Focus on deep-rooting species of Cucurbitaceae such as Citrullus 
colocynthis can pay more dividends in drought-prone areas.

The phenotyping is the most important among all the factors that affect the accu-
racy in the detection of QTL locations, and hence it needs very reliable selection 
indices and screening platform. This has now led to various options for high- 
throughput phenotyping. Many of them rely on image-based tools and mechanisa-
tion. Image analysis to interpret the responses of plants to stresses is a great 
challenge. In addition, data management and statistical tools are essential to tackle 
huge set of data generated through phenomics. There is a lot of scope for research 
in these areas to facilitate genomic-based gene discovery.

As in any other abiotic stresses, breeding for salt tolerance relies on effective 
protocols for screening, existence of genetic variability for a target trait and tech-
niques to transfer the genes to the desired cultivars of crops. Hence future research 
should emphasise all the three dimensions of breeding for plant’s tolerance to 
drought, high temperature, salinity, waterlogging, etc. Molecular approaches for 
complementing the conventional plant breeding for stress tolerance need to be 
accelerated. For further improvement in plant’s tolerance to salt and waterlogging 
tolerance in crops, future research should focus on opportunities to regulate multi-
ple Na+ transporters by deep insight into expression of associated genes and signal-
ling cascades. At present, it is not clear as to which of the transport processes that 
we know so far could be integrated to develop salt- and waterlogging-tolerant crops. 
Similarly, basic research on stomatal regulation should be translated into tools and 
management practices for optimising water use.

For the productivity improvement in crops, a foremost focus has been on photo-
synthesis and chloroplast. However, the process of respiration is highly responsive 
to abiotic stresses, and hence mitochondria need attention. For effectively control-
ling the process of respiration, it is necessary to enhance research efforts for eluci-
dation of the different ways mitochondria are functioning inside the cell. 
Interventions of technological advances can facilitate for system biology approach 
for accomplishing this task. This is going to be a challenge for the next decade.

Emerging phenomic techniques are providing for enormous opportunities to 
search stress tolerance genes in a wide range of cultivated and wild species of plants 
in gene banks. Across the world there are about estimated 1,750 plant gene banks 
which have maintained about 7.4  million accessions as ex situ collections by 
employing different approaches. National gene banks have 89% of these collections 
and 130 of these gene banks possess more than 10,000 accessions (FAO 2010). 
Countries like India have as many as 346,000 germplasm of various crops, and these 
germplasm can be a treasure of desirable traits for drought tolerance. In addition, a 
large number of mutant lines with induced genetic variation exist for different crop 
species, and new techniques have emerged to create new genetic variants for gene 
function studies by employing molecular tools. In addition, recently emerged 
CRISPR/Cas9 system has a great potential to allow convenient and highly efficient 
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methods for editing many genes in plants in a desired way for conferring stress 
tolerance in plants (Ma et al. 2016).

Identification of heat and hypoxia tolerance traits in fish, identifying the molecu-
lar pathways affected by atmospheric stress and marker assistant selection of fast 
growing and tolerant species through transcriptomic and proteomic studies. With 
the emergence of heat stress as one of the major problems in Indian poultry industry, 
our primary area of focus should be to explore innovative approaches, including 
genetic marker-assisted selection of poultry breeds for increased heat tolerance and 
disease resistance for better productivity. Application of modern molecular tech-
niques in poultry breeding has great potential to improve poultry productivity in a 
sustainable manner. The best choice of animals and breeds is highly essential for 
livestock sectors, while research in fisheries sensitive to low temperatures needs 
appropriate combination of species.

There is also possibility to improve income and livelihood of farmers in harsh 
abiotically stressed agroecologies through introduction of appropriate crops and 
other components such as livestock in farming system context. Desirable changes in 
components of cropping and farming system need research to enhance the profit for 
farmers from marginal lands. To replace water-guzzling crops and to ensure equi-
table distribution of natural resources such as water, it is essential to explore under-
utilised and nonconventional crops that can provide export opportunities for farmer 
and hence profitable farming in water scarcity zone. This needs research on all 
aspects of crop production, breeding and also marketing.

To make agriculture in abiotically stressed agroecologies profitable, it is essen-
tial to develop modules in the agribusiness framework including as many compo-
nents as a small farmer can afford and manage. These modules can contain 
ruminants, poultry, medicinal plants, horticulture and other profitable commodities 
in addition to traditional crops. Perhaps this should have its base in demonstrated 
research output from research on integrated farming research; however, it should go 
beyond the traditional thoughts to make it an agribusiness to attract rural youth. 
Research on this aspect can provide immediate dividends as profits will drive the 
agriculture. Such an approach for cluster of farmers can be successful when milk- 
route model can be adapted to collect the produce from farmers at reasonable price, 
and supply of input and market intelligence are integrated in this module by agen-
cies involved in the village level trade.

24.6  Ways to Accomplish the Task

It is universally accepted that abiotic stresses impact agriculture through complex 
process often by acting in combinations. This is also evident from the meagre prog-
ress that has been achieved so far to address this issue. However, advances in scien-
tific tools provide new opportunities for accelerating the research for understanding 
the stress environments as well as mitigation and adaptation options. There is a need 
to integrate all available information in repositories accessible for technology devel-
opers, disseminators and end users. This information should be effectively used for 
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capacity building to create new generation of agricultural managers, policymakers 
and researchers. There should be accelerated efforts to achieve synergies across the 
disciplines and institution working on this aspect.

24.6.1  Repository of Information on Abiotic Stresses

With our capacity to handle huge data that is increasing with advances in computer 
science and data management tools, the volume of cured set of all the data relevant 
to a various abiotic stresses across diverse agroecologies will be the key for decision- 
making on mitigation and adaptation options for stress management. Expected data-
base for abiotic stress management should have information about the abiotic stress 
environment including edaphic and atmospheric factors at smallest possible units 
scaling down even from block level to village level. It should have information 
about the land use plans and contingency plans to deal with abiotic stresses such as 
drought. The repository also should reveal the current status of tolerance to abiotic 
stresses in prevailing cultivars, species, etc. Such information can be obtained from 
multilocation trials. All the information related to technologies evolved and which 
are evolving should be accessible to stakeholders including young educated farmers 
who can contribute to enrich the repository with their feedbacks. Mobile-based 
applications can facilitate this process and can provide new avenue for research in 
effective employment of such tools for extending the technologies and decision- 
making tools for farmers.

Genomics as a game changer has evolved significantly in the recent past to 
enhance our ability to observe and dissect the minute changes in plant phenotype 
governed by many genes located at different places in a chromosome of an organ-
ism. There are ample accesses to methods that can help in analysing quantitative 
traits and hence detecting even dozens of specific gene combinations at many loci 
associated with critical plant traits such as days to flowering or tolerance to stresses. 
A huge data set on plant genomics is available as an outcome of whole genome 
sequencing routinely carried out in several plants which include cultivated species. 
Genomic tools allow direct analysis of allelic diversity and microheterogeneity in 
chromosome organisation through insight into hundreds or thousands of distinct 
genomes of inbred lines or ecotypes. This huge set of genomic information can open 
new avenues to test hypothesis about epigenetics, transposons which are often 
referred as jumping genes, rearrangement of genome, the amplification/duplica-
tions/losses of genes in addition to conservation and change in both promoter region 
and transcription unit. This needs to be connected to explain development or physi-
ology under abiotic stress environment.

There is an opportunity to rediscover and revisit old hypothesis with new tools 
and knowledge in place. This can help in bridging the major gaps in our understand-
ing about in vivo regulation of cellular metabolism as metabolic activities are organ-
ised to meet the specific needs and desired functions of a particular cell or tissue. 
This can be achieved if the remarkable advances in capacity for in vivo measure-
ment of metabolic processes are integrated with ‘omics’ data.
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24.6.2  Enhanced Focus on Traits of Interest

Several definitions exist for stress tolerance in the crop plants (Levitt 1972; Blum 
2005; Gilbert and Medina 2016); however, the ultimate aim is the performance in 
terms of grain yield or biomass irrespective of schools of thought. For instance, any 
mechanism acting at cell, tissue, plant or crop canopy level to impart survival and 
performance of plants under limited soil moisture can have great impact on improv-
ing drought tolerance in crop plants. Nonetheless it is well acknowledged that the 
stress tolerance mechanisms are complex and governed by many traits/genes. Since 
the current results of yield and yield component based selections in breeding are not 
as remunerative as that of past decades, trait-based approaches are being pursued for 
genetic improvement. The value of stress-related trait can be realised only if it is 
possible to manipulate it either genetically or by agronomic means to reduce the 
losses in crop yield caused by the stress such as drought (Purcell and Specht 2012). 
Such traits can also be identified with the assumption that there will always be more 
to know about physiology of tolerance to drought, but we know more than enough 
to act (Passioura 2012; Purcell and Specht 2012). Some of the aspects that need to 
be emphasised for further improvement in crops for drought tolerance are explained 
in the following sections.

The stomatal role in water relations of plants (Lawson and Blatt 2014) is well 
established, but how this knowledge can be used in improving efficiency of water 
uptake and dehydration avoidance in different crop plants is to be elucidated. While 
about genetic variations in traits such as stomatal density, we do not have fare idea 
about dynamics of stomatal aperture in the diurnal cycle, which can serve as trait for 
screening. Some insights into the processes such as the production of signal mole-
cules by roots that makes the leaves respond by closing the stomata, but we do not 
know the underlying genetic variability of those perceived signals to close the sto-
mata that can be exploited to improve drought tolerance of many crops with some 
exception. We also do not know the genetic variability and possibilities of genetic 
manipulations for capacity of cells to mop up free radicals produced during dehy-
dration or produce molecules that preserve their ability to hold on to water (Pennisi 
2008). The role of aquaporins, protein channels located in the plasma membrane, is 
being increasingly highlighted (Meng et al. 2016); however, it is not clear if aqua-
porins or expression of genes coding them is the limiting factor in present cultivars 
of crops for their performance in drought environment. These examples clearly 
reveal that substantial resources and time have to be devoted to translate the basic 
knowledge generated into screening tools for drought tolerance assessment in germ-
plasm/breeding lines.

As opined by Gilbert and Medina (2016), there are some basic questions which 
remain unanswered for many of the crop plants in the context of different drought 
scenarios. It is necessary to understand drought response determining features of 
interactions among stress factors such as extreme temperature, vapour pressure defi-
cit and solar radiation which all occur together under natural conditions. Further, it 
is necessary to evaluate the present cultivars of crops for the following:
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• Temperature threshold for drought tolerance which will emerge from experi-
ments to assess impact of extreme temperatures on drought responses. These 
experiments should also consider effect of plasticity of plant/root/leaf on 
response to and recovery after drought.

• Effect of the frequency, duration and intensity of drought imposition on recovery 
of plants in general and specifically of tropical and subtropical orchard crops

• Intrinsic features affected by drought that limit recovery – for example, loss of 
hydraulic conductance, signalling factors associated with stomatal regulation, 
damage to photosynthetic system, depletion of carbohydrates stored in vegeta-
tive part, reduction in functional leaf area and or reduction in sink size, i.e. poten-
tial fillable seeds, etc.

24.6.3  Protocols and Methods of Screening

To answer these questions mentioned in the previous section, it is essential to distin-
guish stress imposed by drought from stress imposed by water deficit usually in 
experiments conducted in controlled environments such as greenhouse or growth 
chamber. If relevance of a particular trait is established, even water-deficit treat-
ments in controlled environments can reveal meaningful information about the 
plants’ response to drought that are common in field environments. Further search 
for answers to these questions should culminate in identification of useful traits for 
crop improvement and also associated genes.

This can be carried out within the framework of model proposed by Passioura 
(2012) wherein yield under moisture deficit environment is defined as function of 
water uptake, transpiration efficiency and biomass partitioning efficiency. While the 
search for promising traits associated with plant’s tolerance to drought is in prog-
ress, the shift from water-use efficiency (WUE) to effective use of water (EUW) has 
been suggested for genetic gain in crop productivity under drought (Blum 2009). 
Emphasis on EUW is based on the argument that many traits that contribute to WUE 
come at the cost of plants performance under favourable condition particularly with 
respect to genetic improvement and management practices. It is essential to know 
when such traits and genes are useful for plant breeders (Passioura 2012).

Implication of trait research will be wider if we differentiate the symptomatic 
and acclimatise responses of plants to drought. This can help in deciding the rele-
vance of a trait in the context of crop growth stages and type of soil or other influ-
encing factors. Further, it is possible to identify trait or associated genes which can 
impart drought tolerance by creating or simulating the drought scenario of targeted 
agroecosystem (Tardieu 2012). If we are aiming for productivity enhancement, we 
may focus on those traits that promote opportunistic strategies, i.e. less reduction 
under stress but more yields under sufficient conditions. On the other hand, conser-
vative traits associated with stable yield, i.e. may be less in moisture sufficient con-
ditions, may be useful for chronically drought-affected regions (Pennisi 2008).

Trait identification and characterisations are crucial for getting benefit of 
advances in the field of genomics which has allowed us to know more about genes 
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with high-throughput methods (Huang et al. 2013; Pallotta et al. 2014; Valluru et al. 
2014). Further, for accelerating crop improvement, we should know the gene func-
tions. Considering the fact that the stress response of plant is a consequence of a 
series of gene action, it is necessary to know the phenotype-genotype relationship in 
high-throughput mode (Tester and Langridge 2010) to decipher gene and gene net-
work associated with drought tolerance. Techniques used in the past for characteris-
ing plant responses are not sufficient for understanding functions of genes and 
developing reliable functional maps. The need for overcoming these inadequacies 
has led to the emergence of ‘phenomics’ as a new branch of biological sciences 
(Furbank and Tester 2011; Yang et al. 2013; Klukas et al. 2014; Fahlgren et al. 2015, 
Rahaman et al. 2015). Phenomics relies on non-invasive image-based techniques 
and automation to characterise responses of a large number of plants so that the data 
generated can improve the power of prediction of association between the gene and 
genotypes (Rahaman et al. 2015). Background noise in these methods was the major 
concern to ensure precision of characterisation of phenotype; however, methods for 
minimising or assessing such noise are also emerging (Biscarini et al. 2016). This 
area of science is expected to help in tailoring crops for specific drought-stressed 
agroecosystem and also can accelerate identification of promising genotypes out of 
germplasm accessions of crops and their wild relatives.

24.6.4  Task-Oriented Capacity Building

Abiotic stress studies have been a small component of course curriculum of state 
agricultural universities and deemed universities supported by centre. Taking into 
the complexity in understanding the nature, time of occurrence and magnitude of 
stress, the present educational system is not sufficient for abiotic stress manage-
ment. As the agriculture as a profession is now transforming from subsistence to 
business mode, there will be demand for well-qualified managers for agribusiness to 
assess, predict and manage abiotic stresses. Hence, capacity building should be ori-
ented to create next-generation highly capable managers, researchers and farmers. 
While the undergraduate courses sufficiently cover the basic of agricultural science, 
the postgraduate courses are to be reoriented to include problem identification and 
problem-solving capacity with respect to different abiotic stresses. They should be 
trained to use the latest omics tools for accomplishing this task in research institutes. 
These young brains should be learners as well as contributors to the abiotic stress 
repository to make it dynamic and impactful. The products emerging in future from 
agricultural universities should have experts to manage atmospheric stresses, 
drought and edaphic stresses, while each of them may occur alone or in combina-
tion with others.

In the academic field, there is now an increasing shift from conventional division 
concept to school of thought approach, which specifically addresses abiotic stress 
responses in plants and other commodities. For example, biologists with a broad 
view of cellular biology are now equipped with the tools to look at the general 
behaviour of preferred plant-model systems and to ensure efficient selection of the 
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key genes regulating the entire plant processes. This is now providing boost for 
system biology approach that requires the integration of interdependent disciplines. 
They are bioinformatics and computational biology which are increasingly 
employed in model networks, functional genomics essential for developing and 
implementing tools for analysis of biological systems in the high-throughput mode 
and interdisciplinary team of biologists to test the relevant hypothesis and to gener-
ate proof of concept. These research areas have to be handled in coordinated manner 
for achieving the targets of a centre of excellence in systems biology. Similar anal-
ogy can be extended to build capacity in understanding the stress environment. The 
capacity building should meet the needs of this system to carry forward benefits of 
basic research for abiotic stress management.

The capacity building should cater to the needs of farmers who may wish to 
consult for expertise in analysis and prediction of abiotic stresses, assessment of 
plant responses through advanced phenotyping methods for large germplasm, fish 
and veterinary nutrition and stress management, advisors for soil health and produc-
tivity in harsh areas, land use planner, use of bioregulators to mitigate stress, etc., in 
addition to cropping system and market advisors with thorough policy support sys-
tem knowledge. In addition to postgraduates, there should be regular training on 
abiotic stress management for those who are in action in agroecologically chal-
lenged environment. Thus the capacity building strategy should address require-
ment of research, abiotic stress management in field, policy- and decision-making 
as well as farmers. Such education can be made cheaper by engaging IT tools par-
ticularly for those in service and business.

24.6.5  Networks for Exploring Synergies

In fact, several research and developmental organisations are working on various 
aspects of abiotic stresses, but their efforts are too inadequate considering the mag-
nitude of the problem. Looking at the past scenario, it comes out that these organisa-
tions have been working in isolation and within their disciplinary boundaries. In 
order to alleviate the effects of multiple stressors, a holistic multidisciplinary 
approach to build up systems perspectives is the need of the hour to get the best 
combination of mitigation and adaptation technologies for a particular agroecosys-
tem that is often featured by multiple stressors and that needs to be defined with 
greater precision.

Having known the complexity of abiotic stresses in agriculture largely deter-
mined by the nature of agroecologies and the plant responses, the global scientific 
community is now ready to establish collaboration across the borders. This should 
provide opportunity to make the best use of research investment already made and 
to translate them into the products useful for management of abiotic stresses. Hence, 
it is highly beneficial to establish the links with centre of excellence in advancing 
the science for benefit of agriculture in ecologically challenged environments.

Earlier efforts on abiotic stresses were perceived not as remunerative as that on 
products for favourable environments by private sector. Now, there is change in 
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trend with increasing involvement of private firms in commodities resilient to 
drought, high temperature and salinity. This should provide additional dimension 
for future research network for management of abiotic stresses. There is an oppor-
tunity to utilise existing institutional mechanisms to evaluate the germplasm, 
advanced lines of crops, conservation agriculture, multi-enterprise farming and bio-
regulator technology specifically to promote stress mitigation at different locations 
and adaptation to abiotic stresses. Such efforts can get boosted by involvement of 
progressive farmers and private stakeholders.

24.6.6  Dynamic Policy Support Tools

Lack of requisite investment and sufficient market intelligence especially in the 
regions afflicted by abiotic stressors are the major causes of ineffective R&D insti-
tutions and infrastructure that all together failed to determine pragmatic prices of 
inputs as well as natural resources. This necessitates policy change for shaping tech-
nology development, dissemination and marketing to sustain agricultural outputs 
with efficient use of resources. It is possible to promote the adoption of available 
technologies such as integrated soil fertility management, multiple uses for enhanc-
ing water productivity, carbon-sequestering practices, etc., by identifying con-
straints in technology. It remains a great challenge to develop technology 
management strategy particularly for enhancing adoption of proven techniques for 
efficient use of natural resources, water and energy. This makes it essential to assess 
the costs and benefits of other options emerging or likely to emerge from advances 
in science and innovations in institutional and marketing strategies. There is a need 
for relook at scientific applications of natural resource technologies such as conser-
vation agriculture, organic agriculture, precision agriculture as well as new sciences 
such as of omics, nanotechnology, etc. For a pragmatic policy support, it is impera-
tive to analyse potential of all these technologies to pay-offs necessarily in terms of 
productivity and food security. While accomplishing this it is necessary to take into 
account the spatial and temporal variability in crops grown, features of soils and 
other agroecological and socio-economic aspects as well as impact of existing poli-
cies at regional and national level. Some leads in this direction are listed below:

• The present abiotic stress/disaster management policies are skewed towards cri-
sis management with possible solution in relief measures, employment opportu-
nities, etc., which all become a component of process that recurs at the next crisis 
event, while the permanent damage that drought/other events leave through land 
degradation has yet to receive due attention. Policies should promote location- 
specific measures to prevent the permanent damage to agroecosystem.

• Since the technologies are to be tailored for the finest level of agroecologies in 
future, it is necessary to have a real as well as virtual web-based platform for 
interface among agricultural officers, policymakers, farmers and scientist to 
build a larger database and to derive appropriate decision for development and 
implementation of technologies for abiotic stresses.
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• Enhancing coping strategies of the country to extreme weather events by estab-
lishing ‘risk management and mitigation centre’ at the block level which should 
work in close coordination with line departments.

• There is a need to place greater emphasis on future crops to be designed specifi-
cally for the smallest components of agroecosystems based on possible accep-
tance and impact. This needs compilation and analysis of huge set of data on the 
prevailing farming system, soils, weather, etc.; the similar activity presently 
being carried out at mega environment needs to be scaled down to macro envi-
ronment at village levels in the immediate future.

• Priority diversification of farming enterprise through Integrated Farming Systems 
to provide for life-saving returns and quick recovery in case of extreme weather 
events.

• The flow of exotic germplasm has been constrained by recently evolved regula-
tions with additional concerns on national biodiversity. Lack of germplasm 
exchange can also reduce the inflow of technologies that emerge from invest-
ment and efforts in other organisations. There should be provisions to promote 
exchange of germplasm and promising technologies in pipeline for management 
of abiotic stresses mentioned above through research collaboration with trans-
parency in utility of material and benefits for the country.

• Priorities given to resilience to climate change at national level has now provided 
significant support for identification of traits and genes relevant to stress toler-
ance in the events of drought, flood, salinity and nutrient stress. State-of-the art 
facilities for applying omics approach are created but not sufficiently comple-
mented by providing adequate capacity building. Thereby latter should be imple-
mented on priority

• Molecular marker approaches are promising tools for drought and submergence 
tolerance, however, advantage of transgenic approaches and several technologies 
that have been patented so far are yet to be realised for improving food and fod-
der crops for stress tolerance. Freedom to operate (FTO) that may emerge from 
negotiations between the institutes and promotions of confined field trials can 
facilitate validation of these technologies at the earliest.

• Innovative technologies for mitigating the abiotic stressors are rarely adopted 
despite clear demonstration of benefit, e.g. for dryland systems. It makes provi-
sions for doubts that if some utility claims of novel and innovative technologies 
are influenced more by interest and wishes than real-time utility. However, some 
of the technologies have been successfully demonstrated as real-time contingen-
cies. Adoption of such technologies needs policy support.

• Policy initiatives for efficient risk and crisis management of natural disasters 
should aim at access to microcredit and insurance services in addition to bank-
ing, communication and information services before, during and after a disaster 
event as predictions about these events are gradually becoming more robust.

• Enhanced optimism among farmers is critical to promote technologies for stress- 
prone areas – this can come from streamlining and strengthening the channels of 
technology transfers and supports to reinforce the demonstrated technology. 
Adequate human resources (HRs) induction and training could be fostered. 
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Investments in viable income-generating activities could be fostered together 
with the active promotion of communities’ self-help and solidarity 
mechanisms.

• Occurrence of calamities like drought demoralises farmers who may not be will-
ing to venture into any unrealised technologies. The common lands including 
forest land can be utilised for demonstrating the technologies like fodder produc-
tion taking into consideration probabilities of rainfall deficit. They can serve as 
in situ fodder banks particularly in drought-prone areas.

• Market surplus often occurs when the drought-prone areas get benefit of a favour-
able monsoon. Hence enhanced food production does not lead to enhanced profit 
because of reduction in prices of commodity. The yield losses due to stresses like 
drought get often compensated by improved quality of product particularly in 
dryland crops. This quality deserves premium value if agriculture produce reach-
ing the market gets segregated. Hence, policy for segregated procurement of pro-
duce is to be evolved. Further, village level crop plan compatible with value 
chain can maximise the profit for farmers in each of the drought cycle.

• The slow growth of purchasing power is the major constraint in ensuring the food 
security to the people in the rain-fed ecosystems. Drought-resistant cultivars of 
crops, cost-effective IFS, efficient techniques to harvest rainwater, adoption of 
moisture conservation techniques and intercropping are crucial for stabilising 
and improving the agricultural production in dry land.

• Economic and durable expansion of irrigation and reasonable prices for key 
inputs such as water, energy and fertiliser coupled with rationalisation of mini-
mum support prices for all the agricultural produces can enhance resources 
essential for community-based investment for prevention of soil degradation, 
augmentation of irrigation capacity and development of rural infrastructure such 
as roads, processing units and market.

• Funding policies should promote collective efforts by research institutes for 
addressing different components of abiotic stress management taking into con-
sideration the magnitude of the task and complexities underlying the occurrence, 
nature and management of these stresses. These policies should be based on clear 
definition of the gaps existing in pipeline from the point of technology genera-
tion to technology outreach for tangible impact.

• The choice between ‘risk aversion’ and ‘loss aversion’ is critical for a farmer 
who prefers high-yielding local genotypes over drought-tolerant one to avoid 
loss aversion. Policies to support risks should be appropriately combined with 
technologies.

• While drought-proofing tools are evolved and being propagated after persistent 
effort, farmers are not appropriately covered for risks due to highly unpredictable 
events like hailstorms, etc. High-value agricultural enterprises like export- 
oriented fruit orchard are to be supported for adopting protective structures that 
cost high at initial stage which small farmers cannot afford. In addition, posthar-
vest technology promotions should consider alternative use of damaged produce 
at the harvest.
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