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Preface

Climate change has been identified as one of the most significant threats to biologi-
cal systems. Recent climate change patterns indicate that the earth is witnessing
unprecedented levels of warming. Climate change has a profound impact on agri-
culture, altering food production and food security. Numerous environmental
stresses have been accelerated due to rapid changes in the climatic patterns that
affect crop growth and productivity, as well as increase the chances of crop failure.
The extreme climate conditions that are imposed on plant species result in signifi-
cant physiological, biochemical, morphological, and molecular changes, which
eventually hinder plant growth and yield attributes. For example, wheat yields are
likely to drop by 4-6% for every degree of global temperature increase, while maize
productivity is projected to decline by the end of the century in areas producing 56%
of the world’s maize. Moreover, increased soil erosion and nutrient loss are com-
mon phenomena caused by changes in temperature and precipitation, which have an
adverse effect on soil health. As a result, it becomes harder to cultivate crops, and
the productivity of global agricultural land is declining.

Climate change is projected to worsen the issue of future food security by putting
more pressure on agriculture. Climate change is expected to have a considerable
influence on agriculture and food security. With a growing global population and in
the face of persistent and worsening climate change, it has become crucial to inves-
tigate sustainable adaptation mechanisms that can address the adverse effects of
stressful environments on plants. Therefore, it is urgent to find strategies to reduce
the impacts of climate change through mitigation and adaptation for improving the
resilience of agriculture. Adoption of climate-resilient agriculture might be the most
sustainable way to address this climate change-related agricultural loss. The goal of
climate-resilient agriculture is to increase long-term agricultural yields and produc-
tivity by sustainably exploiting the natural resources already accessible through
crop and livestock production systems. It reduces and/or eliminates greenhouse gas
emissions while also responding to climate change and fostering resilience in the
agricultural sector.

Changes in agronomic practices, the introduction of improved crop varieties, and
alterations to plant physiology and biology are all examples of adaptation strategies.
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The introduction of genomics and other ‘omics technologies and the modulation of
transcription factors in the crop breeding strategies may be some effective way to
increase the environmental stress tolerance of many crops, and targeting these
within traditional and new breeding technologies could be an effective strategy to
produce better crops. The adaptation of agronomic management methods to climate
change encompasses a wide range of activities such as soil nutrient management,
tillage intensity, crop choice and rotation, water management, and agricultural
diversification. Understanding plants’ physiological, cellular, and molecular mech-
anisms to climate change, which include significant alterations in the transcriptome,
proteome, and metabolome of plants, has advanced significantly. With the rapid
technological advancements, likewise in other sectors, it is now possible to over-
come the detrimental effects of climate change in agriculture by the adaptation of
tolerant crop varieties, sustainable agronomic practices, and improved crop physiol-
ogy and biology. However, the success rate of crop breeding strategies is still slow
because the issues in public perception and policy remain as limitations to the effec-
tive use of the tools like genome editing. Therefore, there still remains huge scope
for crop improvement for the future adaptation to climate change for this ever-
growing global population.

This is the second volume (Agro-Biotechnological Advancement for Crop
Production) of the two-volume book Climate-Resilient Agriculture. It contains 43
comprehensive chapters on adaptive strategies of plants under adverse environ-
ments and technological advancement toward climate-resilient agriculture.

I would like to give special thanks to the contributors for their outstanding and
timely work in producing such fine chapters. We are highly thankful to Kenneth
Teng (Senior Book Editor) and Shanthini Kamaraj (Project Coordinator) Springer
Nature, New York, and all other editorial staff for precious help in formatting and
incorporating editorial changes in the manuscripts. We acknowledge my research
students, Md. Rakib Hossain Raihan and Ayesha Siddika, Department of Agronomy,
Sher-e-Bangla Agricultural University, Bangladesh, for their generous help in for-
matting the manuscripts. Special thanks to Dr. Rajib Roychaudhury, University of
Haifa, Israel, for his valuable help during the initial proposal writing. The editors
and contributing authors hope that this book will include a practical update on our
knowledge of climate-resilient agriculture.

Dhaka, Bangladesh Mirza Hasanuzzaman
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Chapter 1 m
Climate Change and Global Crop ST
Production: An Inclusive Insight

Saswati Ghosh, Sukamal Sarkar, Sourav Garai, Anirban Roy, Saikat Saha,
Saikat Dey, Subhas Chandra Santra, Debojyoti Moulick, Mousumi Mondal,
and Koushik Brahmachari

Abstract Climate change predictions may benefit from an awareness of how cur-
rent changes have impacted food availability. Many agricultural activities through-
out the globe have seen fast climate change over the last few decades, and
greenhouse gas (GHG) levels in the atmosphere have also surged. Because of the
near inevitability that climate and CO, trends will continue in the future, several
concerns about food security remain unanswered, one of which is whether or not
global agriculture’s overall productivity will be influenced. It was also observed
that climate change might have a significant impact on global food security in the
next decades. Global anthropogenic trends, such as expanding populations, the
diversion of grains to biofuels, increased protein consumption, and weather
extremes, are imposing increasing pressure on agricultural productivity. In order
to lower global CO, levels and store atmospheric CO,, sustainable farming sys-
tems and management practises should be adopted. For resource-strapped farmers
vis-a-vis policymakers, in this chapter, we documented a comprehensive list of
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possible implications of climate change on key worldwide field crop yield, miti-
gation techniques, and long-term prospects.

Keywords Ghgs - Climate change - Yield - Food security - Rice

1 Introduction

The climate change has been perceived as one of the biggest threats to socioeco-
nomic development, the impact being more pronounced in the developing nations
(Manivannan et al. 2017; Kennicutt et al. 2019). While the developed nations have
trained their system to implement climate smart agricultural (CSA) practices, the
resource-challenged farmers of the developing countries may not be able to imple-
ment many of the climate-resilient technologies at the cost of immediate profit. The
environmental safety and sustainability are put as the last option by the resource-
poor farmers. Thus, the small and marginal land holders continue to remain vulner-
able to climate change and related disasters. The developing countries cannot afford
large investment for implementation of CSA technologies for their priority towards
infrastructural development as well as obligation for providing livelihood support to
the poorer sections of population through subsidies and incentives (Bai and Tao
2017). There remains ample scope for evaluating a wide range of climate-resilient
policies and initiatives considering the diversity of agroclimatic situations, perceiv-
able risks associated across the ecological regions, and nevertheless the vulnerabil-
ity of the farming community at both short and long term. The fast-swelling
population growth along with over-exploitation and inefficient management of the
resources have reduced the per capita availability of food grain, arable land, as well
as water and have also led to massive degradation and pollution of the land and
water resources at a deplorable level. Finally, we must realise that, at the dawn of
the new century, there is compelling evidence that a change in agriculture is required
immediately in order to address the worldwide issues of food demand. This trans-
formation must increase production per unit area per unit time while maintaining
the soil-water-crop-animal-human continuum and efficient resource use through the
careful application of adaptable agro-techniques.

The world’s most climate change susceptible area is Southeast Asia. Agriculture
is undoubtedly the backbone of this region. Thus, in brief, the fact is that the devel-
opment of agriculture is the hard core of economic growth. This area has a relatively
high population density, and a sizeable section of the population depends on agri-
culture for a living (Kazemi et al. 2018; Hossain et al. 2021). According to the IPCC
study from 2007, Southeast Asia’s temperature has risen by 0.1 to 0.3 °C every
decade while the region’s yearly rainfall has reduced by 1-3 mm/year. Southeast
Asia’s average surface air temperature would rise by 0.75-0.87 °C by 2039,
1.32-2.01 °C by 2069, and 1.96-3.77 °C by 2100 (IPCC 2020). By 2050, precipita-
tion in Southeast Asia would rise from 1% to 2.25%, predicts the IPCC. On the
other side, it was predicted that there would be fewer wet days, which reflects the
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intensification of rainfall events and the diminished efficiency of rainfall. Natural
water resources are abundant in Southeast Asia and are particularly important for
agricultural development. Under the predicted climate scenario, rising temperatures
will cause evaporation and transpiration to occur at a faster pace in the future. Water
will be scarce for irrigation purposes as a result of the irregular rainfall pattern.
Saltwater intrusion brought on by sea level rise, land and water resources become
more salinised. Thus, the quantity and quality of water supplies are negatively
impacted by climate change. The IPCC predicts that low soil moisture and high
temperature stress will cause agricultural yields in tropical nations to drop (Sarkar
et al. 2020). Moreover, from agro-ecosystem point of view, crops that are usually
exposed to a wide range of stressor (biotic/abiotic or both) in various magnitudes
will pose additional obstacles in achieving steady yield (Moulick et al. 2023;
Hossain et al. 2023). The present chapter was framed to summarise the ill impact of
climate change on the global crop production and the possible adaption mechanisms
and mitigation techniques in both breeding and agronomic strategies for the
resource-strapped farmers vis-a-vis policymakers.

2 Climate Change and Global Crop Production

2.1 Global Climate Change Trends

The weather in a particular region over a longer period of time is considered the
climate of the region. Climate change, therefore, is the long-term alteration of aver-
age weather conditions, including the variability of their properties, that exists for
an extended period (IPCC 2007). Alternately, abnormal variation in climatic phe-
nomena and its subsequent effect on human livelihood, farming activities, and the
ocean and polar environment are also referred to as climate change. Over time, the
Earth’s climate has changed. The alarming report was first made by Hubert Horace
Lamb (1913-1997) regarding the aberrant climatic changes and their upcoming
effect on human civilisation (Kelly 1997). Charles David Keeling (1928-2005), an
eminent scientist, measured the changes in CO, concentration accurately in the
atmosphere at the mountain station on Mauna Loa, Hawaii, which was an iconic
document indicating future climate change (Heimann 2005). In the last few decades,
the mammoth population bursting, industrialisation, and anthropogenic activities of
humans have led to a rapid increment of average surface temperature, sea level rise,
and melting of glaciers. Higher CO, absorption makes the ocean more acidic and
creates problem for living animals like corals, which face difficulties in making
their shells and skeletons (Hoegh-Guldberg 1999). Svante Arrhenius and Arvid
Hogbom demonstrated the influence of greenhouse gases on global temperature at
the end of the nineteenth century (Heimann 2005). In a Nolte et al. (2008) study,
reported that climate change would result in higher future ozone levels over polluted
areas. The changes in the Indian climate were noted by Lockyer (1910). This study
raised awareness in scientific communities and created a basis for sociopolitical
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acceptance regarding the threat of climate change, resulting in the meeting of inter-
national potentates in the United Nations Framework Convention on Climate
Change in 1992 (Kelly 1997). Interestingly, over the past several decades, a tremen-
dous increment in the number of publications on global climate change has been
observed in authoritative scientific journals such as Nature and Science (Lobell
et al. 2008), reflecting its deep impact on scientists and policymakers. Considering
the threat of climatic anomalies to society, the world’s powers committed to reduc-
ing anthropogenic greenhouse gas emissions by at least 5% from 1990 levels in the
period of 2008 to 2012 (Bohringer 2003). James Hansen, a scientist for NASA,
warned about the blatant impact of global warming almost 20 years ago and sug-
gested that CO, should be reduced from its current 385.0 mg L~ to at most
350.0 mg L' to save civilisation on this planet (Hansen et al. 2008). At present, the
National Centers for Environmental Information reported that each month of 2021
was warmer than the average temperature, even the temperature in the coolest
month, “February,” was 1.15 F more than average (NOAA 2021). The study also
revealed that since 1880, the total land and ocean temperature has risen at an aver-
age pace of 0.08 °C each decade; however, since 1981, the average increase in
temperature has been 0.18 °C, which is more than double that rate (Fig. 1.1).

In the future, the trend of global warming will depend on human anthropogenic
activities such as fossil fuel burning, deforestation, intensive farming, and others
that emit carbon dioxide and other greenhouse gases. At the moment, the aforemen-
tioned activities emit nearly 40 billion metric tonnes of carbon dioxide into our

0.8 1

0.6 1

0.4 1

0.2 1

0

Temperature (°C)

0.2 1)

0.4 4

0.6

-0.8
1880 1900 1920 1940 1960 1980 2000 2020

Fig. 1.1 Yearly surface temperature compared to the 20th-century average from 1880-2020.
Negative values indicate cooler-than-average years; positive values show warmer-than-average
years. (Data obtained from National Oceanic and Atmospheric Administration, USA, website:
WWW.Nn0aa.gov)
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Fig. 1.2 Observed and projected annual C emission (a) and temperature change (b) during
1900-2100 time periods based on the central estimate (lines) and a range (shaded areas, two stan-
dard deviations) as simulated by the full suite of CMIP5 global climate models. (Data obtained
from National Oceanic and Atmospheric Administration, USA, website: www.noaa.gov)

atmosphere each year (NOAA 2021), as emission exceeds carbon sequestration.
The U.S. Climate Science Special Report predicted that if the emissions continue at
the same pace as they have since 2000, the earth’s temperature will be 5 °F as com-
pared to the 1901-1960 average (USGCRP 2017). In contrast, if the pace of emis-
sions is slowed down and begins to decline significantly by 2050, then the projected
temperature will be at a minimum of 2.5 °F higher than in the early twentieth cen-
tury (Fig. 1.2).

2.2 Trend of Global Crop Production

Agriculture and global food production have changed tremendously over last five
decades (Fig. 1.3) with the advancement of technologies, rapid industrialisation
along with green revolution in 1960s (FAO 2000). Moreover, expansion of irrigated
land, arable land, and land under permanent crops contribute almost 70% yield
increment as compared to pre-green revolution period (FAO 2000).

Food and Agriculture Organisation showed that almost 50% production increase
(Fig. 1.4) happened in between 2000 and 2018, reflecting 2.9 billion tonnes more
than in 2000 (FAO 2020). Among the crops, cereal accounted one-third of total
production, followed by sugar crops, vegetables, oilseeds, fruits, and tuber crops.
The introduction of improved varieties, more fertiliser uses in assured irrigation
system, and pesticide application were the major factors for above-mentioned yield
enhancement though horizontal productive land intensification was less in between
the period (FAO 2020).

The similar report revealed that among the individual groups, only four crops
viz. sugarcane (21%), maize (13%), rice (9%), and wheat (8%) accounted half of
world total production in 2018 (Fig. 1.5). Only 4% production came from potato
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Fig. 1.3 Trend of major crop production in Asian countries. (Data obtained from Food and
Agriculture Organisation, website: www.fao.org)
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Fig. 1.4 Global crop production (Commodity groups) trend from 2000 to 2018. (Data obtained
from Food and Agriculture Organisation, website: www.fao.org)


http://www.fao.org
http://www.fao.org

1 Climate Change and Global Crop Production: An Inclusive Insight 7

]0 ..............................................................................................................

7] PR 42%

Billion tonnes

2000 2005 2010 2015 2018

M Sugar cane M Maize M Rice, paddy  ® Wheat Potatoes Soybeans
Other

Fig. 1.5 Global crop production trend (Main commodities) from 2000 to 2018. (Data obtained
from Food and Agriculture Organisation, website: www.fao.org)

and soybeans. Production share by major produces for the last two decades is pre-
sented in Fig. 1.6 where maximum sugarcane production was accounted by Brazil
followed by India and rice; wheat and potato production were accounted by China
followed by India.

In future, the demand for food and agricultural products has been expected to rise
50% as compared to present as the much higher current volume of food demand and
the much larger world population need to be fed (Alexandratos and Bruinsma 2012).

2.3 Impact of Climate Change to the Global Crop Production

Global crop production has been noticeably hampered in recent times and might be
carried out for the next few decades as a consequence of climatic abnormalities such
as irregularities in rainfall, increasing CO, concentration, and temperature (Abbass
et al. 2022). Integration of these factors affects normal growth duration, physiologi-
cal responses of crops, brings pest outbreaks and unpredictable phenomena, and
squeezes the available resources for agriculture, which increases the price of raw
products for agro-industries (Panda et al. 2003; Fand et al. 2012; Biswas et al.
2022). Rising temperatures significantly hampered the wheat yield from 1962 to
2002, as reported by Lobell and Field (2007). Furthermore, Gourdji et al. (2013)
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Fig. 1.6 Global crop production trend (Main producers) from 2000 to 2018. (Data obtained from
Food and Agriculture Organisation, website: www.fao.org)

showed the decreasing wheat production trend in South Asian countries under
extreme temperature events during 1980-2011. The aforesaid documentation is also
supported by Ortiz et al. (2021). High temperatures hasten plant growth arrange-
ments (Blum et al. 2001), reduce photosynthetic processes (Salvucci and Crafts-
Brandner 2004), and have a significant impact on reproductive operations (Farooq
et al. 2011).

Temperature rising during night affects the rice yield because it has been revealed
that almost 5% yield loss happens with the increment of 1 °C temperature (Tao et al.
2006). In the Philippines, a dramatic yield reduction was recorded in Indian rice
cultivars due to night temperature enhancement during the last 25 years (Peng et al.
2004; Banerjee et al. 2022; Sarkar et al. 2022). Interestingly, it has been well pre-
dicted that global temperature rise will significantly reduce rice yields in the near
future (Lobell and Gourdji 2012). An average temperature increase of 1-4 °C in the
middle of summer reduces the length of crop phenophases, which affects final yield
of rice (Hatfield and Prueger 2015). Humid and subtropical regions may have to pay
the price of upcoming heat waves as expected by world climate models (Battisti and
Naylor 2009). Global warming has a negative impact on two important yield-attrib-
uting traits, such as the number of grains per m? and average grain weight and grain
quality. Exposure of rice in high temperatures shows disparities in flowering pat-
terns, and seed set lessens and lowers grain weight (Qasim et al. 2020). Direct expo-
sure to solar radiation during the daytime reduces the anthesis period and quickens
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the peak flowering period (Tao et al. 2006). High temperatures are inversely propor-
tional to pollen shedding and seed setting in rice plants. Lengthier seed setting time
was observed due to the high daytime temperature in rice (Matsui et al. 2001).

Cold damage affects more than 15 million ha of rice seedbed (Sharma et al.
2021). Seven million ha of potential rice-growing land in Asia and Southeast Asia
remain unplanted because of cold temperatures (Sharma et al. 2021). Additionally,
cultivars belonging to the indica subspecies are more susceptible to damage from
low temperatures (Mondal et al. 2021). In addition, recent climate change has
increased the frequency of cold waves between November and mid-February, when
the seedbed for winter rice is being prepared. Traditional, long-standing nursery
management, low temperature stress, and foggy weather all appear to be significant
contributors to the main field for delayed transplanting. These decrease the vegeta-
tive period with poor tiller development in the main field and lead to fewer GDD
and less solar radiation (Biswas et al. 2019). Due to delayed transplanting, winter
rice may be negatively affected by terminal heat stress and cyclonic storms, which
typically occur from March onwards.

Another major global food source, maize production, is also in trouble due to
temperature enhancement. The lesser number of grains formed in maize may be
related to low photosynthetic accumulation and reproductive phenomena. Maize
exposed to heat (30 °C) appeared to have fewer anthesis-silking intermissions dur-
ing the flowering phase (Edreira et al. 2011). In another study, it was observed that
high temperatures above 35 °C are the principal reason for non-viability of pollen,
less pollination potential, spikelet dropping, and abnormal kernel number that are
directly linked with the active reproductive phase (Vega et al. 2001). Global warm-
ing-induced weather extremes include betel vine leaf shedding and discoloration
(Chaudhary et al. 2011), lemon leaf squeezing (Pautasso et al. 2012), and pineapple
root rot (Vedwan and Rhoades 2001), caused by chilling injury and extreme fog.

3 Adaptation to Crop Overall Extreme Climate Stresses

With an increase in the Earth’s temperature, the climate change scenario became
worse day by day. The climate change endures several alterations and slowly became
abiotic stress (Raza et al. 2019). These environmental changes in turn have a detri-
mental impact on crop species and imposing numerous threats in agricultural produc-
tion system globally has been presented schematically in Fig. 1.7 (Zhu 2016). It is
estimated in various research works that under field conditions, heat and drought are
considered as the most important stress elements to influence plant growth and pro-
ductivity (Bellard et al. 2012). Several plant species require an optimum temperature
for their vegetative growth and blooming. Plant physiological processes are heavily
influenced with a fluctuation in temperature (Pereira 2016). Besides, cold stress often
results in sterility of seeds and drought stress has negative impact on plant morphol-
ogy. These climatic conditions produce enormous responses related to physiological,
biochemical, morphological, as well as molecular modification in plant species and
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Fig. 1.7 Impact of Climate Change on Agricultural Production

ultimately hampers the plant development and yield attributes (Gull et al. 2019).
Moreover, the global warming and climate change scenario have both the negative
and positive impact on crop production. Different adaptation strategies were discussed
in this chapter to understand the crop overall extreme climate stresses.

3.1 Heat Stress

There are various types of abiotic stresses in which plants are exposed to nature;
heat stress has a self-regulating mode of action in plant physiological mechanism as
well as in the metabolism of plant cells (Lafitte et al. 2007). It has been found that
the mode of action produces through heat stress is very often compounded by other
stress factors (i.e., drought stress and salt stress) and ameliorates the combined
effects of abiotic stress on plants (Barnabds et al. 2008). The vulnerability to high
temperatures in plants varies with various developmental stages of plant growth and
heat stress affecting a certain level of plant growth in vegetative and reproductive
stages of plant growth. These observed impacts largely depend on different crop
species and genotypes, with inter and intra specific variations (Ladha et al. 2003;
Cramer et al. 2011).

Numerous physiological injuries have been reported under high temperature in
plants (i.e., inhibition of plant root and shoot growth, scorching of leaves and other
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plant parts, fruit damage, and abscission of leaves) very often leading to a sharp
decrease in productivity (Bita and Gerats 2013; Lamaoui et al. 2018). In many
cases, the architecture of the plant changes due to temperature fluctuations, plant
growth reduces, and total dry weight of the plant affected due to the lower shoot net
assimilation rates (Vollenweider and Giinthardt-Goerg 2005). Higher plants gener-
ally exhibit characteristics set of cellular as well as metabolic responses due to
exposure to excess heat, at least 5 °C above their optimum growing temperature
(Bellard et al. 2012; Sulmon et al. 2015). These excess heat phenomena change in
the cellular structure, metabolic as well as physiological functions of the plants and
help the plant to produce different phytohormones, i.e., abscisic acid (ABA) and
antioxidants to withstand excess heat (Zhu 2016).

The structural change in photosynthetic membrane occurring due to high tem-
perature is the swelling of grana and ion-leakage is accompanied by the event
reduced by the energy allocation in photosystem. Thus, it is obviously an essential
function to maintain the cellular membrane function under heat stress condition
(Wahid and Shabbir 2005; Allakhverdiev et al. 2008; He et al. 2018). Various impor-
tant phytohormones including ABA, ethylene, and salicylic acid create a negative
impact on plant growth under temperature stress condition (Talanova et al. 2003;
Larkindale and Huang 2004). While auxin, cytokinin, and gibberellic acid decrease
the impact of heat stress on plant through premature plant senescence (Larkindale
and Huang 2004).

Plants have developed various stress tolerance mechanism strategies under heat
stress conditions and are classified under long-term phenological and morphologi-
cal adaptation processes. These processes include change in leaf orientation, tran-
spirational change, or alteration in cellular lipid composition. For an economical
benefit of a crop variety under heat stress, increased photosynthetic rate coupled
with heat avoidance and membrane thermostability is an important strategy to stand
with (Nagarajan et al. 2010; Scafaro et al. 2019).

Various research articles have portrayed that a high carbohydrate availability
help in improving an important physiological trait to withstand against heat stress.
Sucrose is the end product in photosynthesis, and it translocates into the organs
through phloem, and it also helps in stress signalling into the plant (Hossain et al.
2015; Khan et al. 2015). A study on heat-tolerant tomato genotype suggested that
the activity of sucrose increased the resistance of heat tolerance in young tomato
fruits manifold due to increasing cell wall strength and sugar signalling in plants.
Similarly, other pigments (i.e., carotenes, xanthophylls, and some other terpinoids)
show a greater tolerance against heat stress (Velikova et al. 2011).

3.2 Cold Stress

Cold stress is considered as one of the the major abiotic stress which significantly
reduces the crop yield and affects the quality and shelf-life of the produce. Cold
stress mainly impacts on the cellular function of the plants (Kumar Yadav 2010;
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Solanke and Sharma 2008). Therefore, plants are categorised into three categories
on cold stress; first, chilling delicate plants; second, plants are susceptible within a
range of temperature above 0 °C and below 15 °C; third, the crop plants are capable
of withstanding in low temperature but suffering when ice formation begins in tis-
sues (Sanghera et al. 2011; Hussain et al. 2018; Hassan et al. 2021a, b). Lastly, frost
resistance plants, which can tolerate very low temperatures when exposed to field
condition (Sun et al. 2021; Bu et al. 2021). Cold stress very often damages the cel-
lular structure and causes injury to plants by changing its membrane structure and
rupturing the protoplasm in the plant cell. Moreover, reduced plant growth to death
of plants takes place due to cellular damage and transformation in plant metabolic
activity (Abe et al. 2003; Agarwal et al. 2005; Abdel Kader et al. 2011; Hajihashemi
et al. 2018).

Various research articles have portrayed that traditional breeding methods have a
limited success of improvement against cold tolerance of important crop species.
Conventional breeding methods includes the inter-generic or inter-specific hybridi-
sation and in vitro fertilisation processes to improve the cold tolerance of numerous
plant species, but there was not so much success (Zarka et al. 2003; Puijalon et al.
2011; Jutsz and Gnida 2015). Due to low genetic variability of yield traits under
cold stress, the scope of conventional breeding methods is very low. Thus, there is a
huge scope to look for an alternative approach to mechanise the cold stress tolerance
of crop plants (Zhen and Ungerer 2008; Wang et al. 2018a, b). The new transgenic
crop plants with cold stress tolerance mechanism can be developed through plant
biotechnological, metabolomics-based approaches (Choudhury et al. 2021). The
plant-specific recombinant DNA technology and situation-specific gene transfer
protocols can effectively address the problem of cold tolerance mechanism (Aguilar
etal. 2001; Ding et al. 2019b). The genes responsible for cold stress in plants can be
easily identified and isolated through biotechnological interventions and develop-
ment of transgenic lines for cold stress can be made within a short period of time
(Cantrel et al. 2011; Bao et al. 2014; Bremer et al. 2017). Different research articles
suggested that the cold tolerance and accumulation in plants is a complex process
and there is narrow scope to develop the cold tolerance in important plant species.
Therefore, there must be use of appropriate methods and approaches to reach the
objective of sustainable food production. The genotype designed will be much bet-
ter than the existing crop species (Ding et al. 2018, 2019a).

3.3 Raising CO, Concentration

The changing global atmosphere in recent times increases the CO, concentration at
a double rate. This increasing rate hampers the plant metabolism and ultimately
affects the plant growth and development. Many research articles have portrayed the
stress-reducing effect of elevated CO, in case of plant abiotic stress management but
the underlying mechanism for drought tolerance remains elusive (AbdElgawad
et al. 2016; Zinta et al. 2016). It is also revealed from different research articles that
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the addition of extra C from elevated CO, will help in inducing stomatal closing.
This in turn improves the water use efficiency coupled with protecting the plant
against drought stress and help in increasing plant metabolic activity (Avramova
etal. 2017; Wada et al. 2020; Shabbaj et al. 2022). However, increased C concentra-
tion resulting in an improved supply of plant leaf defence molecules. These mole-
cules in turn help in improving the protection against oxidative damage in high CO,
concentration in the environment (Pandey et al. 2015).

Many of the scientific reports indeed supported the theory regarding high con-
centration of elevated CO, showing increased antioxidant levels and/or improve
plant protection against oxidative damage but on the other side, a number of scien-
tific reports have suggested that there is no role of elevated CO, on antioxidants
(Ainsworth et al. 2008; Albert et al. 2011). Thus, increased antioxidant defence of
elevated CO, for stress mitigation cannot be attributed universally (Erice et al. 2007,
Dieleman et al. 2012; Das and Roychoudhury 2014). Moreover, photorespiration
may be a key alternative process for oxidative stress management under elevated
CO, (Farfan-Vignolo and Asard 2012; Feng et al. 2014). Elevated CO, in general
reduces the reactive oxygen species (ROS) formation or ROS and promotes carbox-
ylation over oxygenation (Gonzalez-Meler and Siedow 1999; Geissler et al. 2010).
It has been observed that ROS beyond permissible limits (irrespective of stressors)
considered as toxic for the cellular environment often resulted in poor germination
and weak seedling establishment (Choudhury et al. 2022a, b, c; Saha et al. 2019;
Sahoo et al. 2019; Chowardhara et al. 2019a, b; Mazumder et al. 2022a, b; Moulick
etal. 2016, 2017, 2018c¢); inhibition in photosynthesis, delay in flowering followed
by yield reduction have already been reported (Moulick et al. 2018a, b). Therefore,
elevated CO, reduces stress impact through either increasing the defence against
oxidative damage or decreasing the challenge of oxygenation.

3.4 Rainfall Abnormalities

Plants are very often exposed to rainfall abnormalities during a crop spell, which
in another term called as drought condition. Among the other abiotic stress agents,
drought is also considered as one of the major stress elements which affects the
plant productivity (Brodersen et al. 2019; Seleiman et al. 2021). Plant fresh bio-
mass mainly comprised 80-90% of water and plays a vital role in many physio-
logical processes and influences the plant growth and development (Daryanto
etal.2017; O’Connell 2017). In today’s world, quality water is a valuable resource
to maintain the pace of agricultural production and global food security (Gray and
Brady 2016). But, rainfall abnormalities, uneven distribution of rainfall, and
indiscriminate depletion of water resources signalling a threat towards maintain-
ing future food security and agricultural production scenario across the globe.
Many researchers have represented water as a critical threat for global food secu-
rity and an important element for past famines (Osakabe et al. 2014; Kaur and
Asthir 2017; Zandalinas et al. 2020).
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The global climate change is escalated due to the increasing air temperature cou-
pled with raising CO, level, ultimately affecting the rainfall and its distribution
across the globe (Wu et al. 2007; Imran et al. 2021). Although, the deficient amount
of water mainly creates the drought stress phenomena but there are some other fac-
tors, i.e., loss of soil water through evaporation, dry wind with high light intensity
exacerbates the drought event manifold (Deng et al. 2005; Cramer et al. 2011).
Therefore, drought will be considered as an important stress element in those areas
where crop production is solely dependent on rainfall. Therefore, over a certain
period, high chances of water stress are observed due to an uneven rainfall distribu-
tion in some recent past years (Zhang et al. 2022; dos Santos et al. 2022). Climate
change due to industrialisation, urbanisation, and many other associated factors
prominently affect the rainfall patterns and these in turn scarce the water availability
to the plants. The change in seasonal boundary shortening the monsoon spell in
south-east Asian countries often make a disastrous situation for plant growth
(Demidchik 2015; Menezes-Silva et al. 2017; Bryant et al. 2021). This ultimately
hampers the crop production and threatens the world food security issues. Therefore,
the adjustment of planting time of crop plants and selection of drought-tolerant
varieties can help us to cope up with the drought stress situation. Further, in dryland
areas, specific crops (i.e., Millets) suitable for those areas must be selected (Close
1997; Chandra Babu et al. 1999; Verslues et al. 2006; Choudhury et al. 2022c).

3.5 Raising Sea Level

Salt is essential for making a tasty food but excessive deposition of salt in soil can
make the field unproductive for growing crops. Due to a rapid climate change, the
low-lying coastal areas are exposed to deluge with saltwater contamination (Chen
and Mueller 2018). Though, this salt can be dispersed by rainfall, but climate change
scenario is also increasing the extreme weather events, i.e., heat waves, thunder-
storm, uneven rainfall, and shortage of rainfall. This in turn, leads to more use of
ground water for irrigation purpose and human use (Shrivastava and Kumar 2015).
Thus, the more depletion of water table, set aside more salt into the soil profile.
Climate change and other devastating phenomena already make farming a razor-
thin venture for coastal region farmers worldwide. With this the salt contamination,
staggered plant growth is making farming an unprofitable source of income for the
farmers (Hasegawa et al. 2018). Many of the researchers have estimated that already
20 percent of cultivable land is under the salt contamination and gradually becomes
unproductive. Besides, with the raising atmospheric temperature, the oceanic tem-
perature is also increasing, and the glaciers and ice sheets are also melting (Chen
et al. 2017). This salt water requires extra space and lying over the low land coastal
region (Chen et al. 2017, 2019). Therefore, under this devastating situation, selec-
tion of salt-tolerant varieties must be an important approach to cope up with the situ-
ation. Change in planting time according to the monsoon spell will be an admirable
approach.
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4 Breeding Adaptation to the Climate Change

Climate change is the major concern for twenty-first century because of unpredicted
changes in rainfall pattern, winter duration, and frequency of rainfall causing crops
vulnerable to changing environment. Developing new variety involves continuous
selection from competitive genotypes and a series of evaluation for identification of
a stable variety. Climate change created a focused challenge for selection of suitable
stable genotypes. Climate changes have increased the ranking change under cross-
over interactions differently for favourable and unfavourable environments which
invites more genetic improvements introgressing new set of germplasm (Xiong
et al. 2021). Plant breeding creates new variations by conventional or advanced
techniques to make genotype responsive to climate change. Adaptive changes and
climate-responsive plastic genotype identification are the new goals exploiting evo-
Iutionary changes (Williams et al. 2008). Evolutionary significance of outcrossing
in cross-pollinated crops and to some extent in self-pollinated crop enhances adap-
tation under climate change (Lawrie et al. 2006). Genotype responsive to higher
CO, at reproductive stage creates advantage to the crop though combined with high
temperature affects grain yield (Chaturvedi et al. 2017).

4.1 Breeding Strategies Under Climate Change

Classical plant breeding is a continuous pipeline for developing new types consider-
ing primarily high yield and biotic and abiotic stress tolerance capacity as an added
advantage of respective genotype. Genetic variations are the primary component
that can enhance climate change-responsive crop variety development. Crop wild
relative (CWR) is the genetic reservoir of allelic diversity for crop improvement;
studies on CWR can reveal how plant adapts under climate change (Cronin et al.
2007). Reducing the gap of target environment and the areas of crop evaluation can
be done through screening in artificial conditions. Prediction of future environment
and selection of trait specific to the target environment is advantageous (Dreccer
et al. 2013). Drought-tolerant genotype is tolerant which is specific to a particular
stage of crop growth but developing drought tolerance in more than one stage is
beneficial as timing of drought stress occupies a significant part of genotype and
environment out of total variation. Reproducible environments like CO, tunnel,
temperature tunnel, growth chamber, and moisture content gradient field can be
used for predicting genotype performance. Focused identification of germplasm
sets based on varying climate, and soil and production data based on multiple loca-
tions can enhance allelic richness for further variability creation. Exposure of com-
bination of stress like heat, drought, heavy element, and water stress, biotic stress
like fungus and insect to assess the genotype response how stress combination is
affecting has been recommended for climate resilience (Rivero et al. 2022).
Exploitation of higher photosynthesis capacity, high light use efficiency, and higher
CO, assimilation can enhance productive potential in crops under climate change.
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4.2 Physiological and Biochemical Traits for Climate Change

Coleoptile length to harness moisture at deep furrow, enhanced photosynthesis rate,
and water-soluble carbohydrate can boost production under future climate change
in areas with drought prediction along with warmer winter. ICC 4958, a major
chickpea variety, was used for development of some introgression line which per-
formed better under drought stress condition; these lines showed early vigour, early
flowering along with high transpiration efficiency suitable under variable climate
(Barmukh et al. 2022). Precise phenotyping of stress involving spectral reflectance
for simultaneous measurement of nutrient status, water deficit, and canopy cover
can enhance early selection (Fischer et al. 1998; Penuelas et al.1998). Considering
positive and negative interaction between traits improving nutrient and water use
efficiency, plant rhizosphere and microbiome interactions, photo assimilate translo-
cation, stomatal density, etc., can enhance plant suitability under climate change
(Rivero et al. 2022). Developing different crop variety with specific adaptation like
low light in rice has the potentiality to grow under climate change during kharif
(Ganguly et al. 2020). Genotype-specific alleles contributing higher enzyme activ-
ity can enhance nutrient acquisition in several crops like rice (Zhang et al. 2011),
lentil (Ganguly et al. 2021), etc.

4.3 Climate-Responsive Breeding

Genetic loci responsive to external changes helps plants to adapt immediately.
Flowering locus (FT) gene is a major regulator of plants’ response to climate change
which determines variation in flowering time pathway and growth (Wigge 2011).
Natural variation of FT gene can enhance local adaptation during seasonal environ-
mental changes in Arabidopsis acting as a sensitive quantitative trait variation
source in plants (Li et al. 2010). Cross species transferability of genetic markers and
exploiting wide genetic variations in fruit crop can enhance adaptation under cli-
mate change (Sarkar et al. 2021). Easier involvement of crop wild relative (CWR)
from transboundary sources along with exploiting in-situ germplasm for addressing
climate change has been instrumental for new genotype development (Galluzzi
et al. 2020). Careful phenotyping at early crop growth stage integrating multi-trait
improvement using adaptive breeding in more than one location can enhance breed-
ing adaptation under climate change. Selection using genomic selection strategy
from wide population showed quick gain (Laverdiere et al. 2022). Intensity of natu-
ral stress environment is less influenced externally which demands controlled envi-
ronment phenotyping including image-derived trait acquisition, automated digital
trait assessment, etc. (Langstroff et al. 2022). Artificial intelligence (Al)-based plant
breeding technologies have the capacity to accelerate the development of climate-
resilient crop with better adaptation (Roy et al. 2021).
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4.4 Biotechnological Interventions

Additive genetic analysis along with classical improvement can enhance genetic
gain. Identification of QTLs related to yield, disease resistance, and drought can
be exploited for improvement of quantitative traits through introgression breed-
ing. Identification and multiple QTL can be exploited for multiple stress toler-
ance ability. Multiple stress tolerance can accompany climate-resilient plant
breeding. Association mapping and model-based prediction and whole genome
genotyping can enhance exploitation of a wide range of variations (Jaccoud
et al. 2001). Crop genomics has resulted quicker molecular breeding for new
advanced genotypes. Genotyping and sequencing resulting in admixture popu-
lation can tell the story of adaptation in new environment as described in Switch
grass (Lovell et al. 2021). Selection of climate-adaptive traits for micro geo-
graphic location using location-specific mapping population is required for crop
adaptation study (Frachon et al. 2018). Rapid breeding is the key to increase the
genetic gain and quick product delivery to farmer’s field. Some of the tech-
niques for managing population advancement like pedigree breeding with no
off-season nursery, pedigree breeding with off-season nursery, haploid breed-
ing, and single seed descent with controlled environment can be applied (Atlin
et al. 2017). Rapid generation advancement in rice and different crops along
with speed breeding standardised in several crops like lentil, wheat, and pea can
enhance their yield potential (Ghosh et al. 2018; Roy et al. 2021; Bhattacharyya
et al. 2022). Common gene based on pan genome study can enhance evolution-
ary study for biotic and abiotic stress tolerance loci which remained conserved
for generation after generation (Bayer et al. 2020). Exploiting phenotypic plas-
ticity under climatic variations in high-altitude plant species Primula sikkimen-
sis through transcriptome sequencing generated for identification of new loci
contributing to climate change adaptation (Gurung et al. 2019). Disease suscep-
tibility makes crop more challenging under climate change. Sustainable
approach to deliver tolerant crop invites genome editing with precise genome
manipulation as developed in rice with OsSWEET14. Quick selection with
advanced genomics tool and prediction-based phenotyping and introgression of
wide genomic variations can enhance quick variety development. In recent
years, researchers are also exploring the possibilities of next-generation
sequencing techniques, application of metabolomics, potentials of metabolites,
and to incorporate the beneficial aspect in developing better climate resilience
in a wide range of crops (Hossain et al. 2021a, b; Choudhury et al. 2021).
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5 Agronomic Mitigation Strategies for Sustainable
Crop Production

5.1 Agronomic Approaches for Improving the Effect
of Heat Stress

Several agronomic management practices have the potential to mitigate the detri-
mental effects of extreme stresses. Examples of agronomic management practices
include soil fertility management, use of suitable cultivars, interference with sowing
time, sowing method and depth of sowing, scheduling of water management prac-
tices, synchronisation of fertiliser use, use of several resource conservation tech-
nologies (RCTs), etc. Alteration in planting time, use of photo-thermo-insensitive
varieties, crop diversification, and irrigation water management are the major sus-
tainable approaches to minimise environmental aberration and impart a harmless
ecosystem to the crop ecology (Ali and Erenstein 2017). Under extreme heat stress,
inadequate application of minerals and fertilisers has detrimental effects on dimin-
ished plant vigour and yield, which creates difficulties for global food production.
While plants are subjected to extreme heat stress, several essential nutrients like K,
Ca (macronutrient) and B, Se, and Mn (micronutrients) have significant roles in
improving stomatal resistance by regulating osmotic balance in the cell and induc-
ing heat resistance potential in the plant (Waraich et al. 2012). Exogenous applica-
tion of potassic fertiliser has significant contributions to the plant under heat stress,
such as improving various metabolic and physiologic activities, maintaining cell
membrane integrity, translocating photosynthetic products, and increasing antioxi-
dant concentration and enzyme activities (Verma et al. 2020). Selection and imple-
mentation of climate-resilient crops and heat resistance cultivars for different
regions to adapt and mitigate heat stress is the most sustainable approach for the
agro-ecosystem (Sarkar et al. 2021). Introduction of photo-thermo-insensitive vari-
eties is well suited for various agro-ecological zones without compromising crop
production and yield.

Time of planting is one of the sustainable approaches to mitigate heat stress by
synchronising the most sensitive growth stages. Sowing time helps to escape the
heat stress, thereby increasing the crop yield. Several researchers determined that
late sowing of wheat drastically reduces the crop yield due to high temperature
stress during late developmental stages, and that early sowing of wheat maximises
the crop yield (Bassu et al. 2009; Bannayan et al. 2013). In coastal saline zone, sow-
ing time plays a pivotal role in mitigating the heat stress of the winter and summer
crops. Due to a prolonged and asymmetrical pattern of rainfall in West Bengal, the
transplanting of rice during the rainy season is sometimes delayed by 3—4 weeks
beyond the usual procedure (Ghosh et al. 2022a, b). Farmers are left with no choice
but to await the planting of lentils by a month in order to include this pulse in the
cropping sequence. Delayed sowing is sensitive to environmental conditions like
extremely high temperatures, which have a detrimental impact on the development
and production of crop. The crop flowers and matures under high temperature and
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terminal drought conditions. Lentil is cultivated in wide parts of India using residual
moisture (Ghosh et al. 2022a, b). According to Tawaha and Turk (2001), the shorter
growing period accessible to the late-sown crop can also be ascribed to the drop in
grain production as a result of the delayed sowing due to the reduced maturation
time of the crop. Significant reduction in seed yield under water deficit was reported
earlier by Panahyan et al. (2009). Tawaha and Turk (2002) mentioned that the delay
of sowing time affected grain yield, plant height, primary branches per plant, and
the number of pods per plant. The cause of plant height reduction might be due to
rapid increase in temperature as well as reduction of soil moisture. Hence, the sow-
ing time of crops must be suitably adjusted with the occurrence of hot summers to
escape the high temperature stress. Resource conservation technologies have played
a significant role in mitigating the high temperature stress on crop production.
Mulching is one of the most important soil moisture conservation technologies. It
acts as a nutrient management, weed management, and water management tool for
soil by reducing the evaporation loss from soil and allowing it to remain cool under
hot summer conditions (Samui et al. 2020; Mondal et al. 2020). Heat stress is nor-
mally interrelated with water stress, so efficient management of water should be
important for crop growth and yield (Hassan et al. 2021a, b). Thus, scheduling irri-
gation based on available water resources and applying water when it is most needed
by the crop have a greater impact under heat stress (Zhang et al. 2002; Tahar
et al. 2011).

5.2 Agronomic Approaches to Mitigate Cold Stress

Many researchers suggested that optimum application of potassic fertiliser plays an
important role to increase the adaptability against cold stress in Alfalfa and it is
because potassium has the capacity to regulate the stomatal openings, turgidity of
cell interior, translocation of uptake water and minerals, and to increase the photo-
synthetic rate, carbohydrate assimilation, and protein synthesis (Lissbrant et al.
2009; Oosterhuis et al. 2014; Kaiser 2018; Cakmak 2005; Jungers et al. 2019).
Under cold stress, optimum soil moisture needs to be maintained to escape the chill-
ing injury. Excess moisture or water logging condition in the soil decrease the soil
water temperature during cool season leading to improper root growth and water
uptake pattern. Thus, adequate drainage is essential to prevent the crop from chilling
stress. Mulching also plays a significant role in controlling the soil temperature of
the winter crops by trapping.

5.3 Agronomic Approaches to Mitigate the Negative Impact
of Raising CO, Concentration

Globally, increasing atmospheric CO, concentration over a long period of geological
time possesses a major environmental constraint and is responsible for raising tem-
peratures and causing climate change. It has been determined that increasing CO,
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levels in the atmosphere is one of the major causes of global climate change and
alterations of atmospheric temperature (Shakun et al. 2012). Atmospheric carbon fixa-
tion is emerging as the most effective method of mitigating excess CO, concentrations
via plants and other sustainable management practises (Lal 2004). Several agronomic
management practises are being followed to reduce the rising CO, concentration
through soil carbon sequestration, whereas several anthropogenic activities are the
major causes of diminishing soil organic carbon (Sombrero and de Benito 2010). It
has been estimated that up to 30-50% of soil organic carbon is lost through conven-
tional tillage (Schlesinger 1985). Intensive tillage practises keep the soil bare, leading
to the oxidisation of organic carbon and the secretion of carbon dioxide into the envi-
ronment (Al-Kaisi and Yin 2005). Conservation tillage is a soil disturbing process that
is limited to the plant root zone only, keeps the crop residues as such with or without
incorporation, and maintains the soil microbial habitat by manipulating and hamper-
ing the soil less. Several reports state that up to 25 Gt of carbon can be isolated from
soil worldwide through conventional tillage in the next 50 years. Hence, it helps to
reduce the secretion of carbon dioxide while isolating atmospheric carbon into the
soil. Rice fields are the primary source of greenhouse gas emissions under waterlog-
ging conditions, including CO,, CH,4, and N,O, which are ultimately responsible for
global climate change. It is reported that, along with CH,, up to 20% of total green-
house gases have the potential to cause global warming (IPCC 2007). Direct-seeded
rice and the system of rice intensification are becoming the most significant approaches
to reduce methanogenesis by eliminating the puddled and waterlogged conditions in
the rice field. It is reported that judicious application of chemical fertiliser along with
residual crop biomass can fix about 21.3-32.5% of carbon into the soil (Windeatt
et al. 2014). Similarly, it lends itself well to integrated nutrient management, which
aids in increasing crop yield while decreasing CO, and other greenhouse gas emis-
sions. Afforestation is found to be a significant way to mitigate climate change by
increasing ground cover with forest plants. Forest trees can diminish the emission of
atmospheric carbon by sequestering carbon into the plant biomass. Agroforestry is the
combining of agricultural cultivation systems in which forest trees and agricultural
crops are grown together. Agroforestry is one of the most effective and sustainable
approaches for restoring atmospheric carbon (Biswas et al. 2022).

5.4 Agronomic Approaches to Mitigate
the Rainfall Abnormalities

Rainfall is one of the major factors for agricultural crop production being shifted
towards the uncertainty due to the impact of climate change and global warming.
Agricultural crop production is largely dependent on the amount, intensity, and distri-
bution of rainfall. Hence, to mitigate the adverse effects of aberrant weather condition
and abnormalities of rainfall, appropriate contingency planning is required (Fig. 1.8).
Thus, implementation of contingency crop strategies is required to manage the uneven
distribution of rainfall in a given area by using suitable crop and varieties, adjusting
cropping system and various agronomic applications (Addy 2009).
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EARLY ARRIVAL OF MONSOON

Use of water submergence cultivar
Adequate drainage system
In-situ water harvest
Adapt DAPOG method of nursery
Use of soil amendments like FYM, Compost

CONTINGENCY
CROP

PLANNING
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DROUGHT

Rainwater harvesting
i plant populati
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Provide mulching with straw and crop residues
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/

e
EXCESS RAINFALL (FLASH FLOODS)

Use of flood tolerant variety
Adequate drainage system
Adapt staggered nursery
Use of late sown variety
Use of soil amendments like Lime , FYM

Fig. 1.8 Schematic representation of the contingency Crop Planning

Climate change and global warming has created a detrimental threat throughout
the world, resulting in melting of glacier and rising the sea level. Rising sea level
affects coastline areas by entering into the crop field, not only affecting the crop
yields, making the soil unproductive, destroying the habitat, and affecting the trade
market (Darwin and Tol 2001). Southeast Asia, East Asia, South Asia, and the
Southeast US are more liable to be affected by rising sea level (Dasgupta et al.
2009). Soil salinity increased due to inundation of land, making the soil unproduc-
tive; therefore, several agricultural management practices should be adapted to miti-
gate the effect of sea water. Several agronomic management practices can be adapted
to escape from the effect of sea water by reducing the soil salinity level including
leaching of saline water from the plant root zones, draining the excess flood water,
using soil amendments, and other relevant management practices. Use of salt-
tolerant varieties is the most significant way to mitigate the soil salinity without
affecting the crop yields. Coastline areas mostly experienced the accumulation of
extreme flood water during the rainy season, while in summer and winter season,
soil salinity level increased due to higher rate of evaporation from the soil. Therefore,
salinity level from soil can be diminished through the avoiding of summer fallow.
Soil reclamation by using soil amendments like farm yard manure (FYM), compost,
organic manure, and growing salt accumulating plant (phytoremediation) is becom-
ing most easy, cost-effective management practices throughout the world.

6 Organisation Initiatives Towards Climate Change
and Global Crop Production

Globally, a number of regional and international organisations are working inten-
sively to mitigate the negative impact of the climate change on multidisciplinary
aspects. While some organisations are only beginning their path, several of the
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organisations have already achieved carbon neutrality. Others, who have made
progress in their sustainability approach, are now taking it a step further by pledging
to achieve complete carbon neutrality. Organisations working primarily on the
theme of climate change and crop production aspects are summarised in Table 1.1.

Table 1.1 Major international organisations working primarily on theme of climate change and
crop production aspects

Sl. | Name of the

no. | organisation Working arena Website

1. | Food and Agriculture | To promote better management of trade-offs and www.fao.org
Organisation (FAO), | synergies between adaptation and mitigation in the
United Nation agriculture sectors. By providing technical advice,

information, and resources for better decision-
making and the implementation of adaptive
measures, FAO assists its member nations in these
endeavours.

2. | Rainforest Action To make large firms accountable for preserving WWW.ran.org
Network (RAN), human rights, maintaining healthy forests, and
United States safeguarding biodiversity. Their climate and energy

team works to end the most polluting kinds of energy
and pushes the financial sector to stop funding the
production of fossil fuels.

3. | Project Drawdown Policymakers, academic institutions, businesses, and | https://
activists may all access Project Drawdown as an drawdown.
open-source, peer-reviewed resource for climate and | org/
food production solutions.

4. | Indigenous To talk about the environmental threats to people, https://www.
Environmental towns, lands, and rivers. The organisation favours a | ienearth.org/
Network (IEN) fair transition, carbon pricing, and global protection

of holy places and natural resources.

5. | CGIAR and its The CGIAR is a global cooperation that brings https://www.
umbrella together multinational organisations conducting food | cgiar.org
organisations security research. The goals of CGIAR research are

to decrease rural poverty, boost food security,
enhance human health and nutrition, and manage
natural resources sustainably.

6. | Asian Development | To provide financial and technical support to the https://www.
Bank (ADB) member countries of Asia for achieving climate and | adb.org/

food sustainability.

7. | Western Africa To provide financial and technical support to the https://www.
Development Bank | member West African countries for achieving climate | boad.org/en/
(BOAD) and food sustainability.

8. | Australian Centre for | To help and inspire Australian agricultural experts to | www.aciar.
International utilise their expertise to identify and resolve gov.au
Agricultural Research | agricultural issues in developing nations.

(ACIAR)

9. | United States Agency | To give sustainable development assistance and www.usaid.
for International foreign aid to civilians in developing nations. gov
Development

(USAID)



http://www.fao.org
http://www.ran.org
https://drawdown.org/
https://drawdown.org/
https://drawdown.org/
https://www.ienearth.org/
https://www.ienearth.org/
https://www.cgiar.org
https://www.cgiar.org
https://www.adb.org/
https://www.adb.org/
https://www.boad.org/en/
https://www.boad.org/en/
http://www.aciar.gov.au
http://www.aciar.gov.au
http://www.usaid.gov
http://www.usaid.gov
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7 Conclusion

If we carefully evaluate the current research trend in mitigating fluctuating climate-
induced adverse consequences, few dominant trends can be seen: (i) assessment of
the impact of single stressor on certain crops, (ii) evaluation of a particular remedial
measures on limited number of crops. However, still we are lacking the knowledge
of (a) the consequences of multiple stressors on a particular crop/cropping system,
(b) trailing behind in answering how a particular stress management is working on
multiple environments. Another important concern is differences among the ‘pro
and anti GMO lobby’ and the respective policymaking bodies. This not only creates
a huge vacuum in terms of knowledge gap but also creates lots of confusion.
Moreover, we are focusing our strategies for a short time span (say 2030); instead,
we should focus on longer time span and orient our efforts accordingly. Climate
change is not a short time phenomenon, so our efforts should not be focused on
short-time remedial options.
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Chapter 2
Uptake and Use Efficiency of Major Plant
Nutrients for Climate-Resilient Agriculture

Check for
updates

Dong Qin, Rumi Tominaga, and Hirofumi Saneoka

Abstract Plants require mineral nutrients, including the three most important mac-
ronutrients, nitrogen (N), phosphorus (P), and potassium (K), to maintain their
growth. Sustainable agriculture has become increasingly important owing to the
increasing global population and impending scarcity of resources. Large amounts of
fertilizers are used on farmlands to ensure adequate food production. Specifically,
the imprudent use of nonrenewable elements in large quantities increases the threat
to future human food security. Therefore, increasing the utilization efficiency of
elements is critical for sustainable agriculture. There are various ways to achieve
this; for example, by allowing the plant to absorb as much of the element as possible
from the fertilizer applied in the soil, ultimately increasing the crop yield.
Alternatively, increasing the efficiency of element utilization by plants under certain
fertilization conditions would be preferential, ultimately providing equal or higher
yields than normal cultivars. Finally, considering that global climate change hugely
impacts plant nutrient use efficiency, we must develop adaptation strategies for
maintaining crop productivity.

Keywords Abiotic stress - Climate change - Nutrient use efficiency - Nitrogen -
Phosphorus - Potassium

1 Introduction

The development of sustainable agriculture has become a major global challenge
owing to the growing human population and climate change (Solomon et al. 2016).
To increase crop production and improve food security, large amounts of fertilizers
are applied to croplands. Seventeen essential elements are required by plants, with
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some, such as cobalt and silicon, being considered beneficial elements (Ma 2005).
The mineral nutrients supplied by the soil play significant roles in the entire plant
life cycle. Plants absorb minerals via roots and transfer them to the other plant parts
to maintain their metabolism. Thus, mineral nutrients constitute a major limit for
plant growth, and certain environments, such as the tropics, have extremely limited
content of nutrients, impacting crop productivity (Dotaniya and Meena 2015).
When a plant is challenged with one or multiple mineral deficiencies, appropriate
strategies are triggered to increase its utilization efficiency. Among these strategies,
first, a plant regulates the expression of genes related to nutrient-specific transport-
ers in its roots and modulates its root architecture, resulting in enhanced root growth
and increased branching for expanding the contact area with the soil (Gojon et al.
2009; Giehl and von Wirén 2014). To absorb increased amounts of mineral nutrients
from the soil, certain plants also develop a relationship with microbes in the rhizo-
sphere by secreting exudates through their roots (Dotaniya and Meena 2015). In
most situations, a plant faces complex environmental stress that impacts mineral use
efficiency. Climate change has increased the frequency of extreme weather events
and extended dry periods in many cultivated lands. As a result, a long drought
imposes dry stress, which is also associated with salinity stress on the crop (Hu and
Schmidhalter 2005). Drought and salinity decrease the nutrient uptake ability of the
plant: (1) transpiration rates, repair capacity of transporters, and membrane perme-
ability are decreased under drought stress (Alam 1999); (2) lower soil water content
decreases the diffusion rate and root-effective absorbing area of minerals (Pinkerton
and Simpson 1986; Alam 1999); (3) higher Na* concentration causes specific toxici-
ties and disturbance in ionic balances, ultimately impacting plant growth (Hu and
Schmidhalter 2005).

Among soil properties, the two most important are the composition of organic
compounds and pH, both of which affect nutrient use efficiency and thus are directly
related to plant yields (Sanchez et al. 1997; Herencia et al. 2008). The opposite
relationship between the solubility of minerals and organic compounds is important
for forming different soil properties (Tittonell et al. 2005; Herencia et al. 2008). The
causes behind the variability in soil properties are complex, including location, cli-
mate, fertility management, and several other factors (Tittonell et al. 2005).
Maintaining abundant levels of organic compounds in soil contributes to agricul-
tural sustainability (Whitbread et al. 2003). Organic compounds form stable com-
plexes with metals through their functional groups, concentrating various metals in
the soil (Herencia et al. 2008). To achieve increased crop production and agricul-
tural lands of higher quality products, higher input of chemical fertilizers rather than
organic fertilizers is preferred, leading to decreased soil quality and disturbances in
the balance of soil organic matter (Liu et al. 2009; Savci 2012). Specifically, P is
considered a nonrenewable resource and is expected to be exhausted in the next
50-100 years (Cordell et al. 2009). Thus, improving mineral use efficiency is criti-
cal for modern agriculture. The application of organic amendments improved the
availability of minerals, as suggested in a previous study (Madrid 1999). Thus,
using soil amendments, such as biochar and compost, to improve soil quality can
improve nutrient use efficiency. Both the nutrient function and metabolism have
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been described in several previous studies and reviews (Amtmann and Armengaud
2009; Hiansch and Mendel 2009). This study reviews and discusses (1) the means to
improve nutrient use efficiency, especially for N, P, and K, which strongly affect
crop productivity and quality, and (2) the effect of climate change on agriculture.

2 Nutrient Uptake Strategies of Plants

Mineral nutrients, including N, K, P, calcium (Ca), magnesium (Mg), sulfur (S),
boron (B), chloride (Cl), iron (Fe), copper (Cu), manganese (Mn), molybdenum
(Mo), zinc (Zn), and nickel (Ni) are essential for plant growth. In addition, some
minerals, such as sodium (Na), cobalt (Co), aluminum (Al), and silicon (Si), have
specific functions in some plants and are thus considered to be beneficial elements
(Pilon-Smits et al. 2009). Furthermore, agricultural production requires abundant
mineral nutrients to maintain productivity and address the increasing food demand
(Meena and Meena 2017). Therefore, enhancing nutrient use efficiency is a poten-
tial approach for achieving adequate crop productivity for the growing population
worldwide (Meena and Meena 2017).

2.1 Nitrogen (N)

In plants, nitrogen is mainly found in the photosynthetic machinery, where it plays
arole in carbon fixation, whereas, during maturation, nitrogen is translocated to the
grain (Hawkesford 2012). Improving nitrogen use efficiency (NUE) leads to less
environmental degradation and increased crop productivity with precisely the same
N input to croplands. Therefore, NUE has become an indicator of achieving sustain-
able development goals (Zhang et al. 2015). The Haber—Bosh process, which pro-
duces mineral N fertilizers, is highly energy-consuming (Erisman et al. 2008).
However, N has become an affordable fertilizer for most farmers, with the abundant
application of N guaranteeing an improved yield (Kant 2018). There are several
forms of N, and nitrate (NO;") is preferentially absorbed by most cereals (Kant et al.
2011). However, not all of the N fertilizer applied to the field is utilized by plants,
resulting in 50-75% being lost in the soil via leaching (Raun and Johnson 1999;
Hodge et al. 2000; Asghari and Cavagnaro 2011). Thus, improving NUE is a critical
issue in terms of improving crop production and saving energy. However, there are
several factors involving NUE (Fig. 2.1).

Four families of transporters/channels contribute to nitrate transport: nitrate
transporter 1/peptide (NPF), nitrate transporter 2 (NRT2), channel homolog, and
chloride channel families (Léran et al. 2014; Noguero and Lacombe 2016; O’Brien
et al. 2016). The NPF and NRT2 transporter families, which perform their function
in the roots, are mainly involved in the transport of nitrate in plants (Kant 2018).
Compared with the NPF family consisting of approximately 50—-139 genes, the
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Fig. 2.1 Schematic representation of factors that influence N use efficiency (NUE)

NRT2 transporter family has only eight members with a high affinity for nitrate in
plants (Léran et al. 2014; Von Wittgenstein et al. 2014). Besides their role in nitrate
transport, transporters NPF6.3 and NRT2.1 are considerably important for nitrate
signaling and sensing (Bouguyon et al. 2012). These two transporters influence
each other and regulate the root system architecture by enhancing lateral root devel-
opment (Little et al. 2005; Remans et al. 2006; Krouk et al. 2010). Thus, under-
standing the mechanisms by which the plant responds to nitrate is critical for
increasing NUE. Unfortunately, commercially high NUE lines based on the modu-
lation of the expression of genes involved in N uptake, transport, and assimilation
are unavailable for breeding to improve the yield (McAllister et al. 2012; Kant
2018). Although changing individual genes may not improve NUE, understanding
all processes involved in N uptake, transport, assimilation, and translocation to sink
tissues is needed to improve NUE (Kant 2018).

Some microorganisms form symbiotic systems with plants when the latter is in a
state of nutrient imbalance (Tikhonovich and Provorov 2011). The most known
model is the legume-rhizobia nodular symbiosis that can access extra N using bio-
logical N, fixation (Franche et al. 2009). The efficient utilization of N, fixation was
unexpectedly identified in wheat and sugar cane plantations in Brazil. Notably, N,
fixation provides up to 30% of the required N in wheat and up to 150 kg N/ha/year
for sugar cane fields (Dobereiner 1997). Thus, breeding or using genetically modi-
fied plants with more efficient symbiotic systems with microorganisms might
improve NUE, resulting in increased crop productivity. Several groups of bacteria
known as plant growth-promoting bacteria (PGPB), such as rhizobium, contribute



2 Uptake and Use Efficiency of Major Plant Nutrients for Climate-Resilient Agriculture 39

to the nutritional uptake of plants, facilitating plant growth (Kraiser et al. 2011).
PGPBs improve nutrient use efficiency in various ways. Some PGPBs produce mol-
ecules, such as indole acetic acid, gibberellins, and cytokinin, that modulate the
levels of phytohormones in the plant (Kraiser et al. 2011). For example,
I-aminocyclopropane-carboxylate produced by PGPB was shown to reduce the
level of ethylene and unrestrict the inhibition of root and seedling growth (Glick
et al. 1998). Mantelin et al. (2006) reported that the PGPR Phyllobacterium strain
STM196 facilitated overcoming high external nitrate-induced inhibition in
Arabidopsis lateral roots and increased the root volume, thus enhancing plant
growth under different N concentrations. In a previous study, the application of
bacteria belonging to the Achromobacter genus (PGPB) in the cultivation of
Brassica napus also improved nitrate uptake by plants (Bertrand et al. 2000). Thus,
understanding the relationship between bacteria and plants may contribute to the
development of improved NUE approaches with reduced cost.

The fertilizer type used is an important factor affecting NUE. For instance, min-
eral fertilizers are substantially used as a means of N supply to crops in developed
countries (Robertson and Vitousek 2009). Commercial mineral N fertilizers are
mainly composed of ammonium nitrate, ammonium sulfate, urea, and anhydrous
ammonia, which are soluble and easily absorbed and assimilated by crops (Hirel
et al. 2011). However, these mineral N fertilizers also easily leach into the ground-
water before the mineral N is converted to nitrate (Hirel et al. 2011). Thus, to
improve NUE for crops, mineral N should be used at the proper time and place
(Jarvis et al. 2011). Manure is the second most used fertilizer in croplands, except
mineral N fertilizers. However, over half of the amount of manure is lost during
transport and storage, and of the remaining amount, 25% is lost during crop cultiva-
tion (Hirel et al. 2011). Nonetheless, using manure as a nutrient supply for crops
improves the physical and chemical properties and biological activity of soil
(Watson et al. 2002). To improve NUE, various technologies have been imple-
mented to minimize manure loss and improve manure quality, such as providing
cover to manure during storage, reducing soiled surface areas in animal houses,
incineration of solid manures, and reducing the pH of slurry or separating the slurry
(Jarvis et al. 2011).

2.2 Phosphorus (P)

Phosphorus (P) is involved in many important physiological functions. As a major
structural component of nucleic acids, such as DNA and RNA, and membrane lip-
ids, P plays a role in all aspects of life (Amtmann and Armengaud 2009). Notably,
P has low mobility and concentration in soil, substantially limiting plant growth and
crop yield (Han et al. 2022). Although P is heavily used in modern agriculture to
maintain the productivity of crops, only up to 30% of input P is utilized by plants
(Cordell et al. 2009; Han et al. 2022). Moreover, the unabsorbed P is lost, ending up
and impacting the aquatic ecosystems (Zak et al. 2018). Compared with other
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Fig. 2.2 Schematic representation of improvements in P utilization efficiency. Enhancing the P
acquisition efficiency (PAE) and P use efficiency (PUE) is important for improving crop
productivity

macronutrients, P is nonrenewable and could be depleted in the next 50-100 years
(Cordell et al. 2009). Using industry data, Cordell et al. (2009) made a conservative
analysis that showed that P fertilizers have a similar production pattern to oil: phos-
phorus production could reach its peak in 2033, after which it will be significantly
reduced. Thus, increasing the efficient use of P in the future is urgently needed.
Improving P use efficiency (PUE; Fig. 2.2) can be accomplished in the following
ways: (1) plants can enhance their P acquisition efficiency (PAE) by increasing the
uptake of P from soil; and (2) plants can enhance internal PUE, which could improve
plant growth and accelerate conversion into harvestable products (Veneklaas et al.
2012; Han et al. 2022). Various studies have focused on the mechanisms by which
plants can improve PAE. These mechanisms include: (1) secreting more organic
anions and phosphatase and decreasing the pH of the rhizosphere to increase the
mobility of P from organic and inorganic P sources (Jain et al. 2007; George et al.
2011; Han et al. 2022); (2) modifying the root architecture, such as enhancing root
growth and increasing the number of lateral roots to increase the contact area with
the soil and facilitate the uptake of more P (Wang et al. 2010b; George et al. 2011;
Jia et al. 2018; Dong et al. 2020); (3) modulating the P transport systems of root
cells and enhancing the uptake ability under low P conditions (Bucher 2007; Jain
et al. 2007; George et al. 2011); and (4) enhancing the interaction with microorgan-
isms, such as mycorrhizal fungi to increase the ability of plants to explore the soil
media and increase P mobility (Bucher 2007; George et al. 2011). Improving PAE
results in increased crop yields and reduced P losses. However, increased
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accumulation of P in the plant biomass can exhaust the P source, resulting in almost
all P being stored in grains in the form of phytate (Han et al. 2022; Dong et al.
2022). In particular, monogastric animals cannot utilize phytate, and a large amount
of P is thus directly released to arable regions, causing eutrophication and P pollu-
tion (Dong et al. 2020; Han et al. 2022). Thus, the most sustainable way to improve
P use efficiency and maintain the productive agricultural system is to enhance PUE
(Veneklaas et al. 2012).

Briefly, PUE is defined as the increase in crop production per unit of input P
source (Hammond et al. 2009). Improved utilization refers to more efficient use of
the internal P of the plant, resulting in higher crop productivity compared with that
of normal commercial crops. Plants have various strategies for using the internal P
smartly under limited external P conditions. External P exists in plant cells as free
inorganic orthophosphate (Pi) or organic P, with Pi being affected by the external Pi
supply (Veneklaas et al. 2012). When a plant grows under P deficiency conditions,
it translocates the P from older leaves to supply the photosynthesis in young leaves
while maintaining the nutrient uptake by roots during the vegetative stage (Veneklaas
et al. 2012; Han et al. 2022). As young leaves have a low abundance of ribosomal
RNA (rRNA), use less P to generate rRNA, and have low activities of Calvin—
Benson cycle enzymes and reduced content of photosynthetic machinery (delayed
greening), they may contribute to P use efficiency (Sulpice et al. 2014). In addition,
delayed greening conserves P, allowing young leaves to produce more cells, form
stable structures, and invest in chloroplast development, thus protecting young
leaves from photodamage and oxidation (Kuppusamy et al. 2020). These findings
revealed that Pi is preferentially distributed to new leaves to improve PUE and con-
tribute to carbon metabolism, especially in plants under P deficiency (Han et al.
2022). The vacuole is considered a major Pi pool and provides most of the Pi supply
in the form of cellular Pi buffering for maintaining cellular metabolism (Veneklaas
et al. 2012; Liu et al. 2015; Han et al. 2022). Several studies have identified the
tonoplast Pi transporter, which is involved in the vacuolar accumulation of poly-
phosphate in some organisms, such as yeast, Arabidopsis, and rice (Liu et al. 2015;
Wang et al. 2015). The yeast has four protein complexes, ScVTCI, 2, 3, and 4,
responsible for vacuolar P accumulation, with ScCPHO91 responding under low P
conditions (Hiirlimann et al. 2007; Secco et al. 2012). In Arabidopsis, mutations in
AtVPTI, which are involved in vacuolar Pi transport, caused lower vacuolar Pi con-
centrations, and reduced vacuole/cytoplasmic Pi ratio (Liu et al. 2015; Liu et al.
2016Db). In rice, a high-affinity Pi transporter OsPht1;8 was shown to transport Pi
from old to young leaves, and silencing of this gene led to an increased accumula-
tion of P in older blades under P-deficient conditions (Li et al. 2015). The develop-
ment of high PUE crops via transgenic approaches has been discussed in previous
reviews (Wang et al. 2010a; Wang et al. 2010b; Veneklaas et al. 2012; Han et al.
2022). Various studies have revealed that adjusting the P transporter in tissues and
modulating Pi mobilization can improve the PUE of crops. In soybean, GmPT] is
involved in Pi transport; overexpression of GmPTI enhances the remobilization
ability of Pi from older to young leaves under P deficiency conditions, improving
the soybean yield (Song et al. 2014). The OsVPE1 and OsVPE2 are Pi efflux
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transporters in rice; overexpression of both transporters was reported to reduce the
amount of vacuolar Pi and increase its release into the cytoplasm to maintain cel-
lular Pi requirements under P deficiency conditions (Xu et al. 2019). To avoid the
contamination of agricultural lands by genetically modified crops, developing new
crop lines with high PUE is necessary. Wissuwa et al. (2015) reported that several
genetic loci are involved in PUE and contribute to improved plant growth in field
systems under P-limited conditions.

2.3 Potassium (K)

Although K is not metabolized, it is essential for various metabolic processes, such
as transport, translation, and direct activation of enzymes (Amtmann and Armengaud
2009). After nitrogen, K is the most abundant essential nutrient in plants and plays
a role in crop quality and yield (Wang et al. 2021). The K content in plants ranges
from 0.8% to 8%, with the cytosolic K concentration usually maintained up to
200 mM (Maathuis 2009). Unlike N and P, which form complex molecular struc-
tures, K is only found in the form of soluble K*; thus, K is more easily leached than
N and P in soil (Sardans and Pefiuelas 2015). Although abundant amounts of K are
stored in the soil, K deficiency still occurs in large agricultural areas (Schroeder
1978; Romheld and Kirkby 2010). Usually, depending on plant availability, the K in
soil is classified into four groups (Fig. 2.3): water-soluble, structural form,
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Fig. 2.3 Schematic representation of various K forms in soil and their flow. Improved K use effi-
ciency could improve stress resistance ability
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non-exchangeable, and exchangeable (Zorb et al. 2014). Most soil K minerals
(90-98%) are found in the form of crystal lattice structures that plants cannot
directly absorb, and thus the availability of K is greatly affected by the soil type, its
physicochemical properties, and the microbial activities in the rhizosphere (Zorb
et al. 2014). K use efficiency can be improved by the inoculation of K-solubilizing
microorganisms to croplands that enhances K solubility via the secretion of organic
acids, increasing its utilization by plants (Basak and Biswas 2009; Abou-el-Seoud
and Abdel-Megeed 2012; Zorb et al. 2014). In addition, the plant secretes root exu-
dates to utilize the non-exchangeable K source; for example, maize secretes oxalic
acid depending on the K supply (Kraffczyk et al. 1984; Wang et al. 2011). Mineral
forms of K also activate changes in root architecture, such as the enhancement of
root growth and length (Wang et al. 2011). Thus, the ability of roots to uptake K
markedly affects K use efficiency. Regarding their K acquisition ability, different
plant species have varied K utilization efficiency (Guoping et al. 1999). In addition,
valuable genetic loci involved in the efficient utilization of K have been identified in
a previous study (Moriconi and Santa-Marfa 2013) and could be used to improve the
amounts of available K in the soil. In Arabidopsis, two transmembrane proteins,
AtHAKS and AKT]1, are responsible for K* transport in the root under low K condi-
tions (Pyo et al. 2010). Another study selected K-efficient genotypes in canola, lead-
ing to improved yields under low K conditions (Damon et al. 2007).

Mild K deficiency does not show immediate symptoms in plants because of the
high mobility and redistribution between tissues (Romheld and Kirkby 2010).
However, it should be clear that the yield production and crop quality depend on the
efficiency of K utilization (Pettigrew 2008; Zorb et al. 2014). Previous studies have
reported that the corn yield was a response to K fertility (Ebelhar and Varsa 2000),
and the soybean plant weight and grain yield were increased by K application
(Bharati et al. 1986). With the new exploration of K function, K affected most biotic
and abiotic stresses (Zorb et al. 2014). Among the physiological and metabolic
functions of K, one of the functions is the maintenance of osmotic pressure and cel-
lular turgor (White 2013; Sardans and Pefiuelas 2015). Although many compounds
exist in plants to execute osmotic adjustment, such as amino acids, sugar, and alco-
hols (Hu and Schmidhalter 2005), energy for synthesis is more costly for these
compounds than uptake of K directly (Zorb et al. 2014). With the increase in extreme
weather worldwide, dryness will greatly limit crop production. Abundant K could
increase the resistance ability of crops under water stress (Grzebisz et al. 2013).
Because K is considered an osmoticum, the opening of stomata depends on the
water influx of the guard cell vacuole, which is driven by osmotic pressure (Peiter
2011). Thus, the supply of K can highly affect the CO, assimilation of plants under
high light stress (Kwak et al. 2001). Meanwhile, salt stress also impacts a third of
the cropland area worldwide (Zorb et al. 2014). Na is toxic to plants because Na can
displace K, leading to the inactivation of K-dependent enzymes and massive leak-
age of K from roots (Munns and Tester 2008; Shabala and Cuin 2008). High exter-
nal K could reduce Na influx, and a high K/Na ratio is an important enzymatic
function (Demidchik and Maathuis 2007; Shabala and Cuin 2008). K is involved in
the detoxification function (Wang et al. 2013). Under drought, the K-deficient plants
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produce more reactive oxygen species (ROS) during CO, fixation; however, the
reduction of ROS is related to adequate K supply (Sardans and Pefiuelas 2015).
Thus, improving K use efficiency can also improve plant resistance to various
stresses (Fig. 2.3). Nevertheless, genetic and breeding techniques for improving the
utilization of K are currently very limited, and further research is required on the
mechanisms by which the utilization of K can be improved.

3 Interaction Between Nutrient Use Efficiency in Plants
and Climate Change

Agricultural productivity is affected by many factors, including land and crop man-
agement and biotic and abiotic conditions. However, among these factors, humans
cannot control climate conditions with the current technology. For example, a 1 °C
increase in global temperature reduced wheat yield by between 4.1% and 6.4%
worldwide (Liu et al. 2016a). The increasing global temperature has also impacted
maize, rice, and soybean productivity (Zhao et al. 2017). In addition, climate
change-induced global climatic anomalies, such as drought, floods, and heat and
cold stresses, have highlighted the impact of geographical variations to crop produc-
tivity (Anderson et al. 2020). From the point of view of plant nutrition, these extreme
abiotic stresses could impact crop nutrient uptake. We discuss ways of buffering
these climate change-induced anomalies that decrease nutrient use efficiency.

Suitable water availability and temperature play a major role in plant growth and
seed maturation (Bradford 1994; Teixeira et al. 2013). Drought is caused by long-
term extreme high temperatures and water deficit, which impact yield productivity
and food security (Hussain et al. 2019). Under drought stress, plants decrease their
transpiration rate, stomatal conductance, and plant biomass accumulation (Yokota
et al. 2006). Furthermore, water supply affects all metabolic processes and impacts
the absorption of nutrient elements from roots, thus significantly decreasing the
NUE (Alam 1999). In addition to the problem of insufficient water caused by
drought and high temperatures, lack of oxygen and root diseases caused by water-
logging and flooding owing to prolonged heavy rains contribute to reduced crop
yield (Anderson et al. 2020). Therefore, to sustain the growing demand for food
during climate change, several adaptation strategies must be proposed, such as opti-
mizing land and fertilizer management and selecting and cultivating tolerant crops
(Fig. 2.4).

The challenges of land and fertilizer management for farmers include timing and
uncertainties during the growing season of crops (Anderson et al. 2020). Although
various studies have developed process-based crop models to evaluate the impact of
climate change, these dramatic environmental changes have increased the uncer-
tainty of such adaptation strategies (Angulo et al. 2013; Bassu et al. 2014). However,
the development of gene editing technology enables us to acquire crops containing
specific resistance. However, public acceptance of genetically modified foods is not
yet high, and the policy restrictions in various countries limit the application of this
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Fig. 2.4 Schematic representation of climate change impact on crop plants. Optimizing land and
fertilizer management and selecting and cultivating tolerant crops could maintain crop production

technology (Scheben and Edwards 2018). To overcome the reduction in crop pro-
ductivity owing to climate change, soil nutrient management, especially those of N,
P, and K elements constitute important factors for maintaining crop productivity in
developing countries. In addition, selecting and breeding new crop varieties with
high yields under stress conditions are important for supporting the growing popu-
lation (Anderson et al. 2020).

4 Conclusion and Future Perspectives

With the growing global population facing the crisis of depletion of nonrenewable
resources, we must improve the efficiency of resource utilization. Improving the
efficiency of using highly demanded elements in plants, such as potassium, P, and K
will be necessary for overcoming the impact of resource scarcity on crop production
in the future. The development of transgenic technology and breeding for the selec-
tion of crops that use mineral nutrients more efficiently will contribute to sustain-
able agriculture. Despite the irreversible global climate change, humans are making
efforts to mitigate and adapt to the effects of future weather extremes. However, for
crops, the impact of global climate change will be devastating. Various weather
extremes will further reduce crop yields and severely impact global food security.
Therefore, developing appropriate countermeasures to allow crops to withstand
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fewer impacts from extreme weather conditions is critical. Currently, we are trying
to prevent the effects of extreme weather in advance by managing land and fertil-
izers more precisely. Genetic and breeding techniques for creating crops that can
tolerate extreme weather and maintain their yields will significantly contribute to
future food security. As humanity becomes more aware of global climate change,
we will develop more technologies to address the coming climate change crisis.
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Chapter 3
Improving Land-Use Efficiency
for Climate-Resilient Agriculture

Waqas Ahmad, Bisma Muneer, Dua Zahra Khan, Niaz Ahmad Wahocho,
and Muzamil Farooque Jamali

Abstract In addition to providing a setting for agricultural production, land is a
prerequisite for better environmental management, including the hydrologic cycle’s
functions of transmitting and purifying water, recycling nutrients, ameliorating, fil-
tering pollutants, and serving as a source and sink for greenhouse gases. The use of
land to accommodate shifting human requirements (agricultural, forestry, conserva-
tion) while maintaining the future socioeconomic and ecological consequences of
the land is known as sustainable land management. Sustainable agricultural devel-
opment requires sustainable land management as a fundamental building block. In
this chapter, the effects of increasing population, industrialization, and climate
change on agricultural land use are discussed. Moreover, techniques to enhance the
land-use efficiency under reducing agricultural land resources have been discussed.
This chapter will increase the understanding of agricultural land-use systems and its
efficient management for sustainable agriculture under climate change scenario.

Keywords Land-use system - Industrialization - Rural-urban interaction

1 Introduction

Land uses the modification of natural environment and its management through
agricultural, transport, recreational, commercial, and residential activities. Some
physical factors including topography, climate, soil type, human factors, and popu-
lation density have adverse effect on land which play a role in the destruction of
land and reduce the efficiency of land.

Land-use efficiency is the efficient use of land by using natural resources and
getting a maximum yield through minimum production cost. By increasing
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efficiency of agriculture land use, agriculture area could be improved. The efficiency
of land use is considered according to the economic situation of country. Land-use
efficiency is the increase of gross income by using natural expenditures of living.

Land-use efficiency is adversely effected day by day because of many problems
The use of fertilizers is increased to control pesticides, but unlimited use of fertil-
izers has a negative effect on earth which is the major reason of destruction of agri-
culture lands. The artificial modification of products used for crop improvement is
bad for crops and land. All these problems are reducing the effectiveness of agricul-
ture production.

These problems of land-use efficiency are due to improper land monitoring sys-
tem, technical equipment issues, and some financial issues. The problem of affec-
tual use of land expedient in Russia, first of all connected of soil used in agricultural
sector of the agronomy. The land and asset capacity have importunity reduced over
the last decades as a result of the removal of big area of agricultural land from com-
munication. In Russia, the share of agriculture land does not be greater in number,
10% of the Russian. A geographic area is belonging to under the jurisdiction of a
governmental authority (Lysenko EA 2007). At the same time, the area of agricul-
tural land in Russia is much higher than in the largest countries of European Union.
This indicates huge reserve in agricultural productivity, which regrettably is not get
used effectively enough. The concept introduced 100 years ago showing a relation-
ship between plant productivity and water use for agricultural production.

Climate-resilient agriculture is the long-term crop productivity by using natural
resources and improving livestock production system with increasing farmer’s
income under climatic changes. It is difficult to manage the land-use efficiency
under the climatic changes because climatic changes result in destruction of land,
reduce soil fertility, etc., which directly decrease land uses.

It is a field of research that studies the primary synthesis of complex life like
structure from primordial lifeless origins and changes of product. The problems
decrease the efficiency of agriculture land used in the export of product from (CIS)
countries.

Negative consequences of anthropogenic impact on agricultural land are soil ero-
sion, acidification, desertification, soil salinity, heavy metal pollution, oil and oil
product, and pesticides (Alston E et al. 2018). During the climatic changes, the
concentration of CO, increases which increases the agricultural productivity and
also improves the efficiencies of resources (water, land, etc.).

The main objective of this chapter is to improve the soil structure, agriculture
crops production, and land management under different climatic changes.

2 Land-Use Efficiency

To evaluate the land-use measures, it is necessary to provide a sustainable land man-
agement practice. Land-use efficiency (LUE) is applied framework that recognizes
the conditions, integrated methods, drawback of structure and its classification, and
indicator system although evaluation procedure.
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Now, in these days, the rational land-use measuring is necessary both nation-
ally and globally. To enhance the value and resource of land, it is essential to
focus on land use rights and restrictions and responsibilities according to follow
the land policies for sustainability. The land-use challenges are studied to
increase and measuring the efficiency of land within the framework. All the
management of land efficiency serves as governing and monitoring of land
according to the objective which is followed by socioeconomic and environ-
mental development. Therefore, land-use management practices are interrelat-
ing with different parties, e.g., institutional arrangements (play important role to
ensure process).

According to European cohesion policies since 2007, and land policy guidelines
in the republic of Latvia (Therefore it is necessary to introduced more understand-
able indicators in land management system (LMS). The measuring techniques of
LUE are based on comparison of inputs and outputs, and also, they recognize mul-
tidimensional valuable resources and are used in evaluation, development, analyz-
ing, and synthesis.

3 Land-Use Sustainability

Land is used by people for the development of ecosystem or receiving ecological
activities. As land can create the landscapes of aesthetics with high economic and
agricultural and environmental values, under many threats it can also lead to soil
losses, i.e., soil degradation and soil erosion with unbalanced ecosystem. Land use
is basically a society—nature interaction—the interaction between societies and
environment with the ecosystem. Thus, the land problems lower the sustainability
of the land.

Sustainability indicators are needed to monitor the current situation of area or a
land and to check out the society—nature interaction (Haberl H et al. 2004).
Sustainability development is the process to fulfill the present needs of society with-
out competing the future needs (Turner and Romme 1994). The major objective of
sustainability land use is to maintain a balance in the production of higher yields of
crops while protecting the environment from natural disasters and well-being of
economy (Aznar-Sanchez JA et al. 2019).

4 Key Issues of Land Use and Sustainability

Land-use sustainability is important for the economic sustainability development,
but due to some to key issues, the land sustainability is disturbed; some irregular
development activities have negative effect on land sustainability, i.e., land dete-
rioration contamination of land and rural decline. Urban problems also damage
the land sustainability, i.e., air pollution, waste management issues, and water
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pollution. In order to avoid these issues, land-use planning should be done to pro-
tect the land and economy.

In rural area, the agriculture is considered as the major activity of population, but
in urban area, the living depends on the industrial activities. A huge number of
urban areas depend on the rural resources, and increasing population is not getting
very much from agriculture because of low rate of crop yield and productivity for
the higher rate of population (Tacoli C 1998). For the developing world, urban—rural
interaction is considered as a challenge for population.

In China, urbanization and farmland protection problems are getting attentions.
Research has shown that urbanization has adverse impact on the farmland protec-
tion because urbanization has caused so much farmland losses of medium farmers.
In China, the global urbanization level is above 50%, while the farmland level is just
7% with the great losses of farmland.

5 Climate Factor Effecting Land-Use Efficiency

The rapid urbanization (the process of making an area more urban) in China has a
large effect on land use. The scarcity of land resource has become sustainability
constraints that are associated with the protection of nature, biodiversity, and soil
water which are ecologically sustainable potential. The urban development there are
12 form an idea of the amount % land use efficiency. Number of asses the USA
socioeconomic development of land use and comprehend effective land strategies.
This paper includes 184 cities; we analyze first the land-use performance of China
and the USA from different perspective (Yu J et al. 2019).

Average urban land use efficiency of USA and China was not very high further-
more the average efficiency fluctuation in 2008 and 2015. The USA and central
China have more repair power for efficiency improvement. Landscape ecology
focuses on the spatial patients and process of ecological and human interactions
primary production, respiration, energy, reproduction, and decomposition.

6 Land Management

Domestic studies of land management started rather late. Research achievement
focuses on the macrolevel land management issues and strategies, optimization,
government land management function, and so on.

On the basis of land-use planning, human-induced activities are destroying the
socioeconomic and ecological disturbance of land systems globally, including dif-
ferent climatic regions. In these climatic regions, the land management planning
monitors the threatening and economic conditions which are based on agribusiness,
farmers, and other land users.
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As optimizing the land pressure and other natural resources which is affected by
human generated activities and also caused by climatic changes is increasing the
tropical threats and rising serious concerns all the sustainability of management
instruments and resources. Land-use planning in topical areas helps the land users
in selecting and putting it into those areas which needed the best and also helps in
safeguarding natural resources and ecosystem. Maintenance between sustainability
of generations of farmers for past and future is necessary.

Land-use planning supports the public and private services to make the strategic
decisions on how to manage the land. Land-use practices are also helping the envi-
ronmental behavior. Land areas defined are based on combination of soil, landform,
and climatic characteristics. Such process can also consider the link between differ-
ent lands uses.

7 Land Resource Engineering and Land-Use Policy

On the basis of coordination among land policy and land engineering, the concept
of definition of land engineering is the contents and demonstrates the identity and
development of land engineering. On the other hand, land policy helps and guides
the establishment of the land engineering, and it is an important mean to improve
and able to permit the land policy. The land engineering is based on the content,
which is conversion of non-agricultural land into agricultural land, conversion of
low standard use land into a high standard land use, conversion of current land into
human construction use, and conversion of polluted and damaged land into usable
land (Wu et al. 2018).

Land policy is a basic principle, directions, and instruction for specific economic
and social interests to attain the land use and management in a definite historical
period. As resources of land are non-renewable, and the base of objectives of land
policy adjustment to achieve the support of land resources. Land policy associated
with the class of production relationship and productivity is the changes between
adaptation and non-adaptation.

8 Factors Influencing the Use of Agricultural Land

The many factors that affect how land is used for particular reason.

8.1 Socioeconomic Factors

The socioeconomic element is defined by the access and utilization for land resource,
the introduction of new technologies, the development of the economic sector and
territory including infrastructure and environment land productivity and capacity as
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well as living environments and the population, investment, and credit facilities, and
the increase in competitiveness and making proper and efficient usage of renewable
resources of energy (Auzins et al. 2013). The land that is used for the agricultural
purposes is a key element in acknowledgment facilities, as the efficient consump-
tion of these credit facilities is able to enhance farms by the usage of new technolo-
gies, since they can enhance the speed of management of agricultural land, reduce
time resources, and increase yields. Land productivity and capacity play a signifi-
cant role when it comes to utilizing land for agriculture, as the higher the productiv-
ity of the land the more expected this can be easily handled and consumed. In
addition, it is important to consider the area, the place in which the land situated,
and the habitat area or population. Some pattern of the land use and the habitat area,
for instance the greater the number of people the greater amount of land utilized in
the area. The smaller the area, the more likely to be the land used for farming could
not be utilized to its fullest extent in that zone. The possibility of using land can also
affected by the environmental aspect.

8.2 Environmental Factors

Environmental aspects are defined by biodiversity and eco-integrity (ecosystem
organization and process) and natural assets (Daba et al. 2015). An essential role of
usage of land in agricultural purposes is the environmental element which includes
plants genetic variety. For example, grazing is a great way to increase diversity in
plants and the higher the likelihood that would provide an energy-efficient value. It
is equally important to provide a particular area that is rich in natural capital. For
instance, the availability of raw material to construct in the area as well as the qual-
ity of soil (impacts the kind of use of the land for agriculture and the productivity)
as well as whether it has access to the water or else it needs to be given a boost
which could raise the cost of using the land.

8.3 Institutional Factors

The land use is affected in a way by an institutional aspect which is described by the
interaction between the norms of regulation and the organizations (Auzins et al.
2013). It is crucial to align the land-use system with laws and regulations to ensure
that the manner of using land does not violate the rules set forth by the law. This can
play essential to be aware the land that is not used for agriculture can be subjected
to an enhance of tax rate, however, also land-usage efficiency, features and factors
that affect it, as well being an efficient and sustainable way to manage land. The
utilization of agricultural land is crucial for viable land managing which is designed
to sustain or enhance the quality of production and delivery of services, safeguard
natural sources, assure sustainable economics, avoid the degradation of water
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quality, and also decrease soil erosion, thereby reducing the risk of production
(Auzins et al. 2013). To identify the elements that affect the usage of land for agri-
culture, it is essential to examine the variables which influence other elements in
addition.

8.4 Management Practices for Increasing the Efficiency
of Land Use

The efficiency of land use varies based on requirements for land use in particular,
such as the extent to which the land can be utilized for the huge businesses of agri-
culture like cooperatives, associations, research, and educational institutions, or is
utilized by larger or smaller private households. Enhancing the efficiency of land
use is a hot topic across many countries. Hence, displays of land efficacy measure-
ments and methods of measuring economic efficiency of land have been shaped.
The primary requirement for efficient utilization of land for agriculture is an increase
in fertility of soil. It is totally depending on enhancement of the agricultural systems
within the farms and organization of land areas, the development for rotational
cropping, investigation of the layout of the area sown and the development of soil
treatment systems as well as the management and installation irrigation systems and
fertilizer system pest and disease control and production of seed and environmental
security measures (Cintina V and Pukite V 2018).

The system of agriculture must satisfy the society demands, the ecological
demands of crops and agriculture as well as the natural climate circumstances, the
rate of increase in production as well as economic structure, and the lowest hazard
of ecological pollution that has to be protected. Affordable use of land for agricul-
ture includes both internal and external requirements that must be fulfilled or
improved in order for efficient usage land. A key element in the efficacy of land
used for farming is the way in which parcels of land, which guarantees an appropri-
ate proportion of land, the accessible resources of labor, financial resources, and an
appropriate use of land used for agricultural purposes as well as the areas of high
production, and the specialty of agricultural land. The use of agricultural land is not
as effective in many areas because there is not a well-adjusted production variable.
Because of the absence of jobs in the rural areas, the population does not oppose
working for low wages. This can lead to lower yield, and ultimately, poor efficiency
in the usage of land, since worker’s absence inspiration to do their job. Efficiency in
land use is also a factor that affects the quality of h-support, so it is imperative to
establish an extensive set of economic and organizational measures in addition to
ensuring that there is a coordinated approach at every stage of the government and
local governments. Landowners and consumers are also expected to offer the state
with support. A mechanical soil cultivator is an important component of the efficacy
for using land used in agriculture because it increases fertility of soil. It is respon-
sible for 30-50% of the expenses associated with production of crop. The basis of
resource-saving technology is cost reduction by minimizing soil treatment.
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9 Policy Suggestion

We have demonstrated that the creation of the carbon market together with the
established markets for agricultural commodities with plausible global perspectives
could result in the efficient distribution of emissions reduction and production of
agricultural products. But, the provision of biodiversity and water resources ser-
vices was not effective. We developed a policy that requires the new land use to be
accounted for in relation to water used by purchasing entitlements. This is a policy
that is in place in the Australia and other countries (Connor JD et al. 2008). Based
on other research results, this policy did have some influence at price levels, but did
not provide a significant factor in the usage of land. A functional water market that
has an upper limit on the use of resources in which reforestation is competing with
other users of water (e.g., industrial, urban, or irrigation of agriculture) to get water
resources that are scarce could yield better results (Nordblom TL et al. 2010) but
also do not examine this policy because it only operates within entirely contributed
catchments within the area of study. In the same way, the absence of a constant,
widespread market policy on biodiversity services severely hampered productivity
and led to a number of negative results when high biodiversity area was transformed
into monoculture type of cultivation. Other strategies of usage of land that improved
the efficiency of production across multiple objectives could be conceivable, but
they came with significant expenditures in the term of lost economic opportunities.
The issue for policymakers is to address these expenses and improve efficiency
across multiple goals. Another challenge is cutting down on the costs of transactions
related to administration of policy and the targeting of many ecosystem facilities.
Two options are to mass credit to provide ecosystem services and equally involve
the expansion of the markets that provide ecosystem-related services (Robertson M
et al. 2014). Credit bundling is the process of the collation and sale of all services,
including in this instance the case of the new use of land, such as ecological plant-
ings into the distinct marketplace including a way to pay to ecosystem service pro-
viders (Connor JD et al. 2008). The findings illustrate how the design of metric
significantly affects the quality of the aids for society. Stacking is the process of
selling credits to single markets to provide ecology services (Robertson M et al.
2014). It can be stacked or bundled with a careful planning of markets, and the
accompanying institution-based arrangements (e.g., multiobjective benefit metric,
pure rights to property, low transaction cost) are essential for enhancing productiv-
ity efficiency across many ecosystem amenities.
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Chapter 4
Climate-Resilient Fertilizer Management
for Crop Production

Ajay Saroha, Amit Kotiyal, and Aditi Thakur

Abstract Fertilizer is an important input in agriculture production. As per the increas-
ing demand of food for population, fertilizer is a boon. However, current agricultural
producers are put under immense stress to end hunger as a result of expanding popula-
tion and shrinking cultivable land. To fulfill the demand, different agricultural inputs,
like fertilizers and other chemicals, are being exaggerated, causing environmental
damage. The tremendous use of these inputs without consciousness about ecology
sustainability which influences the soil health causes land degradation and leads to
climate change. Continuous change in climate by such activities causes variation in
the temperature, rainfall pattern, microclimate of crops, soil microbial activity, etc. So,
for the future food demand of increasing population, we must target significant agri-
cultural production limited by a sustainable environment. In this concern, new alter-
nates like use of supportable resources with the fertilizer help in reducing fertilizer
dose and maintain the soil health and environment such as green manuring crops,
panchagavya, vermicompost, and FYM. Ultimately for the better future, farmers
should adopt the strategies like integrated nutrient management (INM), integrated soil
fertility management (ISFM), sustainable water management, ridge furrow mulching,
conservation agriculture, and breeding strategies.

Keywords Soil - Biochar - Vermicompost - Soil temperature - Nutrient -
Biofertilizer - Erosion

1 Introduction

The agriculture sector makes a significant contribution to GDP and is vital to the
security of the world’s food supply. Somewhere about a two-third majority of the
labor force is employed there. Farms provide the raw materials for several manufac-
turing companies including the sugar, textile, jute, food, and milk processing
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industries (Reddy 2015). The ecological, economic, and social impacts of climate
change on agriculture are substantial in the world’s ecology. Scientific studies indi-
cate that human activities contribute to climate change drastically. According to
experts, agriculture will have a harder time producing enough food in the future due
to the stresses of climate change and increasing climatic unpredictability. The IPPC
Report 2014 (Burkett et al. 2014) provides an authoritative reaffirmation of the fact
that climate change and variability affect food and fiber production around the
world because of increased temperature, CO,, weeds, pests, pathogens, and dis-
rupted precipitation and transpiration regimes (Altieri et al. 2015). Climate change
threatens food production systems, threatening the lives and food security of bil-
lions of people worldwide. Climate change will disproportionately affect marginal-
ized groups in emerging economies compared to wealthy and industrial countries.
Because of its dependence on weather and the fact that farmers, on average, are
older and less well off than their urban counterparts, agriculture is especially vul-
nerable to climate change (Srinivasa Rao et al. 2019).

Agriculture, especially crop production, is directly influenced by the condition of
soil. The soil is a lively natural body with three-dimensional structures made up of
minerals, organic compounds, and living forms in which plants develop. Soil is the
fine material that accumulates on land after water, wind, or ice has eroded larger
particles of rock or after in-situ weathering of rock components (Nortcliff et al.
2011). One of the most important materials at our disposal is soil. Not only it pro-
vides the plants with water and nutrients, but also it acts as a stable base for them to
grow from. Numerous tiny organisms call soil their home. Each soil has unique
physical, biological, and chemical characteristics that interact in a complex hierar-
chy to determine its overall quality and potential uses (McCauley et al. 2005). It is
not possible to directly measure soil quality; therefore, scientists use indirect meth-
ods, called biomarkers, to infer soil and environmental changes. Different types of
soil properties are as follows: (a) The first three characteristics of soil are its texture,
structure, and porosity; they are all considered physical features, (b) chemical prop-
erties are exchange capacity, soil pH, and salt-affected soils, and (c) biological prop-
erties are soil fauna, soil flora, and soil microorganisms.

2 Nutrients

The crust of earth is composed of sedimentary rocks and igneous rocks (19:1), with
the latter consisting of around 80% shales, 15% sandstone, and 5% limestone.
Based on the amount used by plants, nutrients are divided into macronutrient and
micronutrient elements. Plants need macroelements in more quantity (more than
100 ppm) for plant life such as oxygen, hydrogen, and carbon (the three basic nutri-
ents), phosphorus (P), nitrogen (N), and potassium (K) and (the three primary nutri-
ents), and sulfur (S), calcium (Ca), and magnesium (Mg) (the three secondary
nutrients). Plants also need micronutrients, which are nutrients present at levels
lower than 100 ppm. They are also called as trace elements. These elements are iron
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(Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum (Mo), chlo-
rine (C), and nickel (Ni). Nevertheless, when the concentration of these trace ele-
ments increases, it has a detrimental impact on soil physicochemical and biological
qualities (Sudhakaran et al. 2018). While trace elements are found in soil naturally,
it is often contaminated due to human activities such as burning fossil fuels or
municipal waste, using polluted water for irrigation, using synthetic fertilizers or
manures, or spraying pesticides that include heavy metals (Fytianos et al. 2001).

3 Major Soil Problem

Increase in the growth and poor development of plants is one of the indications of
problematic soil. Soil compaction (thick soil that drains water slowly), topsoil loss,
and erosion are the three main problems with soil. Fertilization of plants which are
deteriorating and not thriving well can help in overcoming the symptoms of defi-
ciency of soil nutrients.

3.1 Soil Compaction

Heavy machinery, automobiles, gardening tools, and people are the major causes of
soil compaction. This reduces the size and number of soils pores and removes air
from the soil. Compaction and a high proportion of clay can make slow draining
worse. Another factor is hardpans, which are layers of compacted soil that may
occur at any depth and are impervious to water, air, and nutrients. Inhibiting root
growth and plant establishment, soil compaction causes soggy roots, root and crown
rots, and higher acidity.

3.2 Topsoil Loss

Topsoil is fertile which is up to 4-8 inches. Most of the organic stuff, plant roots, as
well as microbial and animal life, are present in topsoil. When storms occur, topsoil
that is exposed or on slopes is more likely to be carried away.
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Fig. 4.1 Various layer of soil. (Source: FAO)

3.3 Erosion

Erosion is one of the major components which leads to the depletion of crop pro-
duction. Slopes, areas of exposed soil, and areas near downspouts are particularly
vulnerable to erosion because they are places where water may easily flow onto or
over the land. Coastlines may erode due to storms and high tides.

4 Soil Horizons

The most recognizable visual characteristics of a soil profile might be its soil hori-
zons. There are types of horizons, namely O, A, B, E, C, and R (Owens and Rutledge
2003). These horizons can be explained as follows: (i) horizon O—Ilayers with a
heavy organic content, and some have been submerged in water for extended peri-
ods of time; (ii) horizon A—mineral horizons that developed near the surface or
beneath an O horizon and that show a significant loss of the original rock structure;
(iii) horizon E—mineral horizons that are distinguished beside the disappearance of
silicate clay, iron, aluminum, or several mishmashes of these types of elements and
that keep up the accumulation of sand and silt particles; (iv) horizon B—soil struc-
ture can be found in horizons that are formed below an A, E, or O horizon; and in an
illuvial concentration, iron, aluminum, humus, carbonates, gypsum, silica, or any
combination of these elements, (v) horizon C—a horizon that does not contain hard
bedrock—is not considerably affected by pedogenic processes and does not meet
the criteria for an O, A, E, or B horizon. The C layers’ makeup may be like or
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dissimilar from the substance assumed to have created the solum and (vi) R layers:
Last layer of horizon is hard bedrock (Fig. 4.1).

5 Climate Change Affecting Soil Properties

Jenny proposed the most possible soil property—climatic factor correlations in 1941
(Carolina and Kimble 1990).

5.1 Soil Temperature

The IPPC 2007 study predicted that the global average air temperature will rise by
1.8-4.0 °C in response to mounting evidence of global climate change (GCC)
(Reddy 2015). The shifting patterns of environmental features such as temperature
rises and precipitation change patterns, excess UV radiation, and increased occur-
rence of severe weather phenomena like floods and droughts are increasing as major
threats to tropical vegetable production. Soil temperatures will also be influenced by
the sort of plant which grows on the surface, which may transform as a result of
climate change (Karmakar et al. 2016).

5.2 Soil Chemical

Climate change creates significant changes. Most rapidly accelerated chemical or
mineralogical changes occur because of changes in external conditions; these
include salt and nutrient cation loss where leaching increases and salinization where
net upward water movement occurs due to increased evapotranspiration, decreased
rainfall, or irrigation water supply. In areas with less precipitation or more dryness,
salinization and alkalinization would rise (Karmakar et al. 2016).

6 General Impact of Climate Change on Soil Health

“The ability of a given sort of soil to operate, within natural or managed ecosystem
limits, to sustain plant and animal production, maintain or enhance water quality,
and support human health and habitation,” as defined by the Soil Science Society of
America (SSSA). Unlike soil health, which is a dynamic condition in which human
influence causes a change in soil quality, soil quality is a static (qualitative) assess-
ment of soil capacity. Climate change can affect soil health via physical, chemical,
and biological aspects (Shourie and Singh 2021). Climate change may accelerate
soil erosion, thus limiting food supply. Increased rainfall will hasten the pace of soil
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loss, thus limiting farm production. Varieties of global forest changes may emerge
from climate change’s direct and indirect impacts (Raison and Khanna 2011).

6.1 Major Direct and Indirect Climate Change’s Consequences

The consequences of climate change can be pointed as (i) increase in temperature
and concentration of carbon dioxide (CO,) in atmosphere, (ii) precipitation changes,
as well as the frequency and the severity of extreme weather events including frosts,
droughts, and storms (wind, rain, and ice), heat waves, and changes in the severity
of pest and pathogen outbreaks, and (iii) alteration in forest growth and soil organic
matter (OM) and nutrient input and changes in the impacts of pests and pathogens
on soil health.

7 Impact of Fertilizer on Sustainability of Environment

Environmental sustainability is a concept that encompasses activities to conserve
physical resources, the use of recyclable materials and renewable resources, a reduc-
tion in the use of harmful compounds during production, and environmental preser-
vation. The green revolution focused on advanced high-yielding cultivars, extensive
fertilizer use, and irrigation, resulting in a considerable rise in crop output. Prolonged
soil nutrient exploitation through intense agriculture without enough external appli-
cation might contribute to soil deterioration. Agrochemicals utilization in growing
crops is one of the most efficient tools to boost soil nutrients (McArthur and McCord
2017). Chemical fertilizers overuse has an adverse impact on the environment and
human and animal health (Wangunci and Zhao 2019). Unbalanced use of chemical
nutrients is one example of a problematic input that poses a danger to the long-term
viability of agricultural systems. Agricultural production is reduced when soils are
deficient in macronutrients. So, chemical fertilizer use necessitates a substitution
between agricultural yield and long-term environmental sustainability. Appropriate
chemical nutrient application and organic manure usage are valid measures for
determining agricultural system environmental sustainability (Bora 2022).

8 Total Supply of Ammonia, Phosphoric Acid, and Potash
Globally 2016-2020

Globally, primary nutrients containing fertilizers are used rapidly. Fertilizers in the
form of potash, phosphoric acid, and ammonia are provided by various nations to
ensure enough K, P, and N intake, which in turn leads to increased crop yields and
national incomes. The major fertilizers’ demand and production are increasing in
the world, and it shows the nitrogen fertilizer production increased above 150 tons
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Fig. 4.2 Trends in supply of chemical fertilizers (FAO, 2020)
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Fig. 4.3 Production and consumption of nitrogen and phosphorus in India (Source - Department
of fertilizer Government of India)

in the year 2016-2020, whereas phosphorus production and potash production are
increasing slower as compared to nitrogen (Fig. 4.2). It shows the dependency on
three major fertilizers by the world farmers.

8.1 Production and Consumption in India

In India, alone the dependency on chemical fertilizers increased, which is known for
its agriculture-based economy. It is drastic that the production is lesser as compared
to the consumption of these chemicals by the agriculture sector (Fig. 4.3).
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9 Alternates of Chemical Fertilizers

At present, the agriculture sector exhibits 30-35% of worldwide greenhouse gas
(GHGs) emissions and is the greatest source of non-anthropogenic gas emission.
Non-CO, GHGs which mostly because of methane (CH,) emissions from cattle and
rice farming, as well as nitrous oxide (N,O) emissions from fertilized soils which
also contributed to climate change (Lagomarsino et al. 2022). The usage of nitrogen
fertilizers directly impacts the quantity of NH,* or NO;™ accessible in topsoil, which
in turn affects the activities of nitrification and denitrification (BragadoCarmo et al.
2012). A sustainable technique for enhancing soil fertility and recycling nutrients is
to use crop waste, animal leftovers, green manuring crops, compost, and biofertil-
izers such as Azospirillum, Rhizobium, and Azotobacter. Decomposition of agricul-
tural debris in the absence of oxygen and sludge’s is a potential technique for
producing products that help in improving the efficiency of farming land by being
rich in plant’s macronutrients and micronutrients (Alburquerque et al. 2012).
Anaerobic (without presence of oxygen) remains can be utilized as fertilizers and
soil cleansers, with nutrients in digestates more readily accessible than those in
slurry or fresh manure (Martin et al. 2014). Some of the alternates are as follows.

9.1 Biochar

Biochar amendment to soil has been reported as a strategy to boost carbon storage
of land and minimize global N,O emissions from soil. Biochar may enrich soils
with both a little mineralizable proportion as well as a more recalcitrant and less
mineralizable component of carbon. Furthermore, biochar has been proven to retain
NO; inside its pores. As a result, adding biochar to soils may alter the conditions
that govern nitrification, denitrification, and other N transformation and loss pro-
cesses (Borchard et al. 2019).

9.2 Sewage and Sludge

Sewage sludge is a semi-solid by-product of industrial or municipal wastewater
treatment. The application of modern remediation technologies like pyrolysis and
carbonization of biowaste products has the potential to generate linked solutions for
organic C and P concerns in food processing in the future. When compared to the
input material, the pyrolysis materials generated have a higher (two to three times)
overall C and other element content, viz., P, Zn, and Ca (Fristak et al. 2022). P levels
in pyrogenic materials obtained from sewage sludge that is applied to the subsoil
range from 1% to 20%. Pyrogenic carbonaceous materials produced from sewage
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sludge represent a potential alternative for conventional P inorganic fertilizers and
organic C suppliers (Xiao et al. 2022).

9.3 Composting

Composting is an ecologically sound and beneficial process that may successfully
minimize the emissions generated by livestock and poultry dung by converting it
into manure that can increase the organic carbon matter of cultivable land (Zhao
et al. 2022). Composting livestock and poultry waste is important for preserving
agroecological stability and the sustainable development of agricultural waste.
Composting has been shown to be an effective method for converting biodegradable
waste into beneficial organic manure for soils, and it may be divided into many
processes. Composting is a broad mechanism of biological breakdown of various
complex organic materials to create heat, water, and simple water-soluble chemicals
under high-temperature conditions (Bao et al. 2021).

9.4 Nanofertilizer

Nanofertilizers have shown considerable promise for long-term usage in soil fertil-
ity and agricultural productivity, with little or no environmental impact.
Nanofertilizers have nanoscopic particles, a significant surface area-to-volume
ratio, the ability to encapsulate nutrients, and better mobility, which may boost plant
nutrient availability and agricultural productivity (Jakhar et al. 2022). Most of the
cultivable land is losing fertility and degrading because of climate change and the
utilization of intensive farming methods. Considering the significance of macronu-
trient fertilizers, crop fertilization nanotechnology research has mostly concentrated
on the assessment of nanoparticles as micronutrient carriers, particularly Zn-, Cu-,
Mn-, and Fe-based nanoparticles (BragadoCarmo et al. 2012). Nanoparticle-
encapsulated fertilizers will increase the availability and uptake of nutrients by crop
plants. Nanoparticles with a size of less than 100 nm can be used as fertilizer for
effective nutrient management, which is more environmentally friendly and less
polluting. The primary reasons that fertilizers are so popular are their superior size,
surface area, and penetration ability when compared to the same material found in
bulk form (Dharam Singh et al. 2017).

9.5 Green Manuring

Green manure is a prominent method for increasing the amount of organic matter
and its components in soil. Many researchers have indicated that growing green
manure may improve soil’s physical, chemical, and biological qualities; modify the
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variety and community composition of soil microorganisms; ease fertilizer resource
scarcity; and reduce fertilizer input costs (He et al. 2020). It is indeed a significant
effective substitute of fertilizer for the present “Chemical Fertilizer Zero Increase”
initiative and the organic matter increase plan, although both are critical to agricul-
ture’s long-term development (Hu et al. 2022).

9.6 Meat and Bone Meal (MBM)

Organic waste is one of the best approaches for the supply of nutrients to the plants
such as meat and bone meal. Meat and bone meal are prepared from raw animal com-
ponents and contains slaughterhouse by-product that is not safe and suitable for
human food, including as skulls, hooves, blood, fat, feathers, bones, and giblets. Such
by-product contributes to 30% of the overall weight (Andriamanohiarisoamanana
et al. 2018). Because it is rich in macronutrients including N, P, and Ca, as well as
micronutrients and OM, meat and bone meal have the potential to be used in agricul-
ture (Zatuszniewska and Nogalska 2022). On a dry matter (DM) basis, MBM incor-
porates four times more nitrogen, ten times more phosphorus and eight times more
calcium than manure. But it lacks essential nutrients like K and Mg. MBM may be
used in farming without causing damage to the environment since it recycles nutri-
ents from organic waste (Jastrzgbska et al. 2021).

9.7 Vermicompost

Soil health and crop yield benefit from the addition of vermicompost, an organic
fertilizer-rich in nutrients, beneficial microbes, and plant growth hormones. Farmers
are not able to use organic manures as much as they could because of their low
nutrient content, high bulk, limited market availability, little awareness of their ben-
eficial influence, and difficult handling (Yatoo et al. 2021). The addition of numer-
ous organic substrates such as specific microbial inoculants, bone meal, eggshell
and banana, and maintaining moisture, pH, and optimal temperature can increase
the recycling performance and quality of vermicompost (Fig. 4.4).

Furthermore, vermicompost has been shown to have several indirect impacts on
plant development, including insect and parasite worm control and disease suppres-
sion (Basco et al. 2017). The vermicomposting process yields nutrient-rich vermi-
compost suited for long-term agricultural output.
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9.8 Biofertilizer

Organic farming is frequently promoted as the response to the issues with emerging
intensive agriculture. The use of biofertilizers will generally reduce the global
warming potential of agriculture. Because nitrogen fertilizers require a lot of energy
to produce and because nitrogen in biofertilizers can reduce the need for mineral
fertilizers, the use of biofertilizers will reduce the global warming potential of agri-
culture. All fertilizers should be absorbed by plants when they require them, with
the least amount of fertilizer loss to the environment. Leaching, runoff, and, in the
case of nitrogen, gaseous losses are all examples of losses to the environment.
Biofertilizers or fertilizers made from organic waste could take the place of some
mineral fertilizers, which would cut down on energy use and resource extraction
(Michler et al. 2019).

9.9 Panchagavya

Panchagavya is an organic product that is made from five different cow bi-products,
including cow dung, cow urine, cow milk, cow ghee, and cow curd. It may play a role
in fostering growth and supplying immunity to the plant system, conferring resis-
tance to pests and diseases. Panchagavya contains a variety of nutrients, including
macronutrients like N, P, and K and micronutrients like various amino acids, vita-
mins, and growth regulators like auxins and gibberellins, as well as advantageous
microorganisms like pseudomonas, azotobacter, and phosphor bacteria, among oth-
ers, which are necessary for plant growth and development (Raghavendra et al. 2015).
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9.10 Other Sources

Eggshells, an important source of calcium, are regularly discarded as garbage in
homes, hotels, and other facilities. Eggshell particularly accounts for around 11% of
the overall mass of the entire egg and comprises approximately 91% CaCO,
(King’ori 2011). When this calcium-rich material is added to the soil, it not only
provides calcium to the soil but also raises its pH levels (Gaonkar et al. 2007).
Banana peel is another essential biowaste which is high in potassium followed by
magnesium, calcium, sodium, and other minerals, respectively (Budhalakoti 2019;
Aboul-Enein et al. 2016). Traditionally, the degrading of banana peels has been
employed as a fertilizer in order to boost soil nutrients. Tea trash is another signifi-
cant biowaste that is routinely discarded in open places following tea processing. It
has been observed that tea waste can be controlled using vermicomposting, thereby
improving the content of nitrogen (Bhuvaneswari et al. 2021).

10 Effects of Fertilizer on Human and Soil Health

Fertilizers are an efficient way for the agricultural sector to boost crop yields. The
use of fertilizers is a common practice that could be hazardous to both human and
environmental health. Some major constraints are as follows.

10.1 Ground Water Contamination

Large crops that receive repeated fertilizer treatments may suffer the effects on the
surrounding soil ecosystem. Concentrated mixtures of N, P, and K make up fertil-
izer materials, which over time may put stress on soil ecosystems. Particularly N is
a highly water-soluble substance that can move quickly through soil layers.
Combining fertilizers and pesticides can exacerbate the stress on soil ecosystems,
resulting in chemical overexposure that eventually contaminates public drinking
water sources.

10.2 Nitrate Concentration

The commercial fertilizer manufacturing process generates very high amounts of
nitrate compounds. When organic nitrogen materials break down in the soil, nitrates,
which are naturally occurring ions, are created. The chemically charged molecules
known as nitrate ions disrupt the soil environment’s natural balance. Nitrates are an
especially dangerous threat to fetal development, infant health, and the development
of the brain and immune system.
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10.3 Food Contamination

Crops and water both take up nitrates from the soil as fertilizers permeate soil eco-
systems and seep into groundwater supplies. Certain plants, such as cauliflower,
broccoli and spinach naturally absorb more nitrate elements than other plant kinds.
Up to 70% of the nitrates found in a typical diet are found in the vegetables that
people eat. Color-enhancing substances, which are used as meat preservatives, can
also contaminate food. Nitrate materials are also present in commercial baby food
products and the water used to thin infant formula.

10.4 Destruction of Soil Biodiversity

Applying fertilizer causes the role of bacteria that fix nitrogen to be diminished,
while the role of everything that consumes nitrogen is amplified, which leads to the
destruction of soil biodiversity. The decomposition of humus and organic matter is
then accelerated by these feeders. Organic matter loss alters the physical makeup of
soil. Soils are less effective at storing water and air because they have fewer pore
spaces and fewer of their sponge-like characteristics. The complex ecosystem of
biological exchanges disintegrates as there is less oxygen available for soil microbi-
ology to grow in.

10.5 Negative Impact on Soil Structure

The long-term use of synthetic fertilizers could harm the soil’s structure. Because it
has an impact on how well water can permeate the soil and how resistant it is to ero-
sion, soil aggregate stability is a key indicator of soil structural quality. The syn-
thetic fertilizer’s ammonium ions, which make soil particles separate rather than
aggregate, may be to blame for the reduced soil aggregates. This could negate any
gains from higher soil organic carbon content and increase fertilizer runoff, which
pollutes waterways.

11 Mitigation

The climate change effect on fertilizer use efficiency (FUE) is a crucial concern
nowadays. FUE can be concluded by observation of biotic and abiotic component
of plant and environment relationship (Bartég et al. 2022). Reduction of climate
change effect on fertilizer use can be avail by different methods.
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11.1 Breeding for Climate-Resilient Varieties

One of the best ways to reduce the effects of climate change and other environmen-
tal changes is to breed climate-resilient varieties. There is a possibility of reducing
the growing seasons for some rabi season crops due to the later onset and/or shorter
duration of winter. Breeding for improved NUE (nutrient use efficiency) will be
influenced by requiring measurements and determining whether fertilizer treat-
ments are necessary or not. Breeders must prioritize plants with high uptake effi-
ciency (the rate at which plants absorb nutrients from the soil) and utilization or
physiological efficiency, i.e., the rate at which plants convert those nutrients into
grain (Lightfoot 2018). Nutrient uptake mechanisms include rhizosphere microbial
population interactions, rhizosphere chemical and biological property changes that
increase nutrient availability, soil volume expansion as a result of increased root
growth and altered root architecture, and alterations to the expression of ion trans-
porters in the roots.

11.2 Fertigation

Fertilizers increase the depth to which roots grow and aid plant nutrient absorption
in soils with low fertility. Increase in crop yield and quality can only be achieved by
optimizing the plant’s utilization of the nutrients delivered to it, since only 20-40%
of the fertilizer applied is digested by the crops, with the remaining proportion lost
via multiple processes. Farmers must be made aware of new techniques and
resources for feeding plants nutrition in order to increase yield and increase input
use effectiveness (Ranjan and Sow 2021). The use of fertigation, a technique that
enables the simultaneous application of water and fertilizers through the irrigation
system, maximizes their responsible and efficient use and allows for the maximum
efficiency of both without any losses. The benefits of fertigation are as follows: (a)
improvement of the fertilizer application process, (b) use only the necessary amount
of water and fertilizers, (c) increases the profitability of the use of inputs applied, (d)
respect for the environment, and (e) better use of poor-quality soil and water.

11.3 GIS-Based Risk Mapping of Crop Pests

Better resource management through precision agriculture increases the possibility
of rising yields and financial gains in agricultural production. When GIS-GPS-RS
technologies are used in conjunction with precision farming practices and site-
specific crop management, the goal is to maximize the use of soil resources. The use
of Geographic Information Systems (GIS), an immersing technology for agricultur-
alists, assists farmers in overcoming fertilizer overuse applications and other
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agrochemical applications. (GIS helps in providing proper data at specific interval
for the proper utilization of the chemical and identifying agroecological hot spots
and potential pest risk areas (Yadav et al. 2010). GIS analytical capabilities can be
used to assess variable parameters that may have an impact on agricultural
production.

11.4 Integrated Nutrient Management (INM)

In order to maximize crop production, integrated nutrient management applies both
chemical and organic fertilizers, including biofertilizers, green manure, organic
manure, and other organic decomposable materials. The fundamental principles of
INM are the optimization of benefits from all potential sources of plant nutrients in
an integrated manner in order to maintain soil fertility and supply of plant nutrients
to an optimal level for maintaining desired crop productivity. The term INM refers
to the practice of employing microorganisms and the right proportions of organic
and inorganic fertilizers to increase the availability and efficiency of nutrient while
protecting the soil’s natural nutrients and keeping yields high (Selim 2020). INM
methods may include a wide variety of subheadings, such as the application of
farmyard manure, natural and mineral fertilizers, soil amendments, crop residues,
farm waste recycling, agroforestry, green manure, and compost (Selim 2018).

There are five main ideas used by INM which are as follows: (a) plant reserves
of nutrients, (b) crops, organic manure, and municipal solid waste all provide nutri-
ents useful to plants, (c) purchased plant nutrients from farm outside, (d) nutrient
losses, such as those that occur when crops are harvested and when nitrogen and
ammonia in the soil are released as gas or leached away (nitrate, sulfate, etc.), and
(e) nutrient outputs from plants, such as crop absorption of nutrients.

11.5 Soil Nutrient Conservation Practices

Protecting soils and watersheds, enhancing water quality, rehabilitating plant, and
animal habitats, and promoting healthier soil are all crucial to long-term environ-
mental sustainability. Some soil nutrient conservation practices are no-tillage, ter-
race farming, crop rotation, contour farming, windbreaks, wetland restoration, and
forest cover reestablishment. Unsustainable agricultural practices may harm soil
quality, which in turn affects the global climate cycle. Overproduction of carbon
dioxide, a greenhouse gas that contributes to global warming, may be emitted from
poorly maintained soil. Carbon may be successfully sequestered via agriculture
through soil restoration and conservation practices, making it more resistant to cli-
mate change.
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11.6 Rescheduling of Crop Calendars

Climate change has an impact on rainfall patterns, which shortens the growing sea-
son for crops and ultimately encourages farmer to use more fertilizer to increase
yield. Early insect infestations are now a much bigger problem as a result of this.
Therefore, it is necessary to modify the crop calendars in accordance with the shift-
ing crop environment. With the help of weather forecasting, farmers came to know
about the types of crops they can sow for the upcoming season.

12 Future Thrust

A drastic change in climate due to intensive use of agricultural inputs results in
intense weather events which ultimately impact agricultural productivity. Weather
events like an increase in temperature which will likely have a significant impact on
the yield of the crop, uneven rainfall which leads to flood-like conditions in one
place and drought-like conditions in another increase crop failure, and chilling
injury during the winters ultimately affect the crops yield, microbial population, soil
organic matter, availability of water to crop plants, and depletion in soil fertility and
soil erosion are simple and complex consequences of climate change. Such kinds of
events are major obstacles to agriculture and food security. Change in climate
increases nutrient mineralization which majorly affects fertilizer use effectiveness
and speeds up evapotranspiration. Conservation agriculture (CA) is one example of
the “climate-smart” agricultural technology pushed by governments and develop-
ment organization to combat the decline in crop yields caused by global warming
(Michler et al. 2019). CA is facing serious financial difficulties as a result of
increased crop production demand, expensive energy-based input costs, and a
downward trend in farm earnings. Agriculture methods are the single most influen-
tial element in global food production, which are generally responsible for the dras-
tic climate change (Di Benedetto et al. 1988). Most of these methods involve
increasing the usage of inorganic fertilizers and other potentially harmful chemicals
in order to achieve the same level of crop yield, which is a major threat to the sus-
tainability of the environment. These chemical fertilizers and pesticides have a
residual effect that remains under the surface of the ground for a considerable
amount of time. As a result of these inputs, the quality of soil degrades and comes
up with biomagnification and eutrophication for aquatic habitat (Cassman 1999).
However, current agricultural practices that have significantly increased the world’s
food supply have unintentionally harmed the ecology, spotlighting the practice of
sustainable agriculture.

Therefore, for the prospects of aiming for higher agriculture production without
hampered the climate and soil, various innovative steps should be followed such as
the use of organic manure like compost, oilcake, vermicompost, green manuring
crops, crop rotation, fertigation, panchagavya, and biofertilizers. Various strategies,
such as soil and crop management methods, site-specific nutrient management,
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integrated pest management (IPM), integrated nutrient management (INM), organic
mulches for conserving moisture, and breeding techniques can significantly contrib-
ute to enhancing crop production. Environmental protection could be achieved by
reducing chemical use like pesticides and fertilizers as well as increasing the effec-
tiveness of crop inputs. Sustainable farming has great potential for both humanity
and the environment.
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Abstract Agronomy covers nearly 30% of the earth and intricately tied to environ-
mental quality. The environmental quality section is primarily concerned with
understanding how agriculture affects our environment and improving agricultural
management to increase air, soil, and water quality. Climate risk assessment is criti-
cal for effective adaption activity, and several techniques have emerged. The dynam-
ics of the individual component have received little consideration in climate risk and
vulnerability assessments. The article describes the major problem of climate which
occurs due to modern agriculture techniques. Crop sensitivity increases with an
increase in weather variability. Heat and drought are the most common stressors
encountered in the field, and they have a substantial impact on plants. Over uses of
pesticides may result in the degradation of biodiversity. Deforestation is considered
as the second largest source of anthropogenic cause of CO, in the atmosphere.
Amazon forests have supplied an important carbon sink service. The mature forest
may currently be jeopardized due to a variety of activities; for decades, mature for-
ests throughout Amazonia have made an important contribution to the mitigation of
climate change. Efforts to mitigate climate change through Reduced Emissions
from Deforestation and Degradation (REDD) rely on the mapping and monitoring
of tropical forest carbon stocks and emissions across large geographical areas.
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1 Introduction

Agronomy is a subfield of agricultural science that examines the theories and meth-
ods of crop, soil, and water management. Taken from the Greek words ‘“‘agros,”
which means “field,” and “nomos,” which means “to manage” (Maliwal et al. 2007).
In the subject of agriculture known as agronomy, methods are used to make the crop
more hospitable so that they produce more (Fadiji et al. 2022). Norman (1980)
defined agronomy as the science of altering the crop environment, which is compli-
cated with the dual objectives of enhancing agricultural output and understanding
the mechanism at work (Daughtry et al. 1984).

1.1 History of Agronomy

The drive for bigger and better harvests in the typical American landscape led to the
development of agronomy as a science in the twentieth century (Davidson et al.
2012). The field underwent rapid development as a field science with the establish-
ment an American society of agronomy in 1907. In 1938, Sir R.G. Staplendon pub-
lished a remark in Herbage Abstract (Insua et al. 2019).

1.2 Relation of Agronomy with Other Sciences

Agronomy comprises soil science, agriculture chemistry, crop anatomy, plant ecol-
ogy, and metabolism. It is very crucial to have a thorough grasp of the physiological,
synthetic, and biotic characteristics of agricultural land in order to influence the
environment. In a similar line, it is must to understand the physiology of crops in
order to their needs. Advanced economic analysis has benefited agricultural produc-
tivity. Agronomy is a significant area of study in agriculture science. While there are
numerous traditions associated with soil science, it is often perceived as a research-
based and technological field that strives to comprehend and influence processes at
the molecular level. Particularly in the anglophone tradition, agronomy is often
thought to be the application of plant and soil science to crop production. Due to the
fact that the majority of agronomic research is applied and practical, occurring in
experiment stations, laboratories, and on farmers’ fields, agronomists seldom find
themselves in the political or public spotlight. Agronomy is a phrase that has mul-
tiple meanings. It engages with husbandry on a regional and technical level, focus-
ing on the most recent state of the art. It is a general phrase that, on a global scale,
is used to describe the work of experts from a variety of fields, such as soil science,
plant breeding, and crop protection. In this chapter, it refers to a critical evaluation
of sugar beet production methods in light of environmental science and plant crop
physiology (Wuest et al. 2021).
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1.3 Understanding the Climate Risk

The added risk to farm business and output is climate change risk caused by the
increase in weather variability and extremes in the coming years (Zougmoré et al.
2021). It will probably become increasingly crucial to agricultural productivity. In
the next coming several centuries, the whole United State will warm by 2-to-5-
degree Fahrenheit (Raza et al. 2019). That increase in temperature is significantly
greater than rate of change that took place in the twentieth century. Winter and
spring precipitation will likely be higher in the Northern and in the South, whereas
summer so fall cloudburst will most likely be the same or less in most places (Jeyasri
et al. 2021). Although, determining the impact of climate changes in throughout the
year production and finances can be difficult (Grippa et al. 2019).

1.4 Understanding Crop Sensitivity to Climates

The sensitivity of crops increases with increased weather variability, forcing growth
to adapt in a variety of ways, frequently by switching cultivate they cultivate or by
adjusting the period of their rotations (Freitas et al. 2021). Heat waves and warm
nights are already affecting fruit set in vegetable crops and lowering grain crop
production in several regions of the country. Crop development is also being affected
by warmer winters and more unpredictable spring weather, particularly in crops
(Roudier et al. 2011). Crop production is quite weather-patterned. It is influenced by
interannual climatic changes, shocks during particular phonological stages, long-
term trends in average rainfall patterns temperature, and extreme weather events
(Javaid et al. 2022a). Various forms of pressures impact different crop species and
drastically affect at each morphological and physiological stage, whereas some
crops are more resistant to those stress than others. Climate carbon dioxide quantity
changes from 281 to 401 mol at the end of continuous erosion and unsustainable
fossil fuel use (Erans et al. 2022; Javaid et al. 2022b). At the end of the twenty-first
decade, the CO, concentration is estimated to rise by two or up to 800 moles (Weller
etal. 2021). The poor environmental conditions primarily affect agricultural yield in
underdeveloped nations, and intense temperatures and excessive CO, buildup have
led scientists to discover novel solutions to less foreseeable problems (Pivello et al.
2021). The yield of fresh smart climate cultivars of crop is required to tackle these
problems and ensure sustainability. Additional abiotic conditions that influence
stress include UV-B, light intensities, flooding, gas emissions, and physical and
chemical problem. An average temperature of the earth is predicted to rise by 2 °C
in the twenty-first century (Ramirez-Villegas et al. 2013). The harsh environmental
conditions seen all around of globe have an impact on all living things such as
humans, fish, animals, and plants. Everyone is concerned with the threat to global
climatic conditions because crop yields may be jeopardized by changes in many
environmental elements, which could jeopardize food security. According to recent
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studies, industrialized nations are more susceptible to climate shifts (8—11%) than
emerging nations (Zou et al. 2019).

1.5 Plant Yield and Climate Change

Weather variability had significant effect on plant physiology because of number of
reasons. Climate uncertainty and environmental stress increase the likelihood of
various (Wasaya et al. 2021). Challenges for plants are shown in Fig. 5.1; crop pro-
duction is impacted by climate change through direct, indirect, and socioeconomic
effects. Furthermore, as documented by the Food and Agriculture organizing (FAO)
and as visualized at Fig. 5.1, weather-changing events (dry spell, swamping, increas-
ing in temperature, etc.) are increasing tremendously. The current agricultural sys-
tems have limited variation and high input concentration, and unstable production
brought on by environmental changes on crops has exacerbated climate influences.
It is projected that the increase in intensity of rainfall, temperature fluctuations, salt,
and insecticides pesticides attacks will reduce crop output, raising the chances for
famine. In addition to temperature differences, rainfall has had an impact on crop
adaptation (Fig. 5.1).

The climate dramatically changes when the earth’s temperature rises because of
non-living stress. Weather changing can be exceedingly harmful and put naturally
occurring crop species in danger in many different ways (Alengebawy et al. 2021).
In case of field, heat and drought are the most common stressors which have a large

Increase productivity from
‘warmer temperatures

Deceased moisture stress
Possibility of growing new crops
Accelerated maturation rates

Longer growing season

Increased productivity from
enhanced CO2

CO2 fertilization only applied to some
crops and will at best be a small
temporary benefits for higher latitude
{IpcC)

Fig. 5.1 Climate change has direct, indirect, and socioeconomic implications for agriculture pro-
duction. Between 1990 and 2016, there was an enlarged number of extreme weather-related inci-
dents. (Porfirio et al. 2018)
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impact on plants. According to reports, plants need a specific temperature to grow
and blossom normally (Jeyasri et al. 2021; Mahmood et al. 2021). The production
and yield of grains are negatively impacted by heat stress, sterility is triggered by
cold stress, and the morpho-physiology of plants is negatively impacted by drought
stress. These climatic issues significantly impede plant growth and yield, leading to
extensive responses involving molecular, biochemical, physiological, and morpho-
logical changes. These impacts are elaborated upon in the context of “Global
Warming and Weather Variability: Pleasant and Unpleasant Effects on Agriculture
and Humans” (Fig. 5.2).

1.6 Excess Use of Pesticides and Insecticides

Pesticides are used to minimize insects and pests that attack and injure crops. From
decades, various insecticides have been made to protect crops. Pesticides help the
crops, but they have a detrimental effect on the ecosystem (Mahmood et al. 2016).
They degrade biodiversity because of the overuse of pesticides. The survival of
many organisms especially birds and aquatic life is threatened by toxic substances.
Concerns about pesticides have been raised regarding environmental stability and
sustainability (Rani et al. 2021). This chapter will address pesticides and their wide
range of applications and related environmental issues. This chapter will also cover
the long-time impact of pesticides on the climate and the pollution caused by
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pesticide misuse. As the chapter draws to a close, it addresses the strategies for end-
ing pesticide use before examining how the world will change in the future once
pesticides have been eradicated (Aqueel et al. 2015; Sarkar et al. 2021; Karimi et al.
2022). With the overall world, population will be increased by about 10 billion
people at the time of 2050, rising food production for every nation’s top priority.
Evidence suggests that the world’s population has been increasing by 97 million
people every year; because of multiple treatments of the water, air, and soil, ecosys-
tem has been contaminated by the continual application of persistent and non-
biodegradable pesticides. Furthermore, pesticides have been taken up by plants in
the upper tropic level of the food chain (Heong et al. 2015).

1.7 Pesticides Use (From Past to Present)

Pesticides have already been employed since the time of the Ancient Romans, who
used salts, ashes, and bitters to control weeds and burned sulfur to kill pests
(Mahmood et al. 2016). According to a Roman naturalist, arsenic is being used as a
pesticide (Li et al. 2022). In the 1600s, arsenic and honey were used to control ants.
Farming in the USA began employing synthetics such as calcium arsenate, sulfur,
and nicotine sulfate for field-related purposes in the late 1800s, but their efforts
were unsuccessful due to the crude steps. Arsenic, an alloyed form of copper, was
introduced in the USA in 1867 to combat the Colorado potato beetle infestation
(Kaur et al. 2019).

1.8 Pesticide Registration and Safety

Pesticide registration is a complex, time-consuming, and resource-intensive legal
and administrative procedure that requires the expertise and capabilities of both the
registration authority and pesticide producers. In order to ensure the safety of both
the active and inert chemicals used in the manufacturing of pesticides, potential
impacts connected with the usage of weed killers on human health and the environ-
ment are analyzed in this process.

1.9 Risks Associated with Pesticide Use

The hazards of using pesticides have outweighed any potential benefits. Pesticides
severely harm non-target species, the biodiversity of flora and fauna, aquatic and
terrestrial food webs, and ecosystems (Gongalves et al. 2021). Within a few hours
of application, 80-90% of the insecticides used can volatilize, according to
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(Majewski and Capel et al. 2019). It frequently happens when utilizing a sprayer.
The pesticides that are volatilized escape into air and may subsequently be harmful
for non-target organisms. The use of pesticides that volatilize from treated plants,
where even the droplets can adversely affect other plants, serves as a strong illustra-
tion of this phenomenon (Kaur et al. 2019). Pesticide exploitation has led to the
extinction of a number of terrestrial and aquatic species of flora and fauna.
Additionally, they put certain endangered species, including the bald eagle, pere-
grine falcon, and osprey, in danger of going extinct. Therefore, dangerous levels of
these contaminants have been discovered in water bodies, soil, and air (Rathi et al.
2021; Shrestha et al. 2021).

1.10 Impact of Pesticides and Insecticides on Wildlife
and the Environment

Pesticides have an impact on weather variability change during all stages of produc-
tion, delivery, and use. Pesticide manufacture emits three major greenhouse gases
CO,, methane, and N,O (Panchasara et al. 2021; Zhuang et al. 2022). Phosphate ore
is mined, purified, and synthesized into glyphosate, the active ingredient in the well-
known weed killer Roundup. Phosphate mining impacts the biosphere by eliminat-
ing wildlife habitats and polluting the air and water (Javaid et al. 2022b). The effects
of even trace levels of pesticides in waterways on fish and other aquatic fauna
worsen as water temperatures rise (Jensen et al. 2021). For instance, as the water’s
temperature rose from 45 to 63 °F, the toxicity of glyphosate in bluegill and rainbow
trout doubled. According to a scientific investigation, pesticides can affect endan-
gered salmon’s swimming ability, growth, development behavior, and reproduction
even at low doses (Jenkins 2021). Farm-found insects have enhanced winter sur-
vival and expanded the number of generations they can generate (Rathore and
Nollet 2012). Farmers now use toxic pesticides like neonicotinoids slathered on
seeds to regulate these insects as their population grows (Wilson and Fox 2021).
Neonicotinoids are pesticides that kill insects by inhibiting nerve impulses, which
resulted in a 40% decrease in insects throughout, excluding pollinators (Danion
et al. 2018; Yuan et al. 2019).

1.11 Solution and Hope for the Future

We have presented a bleak picture of what would happen if pesticide use and cli-
mate change proceed in their current patterns thus far. Embracing change may seem
unattainable, yet there is good news (White et al. 2019). By making little improve-
ments to our ordinary routine, such as what we eat, and by supporting laws that
encourage the production of pesticide-free foods, we can all work together to find
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solutions. Organic agricultural methods are vital since it is the main plan to fight
weather variability. Many of these approaches have their roots in indigenous and
black farming traditions. In my neighborhood, several small farmers are working
with land trusts to maintain farmland through regenerative agriculture (White et al.
2019). Now till agriculture and cover crops are examples of organic techniques that
lower down methane, nitrogen dioxide, and carbon dioxide emissions. Additionally,
by restoring the health of the soil, they aid in the conversion of CO, into oxygen and
strive to stop climate change (Tully and McAskill 2020). Healthy soil may store
more carbon and increase water filtration, resulting in cleaner water since it is alive
with microorganisms. It could be difficult to control pests and weeds without using
harmful pesticides, but it is doable (Tully et al. 2021). Numerous science-based
techniques will help you use fewer pesticides, such as flame weeding, mulching,
mechanical and manual weed removal, and choosing the least hazardous insecti-
cides. Beneficial insect populations can also be increased to eat pest insects
(Mazzoncini et al. 2010; Hassan et al. 2018).

1.12 High Emission of Carbon Dioxide and Methane
in the Environment

Crops may be affected directly by increase in atmospheric carbon dioxide levels or
indirectly by climatic changes, according to the results of controlled experiments
(Sarkar et al. 2021; Skendzi¢ et al. 2021). Carbon dioxide enhances dry matter pro-
duction, mostly through enhancing photosynthetic response, minimizing transpira-
tion, and excessive water use efficiency (Amitrano et al. 2021; Mahmood et al.
2022). For a doubling of CO, concentrations, for instance, yields of C; crops (like
wheat), for example, might increase by 10-50% (Hassan et al. 2019; Govere et al.
2022). Through a variety of methods, including crop effect study, marginal spatial
analysis and agricultural systems analysis, it has been determined how sensitive
crop yields are to variation in climate (Nobre et al. 2016). Such research suggests
that an average temperature of 2 °C may outcome in a 3—17% decline in potential
yields for the central mid-latitude grain regions (Phan et al. 2014) According to
research of agricultural systems, agronomic, policy, and market feedback mecha-
nisms could absorb or prevent a significant portion of the anticipated negative con-
sequences of climate change. These findings are merely preliminary (Karki and
Gurung 2012). The combined net impact of increased CO, and climate change on
world agriculture is now difficult to predict. Agricultural emissions primarily meth-
ane and nitrous oxide contribute significantly to anthropomorphic climate change
(Nisbet et al. 2021). Therefore, lowering these emissions could have a big impact on
mitigating climate change. Figure 5.3 shows the total emissions of greenhouse gases
by different source (Jiri et al. 2015).
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Fig. 5.3 Emission of different gases in purpose of energy sources. (Song et al. 2019)

1.13 Agricultural Greenhouse Gas Emission

Multiple climate toxicants such as CO,, CH,, and N,O are the three main con-
tributors to global warming that result from anthropogenic climate change (Javaid
etal. 2022a). These three greenhouse gases have linked with agriculture and food-
productive items, but direct agricultural emissions are exceptional in that CH, and
N,O predominate (Etminan et al. 2016). Reports described that these potential
gases from 21% to 37% emitted into the atmosphere from the world food system
(Clark et al. 2020). Methane and nitrous oxide, two non-CO, gases, make up a
disproportionately substantial portion of agricultural emissions (Smith et al.
2021). In another way to comprehend how agronomy contributes to climate
change and what may be accomplished by reducing agricultural emissions, we
must therefore grasp how emissions of these gases affect temperature change
(Hanif et al. 2022). Our common reporting metric of GWP100 Scientists devel-
oped GWP100 in 1990 as a way to balance greenhouse gases’ ability to cause
global warming (Myhre et al. 2014). It is necessary to give more attention to the
applications and constraints across various metrics (Jackson et al. 2019). We urge
the adoption of various alternative emission measurement methodologies, model-
ing of the pertinent impacts, and other future environmentally robust approaches
(Le Quéré et al. 2020; Weller et al. 2021).
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2 Principal Resource for Managing Climate Risk

The risk of climate unpredictability is always present in agricultural productivity.
Producers are frequently at the whim of uncontrollable environmental forces, espe-
cially variations in rainfall from season to season and between years. Changes from
the “normal” climate might provide the conditions for the occurrence of bugs and
outspread of diseases, among other production concerns. Climate data and projec-
tions can be used to optimize resource utilization, lower production risk, and boost
agricultural businesses’ profitability. However, simply supplying potential custom-
ers with improved climate projections is insufficient (Fraisse et al. 2016).

2.1 Natural Resources

Before the food arrives on our plates, food is produced, preserved, processed, pack-
aged, delivered, prepared, and saved. At every level, the food supply releases green-
house gases into the atmosphere. Large volumes of the powerful greenhouse gases
nitrous oxide and biogas are emitted specifically by agriculture. Belching is the
method through which methane produced by enteric fermentation during the diges-
tion of livestock is released into the environment. Additionally, it might escape from
manure and organic waste storage areas of landfills. Nitrous oxide emissions from
organic and mineral base nitrogen fertilizers are created indirectly. Pressure on
finite water resources increases as the population increase and water requirements
for agriculture, residential, industrial, and municipal use rise (Tompkins and Adger
2004). According to estimates, the agricultural sector alone uses over 85% of the
total water consumed by humans, with certain emerging nations seeing this percent-
age reach over 90%. Water withdrawals rise as a result of rising community require-
ments for grain and livestock production as shown in (Fig. 5.4).

2.2 Human Resources

To better understand human resources management and its evolution, it is very per-
tinent to understand the social elements that are affecting agricultural industry
(Dietz et al. 2020). Globalization and commercialization continuously define new
requirements for agricultural labor to improve the productivity and knowledge in
addition to land, labor, and capital which are crucial (Usman et al. 2021). Multination
corporations are playing a bigger role in the world’s economy and varied cultures
having a bigger impact on their HR policies and planning a solution for the mitiga-
tion of environmental pollution. Current HR policies are compatible with existing
acceptable behavior and patterns that transcend the workplace, a certain degree of
matching HR practices and local culture increase performance (Moustaghfir et al.
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2020). Staff employees must not only feel appreciated but also engaged with their
education if the mission of managing natural resources in the face of climate change
is to be completed (Amushila and Bussin 2021). Many government workers in pub-
lic administration started out as hands-on protectors of nation’s natural resources;
this passion has to be fully realized because the danger of climate change might
exacerbate organization issues. Current personnel may be well-equipped (or have
been given professional positions) to solve climate change concerns within the
framework of their current work procedures and management system (West
et al. 2009).

2.3 Financial Resources

Measures to mitigate and adapt to climate change are funded locally, nationally, or
internationally with funds from public, private, or alternate sources of finance (Khan
and Munira 2021). The party to the convention, Kyoto protocol, and Paris Agreement
is necessary for providing financial support to people who are less wealthy and
more vulnerable. This acknowledges the wide variation in how much each country
contributes to greenhouse gas emissions and how well-equipped they are to stop
them and deal with their effects. However, the responsibilities of the National
Development Bank (NDBs) in a developed and developing nation are seldom
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compared in the existing research in the role of NDBs in weather finance (Geddes
et al. 2018). Public policies are essential for financing renewable energy. Renewable
energy investment requires many policies since there are several marketplace sys-
tem failures, bottlenecks, hazards, and actors involved (Kern et al. 2017).

3 The Following Techniques Will Be Suitable for Boosting
the Climate

* Sustainable forests

e Organic farming

e Diverse crop rotation

e Rotational grazing

e Water management

e Practice such as conservation tillage
* Integrated system agriculture

e Rehabilitation of degraded pastures
* Amazon native tree species

e Use of organic fertilizers in sustainable agriculture
e Cultivating recovery capacity

3.1 Sustainable Forests

European forest institute and the Food and Agriculture Organization of the United
Nations (FAO) have just released a new report that forests are vital resources for
people’s livelihoods and are essential to solving many global concerns, such as cli-
mate catastrophe and poverty (EFI) (Katila et al. 2019). Sustainable forestry, also
known as sustainable forest management, was developed to fulfill demands for for-
est resources without jeopardizing their availability for future generations (Kumar
et al. 2021). Conceptually, this entails using procedures that may create essential
goods and services while also regenerating in accordance with nature’s regular pat-
tern without forests, and humanity could not exist (Gremmen 2022). The oxygen we
breathe is produced by trees through natural processes, and they also use carbon
dioxide from the atmosphere (Aitken and Simard 2015). Because trees can help to
absorb a significant amount of fossil fuel emissions generated by human activity,
sustainable forestry is the most important way that people will be reduced the effects
on weather variability (Jhariya et al. 2019). To reduce carbon emissions, our forests
are home to a significant portion of the terrestrial creatures on earth, which are vital
to our natural ecosystems. However, despite all of these causes, human activity is
gradually depleting our natural forest resources (Regnier et al. 2022). Due to this, it
is an imperative that people learn and adopt sustainable forestry practices and laws
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as soon as possible. Once our forests are gone, we will not be able to support our-
selves and our future generations in a sustainable way (Hahn and Knoke 2010).
Acknowledging the world carbon cycle and consequently weather change requires
quantifying. Forests play reasonable role toward the absorption, storage, and release
of carbon (Regnier et al. 2022).

3.2 Organic Farming

Compared to conventional farming, organic farming offers a comprehensive
approach that lessens its influence on the environment. Increasing the amount of
land used for organic farming can improve farming systems’ resilience, improve
soil health, and maintain or enhance biodiversity (Knapp and van der Heijden 2018;
Basavalingaiah et al. 2022). It can also help with climate change mitigation. The
amount of land used for organic farming can improve farming systems’ resilience,
improve soil health, and maintain or enhance biodiversity (Lin et al. 2011; Clark
2020). It can also help with climate change mitigation (MacRae et al. 2010).

3.3 Organic Consumes Less Energy and Reduces
GHG Emissions

Organic farming relies on creating closed nutrient cycles and reducing nitrogen
losses rather than being reliant on external, fossil fuel-intensive fertilizer or pesti-
cide inputs. This has the ability to cut agricultural GHG emissions by about 20%
globally (Maraseni et al. 2021). Animals in organic systems have access to free-
range areas and are permitted to graze as much as possible, and 65% of the food has
to come from the farm (Knapp and van der Heijden 2018). Refraining from using
synthetic fertilizer reduces N,O emissions from the soil by 40% per hectare in
organic farming (Burger et al. 2016). As a result of fewer animals and grassland-
based systems, emissions are reduced and soil carbon reserves are improved
(Guyomard et al. 2021).

3.4 Environmental Benefits of Organic

Organic farming is done through a process that works to conserve the environment
while simultaneously enhancing it (Wittwer et al. 2021). Organic agriculture
strengthens soil through techniques like composting, cover crops, and crop rotation
rather than relying on chemical fertilizers and pesticides can drain the soil of essen-
tial nutrients and hasten, and this will hasten environmental degradation.
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Additionally, organic farmers work to conserve and safeguard the natural environ-
ment using the knowledge that a variety of biological environments contributes in
the world’s ability to feed its population as well as the planet’s (Singh 2021).
Organic strategies aid in preventing hazardous and persistent chemical runoff from
entering our water sources (Spahr et al. 2020). Additionally, organic farming con-
tributes to the reduction of our carbon footprint and fight against weather variability
by forbidding the use of petroleum-based fertilizers and by absorbing CO, from the
atmosphere (Elbasiouny et al. 2020).

The data also show that different forms of energy were used in different ways. In
organic systems, 63% of the total energy was used for direct energy consumption
(labor, fuel, and equipment), compared to 27.5% for conventional systems (Khanali
et al. 2021). The production and delivery of off-farm inputs like seed, soil fertilizer,
and herbicide represented in diverse shades of green consumed the most indirect
energy in traditional systems, making up 72.5% of the system’s overall energy
needs. The results are anticipated to differ for permanent crops, and it should be
highlighted that these data represent annual agricultural output (Fess and Benedito
et al. 2018).

3.5 Diverse Crop Rotation

George Washington Carver, an agricultural chemist, created crop rotation tech-
niques to preserve soil nutrients and identified hundreds of new applications for
crops like peanuts and sweet potatoes (Benitez-Alfonso 2022). Crop rotation is
the technique of successively growing different crops on the same plot of land in
an effort to improve soil health, increase its nutrient content, and decrease the
number of weeds and insects that grow there (Aziz et al. 2022). The capacity to
disrupt the disease process in topsoil is very advantageous in diversified crop rota-
tion on the same farmland, and monoculture facilitates pathogen growth (Ripoche
et al. 2021). Without alternation, these pathogens can multiply in the soil and
outpace the spread making plant disease outbreaks worse. A host plant illness
might be the monoculture farming technique (Dhingra 2021). Pest control involves
halting the pest cycle, reducing weeds and disease, enhancing soil quality, and
protecting the ecosystem. In several parts of Europe, crop rotations are a crucial
component of agricultural management. A realistic carbon budget for an agricul-
tural ecosystem with intercropping can only be obtained when at least a full rota-
tion is taken into account; this is because cropping and fallow period are irregular
and rarely coincide with the scheduled year and because of different crops and
related agricultural practices in various carbon inputs into the soil.
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3.6 Alternating Grazing

The bulk density of rotational grazing was lower than that of regular grazing
(Baronti et al. 2022). Rotational grazing was identical to no grazing and had a higher
SOC than continuous grazing. Rotational grazing’s beneficial effects on SOC may
offer prospects for climate change mitigation. The aridity class had little influence
on grazing tactic comparison (Benitez-Alfonso 2022). We discovered that grazing
treatment can considerably affect soil performance and health outcomes when com-
pared between continuous and no grazing strategies. Furthermore, site-specific
environmental variables play crucial moderating affects (Kremen and Miles 2012).
These knowledge gaps would be greatly reduced, and our collective understanding
of the effects of grazing on soil quality would be greatly improved, resulting in
greater management and policy impacts. Consistent guidelines for soil health analy-
sis and coordination across regional, national, and international efforts would help
close these gaps in knowledge (Byrnes et al. 2018).

3.7 Core Idea

Grazing causes soil compaction when compared to areas with no grazing. Rotational
grazing techniques may offer a chance to reduce climate change (Byrnes et al.
2018). Through continual grazing, rotation increases soil bulk density and organic
matter content. Lowering grazing intensity raises soil organic carbon and bulk den-
sity. Environmental factors that are unique to a certain site are significant modera-
tors. The thicknesses show the flow of heat and water exchange, and the dotted lines
indicate the transport of water (blue) and heat (red). The highland pasture in posi-
tion A is in good condition; the meadow in position B is light to moderately degraded
and has a few tiny “Bare Land” patches, and the meadow in position C is severely
and substantially degraded and has several big “Bare Land” patches. According to
the University of Wisconsin, pastures are the greatest crop for lowering runoff, ero-
sion, and phosphorus in comparison to other land uses. As the grassland vegetation
gets thicker and the soil quality improves, the water quality also gets better (Gayer
et al. 2021).

3.8 Water Management

According to a recent UN Water Policy Brief, water management should be a major
component of the struggle to minimize the worst threat of environmental change
and cut greenhouse gas emissions. In addition to other anomalies such as water
scarcity, lower agricultural productivity, rising sea levels, melting ice caps, and loss
of biodiversity, the increased global temperature is considered one of the primary
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adverse outcomes of environmental change (Srivastav et al. 2021). The rising tem-
perature may cause the troposphere to produce more ozone at a faster pace Liu and
Wang 2020). In particular, environmental issues have been thought of as only an
increase in temperature, but as mentioned above, there are other aspects that have
been noted, such as changes in water availability, excess, decreasing rising per cap-
ita water requirements, changes in land use pattern, impacts on food security, etc.
Weather variability may have impacts in availability of water resources, energy pro-
duction, temperature, agricultural productivity, yearly rainfall pattern, and public
health among other things (Aggarwal et al. 2019). According to a number of studies,
water shortage is becoming a global issue due to climate change indicating that
creating resilience against water scarcity brought on by climate change requires
more focus on potable water control techniques than any other strategy (Howard
et al. 2010). Water stress region with severely low water supplies is made worse by
climate change growing competition for water potentially provoking violence.
Water stress or regions with severely low water supplies are made worse by climate
change, growing competition for water, and potentially provoking violence. The
world must become more water-smart (Ali et al. 2013; Naumann et al. 2018). We
cannot afford to wait since everyone has a party to play. Currently, there is climate
change. Water is a component of the answer, and we must act. The health and lives
of children will be protected by adjusting to the water consequence of climate
change. Reducing greenhouse gas emissions and switching to solar-powered water
system would help to save the children future.

3.9 Practice Such as Conservation Tillage

Conservation tillage was first advocated to mitigate soil erosion, enhance soil
organic compound content, and increase soil water storage. It is now recognized as
a component of the answer to alleviate the impacts of global warming and to ensure
sustainable farming (Harper et al. 2018). A definition from the Sustainable
Technology Resource Centre is among the most regularly used (CTIC). The parts
that follow will describe how conservation tillage works to improve soil health from
the perspectives of water interplay, soil physiochemical qualities, and the atmo-
sphere as well as by lowering greenhouse gases for lessening the consequences of
climate variability. Climate science is characterized by increased temperature,
uncertain rainfall, floods, droughts, windstorm, and other peak weather patterns.
These phenomena have shown a negative impact on agriculture by disrupting soil
structure, depleting soil nutrients, sinking biodiversity, spreading plant disease and
pests as well as lowering crop yield (Geisen et al. 2019).

More than 20 years ago, it was understood that when there is no-tillage, the pro-
portion of phosphorus and potassium that can be extracted from the soil rises, and
distinct gradients of these nutrients appear in the soil’s surface layers (Yadav et al.
2020). Some trends have arisen despite the fact that the outcomes of these tillage
studies show a lot of diversity (Piazza et al. 2019). A review of long-term trials
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assessing the impact of tillage on crop growth and production takes into consider-
ation variations in weather patterns, potential gradual changes in soil properties, and
the learning curve often observed with the adoption of new tillage methods. The
evaluation focuses exclusively on studies conducted in North America, Europe, and
New Zealand over the past 10 years or more (Akhter et al. 2020). When utilized for
bio-tillage, cover crops with deep, thick roots may significantly enhance the soil’s
shape and H,O and air transmission by creating bio-pores. The roots of a bio-tillage
cover crop should be deep and thick, growing quickly, decomposing leftover roots
quickly, adapting well to soil and climate conditions (Zhang and Peng 2021). Tillage
among the primary agronomic practices is believed to lower SOC stock and has a
significant impact on soil carbon emission. According to estimates, converting all
European farmland to zero tillage would eliminate all direct emissions of carbon
from fossil fuels (Panchasara et al. 2021). Numerous investigations claim that till-
age boosts the oxidation of organic carbon releasing a significant amount of CO,
into the atmosphere over small duration of time (Baveye et al. 2020). The amount of
CO, emitted right after tillage rose with plowing depth and was in very instance
much higher than the amount from the no-tillage condition. Through the cleavage of
organic compounds in soil (SOM), which also produce CO,_ intensive soil farming
lowers the overall carbon concentration (Hamidi et al. 2021).

Alteration in dissolved organic carbon (DOC) and dissolved organic nitrogen
(DON) pools, which serve as a platform and source of energy for heterotrophic
microbes, has an impact on greenhouse gases (Chow et al. 2022).

3.10 Integrated System Agriculture

Agriculture may be combined with cattle, livestock, and fish in an integrated agri-
cultural system to create year-round work opportunities, produce additional reve-
nue, and utilize the excreta of chickens, for instance, by placing them on the top
layer (van der Velden et al. 2022). Pigs are on the bottom layer, and agriculture and
the growth of fodder crops use the pond’s leftover groundwater. Rainwater harvest-
ing agriculture (RHA) is an intergrade method for semi-arid water management on
rain-fed land that was developed by experts in Gansu Province more than 10 years
ago. This system is made up of three primary components; a system for collecting
rainwater; an irrigation system that uses less water; and a system for producing
crops with exceptional efficiency. (Munir et al. 2021). An integrated farming system
should be considered to provide the basic needs of a household such as food (grains,
pulses, oilseed, milk, vegetables, honey, meat, etc.), feed, fodder, and fiber
(Choudhary et al. 2019). Undoubtedly, the bulk of farmers have been engaged in
farming for a very long time, but their main focus has been on separate elements
rather than an integrated approach. Numerous efforts have been made at the ICAR
and State Agriculture Universities’ level to increase the productivity of the various
farming system parts, such as crops, dairy, livestock, poultry, goat maintaining,
ducker, honey bees, agro-base, horticulture, and mushroom cultivation, but their
integration into the farming system as whole has lagged (Choudhary et al. 2019).
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3.11 Amazon Native Tree Species

Amazon’s financial cooperation has relied heavily on the extraction of both renew-
able and nonrenewable resources and environmental assets in the past 50 years,
which has resulted in substantial environmental factors throughout the area (Palahi
et al. 2020; Sharifi et al. 2021). It is possible for climate change brought on by rising
greenhouse gas emissions and another human force to raise air temperatures and
alter precipitation patterns in complicated ways (Sun et al. 2022). Identifying pres-
ent and likely future changes in climate factors, particularly those associated with
the hydrological cycle, in these places has not been a simple understanding, the
significance of knowing how climate influences the arrangement and operation of
the rainy forest that we know it today. This challenge for the Amazonian Forest is
brought on its part by the lack of theoretical analysis and in part by the precipita-
tion’s inherent fluctuation (Giardina et al. 2018; Powell et al. 2018). In comparison
to the world’s current annual human-induced carbon emissions, which amount to
approximately 9—14 decades’ worth (Makarov et al. 2020). If carbon emissions
from tropical forests throughout the world and the Amazon, in particular, are not
drastically reduced in the upcoming years, it will be very difficult to reduce global
warming and prevent overall temperature. The average temperature from rising by
no 2 °C (Smith et al. 2020). By setting the photosynthetic assimilation rate at 25%
of the maximal photosynthetic assimilation rate, the CO, fixation impacts are taken
into account in the computations (Huntingford et al. 2013).

4 Conclusion

Modern agriculture is an ever-evolving approach to agricultural innovation and
farming practices that empowers farmers to enhance efficiency while reducing the
natural resources needed to meet the global demands for food, fuel, and fiber.
Farmer can enhance productivity whilst reducing environment effect by using mod-
ern farming practice. In this chapter, we explore the modern agriculture and its
impact on environment. Here, we employ various techniques to mitigate the adverse
effects of pesticides, insecticides, and high carbon dioxide emissions on the envi-
ronment. These efforts involve utilizing human resources, including natural, social,
and financial resources, to effectively manage climate risks. Many techniques that
can help to boost up our climate are sustainable forest management. Without forests,
humanity could not exist. Because trees can help to absorb a significant amount of
fossil fuel emissions generated by human activities. Sustainable forestry is one of
the most important ways that people can lessen the effect of climate change. Organic
farming is also a way to improve the farming system and soil health and also enhance
biodiversity. Practices such as conservation tillage, rotational grazing, and water
management are also providing beneficial impacts on our soil condition as well as
boost up the climate.
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Crop Management for Sustainable Wheat o
Production
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Muhammad Mansoor Javaid, and Muhammad Ather Nadeem

Abstract Climate change is a serious issue over all the world as it directly influ-
ences on agriculture sector. Abiotic and biotic stresses occurred in response to envi-
ronmental changes. Crop yield is highly vulnerable to environmental changes.
Wheat is the major staple food globally and severely affected by changing climate.
Wheat is one of the most extensively grown crops in the world; however, its produc-
tivity lags behind that of other staple food crops. The main reason for this crop loss
is the environmental changes which badly affect the wheat crop. 1 °C increase in
temperature lowers 6% yield of wheat, and due to drought, 4.4% of yield loss is seen
in previous years. Food security and ecosystem resilience are the most serious
global issues. Climatic-smart agriculture is the only approach to reduce the detri-
mental impact of climate changes on wheat crop adaptability before they have a
significant influence on global crop production. In this book chapter, we summarize
the negative impacts of environment on wheat and climate-resilient technologies for
alleviating negative impact of climate on wheat production.
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1 Introduction

Agriculture is the only enterprise that is directly influenced by environmental
changes. Climate change is a global issue, but in developing countries of the world,
it is the worse shape because of inadequate measurements to combat these changes
and less information about diverse food production methods (Fahad and Wang
2018; Javaid et al. 2022a). Depending upon crop variety and location of investiga-
tion, 25% loss is projected in short period of time, although some researchers esti-
mated up to 50% loss by the year 2080 (Challinor et al. 2014; Javaid et al. 2022b).
Climatic variability accounts for 60% of crop yield reduction, posing a threat to
sustainable agricultural schemes and food security globally. Environmental changes
negatively influence income of small farmers, who rely entirely on crop farming for
a living. A recent research anticipated that 20% worldwide will rise in hungry peo-
ple by the year 2050 (Carty and Magrath 2013).

The condition is severe in Asia, where agriculture is particularly sensitive to cli-
mate change. Due to climatic changes, the region has faced a variety of issues,
including heat waves, rising temperatures, droughts, and floods (Hossain et al.
2020). Crop cultivation in countries of South Asia, such as Pakistan, India,
Bangladesh, and Nepal, is under serious threat of climate change (Hossain et al.
2019). The rise in average maximum temperature is expected to 1.4-1.8 °C (12%)
by 2030, besides 2.1-2.6 °C (21%) by 2050, in South Asia (Tesfaye et al. 2017;
Javaid et al. 2022c). According to one analysis, if suitable climate change adapta-
tion measures are not adopted by South Asian countries, their GDP will fall about
1.8% by the year 2050 and 8.8% by the year 2100 (Fig. 6.1) (Ahmed and
Suphachalasai 2014).

Pakistan is an agricultural-based country, which shares 18.9% of its GDP by
agriculture. Agricultural industry also employs 42.3% of the total population of

Fig. 6.1 Effects of
environmental change on
earth. (Ahmed and
Suphachalasai 2014)
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country and thus regarded as spine of Pakistan’s economy. Agriculture comprises
mostly the cattle, poultry, and fisheries sectors, as well as agricultural production,
with important cereal and other crops. The wheat is a principal food crop of Pakistan
and is grown all over the state to fulfill the staple food requirements. Agriculture of
Pakistan is facing significant danger from climate change, as Pakistan consistently
ranked between top 10 most vulnerable countries globally for more than 5 years
(Kreft et al. 2016; Mahmood et al. 2021).

Wheat is the first ever domesticated crop since 7000 and 9000 BC, and its culti-
vation is expanded throughout the world (Farooq et al. 2021; Kavamura et al. 2021).
Among the cereal crop, wheat is called king of cereals (Iqra et al. 2020). Wheat is
the staple food of 40% population of the world. Total cultivated area for wheat is
218 million hectares globally with total 765 million tons production, and its trade in
the world is more than all other crops combined. Wheat has 13% protein content
which is comparatively higher among other major cereals (Giraldo et al. 2019) and
supplies 40% energy calories globally (Hussain et al. 2021). As the wheat is major
consumable crop of the world, so by the year 2026, it is necessary to increase its
production up to 11%, with only increase in 1.8% of cultivated area (Kavamura
etal. 2021). A major part of wheat production is utilized by humans, while the other
is used as animal feed and industry processing (Pequeno et al. 2021).

Environmental conditions harm wheat production and many other crops (Javaid
et al. 2018). According to the Intergovernmental Panel on Climate Change (IPCC),
globally average temperature might be increased by up to 2 °C by 2050 (and 5 °C
by the year 2100), while traditional rainfall patterns are altered (Reynolds et al.
2021). Changes in temperature are highly dangerous for food security. In Pakistan,
there was a 4.4% decrease in wheat output in 2019 as compared to the previous year,
and it is also noted the wheat’s highly dubious prospects in 2019 because of severe
water deficit. Despite drought stress, increase in every 1 °C of temperature is
expected to reduce world wheat yield by 6% (Zhao et al. 2017).

If proper and early initiatives are not adopted to mitigate the detrimental effects
of climate change, Pakistan may continue to endure yield reduction and food short-
age and lower farm income (Mahmood et al. 2020). Most attempts to enhance food
production in the last part of the twentieth century focused on enhancing and
expanding modern agricultural inputs such as variety of new seeds, irrigation, and
artificial fertilizers and pesticides (Si et al. 2017; Adhikari et al. 2018).

Climatic resilience is defined as an agricultural system’s ability to maintain its
structures and assure the delivery of its services, with environmental variations and
extremes. This may be accomplished through agricultural practices, e.g., increasing
resilience capacities, durability, adjustability, and transformability (Meuwissen
et al. 2019). Some of the environmental resilient practices include crop rotation,
reduced tillage strategies, crop rotation, cover crops, decreased usage of mineral
resources, and organic agricultural production methods as shown in (Fig. 6.2;
Behnke et al. 2018). Unfortunately, due to greater risks and economic concerns, as
well as general opposition to modify in farm methods, these therapies have not
acquired widespread acceptance among farmers (Javaid et al. 2016; Roesch-
McNally et al. 2018).
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Fig. 6.2 Climate-resilient technologies to overcome impact of climate change on wheat. (Behnke
et al. 2018)

2 Crop Management Approaches

2.1 Crop Rotation

Crop rotation, utilization of drought-resistant seed varieties, short-period crops,
crop diversity, and altering planting dates are common climate-resilient sustainable
farming methods used by farmers (Viswanathan et al. 2020). Crop rotation or culti-
vating a series of crops on the same land is commonly practiced and aids in the
management of many agroecological issues such as deteriorating soil conditions
and emissions of greenhouse gases (Dury et al. 2012). Changing cultivated crop
combined with “no plowing” minimizes agricultural loss by 84% (Deuschle et al.
2019). Crop rotations with nitrogen-fixing crops like groundnuts, beans, and cow-
peas improve soil potency and boost availability of nutrients to succeeding crops,
resulting in higher crop production (Branca et al. 2013). Rotation of wheat with
sunflower improved soil organic matter in rain-fed regions of Spain (Pedraza et al.
2015). Selection of proper crops for rotation is vital, which boosts soil nitrogen
levels, increases plant biomass, and increases fertility of soil (Raphael et al. 2016).
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Improving soil fertility is a long-term solution for increasing agricultural yield
while increasing carbon storage and managing the carbon revolution (Bryan et al.
2013). The data from 3 years planting rotation of wheat after peas showed signifi-
cant wheat yield improvements up to 1.3 t ha~!. Wheat rotation with leguminous
plants increased wheat production by 0.9-2.7 t ha=! (Partal and Paraschivu 2020).

2.2 Changing Sowing Time

Changing sowing dates had positive effect on crop yield and is widely used as a
viable method in rice and wheat-growing areas (Jalota et al. 2012). To deal with ris-
ing temperatures, farmers may shift sowing date to a cooler time of year (Gorst et al.
2018). Changing sowing dates (reducing or delaying) in flowering may enhance
grain weight, yield of wheat, and protect from environmental variations (Garcia
et al. 2011). In the case of rising temperatures, extending the planting time might
improve wheat production from 4% to 6% (Mustafa et al. 2021).

2.3 Drought-Tolerant Seed Varieties

Approximately 80% of the total cultivated land is affected by drought globally.
Drought is serious limiting factor for wheat production. In Australia, 46% wheat
loss is due to drought by the year 2006 (Dai 2013). About 33% loss of wheat crop
in Pakistan is due to drought. Wheat performance may be genetically enhanced by
introducing improved alleles at existing loci by traditional crossing, helped by
marker and other technology. In general, increase of 10-50 Kg/ha is seen in grains
and legumes all over the world by genetically modified drought-resistant cultivars.
By genetically modified wheat and barley cultivars, 2-5 tons/ha increase in grain
yield has been observed (Mohammadi 2018).

2.4 Genetically Modified Seeds

Genetically modify (GM) seeds have several benefits in agronomy, and their appli-
cation in food crops is fiercely debated (Saab 2016). Several organizations, policy
makers, and scholars are suspicious to adopting GM food crops, despite the fact that
no adverse effects have been recorded in the past which raised concerns about their
usage (Viswanathan et al. 2020). Genetic diversity is examined as a critical tool for
developing novel cultivars which have genetic differences and resemblances (Raza
et al. 2018). Landraces are an important source of genetic research. For instance,
wheat landrace stored in a data bank includes more genomic diversity and solid
foundation for stress tolerance since it contains cultivars that are adaptable to a
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variety of climate stresses (Lopes et al. 2015). Wheat is an example of temperate
crop which is especially vulnerable to the effects of climate change. The wheat crop
has genetic ability to drought or heat stress tolerance, as well as a combination of
both stresses, by modifying its physiological and biochemical properties
(Viswanathan et al. 2020). Wheat breeders can adopt GM strategies to generate
superior wheat varieties that can withstand drought and heat stress. Advances in
phenotype and genomic selection provide new approaches for boosting genetic
gains in stressful conditions (Langridge and Reynolds 2021).

2.5 Cover Crops

Cover crops are described as extra crops sown on the land after harvest or crops
intercropped with the primary crop (Branca et al. 2013). Crop cover is significant
for ecological balance because it prevents soil from erosion, increases water avail-
ability, controls weeds, and manages mineral levels of soil (Meyer et al. 2019).
Several studies were conducted to demonstrate the advantages of crop covers
(Srivastav et al. 2021). It was reported that cover cropping with mucuna benefited
the maize yield. In Brazil, 198-246% increase is found in maize yield by using
cover crops (Branca et al. 2013). Multicrops cultivated as crop cover use less water
than a single crop cover (Meyer et al. 2020). Kaye and Quemada (2017) studied
cover cropping, highlighting that it contributes to climate change management,
enhances climate resilience, and reduces soil erosion following high rainfall in cen-
tral Spain and Pennsylvania. In the northern Great Plains and humid agricultural
systems of the USA, the effects of cover crops on soil health and production have
been extensively reported (Mesbah et al. 2019). In semiarid Montana, pea enhanced
winter wheat production by 5.2% (Miller et al. 2011). Lablab bean as cover crop
with wheat increased wheat output up to 14% (Northupl and Rao 2015).

3 Water Management Techniques

3.1 Improving Irrigation Water Usage

Globally, declining water levels are viewed as a serious danger to crop yield reduc-
tion, particularly in rice cultivation. Irrigation is most widely used to boost yields
while also reducing production variability. The selection of a suitable irrigation sys-
tem is critical to ensure the sustainability of limited water supplies (Viswanathan
et al. 2016). In India, irrigation water use for mitigating the rising temperature
effects on wheat growth and yield. Irrigated crop productivity is typically greater
than rain-fed crop. Irrigation has resulted in the greatest increase in yields in Madhya
Pradesh, Maharashtra, and Bihar (Zaveri and Lobell 2019). Indian government
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policies have supported irrigation expansion for decades to enhance agricultural
growth, reducing production risk, and decreasing rural poverty (Si et al. 2017).

3.2  Micro-irrigation Technologies

Drought susceptible states of India are progressively using technologies for water
conservation known as micro-irrigation system (MIS), particularly sprayer and drop
irrigation, as part of the National Micro Irrigation Mission (Tanveer et al. 2015;
Viswanathan et al. 2016). Numerous studies have revealed that using various types
of micro-irrigation systems (MISs) increases agricultural productivity and quality.
The MIS success examples can be found all over the world. Extensive usage of drip
irrigation aided Israeli farmers in maintaining agriculture on dry land (Tal 2016).
Implementation of MIS along different states of India, as a result of state and federal
policies, encouraged the use of sprayer and drop irrigation methods to combat envi-
ronmental water crisis (Bahinipati and Viswanathan 2019). According to reports,
greater use of MIS increased water savings by 39% and energy savings to 58%
(Kumar and Palanisami 2019). According to a research in Morocco, drip irrigation
produced 28% more wheat yield than surface irrigation (Ali et al. 2015; Suryavanshi
et al. 2015).

3.3 Rain Water Harvesting

Rainwater harvesting is an ancient method used to conserve water in dry areas.
Rainwater harvesting can help India and other underdeveloped countries to better
response for climate change. Rainwater storage also minimizes the usage of under-
ground water for agriculture (Srivastav et al. 2021). Researchers from the United
States and Zambia indicated that rainwater collected for cultivation is also used for
drinking purpose during times of great water scarcity (Viswanathan et al. 2020).
Rainwater collection and management, together with food and water security, have
become critical activities in the battle against climate change (Glendenning et al.
2012; Shahid et al. 2014). A study indicated that irrigation with rainwater up to
40-59 mm may improve wheat production from 2000 to 2250 Kg ha™! (Saleem and
Ali 2015).

3.4 Use of Microbes to Enhance Water Use Efficiency

Many different species of soil microorganisms help to protect crops from a variety
of soilborne diseases and water management issues. Mycorrhizal associations can
help improve water use efficiency and fertilizer management in the agroecosystem.
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Microorganisms help in attaining many forms of adaptations to climate change,
such as building resistance to harsh weather events, sustaining genetic variety, and
boosting water use efficiency under several biotic and abiotic stresses. The develop-
ment of osmoprotectants and the synthesis of proteins toward heat waves and
droughts can help to minimize the amount of stress in crops. The significance of
bacteria in the regulation of various forms of greenhouse gases will also be main-
tained, as well as climate change-resilient activities (Srivastav et al. 2021). Microbes
have the ability to reduce the effect of salinity up to 50% in wheat and increase yield
of wheat (EL Sabagh et al. 2021). There are two strategies for coping with climate
change via microbial biodiversity, one for providing natural equilibrium and the
other for developing adaptations in many habitats via various forms of biogeochem-
ical cycles (Wallenstein and Hall 2012; Tanveer et al. 2013).

4 Strategies for Sustainable Land Management

4.1 Sediment Retention

Sustainable land management is defined by the United Nations as “the utilization of
natural resources, such as land, water, livestock, and plants, to produce things to
fulfil changing human requirements, while assuring long-term production capabili-
ties of these resources and the preservation of their environmental services” (Sanz
etal. 2017). The government of India established the “Soil Health Card program” in
2014 that provides agriculturalists with information on fertilizers use and crop
planting depending on soil condition. Furthermore, natural fertilizer (compost),
rewilding, and sedimentation retention were demonstrated for durable land manage-
ment approaches. Nutrients retention in soil may increase wheat production signifi-
cantly (Keesstra et al. 2018).

4.2 Organic Farming

Fertilizers are essential for mitigating the effects of climate change and the adapta-
tion of plants. It offers significant energy to plants and maintains soil quality and
enhances yield. So, the significance of fertilizers in sustaining the world cannot be
overstated (Henderson et al. 2018). Compost positively improves crop yield without
causing any damage to soil. It is reported that 100% (2—4 t ha™!) increase was seen
in maize yield in Kenya, groundnut yield by 0.3-0.9 t ha~!, millet yield 0.3-1 t ha™!,
and Bolivia potato yield increased by 4-15 t ha~!. In Latin America, the use of green
manure and composting increased maize/wheat yields up to 198-250% (Viswanathan
et al. 2020). In Ethiopia, utilization of compost as compared to chemically fertilized
plots increased yield of wheat up to 20%, barley 9%, maize 7%, and finger millet
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3% (Branca et al. 2013). Despite the lower production as compared to traditional
farming, organic farming is regarded as a sustainable farming approach (Andersen
et al. 2015). According to Indian experts, organic agriculture improved soil health
and increased profit up to 22% despite loss of 9% in productivity due to the higher
price paid for verified organic food (Viswanathan et al. 2020). Because of some
issues organic farming provides less profits per unit product than conventional farm-
ing, it takes a bigger area to generate the same output (Muller et al. 2017).

4.3 Conservation Agriculture

Another ecofriendly approach of improving resilience to climate change is conser-
vation agriculture, which delivers crop yields comparable to traditional farming due
to reduced tillage, soil cover protection, and crop diversification (rotation) (Williams
et al. 2018). Independent landowners and environmental organizations in Europe,
notably the Great Britain, regard rewilding as a land management method. It often
includes methods such as establishing naturalistic grazing and fire regimes on grass-
lands or in boreal forests, as well as modifying flood patterns in river systems.
Rewilding further includes “passive management, natural recolonization, aided
migration, and the restoration of missing species from a system” (Viswanathan et al.
2020). According to studies, rewilding in Australia aims to improve ecosystems and
promote self-reliant habitats (Sandom et al. 2019). Sediment trapping is a success-
ful approach for mitigating the harmful impacts of soil degradation and conserving
the soil (Mekonnen et al. 2015).

5 Strategies for Managing Livelihoods

5.1 Agro-forestry

In some countries, integrated farming and agroforestry use as livelihood manage-
ment services (Singh and Singh 2017). According to studies, agroforestry is used
by 1.2 billion people in poor nations to sustain agricultural production and liveli-
hoods. Agroforestry systems include multiple trees mixed with agricultural crops,
nurseries, farmhouse plantings, soil conservation, and reclamation by trees or
plants, shelterbelts, windbreaks, and hydro-forestry (Viswanathan et al. 2020).
Such integrated practices are frequently used because they have the potential to
increase agricultural yield and food security through climate adaptation and miti-
gation techniques (Mbow et al. 2014). Vietnam is an example of adoption of suc-
cessful agroforestry because forest are less sensitive to low productivity due to
adverse weather, providing revenue, food, fodder, and other environmental bene-
fits (Nguyen et al. 2013).



116 R. Jameel et al.
5.2 Crop Livestock Integrated Farming

Integrated farming strategies are seen as a sustainable solution since they combine
crop production with a variety of livelihood strategies, such as livestock manage-
ment. It has been established that sustainable farming supports agricultural biodi-
versity and other food-based land use patterns that increase agroecosystems
resilience to climate change (Singh and Singh 2017). Due to increased urban
demand for meat and associated goods, animal farming or livestock management is
predicted to develop greatly in the future. Due to changing climates, farmers are
needed to make conscious decisions on specific livestock types or a hybrid of such
sorts that better matches the local location (Viswanathan et al. 2020). As compared
to cow dung and dairy slurry, poultry manure boosts wheat output (Aranguren et al.
2021). In maize-wheat production system, when 50 percent of mineral-N was
replaced with solid manure or liquid manure, economic profits improved signifi-
cantly to 17.2% and 19.1%, respectively, while endpoint environmental conse-
quences fell by 24.6% and 37.9% (Li et al. 2020).

5.3 Migration

Analysis reveals that rural families throughout the world are experiencing various
climate-resilient techniques linked to agricultural land and water management, as
well as livelihood maintenance. The success and sustainability of these methods
vary with area (Viswanathan et al. 2020). Technological interventions, such as laser
land leveling and desalination, have also aided in the development of climate-
resilient farming techniques. Simultaneously, successful implementation of most of
these techniques needs strong laws as well as financial and institutional help from
governments, private sectors producers of the technology, and related services
(Viswanathan et al. 2020).

6 Diversity in Crops
6.1 Yield Improvement and Climate Resilience

Grain yield is a polygenic trait influenced by environment or other factors. Landraces
have been shown to provide genes for grain production enhancement in irrigated
areas as well as in high temperature and drought stress conditions (Lopes et al.
2015). Landrace studies from throughout the world have found possible avenues for
increasing grain productivity and climate resistance (Mondal et al. 2016). Mexican
landraces are capable of adapting temperature and water stress (Vikram et al. 2016).
Synthetic hexaploid wheat, which is molded from wild tetraploid and diploid variet-
ies, has modern traits. In diploid wheat, genomic areas can lead to a roughly 10%
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increase in grain weight and grain production. In diploid wheat, genomic areas lead
to 10% increase in grain weight and grain production (Borner et al. 2015). Such
beneficial genetic variants can be transferred through synthetic wheat. According to
research, synthetic wheat cultivars may draw more water from deep soil, which is a
great adaptive characteristic under drought stress (Viswanathan et al. 2020). Other
synthetic variants that are more resistant to water-logged soils, high temperatures,
freezing, and wild variant of wheat are also rich in diversity (Mondal et al. 2016).

6.2 Disease Resistance

Diseases produced by fungus and fungal pathogens are a significant danger to wheat
productivity. New pathogenicity is evolved in all diseases by migration, variation,
selection, and recombination of pathogenic strains, although it is more common in
species that cause powdery mildew and rust. Diseases can cause harvest loss by 70%
in vulnerable types. Identifying and using multiple sources of long-lasting resistance
is one strategy for mitigating disease risk. The three rusts are globally significant fun-
gal diseases of wheat caused by obligatory parasites: stripe or yellow rust, leaf, or
brown rust and stem or black rust (Viswanathan et al. 2020). Though most of the genes
against rust, derived from hexaploid wheat, many are derived from wild varieties and
other genera, e.g., Aegilops, Dasypyrum, Secale, and Thinopyrum (Mondal et al. 2016).

6.3 Insect Pest Resistance

Global agricultural losses due to insect pests were estimated to approximately 5.1%
in the pre-green revolution era, but increased to 9.3% in the post-green revolution
era in the 1990s (Dhaliwal et al. 2010). Insects and pests are versatile and dynamic.
Changing temperature of environment can alter their morphology, activity, and dis-
tribution. For example, high temperature in winters may increase aphid generations
along each wheat growth cycle (Hulle et al. 2010). Fluctuations in temperature may
change the activity of aphid, while progress on resistance against disease greatly
influenced to wheat yield protection and control of insects have mostly relied on
pesticides usage. The introduction of resistant genes (single or combination with
several genes) to provide broad-spectrum defense against numerous diseases and
insect might have a major positive impact (Alford et al. 2014).

7 Climate-Resilient Agriculture (CRA)

Including FAO, several international and national organizations are continually
involved in resolving local and global development challenges caused by environ-
mental changes on agriculture by developing suitable strategies and institutional
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reforms (Viswanathan et al. 2020). Many countries of the world relied on agricul-
ture and its related sectors for livelihood. Extreme weather conditions are also the
hazards that agronomists must factor into their decisions against environmental
challenges (Lybbert and McPeak 2012). Apparently, farmer faces difficulties to take
any decision due to lack of information about crops, fertilizers, climatic variability,
diseases, and pest attack. This highlights the importance of broadening institutional
assistance, technical solutions, and overcoming techniques, technological solutions,
and strategies to overcome barriers against climate-resilient agriculture promotion
(Viswanathan et al. 2020; Imran et al. 2022).

Technological advancements can help in the usage of CRA methods besides
compromising farmer’s livelihood. Technologies under-develop for actual weather
forecasting, and decision-making is crucial for controlling irrigation schedules, fer-
tilizer usage, and crop selection (Sidhu et al. 2011). Application of various tech-
nologies, like laser leveling tensiometers and direct rice sowing, may improve
farm-level efficiency and the utilization of water and other essential inputs. (Trerup
2012; Mahmood et al. 2022). Social innovations have been demonstrated to be
effective in enabling climate change responses. Social innovations are important in
tackling climate change challenges because they help to develop links through col-
laborative activities on local scale, thereby providing a new aspect to climate change
action to institutional dynamics (Rodima-Taylor 2012). As compared to traditional
practices, the soil conservation strategy increased wheat output about 57% (Mustafa
et al. 2021).

Climate-smart villages (CSVs) are the concept that uses participatory techniques
to integrate administrative and technological choices for coping with climate change
in agriculture. This strategy seeks to find and improve CRA alternatives that per-
form effectively at local environment, so assisting policymakers, agricultural
experts, and global and regional investors in developing future agriculture policies.
CRA must evaluate the stability of its outcomes in order to generate positive and
long-term results (Viswanathan et al. 2020).

8 Conclusion and Future Perspectives

Climate change is the most serious limiting factor for production of wheat. Wheat is
highly sensitive to climatic variations. In response to these variations, a major yield
loss occurs globally every year. Several biotic and abiotic stresses occurred in
response to climate change. Drought is one of the major limiting factors as a result
of climate change which affects the growth and yield of wheat. Increase in tempera-
ture cause early maturation of wheat which greatly reduced wheat grain size and
weight. So here is the need to overcome the effect of these climatic changes to
ensure global food security. Batter understanding of climate-resilient technologies
will help to ameliorate the negative impact of environmental change on wheat crop.
We can improve the production by educating farmers about soil resilience
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(improving soil health), adaptations in crop varieties (genetically modified varieties
which can withstand by the extremities of climate), proper utilization of water, till-
age practices (adding organic manure in soils), and adaptations of livestock system.
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Abstract Weeds are ubiquitous in all cropping situations and can inflict major
losses in yield and production quality. In recent years, climate variability has caused
major impacts on natural and human ecosystems. Agriculture is directly impacted
by climate change amid rising atmospheric CO,, elevated temperatures, and changes
in rainfall patterns which have a substantial effect on growth and physiology of
crops and weeds. Weeds unlike other pests share a similar trophic level with crop
plants and pose competition for essential resources thereby causing substantial crop
yield losses. Climate change influences crop—weed interactions by favoring C,
weeds in the increased temperature scenario and poses serious yield penalties. Since
majority of the competitive weeds like Cyperus, Amaranthus, etc., are C, plants,
these would cause increased problem in future. Although CO, and temperature are
the major contributing factors for climate change, shifts in rainfall patterns also pose
weed management challenges and increased crop—weed competition. Reduced
water availability, due to frequent droughts, would shift the competitive balance
between crops and favor some xerophytic weed species. Climate change vis-a-vis
continuous and indiscriminate usage of herbicides poses several adverse effects on
biodiversity, environment, and human health. Integrated weed management (IWM)
components including weed prevention, optimal fertilizer schedule, summer tillage,
crop rotation, modified land preparation, altering crop geometry, seed rate and sow-
ing time, stale seedbed technique, use of weed competitive cultivars, cover crops,
residue, allelopathy, etc., which complement reduced and judicious herbicide appli-
cation should be promoted to combat weed problems under changing climate.
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1 Introduction

In the era of drastic climate change regimes, apart from unpredictable scarcity of
water, onset of sudden flood, UV-induced damage soil management remains the
most sort after arena of concern. Besides intense population growth, degradation
of arable soil, deprivation of adequate nutrient pool remains a challenge for the
researchers across the world. Abundance of heavy metals (HM)/metalloids in
arable soil beyond the threshold limit is another important factor that perhaps
exaggerated the challenges of soil management (Moulick et al. 2019a, 2020,
2021; Saha et al. 2019). As a result of HM contamination, severe consequences
can be seen in wide range of field crops and thus hinders their sustainable produc-
tion (Moulick et al. 2018a, b). These adverse effects imposed by HMs can be seen
in almost every stage of crops life cycle and even well documented in the post-
harvest phases also (Moulick et al. 2016a, 2018d, 2020, 2022). Moreover, expo-
sure of crops in HM-contaminated agroecosystem caused (a) inhibition of
germination and poor seedling establishment (Moulick et al. 2016b, 2017, 2018c,
2019b; Chowardhara et al. 2019a, b); (b) hampers the redox homeostasis
(Choudhury et al. 2021a, b; Mazumder et al. 2021, 2022; Choudhury et al. 2022a,
b). In reality, crops usually experience combination(s) of stress(es). As a result of
exposure to stress the internal redox homeostasis gets derailed, often beyond any
repair and ultimately resulted into death of the crop (or crops in cropping system)
and drastic decline in yield.

At present, global climate change has brought the scientific fraternity in front of
great challenges to secure yield stability, by avoiding/impart resilience to multiple
stress(es) operating simultaneously. The temperatures are predicted to have risen by
0.1-0.3 °C/decade worldwide, according to long-term warming patterns since pre-
industrial times (IPCC 2014). The Inter-Governmental Panel on Climate Change
(IPCC) has projected the temperature increase to be between 1.1 °C and 6.4 °C by
the end of the twenty-first century (IPCC 2007). On the other hand, the concentra-
tions of CO, in the atmosphere increased at a record-breaking speed of 419.05 parts
per million (ppm) in 2021 (IPCC 2021). This rise will continue in the near future
and reports are stating that it could exceed 600 ppm (Schimel et al. 1996), while the
IPCC also proposed, as a conservative prediction of 700 ppm by the end of the
twenty-first century (IPCC 2007).

Weeds seem to be more genetically diverse and physiologically flexible than
crops. As a result, weeds adapt rapidly and flourish in a variety of harsh environ-
ments. Climate change is anticipated to surge weed competition, resulting in larger
output losses if weed control is not properly implemented (Miri et al. 2012; Valerio
et al. 2013; Ghosh et al. 2021, 2022). Seasonal variations in temperature and CO,
may modify the crop—weed—pest relations and livestock agricultural systems, in
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addition to directly affecting crop growth and productivity. Further various unpre-
dictable hazardous natural events like draught, flood, heat stress, and cold waves
become more severe and will negatively affect the productivity of agroecosystems.
On the other hand, especially higher CO, levels will probably have a positive effect
on the productivity of some selected C3 crops such as wheat, rice, barley, and soy-
bean. Higher CO, levels are anticipated to increase agricultural yields by up to 13%
by 2050 (Jaggard et al. 2010). The elevated CO, results in partial stomatal closure,
which raises plant tissue temperature and has a negative effect on plant growth and
production. Aside from these directly connected problems, agricultural output and
quality may also be affected by unreliable rainfall patterns along with rise tempera-
tures during the growing season (Hatfield et al. 2011; Mahajan et al. 2012; Kadam
et al. 2014). The detrimental impact of concurrent temperature increases on most
food crops offset the positive effects of higher CO, on growth and production
(Prasad et al. 2001, 2005).

There is a global range expansion (introduction or migration into different
regions) of weedy vegetation, along with changes in species life cycles ultimately
leading to development of diverse climate smart weed population. Migration of
weeds will further lead to differences in the qualitative and quantitative nature of
weed populations in natural as well as in managed ecosystems too. In this chapter,
we focused our discussion on effect of elevated CO,, temperature and erratic rainfall
on weed dynamics, weed shift and future abundance under various environmental
conditions, behavior of herbicides on weed flora and their effectiveness under cli-
mate change and probable integrated weed management practices under context of
climate change.

2 Climate Change and Weed Dynamics

Weed having greater physiological elasticity as well as intraspecific genetic multi-
plicity as compared with most cultivated crops provides them with a modest edge in
catastrophic events such as cyclones, flooding, drought, and fires (from high tem-
perature) and followed by faster reestablishment after these unpredictable natural
calamities (Singh et al. 2011). The impact of climate change on single weed species
as well as community depends on a complex set of parameters. Future climatic sce-
nario may increase geographic expansion of aggressive weed species of tropical and
subtropical regions into temperate or cooler areas (e.g., Cassia, Amaranthus,
Sesbania, Crotalaria, Rottboellia, Imperata, Panicum, and Striga). Along with ele-
vated CO, condition will help C3 weeds to dominate over C4 weeds which will
again alter species diversity and density. Various facets of the climate change which
had an influence on the weeds may be due to the alteration in life cycle, changes in
crop—weed competition pattern and period, expansion in infestation area (introduc-
tion to new areas), and weed dynamics.
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2.1 Effects of Elevated CO, on Weed Dynamics

The change in CO, level may be favorable for net photosynthesis of C3 crops, as
most of the global cultivated crops are C3 whereas plants having C, photosynthetic
pathway may be less responsive to this projected elevated CO, level. Thus, elevated
level of CO, will have an essential role in crop—weed competition, degree of weed
infestation, and crop yield loss under climate change scenario. Numerous studies
give an idea about the nature of crop—weed competition between C3 crop and C4
weed, where a greater atmospheric CO, level at the vegetative growth of C3 crop
(like rice and wheat) generally favors over the growth of C4 weeds. However, when
both crop and weeds belongs to similar photosynthetic pathway, weed produced
higher biomass than crop under elevated CO, condition. It was reported that in
wheat (C3) crops, C3 weeds like Phalaris minor and Avena ludoviciana grew more
rapidly than wheat crops grown in environments with increasing CO, levels. On the
other hand, many economic important C4 crops like maize, sugarcane, and sorghum
face significant competition from C3 weeds like Chenopodium album L under ele-
vated CO, condition. (Ziska 2000). Further, Ziska et al. (2004) also reported that the
biomass of the sorghum yield-reducing velvet leaf weed (Abutilon theophrasti) rose
as a result of rising CO, levels. Growth and reproduction of Parthenium hysteropho-
rus had positive correlation with CO, levels (Naidu and Paroha 2008).

In rice (C3), sole enhancement in CO, levels led to higher competitiveness
against Echinochloa glabrescens, although the reverse was true in case of combined
increase in CO, and temperature. Increasing atmospheric CO, and related changes
in climate can directly affect weed physiology and alter crop weed interactions
thereby reduces the efficiency of weed control measures. However, the dominance
and appearance of weeds depends upon agro-climatic regions, associated crops and
management practices adopted, physiological suitability, and genetic variations
between weed and crop (Treharne 1989). For example, P. minor a C3 species is a
dominating weed in wheat in western Indo-Gangetic Plains of India.

2.2 Effects of Elevated Temperature on Weed Dynamics

The distribution of weed species across different agro-ecological regions depends
greatly on atmospheric temperature. Under raised up temperature, C4 weeds will
offer higher competition to the C3 crops. Dominant weeds in rice crop are C4, and
under elevated temperature, they become problematic in many areas. For example,
Ischaemum rugosum is a common weed of rice in tropical region but now it is also
an important weed of northern India. Under elevated temperature, parasitic weeds
like Striga spp. and Orobanche could be a serious threat for global crop production
(Mohamed et al. 2006, 2007; Phoenix and Press 2005). Under changing climatic
condition, weeds required higher temperature for their growth and development like
Datura stramonium L. would become more competitive (Cavero et al. 1999). By
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promoting growth and reproduction, elevated temperature also caused Hieracium
aurantiacum L. to be more abundant under climate change (Brinkley and
Bomford 2002).

2.3 Effects of Erratic Rainfall and Drought Weed Dynamics

The amount of rainfall plays a major role on weed emergence, dominance, and its
competition with crops be it C; or C, type (Choudhury et al. 2022c¢). The alteration
of rainfall period and amount could alter the occurrence of various weeds. For
instance, due to increased rainfall, the weed species Lepfochloa chinensis and
Marsilea quadrifolia have taken over the space once occupied by Echinochloa spp.
The prevalence of weeds and their effects on agricultural productivity could change
due to irregular rainfall patterns, increased aridity, and high temperatures. Changes
in distribution of rainfall favor hydromorphic weeds; however, C4 weed would be
more benefited over C3 weeds under drought spells. Under water stress condition or
dry spell during rainy season caused more crop—weed competition and resulted sig-
nificant amount of crop yield loss due to inferior crop growth. When comparing
well-watered soybeans to those under water stress, Xanthium strumarium L.s
impact on yield was more pronounced in the soybean crop (Mortensen and
Coble 1989).

3 Weed Shift Under Climate Change Scenario

Climate change will alter distribution of plant species, as well as the overall effec-
tiveness and production of ecosystem. In forests all over the world, increasing enor-
mous number of woody vines as a result of CO, enrichment has been linked to
higher tree mortality and impaired tree regeneration (Phillips et al. 2002).
Preliminary findings revealed that many weeds were more tolerant of cold tempera-
tures under elevated CO, (Boese et al. 1997), indicating that many weed species
may expand toward polar side (McDonald et al. 2009; Ziska and Dukes 2011).
Similarly, it was predicted that P. hysterophorus L, an invasive alien weed, may
spread to colder region in response to climate change, particularly high CO, levels
(Naidu 2013).

A surge in parasitic weeds would also represent a serious threat to the yield of the
rice and sorghum crops in rainfed agriculture (Rodenburg et al. 2011). Due to tem-
perature suitability, most of the harmful C3 and C4 weeds of the arable land are
restricted to tropical and subtropical regions and not seen in cooler regions (Holm
etal. 1997). Under climate change scenario, such species may adapt climatic condi-
tions in situ or transfer their range to colder regions of higher latitude in near future.
Several studies reported that such weeds often benefit in CO,-enriched environment
(Polley et al. 2002; Ziska and George 2004). Weeds like Lonicera sempervirens
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L. and Pueraria lobata (Lour.) Merr. have their geographic ranges expanded in the
past, and it is now a reality (Patterson 1995). Similarly, Ischaemum rugosum Salisb.
was predominantly reported to be found in warmer regions of India, but it is now
widespread in cooler regions of Northern India (Mahajan et al. 2012). The ongoing
cultivation of host crops, such as corn, sorghum, rice, sunflower, legumes, and veg-
etables, combined with inadequate soil fertility, particularly in tropical areas, is
causing an increase in parasitic weed concerns, such as Striga spp. and Orobanche
spp. Likewise, climate change has induced altered weed distribution, such as the
emergence of Marsilea spp. in India under the wet environments of rice. Severe
drought forces the transition to direct-seed rice, encouraging recalcitrant grass
weeds such as Dactyloctenium aegyptium, Eleusine indica, Leptochloa chinensis,
and aerobic rice (O. sativa) (Matloob et al. 2015). Under forecast climate change,
these weeds are expected to expand their geographic range, impacting the produc-
tivity of rain fed crops.

Due to their complex dispersion and higher adaption capacities, aggressive
weeds have the potential to detect climatic change (Bergmann et al. 2010). Weeds
strive to endure, once they have established themselves in order to maintain a new
environment (Smith et al. 2012). As a result, spectrum of shifts is frequently sup-
ported by natural selection, which results in genetic and evolutionary adaptations to
the new habitat (Richardson et al. 2013). Due to a lack of rainfall and protracted
drought, arable crops and pastures will develop slowly, leaving barren land and
allowing more robust drought-tolerant weeds to invade. Additionally, the impact of
increased CO, on the geographic spread of weeds in controlled ecosystems needs to
be taken into consideration (McDonald et al. 2009).

4 Herbicide Efficacy Under Climate Change Scenario

Herbicides are the synthesized chemicals which used to kill weeds and minimize
agricultural output losses. The application and usage of herbicides has been gradu-
ally enhanced worldwide in traditionally low herbicide using developing countries
where availability hand labor is low and expensive (Gianessi 2013). It is already
reported that elevated CO, and temperature can change herbicide efficacy (Varanasi
et al. 2016; Korres et al. 2016). For instance, elevated CO,-induced weed growth
could lower the time at seedling stage, which is the most critical and sensitive stage
to herbicide action. Herbicide absorption also declined due to CO,-induced stomatal
conductance. However, elevated temperature condition triggers herbicide efficacy
by increasing their absorption and followed by translocation of foliar herbicides, but
faster translocation increases the rate of metabolism, which ultimately minimize the
herbicidal action in the target plants (Johnson and Young 2002). It is reported that
increased CO, and temperature can modify the leaf’s structure and morphology by
increasing leaf thickness or changing the cuticle wax’s viscosity, which would
reduce the absorption of herbicides (Ziska and Bunce 2006). Therefore, there is a
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need to focus on effect of climate change on weed flora shift and herbicide resis-
tance to assure the global food security needs.

4.1 Effect of Elevated CO, on Herbicide Efficacy

Herbicide efficacy is influenced by the climate factors, and herbicides, predomi-
nantly foliage sprayed post-emergence (Kudsk and Kristensen 1992). A study by
Archambault et al. (2001) noticed that enrichment of CO, lowered the effectiveness
of the glyphosate. The impact on agriculture will be greater if these impacts are
typical and widespread.

The number and conductance of stomata decreased in C3 plants, but leaf thick-
ness increased, perhaps interfering with herbicide foliar absorption (Ainsworth and
Long 2005), as well as significant upsurge in starch buildup on the leaf surface
(Patterson 1995). Furthermore, if vegetative growth is accelerated which leads to
enhanced photosynthesis in because of increasing CO,, under such circumstances
perennial weeds may create more trouble in coming future. Higher vegetative
growth will cause dilution effect of the herbicide absorbed and therefore ultimately
reduce the effectiveness of the commonly used foliage applied herbicide such as
glyphosate; however, the specific mechanism causing enhanced resistance to
glyphosate remains unknown (Manea et al. 2011). This might be linked with
decrease in translocation rate as the root system matures. Furthermore, an upsurge
in the root—shoot ratio is one of the responsible factors for herbicide effectiveness
(Ziska et al. 2004). Therefore, future research should be focused on various molecu-
lar aspects of herbicidal defense mechanism operated in both C3 and C4 plants,
resource distribution to the below ground plant parts, source—sink interactions, and
mitochondrial respiration in the context of climate change scenarios.

4.2 Effect of Elevated Temperature on Herbicide Efficacy

The volatility of certain herbicides, such as trifluralin, increases as the temperature
rises, making them less effective (Beestman and Deming 1974). It was temperatures
(day/night 32/22 °C and 26/16 °C) which had less impact on acifluorfen (diphenyl
ether group) phytotoxicity in Xanthium strumarium L. and Ambrosia artemisiifolia
L. than relative humidity (Ritter and Coble 1981). However, the herbicides like
(imidazolinone group), flumetsulam (sulfonanilide family), and thifensulfuron (sul-
fonylurea group) degradation significantly affected by elevated temperature in soil
(Mcdowell et al. 1997). The herbicide glyphosate preoccupation is reliant on the
temperature, as clear indication from Desmodium tortuosum (Sw.) DC a C3 weed
(Sharma and Singh 2001). An increase in relative humidity/temperature boosted the
efficacy of mesotrione on X. strumarium and A. theophrasti by threefold (Johnson
and Young 2002). It was observed that when temperatures go beyond the range of
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20-34 °C, it reduced the action of pyrithiobac (a pyrimidinylthiobenzoic acid group)
on Amaranthus palmeri L. (Mahan et al. 2004). Anderson et al. (1993) reported that
relative humidity had the greatest impact on glufosinate ammonium phytotoxicity,
and this is due to alterations in cuticle hydration and droplet drying (Ramsey et al.
2005). Raphanus raphanistrum L., growing at low temperatures of 5/10 °C, was
poorly managed with 1200 g ai ha™! of glufosinate in controlled environmental
chambers in Australia under varied night/day temperatures of 5/10, 15/20, and
20/25 °C in comparison; mortality (%) was attained for the same dosage at 15/20
and 20/25 °C (Kumaratilake and Preston 2005), suggesting that glufosinate is more
efficient at higher temperatures (Table 7.1). These minimized herbicide efficacies
under climate change ultimately developed herbicide-resistant weeds under climate
change scenarios (Table 7.2).

5 Integrated Weed Management for Imparting
Climate Resilience

Climate variability is likely to alter growth of crops and weeds differentially thereby
having an impact on the weed control methods. Moreover, changes in numerous
climate factors may modify the crop—weed interactions and tilt the balance either
crop or weed. Opportunistic weed species show higher persistence under changing
climate in terms of superior seed dispersal and better adaptation abilities, and thus,
integrating various weed control practices is imperative for imparting climate
resilience.

5.1 Weed Prevention

Preventive weed management measures are those measures where weeds are
restricted from infesting an area. Conditions are created which reduce weed appear-
ance within the crop field and limit the spreading and perseverance of weed propa-
gules. Plant quarantine and weed legislation help to restrict exotic weeds from
possible entry into a new country. Prevention may include preventing weeds not to
germinate from soil and to form seeds, tubers, rhizomes, corms/cormlets, or other
propagules for dissemination; avoiding seed rains getting accumulated from else-
where; and facilitating exhaustion of seed bank. This approach is better if followed
before sowing of crops.
Principles of preventive weed control include:

(1) Minimizing seed production: An annual weed can produce up to several thou-
sands of seeds per plant which add to the soil seed bank and may cause prob-
lems for producers and future users. Seed production from weeds should be
prevented during the fallow period and on bunds and channels because these
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Table 7.1 Impact of temperature on herbicide efficacy

Climate

parameter Herbicide weed Impact Reference

Temperatures Acifluorfen (diphenylether | Xanthium Reduced the | Ritter and

(day/night group) phytotoxicity in strumarium L. efficacy Coble (1981)

32/22 °C and and Ambrosia

26/16 °C) artemisiifolia L.

Anincrease in | Mesotrione X. strumarium Enhanced Johnson and

relative and A. the efficacy | Young (2002)

humidity or theophrasti by threefold

temperature

Temperatures Pyrithiobac Amaranthus Reduced the | Mahan et al.

beyond the (pyrimidinylthiobenzoic | palmeri L. efficacy (2004)

range of acid group)

20-34 °C

Low Glufosinate ammonium Raphanus Reduced the | Kumaratilake

temperatures of raphanistrum L. | efficacy and Preston

5/10 °C (2005)

Elevated CO, Glyphosate Chenopodium Increased Ziska et al.

album L. tolerance to | (2004)
glyphosate

Elevated CO, Glyphosate Chloris gayana, | Reduced the | Manea et al.

Eragrostis efficacy (2011)
curvula,

Paspalum

dilatatum

Elevated CO, Glyphosate Cirsium arvense | Reduced the | Ziska et al.
efficacy (2004)

Elevated Flumiclorac Amaranthus Increased Fausey and

temperature retroflexus L. herbicide Renner (2001)
efficacy

Elevated Mesotrione Digitaria Reduced the | Johnson and

temperature sanguinalis efficacy Young (2002)

Elevated Mesotrione Amaranthus Reduced the | Godar et al.

temperature palmeri efficacy (2015)

High humidity | Glufosinate ammonium Setaria faberi Increased Anderson et al.
herbicide (1993)
efficacy

High humidity | Mesotrione Amaranthus Increased Johnson and

Rudis L. herbicide Young (2002)
efficacy

can contribute remarkably to the soil seed bank densities. Growing grasses,
legumes, or vegetables on bunds accompanied by appropriate weed manage-
ment measures may reduce weed seed production besides additional farm
income (Rao et al. 2017).
(i) Minimizing seed dispersal: Weeds having same maturity with the crop result in
contamination. Under weed-infested environments, farm-saved seeds, manures
or compost, and irrigation water can also get contaminated with weed seeds.
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Table 7.2 Herbicide-resistant weed cases under climate change scenario

D. Roy et al.

Exposed condition Weed Herbicide Reference
Increased Conyza Glyphosate Matzrafi et al.
temperatures and canadensis (2019)
elevated CO, Chenopodium
album
Echinochloa Cyhalofop-butyl Refatti et al. (2019)
colona
Phalaris minor Sulfosulfuron DWR (2014-15);
DWR (2015-16)
Phragmites Glyphosate Prince et al. (2018)
australis
(Gulf Coast type)
Elevated CO, Chenopodium Glyphosate Ziska et al. (1999)
giganteum
Chloris Gayana Glyphosate Manea et al. (2011)
Eragrostis curvula
Paspalum
dilatatum
Cirsium arvense | Glyphosate Ziska et al. (2004)
Elytrigia repens Glyphosate Ziska and Teasdale
(2000)
Sinapis arvensis | 4-chloro-2- Zaltauskaité et al.
methylphenoxyacetic acid (2023)
(MCPA)
Parthenium Glyphosate Cowie et al. (2020)
hysterophorus
Parthenium Glyphosate Bajwa et al. (2019)
hysterophorus
Phalaris minor Sulfosulfuron DWR (2014-15);
DWR (2015-16)
Increased Amaranthus Mesotrione Johnson and Young
temperatures Rudis, (2002)
Digitaria
sanguinalis
Amaranthus Mesotrione Godar et al. (2015)
palmeri
Phalaris minor Sulfosulfuron DWR (2014-15);
DWR (2015-16)
- Trifluralin Beestman and
Deming (1974)
Amaranthus Pyrithiobac Mahan et al. (2004)
palmeri
Kochia scoparia | Dicamba Ou et al. (2018)
Kochia scoparia | Glyphosate Ou et al. (2018)
Alternanthera Penoxsulam Willingham et al.
philoxeroides (2008)
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Using certified seeds and well-decomposed manures and compost can signifi-
cantly reduce weed seed ingression into crop fields. Weed seed dispersal
through irrigation can be minimized by analyzing irrigation water in canal-
irrigated areas and controlling weed proliferation in irrigation channels. Farm
equipment/machineries should be cleaned from attached soils and before mov-
ing from weed-infested area to other fields. Patches of new weed seedlings,
tubers, rhizomes, etc., may be destroyed by digging deep and burning the weed
along with its roots.

Safeguard measures consist of using pure and clean crop seed, certified seeds,
maintaining clean farm machineries and animals, well-decomposed farmyard
manure (FYM)/compost, weed control in nurseries, restricting weed proliferation in
farm bunds and irrigation channels, and enacting plant/ weed quarantine law (Das
2008). Agronomic practices and the weed control measure adopted for raising crops
have inherent weed prevention approach. Apart from the above-mentioned mea-
sures to check weed control, several emerging technologies/arenas could be tried to
develop resilience against weed-induced damages. Among the comparatively unex-
plored arena in weed management (a) utilization of crops wild relatives (Hossain
et al. 2022); (b) potential applications of metabolomics and/or metabolites
(Choudhury et al. 2021b; Hossain et al. 2021b); (c) utilization of next-generation
sequencing (Hossain et al. 2021a) could be a matter of interest.

5.2  Cultural/Ecological Weed Management

Cultural weed management can provide selective stimulation to crops toward better
competitiveness like higher crop vigor, which, ultimately, results in smothering of
weeds. It is well known that a healthy crop is the finest weed destroyer. Various
recommended cultural weed control practices include competitive crop cultivars,
modifying crop geometry and sowing time, scheduling fertilizers application and
irrigation to provide competitive advantage to crop, intercropping, stale seedbed,
residue mulching, and crop rotation (Behera et al. 2019; Das and Yaduraju 2012;
Singh et al. 2016). Under elevated CO, conditions, stimulation of belowground
growth of plants is higher than that of shoot growth. Therefore, enhanced root or
rhizome growth in such species makes manual elimination a tough task. In weeds
with asexual reproduction habit, higher CO, may stimulate additional plant propa-
gation from the rhizosphere and will have adverse consequences on weed regulation
(Ziska and Goins 2006). Extended growing seasons of weeds under climate varia-
tion scenario requires modification in cultural practices. For example, shifting from
puddled transplanting to dry direct-seeded rice under with aerated soil conditions
necessitates post-emergence weed management measures in order to sustain a
steady crop yield.
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5.2.1 Cultivar Selection

An ideal cultivar should have rapid seedling emergence, quick growth rate, higher
plant height, tillering or branching habit, rapid leaf area expansions, dense canopy,
rapid canopy closure, more developed root system, efficient nutrient use with tall
height, and indeterminate growth habit. Crops having allelopathic potential should
be opted for suppressing weeds (Sangeetha and Baskar 2015). Basmati rice culti-
vars have greater competitive capacity against weeds when compared with non-
basmati varieties may attributed to their early vigor, faster canopy coverage, and tall
stature (Singh et al. 2009). Tall-growing wheat genotype had a considerable sup-
pressive effect on the development of P. minor and caused more reduction in den-
sity, height, and total dry matter of this weed than dwarf varieties (Walia and
Singh 2005).

5.2.2 Modifying Crop Geometry and Sowing Time

Modifying row spacing and planting geometry in crops can alter crop—weed compe-
tition. Reducing the inter-row layout and increasing seeding density can limit weed
proliferation through faster canopy closure and reducing light availability to weeds
(Chauhan and Johnson 2011). Seeding rate >150 kg ha™! (Bhullar and Walia 2004)
and minimize the row spacing by 15 cm (Mahajan and Brar 2001) led to lesser dry
matter accrual of P. minor followed by increased yield of wheat over recommended
crop geometry. Compared to normal row spacing of 23 cm, there was a 25.0%
decrease in weed dry weight when rice was sown using the paired-row sowing
(15-30-15 cm) method (Mahajan and Chauhan 2011). Das (2008) found that early
sowing between October 25 and November 10 was advantageous to wheat against
P. minor since soil temperature was still high for germination of P. minor.

5.2.3 Fertilizer, Manures, and Irrigation Management

Most weed exhibited upgraded growth and modest ability with improved availabil-
ity of nitrogen, leading to rivalry for natural resources. Placement of fertilizers and
time of application significantly reduce weed dry biomass due to lesser availability
of applied nutrient in inter-row spaces (Pandey et al. 2006). Seed cum fertilizer
drills lead to placement of basal fertilizer below the seeds, thereby reducing fertil-
izer availability to surface-lying weeds. Increased grain yield and effective control
of P. minor with cross sowing of wheat and placement of fertilizer below the seed
were noticed compared to unidirectional sowing and broadcasting of fertilizers
(Pandey and Kumar 2005). Some of the nutrient management strategies to reduce
early competition from weeds include deep placement of fertilizer, basal nitrogen
application as Neem cake/ Karanja cake instead of urea (Ghosh et al. 2020a, b).
Effective soil moisture management is a tool to manage weeds in crop field. The
sub-surface drip irrigation results lesser weed density compared to surface flooding
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owing to minimal wetting of soil surface and lower amount of moisture available to
weeds. Ideal time and irrigations practices reported to be essential in minimizing the
weed density and weight (Das and Yaduraju 2007). Maintaining 2—5 cm water level
in the paddy field minimized weed emergence and lowered weed pressure specially
Cyperus rotundus (Chhokar et al. 2014). Good land leveling is critical to avoid high
spots where weeds can become established.

5.2.4 Crop Rotation, Intercropping, and Crop Diversification

Crop rotation with plants having dissimilar agro-ecology or cultural conditions
leads to interruption of normal life cycles of awkward weeds like P. minor and lower
emergence (Chhokar et al. 2008). Growing berseem after wheat harvesting in rice—
wheat cropping system lowered seed stock of P. minor, since the P. minor were also
cut while harvesting of berseem which prevented seed setting and shedding (Singh
et al. 1999).

Similarly, in potato cropping systems, emerged P. minor plants can be uprooted
during soil manipulation (Singh et al. 1999). Intercropping in sugarcane with
legume (mungbean/black gram) and legumes in sorghum, wheat, and maize have
been reported beneficial toward weed management (Das, 2008). Intercropping is
ideal for wide row-spaced crops with narrow row-spaced crops and of tall-growing
crops with short-stature crops. Cowpea, green gram, black gram, soybean when
intercropped with maize, sorghum, and pearl millet could manage weeds to a large
extent. A. ludoviciana, P. minor; etc., are existing in wheat crop (Singh et al. 1999),
and Echinochloa sp. existing in rice crop under rice—wheat cropping system were
largely controlled when wheat was replaced with berseem, mustard, or winter maize
for 3—4 years. Other promising crop rotations, which could reduce P. minor to a
large extent in rice—wheat system, are as follows: rice—fallow—sugarcane—ratoon
sugarcane—sunflower-rice—wheat—sugarcane (4 years), rice—potato—sunflower
(1 year), rice—potato—onion (1 year), and rice-mustard—sugarcane (2 years)
(Chhokar et al. 2008). Including low land rice in crop rotation can reduce problem-
atic weeds like Cyperus rotundus owing to anoxic conditions.

5.2.5 Cover Crops

Cover crop can modify the weed’s microclimate as it can block available light,
change soil temperature, deprive the weeds of moisture and nutrients, and thus sup-
press weeds and reduce soil seed bank. Cover crops like cowpea, lucerne, lablab
bean, rye, oat, clovers, and buckwheat had a smothering action on weeds (Price
et al. 2006). Additionally, cover crops act as a weed-suppressive mulch after their
termination or incorporation (green manuring). Allelopathic effects are also evident
in certain cover crops like Buckwheat, oat, cereal rye, and sunflower (Jabran et al.
2015). Leguminous crops may be employed as mulch for weed suppression with
60-80% establishment, when incorporated can lower the nitrogen fertilizer demand
(~75 kg N ha™!) (Korres et al. 2010).
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5.2.6 Stale Seed Bed

Stale seedbed is an important strategy for exhausting 23 initial flushes of weeds
before crops are sown (20-25 days prior to normal sowing date), thus reducing
weed pressure in a crop. Before sowing/transplanting, weed germination is stimu-
lated through shallow tillage followed by irrigation and thereafter those are elimi-
nated by using a non-selective herbicide (paraquat, glyphosate, or glufosinate) or
plowing. This practice not only reduces weed pressure during the crop season but
also exhausts the weed seed bank. Stale seedbed with a stimulating irrigation once
along with glyphosate application reduced grassy weed, broadleaf weeds density,
and sedges by 44%, 58%, and by 56%, respectively, with an overall 62% reduction
in weed growth rate in comparison with recommended practices (Kumar et al. 2013).

5.2.77 Allelopathy

Allelopathy is the adverse impacts of biochemicals (direct/indirect) generated by
one plants or microorganisms on the growth and development of the adjacent plants
and microorganisms in the vicinity (Molisch 1937). Plants with allelopathic capa-
bility are regarded as an alternative, sustainable substitutes effective for weed con-
trol and are means to decline reliance on herbicides (Appiah et al. 2015). Allelopathic
crops can be integrated in crop rotations, intercropping, or mulch crops for under
integrated weed management modules. Allelopathic impact of rice stubble and
straw was demonstrated by Tamak et al. (1994) against P. minor and other weeds.
They found that 10% concentration of straw-stubble extract caused greater inhibi-
tion of seed germination 2 days after sowing (DAS), compared to 6 and 10 DAS,
respectively.

5.2.8 Brown Manuring

Brown manuring involves co-culturing of legumes such as dhaincha (Sesbania) or
sunnhemp (Crotalaria) with cereals and desiccating them before flowering (Maitra
and Zaman 2017). In order to execute brown manuring in rice, Sesbania (25 kg/ha)
is grown together as co-culture for initial 25-30 days and thereafter selectively con-
trolled by herbicides 2,4-D (0.50 kg a.i/ha or bispyribac-Na @ 20-25 g a.i/ha) (Das
et al. 2019). Sesbania plants performs twin role of dead and live mulch leading to
weed minimizing and trim down herbicide usage in rice. This procedure may be
practiced in maize for better profitability and weed management. Brown manuring
lower broad-leaved weed densities by 76-83% and grass densities by 20-33%),
respectively. Upon comparison with only a rice crop, it also cuts infestations of
problematic Cyperus rotundus considerably weeds (Das et al. 2019).
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5.2.9 Weed Seed Predation and Decay

Weed seed predation and decay are effective tools for depleting weed seed banks. In
general, conservation tillage led to a greater fraction of weed seeds lying on the
topsoil where they are more inclined to seed predation, while residue mulch offers
a promising habitat for seed predators and decaying agents (Chauhan et al. 2010).
Similarly, zero tillage with higher soil moisture and higher microbial diversity in
surface favors microbial-mediated seed decay (Das et al. 2020).

5.3 Physical/Mechanical Weed Management

Physical methods of weed control, i.e., tillage/discing/harrowing, hand weeding/
pulling, hoeing, digging, sickling, burning, flooding are being followed since
ancient times. Mechanical weeding is machine-intensive and can be adopted using
tractor-drawn equipment in large farms under conventional agriculture. Some
tractor-operated weeders are standard/high residue rotary hoe, spike-tooth/spring
tine harrow, flex-tyne weeder, finger weeder, rotating wire weeder, and pneumatic
weeder (Bond et al. 2003). Rotational tillage is a better style for weed management,
particularly under several cropping systems. Hand weeding using small hand tools/
implements is drudgery-some and labor-dependent. It is efficient enough against
shallow-rooted annual and biennial weeds but not against deep-rooted and perennial
weeds. Digging-out underground perennating structures from deep soil layers can
reduce perennial weeds considerably but is labor-intensive and less economical
(Brainard et al. 2013). Similarly, there is scope for thermal weed control (Bauer
et al. 2020), but selectivity achieved through a certain heat tolerance of the crop is
difficult to actuate in fields which may pose jeopardy of crop damage and fire from
dry plant residues. Although most conventional physical methods are less economi-
cal and labor-intensive, they offer enough potential for location-based integration as
an element of the IWM.

5.3.1 Tillage and Crop Establishment

Summer plowing or off-season tillage is an efficient weed management procedure
for disrupting the growth of perennial weed population by desiccating the weed
propagule through exposure in hot sun. While inversion tillage disk and moldboard
plow result in depth burial and dispersal of seed in the plow layer, non-inversion
tillage like chiseling and reduced tillage leave a higher proportion of seed close to
surface. Higher fraction of weed seed is left near the soil surface after non-inversion
tillage results in higher weed germination and establishment in the initial years.
Intensive tillage may negatively impact soil conservation, promote soil erosion,
reduce soil biological diversity, and deplete/oxidize soil organic carbon from topsoil
(Das et al. 2020). Revolving tillage system with green manuring, cover crops, soil
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amendments, residue incorporation, and organic manures may potentially reduce
the negative effect of tillage. Tillage also provides germination promoters for weeds
through scarification, light flashes, temperature variation, ambient CO, concentra-
tions, and/or greater nitrate concentrations for breaking dormancy (Benech-Arnold
et al. 2000). Under conservation agriculture system, advocating no till, shift in weed
community from annual broadleaf species to annual grasses, and perennials have
been reported (Erenstein and Laxmi 2008; Nichols et al. 2015). Lower grassy weed
density with P. minor and A. ludoviciana was reported under zero tillage in wheat in
contrast to reduced and conventional tillage, while density of Rumex denticulatus
was higher in zero tillage (Brar and Walia 2009; Chhokar et al. 2007).

Bed planting proved advantageous method over flat conventional sowing of
wheat as bed planting reduced the number of P. minor by 12.5% over flat sowing
(Walia et al. 2003). Raised bed raising of wheat provides an opportunity for mechan-
ical weeding and also reduces the weed interference by burial the weed seeds deep
during bed preparation. Also, the inter-row bed space is used to manage weeds by
mechanically during the early vegetative growth of weeds. Reshaping the bed before
planting of wheat can kill the first level of P. minor seedlings (Das et al. 2014b).

5.3.2 Soil Solarization

Soil solarization employs a hydrothermal process for raising soil temperatures by
trapping short-wave solar radiation (Das and Yaduraju 2008). In this process, a
transparent polyethylene film is placed over the field after proper leveling which
increases temperature of soil to a level lethal to weed seeds, insect pests, pathogens,
and nematodes. During summer (April to June), solarization can be done for a mini-
mum of 2 weeks’ period for optimum control of weeds, while prolonged treatment
would result in elongated weed free periods. It may control weeds in the wet-season
(kharif) and the effect may continue in the winter (rabi) crops unless soil disturbed.

5.3.3 Mulching and Crop Residue

Mulches control weeds through light exclusion, physical barrier to seeding emer-
gence, and allelopathy (Das 2008). Mulch includes clean straw, hay or manure, saw
dust, crop stubbles, black plastic, etc. Datta et al. (2017) observed that mulch @ 5 t/
ha after the first weeding and mulch @ 5 t/ha fb sulfentrazone @ 0.3 kg/ha recorded
a noteworthy reduction in weed density as well as weed dry weight and therefore
higher weed control efficiency at harvesting. Wheat residue mulch of 5 t/ha declined
the density of grass (73—-76%), broadleaf (65-67%), and sedge (22-70%), associ-
ated with no residue control in zero till direct-seeded rice (Kumar et al. 2013). To
compensate the limited availability of residues for mulch during the rice season,
growing short-duration catch crops such as mungbean [Vigna radiata (L.)
R. Wilczek] during the fallow period between wheat harvest and rice planting and
retaining the entire mungbean residue as mulch in rice is an effective IWM practice
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in RW system (Baghel et al. 2020). Black polythene mulch recorded significantly
less weed density and dry biomass over water hyacinth, paddy straw, and wheat
straw mulch, respectively (Goswami and Saha 2006).

5.3.4 Use of Weeders

In the current scenario, non-availability of agricultural labours coupled with higher
wage is causing mechanical weeders to become more and more popular. The
machineries like mini-weeders, power tillers, mini-tractor-drawn rotavator have
applicability for weed control in wider spaced field crops like sugarcane, cotton, and
orchards. Cono-weeder is popular for managing the submerged or water loving
weeds in the puddled transplanted rice field. In the cotton crop, the use of mini
weeder and power tillers found use full to manage different types of weeds. CRIJAF
Nail weeder and cycle weeder can effectively control weeds in jute besides reducing
drudgery, increasing productivity, and conserving moisture. Weeders play an imper-
ative role under organic farming systems. In case of cono-weeder, amalgamation of
Sesbania and Azolla resulted in greater weed control during vegetative stages of rice
crop particularly for SRI or System of Rice Intensification.

5.3.5 Thermal Weed Control

Thermal weed control methods comprise of (a) hot water treatment, steaming and
flaming, infrared weeders or hot air and (b) indirect heating by using microwaves,
electrocution, laser radiation, or UV light (Korres et al. 2019). Steaming has been
advocated to kill weed seeds and soil-borne pests and pathogens. Steaming is more
effective as compared to the stale seedbed technique and soil solarization for reduc-
ing the weed seed bank and can execute weed seeds suppressed up to 20 cm deep in
soil (Barberi et al. 2009). Flaming is one of the most extensively used thermal weed
control method, particularly in organic agriculture. Exposure to intense heat (with
flame temperature of 800—1000 °C for 1 s) causes osmolysis and cell death resulting
in reasonable weed control (Ascard 1997).

5.4 Biological Weed Management

Biological control fosters a prey—predator relationship between the weed and bioag-
ent (insects, pathogens) and follows the natural law of homeostasis, the science of
check, and balance (Das 2008). It conveys not to eradicate weeds completely but
bring weeds density within the economic permissible level (Das 2008). Biological
weed management is pocket friendly, self-sustaining, and eco-friendly in contrast to
other popular of weed management methods. The control of Eichhornia crassipes
in large aquatic bodies by using Neochetina eichhorniae and other bioagents
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(Coetzee et al. 2011) and the control of P. hysterophorus (Parthenium) by using
Zygogramma bicolorata (Mexican beetle) and other insects (Singh et al. 2017) are
the successful cases of biological control of weeds, globally. Biological control is
relatively cheap, least toxic to humans/animals and environment, and effective and
adaptable for controlling perennial, parasitic, and invasive weeds. Growth, develop-
ment, and reproductive fluctuations in the selected weedy target due to varying cli-
mate could alter the efficacy of the biocontrol agents.

Bioherbicides are inoculums of plant pathogens, mainly fungi, capable of in vitro
culturing in artificial media and mass production and applied directly to target
weeds to kill/ reduce their population/growth. The pathogen bioagent generally
remains active only on target weed in selective crop; therefore, it needs to be sprayed
on target weed in every season. Bioherbicides research gained attention in 1980s,
when some potent pathogens were successfully utilized to make effective formula-
tions for weed control.

Biological/bioherbicide approach has inherent limitations for higher implemen-
tation in crops. Most bioagents kill single weed; therefore, weed problem in a crop
infested with a large variety of weeds remains hardly resolved. For all weeds, spe-
cific bioagents or bioherbicides are not available. Furthermore, it is a slow process
of killing of weeds; early weed competition may cause sufficient damage to crops;
environment and ecology greatly affect their stability and performance; the shelf life
of bioherbicides is very less compared to herbicides; high production cost involved
in their rearing/culturing, mass production, application; and bioherbicides need reg-
istration with Environmental Protection Agency (EPA), which is a long time-taking
process. Despite all these, this method offers potential for application in crop/loca-
tion-based management of single dominant weed (annual/perennial) such as P. minor
in wheat in India; P. hysterophorus in terrestrial non-cropped situations; Eichhornia
crassipes, Salvinia molesta in water bodies (Das et al. 2014a) across the world.

5.4.1 Bioagents

These are commercially formulated and sprayed like herbicides over crop and
weeds in the field. The rust fungus Puccinia canaliculata (Schw.) Lagerh has the
probable to control the yellow nutsedge (C. esculentus). Release of the pathogen, in
the spring on the seedlings of yellow nutsedge lessened the plant population, ham-
pers tuber formation and flowering (Phatak et al. 1987). Deleterious rhizobacteria
(DRB) colonizing plant root surfaces decrease their root growth and proliferation.
Biological control of downy brome weed in winter wheat by Pseudomonas spp. has
been demonstrated under field conditions (Kennedy et al. 1991).

5.4.2 Biobased Herbicide Products

Essential oils having herbicidal activity and approved for organic farming include
pine, clove, lemongrass, and manuka oil (Korres et al. 2019). These oils although
having quick action are non-selective and volatilize in short time span. Dead cells
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and metabolites of Streptomyces acidiscabies were found to have selective pre- and
post-emergence control of numerous weed species (Korres etal. 2019). “Sarmentine”
is a contact herbicide with broad-spectrum (Huang et al. 2010). Brassica (Rapeseed
and mustard) seed meal containing glucosinolates gain herbicidal properties upon
enzymatic hydrolysis by myrosinase. They provide adequate control of several
weed species including wild oat (A. fatua), Lolium multiflorum, Lactuca, and
Amaranthus retroflexus (Handiseni et al. 2011).

5.5 Chemical Weed Control

Agriculture systems have wide necessity on herbicides. Application of herbicide is
cost-effective compared to conventional weeding methods, requires less labor, tack-
les difficult-to-control weeds, and allows flexibility in weed management. Usually
non-residual, non-selective herbicides like glyphosate, paraquat, or glufosinate AM
are recommended under ZT conditions before crop sowing for eliminating existing
weed flush. Subsequently, pre-emergence herbicide is essential for reducing flush of
germinating annual weeds coming up with the crops. Moreover, selective post-
emergence herbicides, if available, may be applied at an appropriate crop growth
stage depending on the weed intensity.

Effectiveness of herbicide largely depends on the climatic condition. Drought
and increased temperatures can reduce uptake of herbicides, volatilization, and
structural disintegration thereby reducing its effectiveness. Exposure to elevated
CO, leads to anatomical, morphological, and physiological changes in weeds that in
turn affect overall effectiveness of herbicides due to changes in uptake rates and
translocation of herbicides. Manea et al. (2011) reported increased glyphosate toler-
ance under elevated CO, among three of four C4 grass species. The reasons might
be that increasing CO, caused leaf thickness and reduced stomatal number and con-
ductance that restricts the uptake of foliar-applied herbicides. Moreover, greater dry
matter accumulation under elevated CO, levels could cause dilution of applied her-
bicide and thereby lowering its efficacy. CO, enrichment led to higher starch depos-
its especially in C3 plants which cause interference with herbicide activity (Patterson
et al. 1999).

5.6 Precision Weed Management

SSWM or site-specific weed management, i.e., advocating control methods only
where weeds are found/detected insignificant quantities compare to those causing
economic losses, offers economic and environmental benefits. For this, the instru-
ment linked with technologies to detects weeds in a crop / cropping system, consid-
ering into account of previously identified factors takes action to successfully
control them. Under usual patchy and scattered weed distribution in crop fields,
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site-specific, weed patch-specific, or spot spray of herbicide is greater economical
and less degrading to environment than blanket application. This will reduce amount
of herbicides and their intake into environment. Band application sustain herbicide
treatment at a half of suggested rate along with mechanical weed control brought a
satisfactory total weed reduction by 83—87% (Kneievic et al. 2003).

Recently, artificial intelligence (AI) and robotics research have geared up for
weed management (Young et al. 2014). Weed control using advance robotics is a
four-step process. This involves multiple phases of operations including guidance,
documentation, precision weed elimination, and plotting of weeds (Young et al.
2014). The machines are equipped with sophisticated high-resolution computer
vision systems (cameras and sensors), Al, global positioning system (GPS), soft-
ware and robotic arms/ nozzles that enable guidance, detection and identification of
weeds through a real-time machine vision system, precise weed control, and map-
ping (Gonzalez-de-Soto et al. 2016). Robotic machines are used to control weeds
mechanically, chemically, or through flame. “Weed master” an advanced machine
uses GPS to navigate precisely and a digital image recognition system. These sys-
tems aid differentiate between the intended crop and weed. It is powered by metha-
nol fuel and uproots weeds autonomously. “Weed controller” is a four-wheel-drive
machine with specialized weed pursuing robot integrated which recognizes weeds
based on color photography. In contrast, intelligent hoe utilizes visual recognition
system (with previously embedded details of weeds) to find rows of crops and steer
itself among them (Korres et al. 2019).

Use of robotics may reduce herbicides use and their environmental impact and
hence can improve sustainability, particularly in vegetable crops and organic agricul-
ture (Korres et al. 2019). The practicability of a robotic weed control system is gov-
erned upon machine learning (vision analyses, robotic efficacy, adjustable rate
application technology, decision support system) along with equipped with the capa-
bility to assess the strength of weed-sensing tools, directly or indirectly. Upon detec-
tion a weed, the robotic part selectively/precisely ejects micro-dose (in small
quantity) of herbicides on targeted sites /weeds. Further, these automated machines
can target weeds in patches rather than entire fields and reduce usage of herbicides.
Some agricultural robots for weed control are as follows: WeedMaster®, WeedSeeker®
(for pot spraying), Tertill, RIPPA, Hortibot, SwagBot, ASTERIX, AgBot II, Blue
River LettuceBot2, Naio Technologies, ecoRobotix. However, several barricades
prevent their large-scale adoption, most important being the absence of automated
weed detection and identification method in crop fields and other determining factors.

6 Probable IWM Modules for Climate Resilient Weed
Management in Crops

Integrated weed management (IWM) approach aims at better, longer, and efficient
weed management, while maintaining an ecological balance. IWM models should
be specifically designed considering crop, weed flora, and regional features and
should have high social and economic acceptability among farmers.
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Generally, the following preventive and agronomic measures may be adopted as

applicable to crops for providing selective advantage/ stimulus to crops to develop
more competitive against weeds from the commencement of their emergence.

Use certified and clean seeds, avoid undecomposed farm yard manure, keep irri-
gation channels free from weeds.

Cleaning seeds by dipping in 2% brine solution to separate weed seeds by float-
ing (in rice).

Deep summer plowing in April-May to expose and desiccate vegetative propa-
gules of perennial grassy and sedge weeds.

Follow scientific crop rotation to break/disrupt established life cycle of particular
weed or a group of weeds.

Green manuring before crop season or brown manuring co-existing with crops
for initial 25-30 DAS with Sesbania spp. or Crotalaria spp. (as applicable).
Adoption of stale seed beds to eliminate initial weed flushes.

Avoid basal application of heavy dose of nitrogen in cereals, which may stimu-
late weed growth and apply N in 3 or more split doses.

Rice
(a) Direct-seeded rice (DSR) [conventional till (CT)/zero till(ZT)]

(i) Green manuring with Sesbania spp. (~Dhaincha) during summer for con-
ventional till DSR followed by pre-emergence (pendimethalin, butachlor,
pretilachlor, pyrazosulfuron-ethyl) herbicides at 2-3 days after sowing
(DAS)—residue mulching immediately after pre-emergence herbicides—
post-emergence herbicides (bispyribac-Na, cyhalofop-butyl, penoxsulam,
almix) or hand weeding at 25-30 DAS or finger weeder twice at 20-day
interval.

(i) Under conservation agriculture (ZTDSR): Previous crop residue retention
+ brown manuring with Dhaincha/Crotalaria + pre-emergence herbicides
followed by post-emergence herbicides /hand pulling/weeding at
25-30 DAS.

(iii) Stale seed bed with glyphosate 1.0 kg/ha followed by pre-emergence her-
bicide at 2-3 DAS — hand weeding/finger weeder at 25-30 DAS.

(b) Puddled transplanted rice (PTR)

(i) Maintain 2-3 cm standing water throughout crop growing period.

(i1) Plant 25- to 30-day-old seedlings at closer spacing of 20 x 15 or 15 x 15 cm
with 2-3 seedlings per hill.

(iii) Residue incorporation/green manuring + pre-emergence herbicides +
post-emergence herbicides/hand weeding/rotavation/rotary weeding at
30-35 days after transplanting (DAT).

(iv) Pre-emergence herbicides at 2-3 DAT + hand weeding /rotavation/rotary
weeding at 30-35 days after transplanting (DAT).

(v) Pre-emergence at 2-3 DAT /early post-emergence application at 10—15
DAT of herbicides followed by cono-weeder at 25-30 DAT.
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(vi) Residue incorporation/green manuring + high-density planting + post-
emergence herbicides — hand weeding/rotavation/rotary weeding at
40-45 DAT.

Wheat

Greater seed rate, narrow row spacing, fertilizers mainly nitrogen and its slightly
higher concentration of doses and placement along the crop rows, zero tillage with
and without previous crop residue, soil solarization in the earlier season—all have
positive impact on the overall weed management in wheat. Crop rotation (rice—mus-
tard/pea) can control resistant as well as susceptible P. minor.

(i) Zero tillage with closer row spacing/skip row spacing coupled residue reten-
tion and application of preemergence herbicide (like pendimethalin and pyrox-
asulfone) under moist soil conditions or otherwise where resistant Phalaris
minor present, apply post-emergence broad-spectrum herbicides or herbicide
or apply pre-mix or tank-mix herbicide mixture under heavy infestation
in wheat.

(i1) Furrow-irrigated raised bed system with residue + post-emergence broad-
spectrum herbicides or herbicide pre-mix or tank-mix herbicide mixture +
need-based hand weeding (if at all required).

(iii) Under conventional till wheat, early sowing (last week of October or first week
of November under Northern Indian conditions), closer row spacing/skip row
sowing with residue retention—post-emergence herbicides.

(iv) For CT or ZT sown wheat crop apply post-emergence broad-spectrum herbi-
cide or herbicides; or use pre-mix or tank-mix herbicide mixture followed by
hand weeding to control three problematic thorny weeds like Cirsium arvense,
Carthamus oxycantha, Argemone mexicana and other problematic non- throny
weeds like Convolvulus arvensis (Field bind weed), Cannabis sativa (Bhang),
Asphodelus tenuifolius (Wild onion) which might have escaped herbicidal
action due to late germination or tolerated herbicide application to a
greater extent.

Maize

(i) CT/ZT + early/timely sowing+ pre-emergence herbicide tank-mixture
(atrazine+pendimethalin) alone is capable of complete broad-spectrum control
of weeds + tembotrione for perennial Cyperus rotundus or hand weeding at
25-30 DAS.

(i) CT/ZT + early/timely sowing + bed planting with residue retention followed
by tank-mixture of atrazine+topramezone 500 + 25.2 g/ha or
atrazine+tembotrione 500 + 120 g/ha 20-25 DAS.

(iii) Soil solarization during hot summer months + tank-mixture of
atrazine+topramezone 500 + 25.2 g/ha or atrazine+tembotrione 500 + 120 g/ha
20-25 DAS or hand weeding (with little soil disturbance).

(iv) Residue incorporation/retention + timely sowing+ pre-emergence herbicides
tank mixture (atrazine +pendimethalin) followed by hand weeding at 25-30
DAS (if at all required).
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(v) Intercropping with soybean/green gram/black gram + pre-emergence pendi-
methalin — hand weeding.

(vi) Brown manuring with Sesbania under both CT and ZT + pre-emergence pen-
dimethalin — hand weeding at 30-35 DAS.

Pulses

Following a good crop growing such as proper time, method, rate, and depth of sow-
ing, crop establishment methods such as CT, ZT, residue mulching, fertilizer place-
ment along the crop rows, line sowing, seed treatment for biological N fixation
along with disease management is a mandatory requirement for growing a healthy
crop, which in turn may lead to smothering weeds. Soil solarization during summer
followed by pre-emergence herbicide (mainly pendimethalin) at 2-3 DAS + hand
weeding (if required) at 25-30 DAS.

(i) Deep summer cultivation with irrigation and residue (wheat, maize) incorpora-
tion followed by pre-emergence herbicides + hand weeding at 25-30 DAS.

(ii) Pre-emergence herbicides + hand weeding at 25-30 DAS for problematic
weeds such as Cynodon dactylon and Cyperus rotundus.

(iii) Previous crop residue incorporation + higher seed rate + pre-emergence herbi-
cides followed by post-emergence herbicides or hand weeding at 25-30 DAS
for problematic weeds such as Cynodon dactylon and Cyperus rotundus.

(iv) In soybean and pigeon pea, bed planting with residue + pendimethalin pre-
emergence (2-3 DAS) followed by imazethapyr 100 g/ha or quizalofop-ethyl
50 g/ha as post-emergence (at 25-30 DAS) would lead to better weed control.

(v) In chickpea, previous crop residue retention + pendimethalin pre-emergence
followed by quizalofop-ethyl @ 100 g/ha or clodinafop-propargyl @ 150 g/ha
can prove better.

(vi) In blackgram, pendimethalin + imazethapyr (pre-mix) 0.9 kg/ha as pre-
emergence or imazethapyr 100 g/ha as early post-emergence or imazethapyr +
imazemox 50 g/ha as early post-emergence combined with 1 hand weeding at
30-35 DAS.

Oilseeds
(i) Following a good crop husbandry such as proper time, method, rate, and depth

of sowing, crop establishment methods such as CT, ZT, residue mulching, fer-
tilizer placement along the crop rows, line sowing, seed treatment for pest and
disease management is a mandatory requirement for growing a healthy crop,
which in turn may lead to smothering weeds. In most oilseed crops, apply pre-
emergence herbicides (mainly, pendimethalin)—hand weeding at 30-35 DAS
(for late-emerging weeds that escaped herbicide treatment and for problematic
perennial weeds).

(i1) In groundnut, apply pre-emergence herbicide (pendimethalin, oxyfluorfen)—
earthing-up—hand weeding if required.

(iii) In groundnut, apply imazethapyr 125 g/ha at 2-3 leaf stage of weeds followed
by 1 hand weeding at 45 DAS.
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(iv) In mustard and rapeseed crop, apply pre-emergence herbicide (pendimethalin,
oxadiargyl) or early post-emergence herbicide (e.g., isoproturon)—hand weed-
ing at 30-35 DAS.

Sugarcane

(i) Atrazine at 1.50 kg/ha or metribuzin 0.5 kg/ha at 2-3 days after planting (DAP)
before emergence of weeds followed by one hoeing to destroy emerged weeds
at 30-35 DAP.

(i) Atrazine at 1.50 kg/ha at 2-3 days after planting (DAP) followed by
halosulfuron-ethyl 90 g/ha at 30-35 DAP or one hoeing/manual weeding to
destroy emerged weeds.

(iii) Apply atrazine at 1.50 kg/ha pre-emergence followed by one hoeing/manual
weeding or chlorimuron ethyl + metsulfuron methyl 8 g/ha post-emergence at
2—4 leaf stage for controlling broad-leaved weeds.

(iv) Intercropping with black gram + pre-emergence pendimethalin followed by
earthing-up and post-emergence herbicide.

Vegetables

(1) In brinjal, apply pre-emergence herbicides (e.g., pendimethalin) followed by
hand weeding at 35—40 DAT.

(i1) In onion, apply pre-emergence pendimethalin 1.0 kg/ha or oxadiargyl 90 g/ha
or oxyfluorfen 250 g/ha followed by 1 hand weeding at 30-35 DAT or
quizalofop-ethyl 50 g/ha at 30-35 DAT.

(iii) In potato, apply metribuzin 0.4 kg/ha as pre-emergence followed by earthing-
up at 25-30 DAP.

Although its influences on agricultural weeds have not been thoroughly investi-
gated, climate change is a pressing global concern. Old school thought on carbon
cycling in plants and nitrogen management in crops could partially address the
effects of climate change, but weed issues could potentially be made worse by rising
CO, concentrations, high temperatures, and, most crucially, water stress. These cir-
cumstances can call for the emerge of innovative agronomic techniques to tackle
weed competitiveness under the background of climate change. The stimulatory or
inhibitory effect of the climate variables on crops should typically hold true for
weeds because crops and weeds are on the same trophic level. It has been developed
that an upsurge in air temperature promotes both weed growth and pesticide effec-
tiveness. Although C4 weeds predominate in agriculture, substantial crop—weed
competition may soon arise from major weeds with C3 and C3-C4 intermediary
routes. Importantly, due to species interactions, it is essential to research all poten-
tial combinations of crop—weed competitive interactions, including those involving
C3 crops and C3 weeds, C4 crops and C4 weeds, C3 crops and C4 weeds, and C4
crops and C3 weeds. Under the scenario of climate change, a number of weeds will
put more pressure on crop—weed competition. In forthcoming decades, more adapt-
able research studies with challenging research situations might provide helpful
answers for controlling yield reduction.
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Climate-Resilient Technology for Maize
Production
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Abstract Agriculture’s vulnerability to changing climate needs to be the focus of
scientific, economic, political, and social efforts to ensure viable existence on this
planet. Climate change impacts all types of life, but the influence on plant life is
much more noticeable because plants are the primary energy source and matter fixer
on land. Producing climate resilience in plants, particularly in crops, is crucial for
all living. Climate-resilient agriculture has been boosted by biotechnology. Wheat,
rice, and maize contribute a minimum of 30% of the nutritional calories for 4.5 bil-
lion people in 94 emerging economies. Cereals are crucial for providing global
dietary, fodder, and nutrient intake. Maize is an important element in livestock feed
and bioenergy. Rising demand and supply gaps have intensified market instability
and pushed up global maize pricing. Long-term corn production development might
be adversely impacted by the change in climate, which is increasing current issues
including drought and heat stress, insect, pests and diseases, and soil depletion. In
tropical areas, regional climate uncertainty and variation, and the increase in biotic
and abiotic stressors, further muddle the situation. Even though these difficulties are
resolved, and production improved, millions of impoverished people will go starv-
ing. Climate change adaptation will need suitable technologies, legislation, and
structural reforms, but this chapter focuses on genetic techniques and tactics that
might improve the changes over time and the budget for breeding climatic resilience
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maize. The chapter will explain how crop modification will help to fulfill increasing
maize requirements by overcoming biotic and abiotic stressors. Combining tradi-
tional and molecular breeding may produce high-yielding, stress-tolerant, exten-
sively adaptable maize cultivars. Enhanced germplasm alone will not boost
productivity or facilitate climate-related adaption; crops and agricultural techniques
must also be enhanced.

Keywords Climate tolerant - Abiotic stress - Cereal crops - Drought stress - Heat
stress - Genetic modification

1 Introduction

Agriculture must feed 3.5 billion more humans in the coming 50 years. Rising rural
and urban populations will need 70% more wheat, maize, and rice before 2050
(Searchinger et al. 2019; Grote et al. 2021). Maize is an important supplier of food
supply and financial growth in Africa, Central America, and Asia (Islam and Karim
2019). Maize contributes at minimum of 30% of the dietary requirements for 4.5
billion individuals in 94 emerging economies. These comprise 900 million impov-
erished maize-eaters (Dowswell et al. 2019). A 67% of the world’s maize output
originates from lower and moderate nations; thus, it is vital to millions of impover-
ished farmers. The population of the planet is 7.7 billion and will be 9.3 billion by
2050 (Withers et al. 2018). The emerging world’s maize consumption will double
by 2050. Maize is a significant food crop; however, its usage as fodder has risen.
Drastic economic expansion in Asia, the Mideast, and Central America has raised
the demand for poultry and cattle supplies from wealthy customers. Maize is a cru-
cial element in livestock feed; therefore, excess supply has pushed up costs and
caused it less accessible for impoverished customers (Sanchez 2019).

Changes in climate affect human actions that either directly or indirectly influ-
ence the nature of the atmosphere, as well as natural climate unpredictability.
Anthropogenic impacts, including fossil fuel emissions, forest destruction, unsus-
tainable land use, agribusiness, and industrialization, modify the atmospheric com-
position, leading to climate change (Mercure et al. 2019; Pichler et al. 2021).
Burning energy sources and other anthropogenic factors have increased atmospheric
greenhouse gas emissions. According to worldwide climate effects estimates on
agriculture, a 2 °C warming by 2050 would put 50 million people at threat of starva-
tion because of agricultural consequences (Hasegawa et al. 2018; Yerlikaya et al.
2020). Climate change will affect South and Southeast Asia heavily. If present pat-
terns continue till 2050, the productivity of main crops in South Asia would decline
by 10% (rice), 12% (wheat), and 17% (maize) due to drought and heat stressors
from changing climate (Aryal et al. 2020; Shahzad et al. 2021). The maize feeder
industry is expanding in China, India, and Pakistan, where economic expansion puts
dairy, poultry, and beef in a more affordable manner. Globally maize supply disrup-
tions and rising input costs affect emerging nations. Maize prices have climbed 43%
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since 2008, in addition to other products, notably wheat is expected to rise further
due to rising demand and limited supply (Ben Hassen and El Bilali 2022).
Furthermore, trailing domestic output would impose pressure on emerging nation
economies, pushing up their maize importation from 7% of today’s requirement to
24% in 2050, paying approximately USD 30 billion (Chapagain et al. 2020).
Although if the yielding rise is accelerated, poor maize users will have less inexpen-
sive food. Farm owners, government entities, researchers, and input providers are
addressing maize requirements. Asia, Latin America, and sub-Saharan Africa sig-
nificantly boosted maize output by 6% yearly from 2003 to 2008 (Leitner et al. 2020).

Area growth is not feasible and frequently land destruction occurs. At the present
pace of area expansion, agricultural diversification and conservation of forests will
suffer (Wilson et al. 2019). Upcoming food supply expansion must not compromise
human safety, environment protection, or agricultural industry sustainable develop-
ment. Plant modification is not a cure, but it may help satisfy the demand for more
feed by generating high productive variants. Maize productivity nearly doubled in
the last 40 years owing to better crop types, fertilizers, irrigation, and herbicides
(Benbi 2018). Changing climate complicates efforts to boost agricultural output.
Climate-resilient maize has been developed for greater tolerance to climate-related
characteristics, production, resistance, and consumption demands. The International
Maize and Wheat Improvement Center (CIMMYT) data from over 20,000 maize
experiments in Africa, along with daily meteorological data, indicated that every
degree’s day spent over 30 °C decreased the ultimate yield by 1% under ideal rain-
fed and by 1.7% under water shortages conditions (Allen-Sader et al. 2019; Khaki
et al. 2019). A rise of 1° in seasonal climate generates a 3.1-7.4% drop-in maize,
wheat, soybean, and rice yield (Rolla et al. 2018).

Climate-resilient farming must also encourage consumer, regional entity, and
financial organization cooperation to boost crop yield (Koopmans et al. 2018). Plant
researchers may generate variants with adaptive features and climate tolerance by
studying physiological processes, molecular pathways, and heredity of maize crop.
Upcoming breeders require plant genome libraries, massive data process manage-
ment, biotechnology treatments, and high-throughput molecular engineering to
address the issue (Niazian and Niedbata 2020). It allows scientists to employ appro-
priate ideotypes to satisfy breeder needs and to find better alleles/haplotypes for
next-generation breeding operations. It allows accurate and robust genomic altera-
tion to generate pest-resistant crops to pathogens and environmental stressors
(Tripathi et al. 2019a, b). In recent decades, better grain variants tailored to various
agroecologists and addressing the varying stakeholder expectations have been
developed and delivered, mainly via traditional breeding (Munaweera et al. 2022).
With the global population expected to reach 9 billion by 2050, cereals output must
expand by 37% yearly to fulfill food requirements. To nourish the world’s rising
rural and urban communities, wheat, maize, and rice production must rise by 70%
by 2050 (Mottaleb et al. 2018).

Changing climate has prompted farmers to adapt from old agricultural practices
to contemporary climate-adaptable agronomic systems such as diversification of
crops, seeding heat- and drought-resistant types, caring for the ecosystem, and
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gathering freshwater for food and nutrition security (Jiri et al. 2017). The imple-
mentation of climate-adaptable agriculture practices must also incorporate potential
losses, farming tools, enhanced administration, and organizations improving their
effectiveness (Patel et al. 2020). Climate change presents equal challenges and
opportunities for maize growers. Temperature and precipitation changes will
increase dryness, exposing small-scale farmers to severe consequences inherent
with rainfed cultivation (Yang et al. 2019). Ironically, resource-poor producers in
emerging economies struggle to sustain output balance and help to crops viable
amid unpredictable prices of commodities and growing energy expenses
(Purushothaman and Patil 2019). Small-scale farmers depend on OPVs (open-
pollinated varieties) or outmoded hybrids produced over 30 years ago, restricting
their nutritional and food security (Donovan et al. 2022). Growing demands, contin-
ued hunger, and poverty depletion of natural resources and environmental degrada-
tion will force the globe to double maize-based agricultural system efficiency
(Tanumihardjo et al. 2020). This necessity will only be satisfied by agrarian societ-
ies, both national and international academics, policymakers, the business sector,
and numerous other development agencies working together to advance pro-poor
agricultural societies (Fischer and Connor 2018).

2 Importance of Maize in World Food Security

Maize is cultivated in variety of elevations and latitudes compared to other food
crops as it is growing in mild to warm conditions, on moist to semi-arid regions, and
in numerous soil conditions. Maize covers 150 million acres globally with an annual
production of 750 million metric tons (Shahzad et al. 2021). Maize contributed 27%
in cereal zone, 34% in cereal yield, and 8% in all basic crop. Maize is a major food
source and nourishment for millions in Asian, Africa, and Latin America (Table 8.1).
Calories gained from maize varied from area to area; for example, 61% in
Mesoamerica, 45% in ESA (Eastern and Southern Africa), 29% in the Andean
region, 21% in WCA (West and Central Africa), and 4% in South Asia. Twenty-five
percent of maize consumption in underdeveloped nations and 15% worldwide is
used as foodstuff (Ngurumwa 2016; Tanumihardjo et al. 2020). In South Asia, 46%
is utilized as foodstuff for impoverished families that cannot buy wheat and rice.
Maize helps the impoverished in Latin America, Africa, and Asia, overcomes star-
vation, and increases agricultural production. Huge maize production makes accept-
able to farmers in regions with limited space and heavy population explosion
(Sanjana Reddy 2017; Giller et al. 2022).

Maize yield moved outside the USA and Canada from Mesoamerica in the sec-
ond millennium. The sub-Saharan Africa (SSA) and Mexico and Central America
have two aspects. Firstly, Africans located south of the Sahara favor white maize,
except in West Africa (Shawa 2019; Elisante 2020). This tendency affects the inter-
change of genotypes and trading since 96% of global maize trading is yellow
(Fitting 2021). In contrary to other key maize producing countries, SSA and
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Table 8.1 Maize area, production, and yield across maize growing regions. Computed by authors
based on United States Department of Agriculture (USDA)

Area (Million Yield (Metric tons | Production (Million | Change in
hectares) per hectare) metric tons) Production
From last year

Region 2021/22 2021/22 2021/22 (Percent)
World 206.77 5.89 1218.76 -3.21
United 34.56 11.11 383.94 -5.00
States
China 43.32 6.29 272.55 -0.57
European 9.24 7.69 70.98 —15.47
Union
South Africa 3.00 543 16.30 6.13
Ukraine 5.49 7.68 42.13 —28.79
Russia 2.90 5.25 15.23 —1.48
India 9.90 3.33 33.00 —4.55
Pakistan 1.50 6.33 9.50 —6.32
Indonesia 3.90 3.26 12.70 1.57
Mexico 7.10 3.88 27.55 0.18
Canada 1.39 10.05 13.98 0.11
Turkey 0.54 12.04 6.50 —4.62

Mesoamerica cultivate maize as a food product, but they trade it for income. SSA
has 25 million hectares of maize, mostly in small-holder farms that yield 38 million
metric tons for food. South Africa grows 2.8 million acres, largely for economic
livestock feed (Ochami 2021).

In many nations, reliance on maize threatens sustainable food security, particu-
larly when alternative dietary supplements are insufficient. Maize is weak in digest-
ible proteins and its leucine hinders the body’s ability to absorb niacin, which leads
to protein shortage (Day et al. 2021). Breeders at CIMMYT spent years developing
“Quality Protein Maize” (QPM) with greater amounts of tryptophan and lysine in
the endosperm and improved amino acid imbalance (Magbool et al. 2021).
Randomized studies in Ethiopia, Tanzania, and Uganda demonstrated enhanced
weight and height of children eating these types, especially in Southern Ethiopia, in
which the people depend primarily on maize (Jada and van den Berg 2022). Maize
is not just eaten. A 63% of worldwide maize consumption is for animal feed,
whereas 56% is in emerging nations. A 70% of maize is utilized as fodder and 3%
for human utilization in developed nations (Makkar 2018). Maize’s expanding
application in bioenergy drives industrial demand. Maize-based bioethanol expen-
diture is growing in 50 emerging nations with ethanol-blending objectives (Oliveira
et al. 2017). Maize is a major raw material for the United States “corn ethanol”
program. Food costs and children hunger will rise with massive maize-based pro-
duction of bioethanol, notably in sub-Saharan Africa (SSA) and South Asia (SA)
(Afzal et al. 2021).
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Current market statistics show that the two forces of bioethanol development
(rising fuel costs and energy security measures) may accelerate in the foreseeable
future (Nazir et al. 2020). Maize is a significant feed ingredient for the livestock
industry, particularly in Asia, where usage for broiler chickens and pig feeding has
surged. Pakistan, Nepal, China, Indonesia, India, Philippines, Thailand, and Vietnam
ate 20 million metric tons of pig and chicken in 1980 and 77 million in 2000 (Ashraf
et al. 2018). Broiler feeds comprise 60-65% maize, 28-30% soybeans, and 2-3%
oils. The seven primary Asian nations used 29 million metric tons of maize for feed-
ing in 1980 and 109 million tons in 2000 (Bailey and Wellesley 2017). Maize as
animal feed is expected to constitute a substantial part of expected growth, expand-
ing about 6% annually. World trade has been a key approach for solving maize sup-
ply deficits as supply and use diversify. Behind wheat, maize is the most-traded crop
(Wade et al. 2022).

3 Influence of Climatic Variation
on Agricultural Productivity

Changes in climate will worsen agricultural production. Severe heat, massive flood-
ing, repeated water shortages, and salt stress impact agricultural production and also
reduce the capacity of ecological systems to adjust to climate change. Extreme
weather is the primary driver of food availability in emerging regions, affecting
farming and other agricultural-related equipment (Campbell et al. 2018; Mojid
2020). Smaller nations, like desert African and South Asian, are starting to suffer.
These areas depend on subsistence farming and are not financially or technically
prepared for extreme weather events (Khatun 2019). Because of droughts, several
African nations face a food crisis. The IWMI (International Water Management
Institute) predicts that wheat production will drop by 50% by 2050 in Southern Asia
(Islam and Karim 2019). This is approximately 7% of global agricultural output;
therefore, hunger might intensify. Globally, maize production has been declined by
3.1% because of temperature variation and 0.7% because of rainfall patterns from
1980 to 2008 which leads to a 3.8% reduction in total yield (Arunrat et al. 2022).
South Asia and SSA are extremely hungry nations. All of those are climate-
vulnerable zones. Asian and African governments fail to take action; the circum-
stance is expected to worsen. Providing nutritious meals to a large population is
difficult. World’s food availability has failed due to unregulated population expan-
sion, rising food costs, and a worldwide food crisis (Bloem and de Pee 2017). To
face the demands, yields of main crops must rise 1.1-1.3% yearly. According to the
European Commission’s Directorate General for Agriculture, extreme water-deficit
regions are expected to expand from 19% to 35% by 2070 (Abdelmajid et al. 2021).
According to the Peterson Institute, climate change will diminish agricultural
production in developing countries by 10-25%. Elevated CO,, high temperatures,
high tropospheric ozone (O;), frequent droughts, and strong precipitation may cause
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catastrophic floods (Abdelmajid et al. 2021). In sensitive places, changing climate
might produce waterlogging, soil erosion, salination, and sodic soil. Changes in
seasonal rainfall, intensities, and temperatures might affect the global distribution of
agricultural pests and diseases. Deforestation, overgrazing, and chemical fertilizers
add 25% to emissions of greenhouse gases (Cirino 2021). Environmental issues
may be mitigated by reducing greenhouse gas emissions and boosting food-secure
crops. By 2080, watering needs may climb by 45%, and available water losses may
surge by 20%, although with infrastructure upgrades (Sehgal and Khan 2020).
Genetic engineering may reduce environmental issues through sequestering carbon,
energy-efficient agriculture, and chemical fertilizer elimination. Genetically modi-
fied (GM) crops may help with food self-reliance, nutrient supply, alleviating pov-
erty, stability, starvation elimination, and global climate change (Behera et al. 2019).

4 Current and Future Research Necessities Regarding
Climate-Improved Germplasm

Considering the time gap between enhanced germplasm creation and farmer acces-
sibility, breeders’ approaches must be strengthened to counteract expected yield
reductions and achieve predicted yield improvements (Xu et al. 2017). Geographic
information systems (GIS) will help to focus genetic efforts via forecasting sensi-
tive locations, regulating genetic mobility, and predicting future crop yield condi-
tions (Raffini et al. 2020). To boost adaptive capability, future susceptible areas
must concentrate on maize breeding. Projected climate predictions will facilitate the
understanding of present regional analogs of these climates to promote genetic
transfer for breeding (Dempewolf et al. 2017). Mega-environments combine maize-
yielding locations with identical environmental features and adaption behaviors
should be focused to maximize the performance of using genetic assets (Oladosu
et al. 2017). The highest temperature, soil pH, and rainfall define maize mega-
environments, along with genetic effectiveness in multi-environment investigations
(Katsenios et al. 2021).

GIS can help to identify places with comparable types of soil and rainfall pat-
terns to promote and adopt sustainable agricultural approaches. By combining the
traditional, biological, and genetic engineering, we may provide climate-adapted
genomes (Harms et al. 2021). Promoting traditional breeding techniques, including
phenotypes and double-haploid innovation, and expertise in these techniques, will
accelerate climate-adapted genotype creation. Developing molecular techniques,
like genome-wide association analysis, aim to accelerate the development of culti-
vars that may be tolerant to numerous biotic and abiotic factors (Uffelmann et al.
2021). Major advancements in genotype and phenotype will help to investigate the
immense unutilized genetic diversity in maize gene banks, particularly landraces
and progenies (Volk et al. 2021). A better knowledge of these biological resources
might lead to their more efficient use in elaboration new stress-resilient genes and
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Fig. 8.1 Popular plant modification strategies used to improve top crop varieties. (Gao 2021)

diversifying the germplasm of top crops (Prasanna et al. 2021; Singh et al. 2021).
Transgenic techniques (Fig. 8.1; Gao 2021) might potentially boost genetic variety
for major abiotic stressors in hybrid crops, notably for characteristics with minimal
genetic differences in genetic pool of maize (Khan et al. 2021).

South African producers need drought- and heat-tolerant maize. Small area of
East and South Asia (ESA) producers may need drought and waterlogging resis-
tance varieties (Prasanna et al. 2021). Isolated breeding programs utilizing just one
stressor may lose traits or genetic diversity for other stressors. Considering that both
drought and heat stresses are dissimilar, crop development agencies must identify
characteristics and factors linked with combined resilience to both stressors (Wu
et al. 2018). To create climate-adapted cultivars, controlled stress testing facilities
and defined methodologies for particular combinations of pressures are required.
Agricultural phenotyping for both drought and heat stressors will need to mitigate
stress severity and duration (Abdelrahman et al. 2018). Climate variability may also
intensify severe heat outbreaks. Climate-adapted germplasm breeding techniques
should account for local temperature variance. Warmer temperatures and lower
rainfall may minimize production in Africa by 10-20% till 2050 (Mulungu and
Ng’ombe 2019).

To increase output, highland germplasm with better temperature resistance is
needed. This may be done by enhancing highland germplasm’s heat resistance and
enabling farmers’ accessibility to tropical and subtropical genotypes (Girma et al.
2020). Under ideal circumstances, days to maturation affect crop productivity. In
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rainfed locations, small-holder farmers choose early-maturing maize (Krell et al.
2021). Early maturing maize helps plants to complete blooming, the most drought-
sensitive phase, before the start of dryness and escape severe dehydration (Mbanyele
et al. 2021) whereas genetic techniques have increased early maize yields during
low rainfall situations, still it has yield disadvantage under normal rainfall condi-
tions. Rising temperatures may further reduce the production. In Zimbabwe’s
drought-prone plains, producers without the supply of water choose extra-early cul-
tivars that bloom in 60-65 days (Kinfe and Tesfaye 2018). Ideally, a daily rise of
2.9 °C during the growth period might cut the days to the maturation of an extremely
early variant from 65 to 58, while an early maturity maize variety might mature in
around 64 days, as opposed to 72 days within favorable conditions (Singh 2020).
Considering this drop-in growth time, breeders projects addressing drought-prone
locations, like the lowlands of Zimbabwe, may need to concentrate their efforts to
early maturing germplasm instead of extremely early maturing types (Khan and
Akhtar 2015).

5 Materials, Methods, and Techniques to Build
Climate-Resistant Maize

Crops should be resistant to environmental and biological stresses to adjust to a
changing climate. Crop-specific and crop-shared genomic approaches and methods
must accommodate for climate variations (Cortés and Lépez-Hernandez 2021).
Locate and transfer desirable genomes, characteristics, and haplotypes to elite
genetic variants are desirable. Further, special techniques that combine molecular
markers with elite germplasm development are needed to accelerate the production
and distribution of improved genotypes (Fig. 8.2; Gao 2021). Today’s technology
and techniques are listed below.

5.1 Genetic Modification (GM)

Plant biotechnology utilizes biological entities or intracellular elements in agricul-
ture. Convectional breeding, genome editing, and molecular breeding are now being
utilized (Dilawari et al. 2021). Genetic manipulation improves gene diversity for
developing food plant types with better features. Water stress resilience, salt resil-
ience, extreme heat resilience, water-efficient utilization, early vigor, effective
nitrogen usage, waterlogging, cold resilience, resilience to pests, and insect man-
agement trigger the seedling growth or blooming of crop. Genetic manipulation
may reduce greenhouse gas (GHG) emissions, biofuel consumption, fertilizer
usage, carbon sequestration, and biotic or abiotic stressors (Kumari et al. 2022). In
the past couple of decades, the development of “Golden Rice” achievement via
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Fig. 8.2 Overall method of genome editing for plants. (Gao 2021)

genetically modified was significant. It involves transforming genetic traits required
for carotenoid (precursors of vitamin A) production in the endosperm that lacks
provitamin A due to a missing code gene (Qamar et al. 2020).

The U.S. Environmental Protection Agency and Food Inspection Agency have
recognized “SmartStaxTM,” a genetically engineered maize with eight stacked cry-
genes: (Cry2Ab, CrylA.105, CrylF, Cry3Bbl, Cry34, Cry35Abl, Cp4, and bar)
(Wangila 2016). Moreover, transgenic Bt maize has the highest pest insects and
herbicide resistance. African Agriculture Technology Foundation performed numer-
ous initiatives with global organizations to generate water stress-resilient maize
varieties in Africa through genetic engineering (Munawar et al. 2020). Utilizing the
soil’s carbon and boosting carbon dioxide absorption may increase cumulative car-
bon sequestration in agricultural soils (Nayak et al. 2019). Developing new types by
using genetic engineering increased plant photosynthetic efficiency, deeper roots,
lignin content quality, fertilizer use effectiveness, and water consumption effective-
ness (Savy and Cozzolino 2022). Nitrous oxide generates 296 times more heat than
CO, and may last hundred years. Optimizing nitrogen-enhanced crops may mini-
mize fertilizer consumption and GHG emissions (Ussiri and Lal 2018). Because
agriculture and fertilizer contribute 50% of U.S. GHG emissions. The latest
advancement in transforming technologies limits soma clonal variability during tis-
sue culturing. Using genetic modification, desirable alleles or genotypes may be
transferred or programmed among plant and animal species (Sehgal and Khan 2020).
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5.2 Genome Editing (GE)

The latest advancement in genetic engineering including genome-based understand-
ing, efficient gene identification, and in vitro culturing methods enable for second-
generation applications that rely on genetic modification and cis genesis (Ryngajtto
et al. 2020). These technological innovations generate significance modern crop
varieties to offset future agricultural sustainability issues (Suprasanna et al. 2021)
and biotic genome editing (GE) technique presents a unique opportunity for disease
prevention, insect control, resistance versus abiotic and biotic stressors, rapid crop
breeding, and improved crop produce with lower production expense. Cutting-edge
gene-editing approaches are categorized as “Oligonucleotide Directed Mutagenesis”
(ODM) and “Site Directed Nucleases” (SDNs) (Sun et al. 2019; Verma et al. 2022).
These enable genetic recombination, site modifications, and gene regulation
management.

5.2.1 Oligonucleotide-Directed Mutagenesis

In “Oligonucleotide Directed Mutagenesis,” a DNA fragment of 20—100 nucleo-
tides is chemically produced and transferred to the plant genome at the target loca-
tion via particle bombardment or polyethylene glycol (PEG)-assisted gene
transformation (Munawar et al. 2020). Nevertheless, imposed mutation effective-
ness is relatively low, around 0.05% at the target location (Cabrera-Ponce et al.
2019; Munawar et al. 2020).

5.2.2 Site-Directed Nucleases

Site-directed nucleases bond with particular DNA sequences (9—40 nucleotides).
They split double strands to undertake deamination, demethylation, and acetylation
processes (Ko et al. 2020). These biochemical events induce genetic suppression or
genetic manipulation, altering bioactivity. Double-strand break (DSB) is the most
significant biochemical process in biological systems. The DSB is restored by
homologous recombination (HR) or non-homologous end joining (NHEJ) (Biehs
etal. 2017). The HR is employed for massive DNA insertion and non-random modi-
fication. The NHEJ introduces randomized introduction at the target location to
knockout genes or reduces gene expression (Amritha and Shah 2021).

Additional categories of site-directed nuclease are zinc finger nucleases (ZFNs),
clustered regularly interspaced short palindromic repeats (CRISPR), and transcrip-
tion activator-like effector nucleases are site-directed nucleases (TALENS).
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5.2.2.1 Zinc Finger Nucleases (ZFNs)

Zinc finger nucleases are manufactured proteins used for gene targeting (Fig. 8.3;
Eid and Mahfouz 2016). They have a DNA cleaving endonuclease constituent
linked to zinc finger domains (Zarei et al. 2019). These are typically used to produce
deletions or insertions in cleaved genomes. Zinc finger nucleases were the first
target-specific protein tools in genetic modification (Gupta and Shukla 2017). Such
synthetic restriction enzymes link zinc finger DNA binding region to a DNA cleav-
age region to identify unique DNA regions in complicated genomes (Fig. 8.2).
Using the endogenous DNA restoration process, such elements might straight trans-
form complicated species genome sequences. Zinc finger nucleases attach to DNA
by recognizing 3 base-pairs (Vats et al. 2019; Chen et al. 2020). A specific zinc
finger might require precision to connect a targeted genome, but unique construc-
tions comprise of 3—4 fingers modifying an 18-24 kb ZFN target region (9-12 bp
for each half) (Paschon et al. 2019). This length is enough to target particular regions
in large genome sequences. The targeted site length is regulated by the context-
specific synthesis of ZFN components (Wolter et al. 2019). Linking 2 DNA binding
ZFNs to FokI (Restriction endonuclease) monomers creates a 5—7 bp spacer that
helps FokI dimerize and generate DSBs. The approach induces focused DSBs using
ZFNs that promote DNA repair through error-sensitive NHEJ and HDR (homology-
directed repair) in cells. ZFNs have been applied to improve Arabidopsis (Saifaldeen
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Fig. 8.3 Genome editing method’s diagrammatic illustration: ZFN, TALENs, and CRISPR/Cas9.
(Eid and Mahfouz 2016)
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et al. 2020), tobacco (Oh et al. 2021), maize (Matres et al. 2021), oil crops such as
rapeseed and soybean, flowering plants such as petunia, rice, and fruits varieties like
figs and apples (Zhang et al. 2018). The ZFN-mediated transgenic integration was
used for trait layering in maize, which allows for greater crop improvement (Chen
et al. 2019). The ZFNs have little impact on climatic change, tolerance by modify-
ing genes of the host plant, which are difficult to create and duplicate (Kausch
et al. 2021).

5.2.2.2 CRISPR/Cas9 System

CRISPR/Cas9 is the third-generation genome editing technique (Fig. 8.3). The
CRISPR/Cas technology is convenient, accurate, powerful, and inexpensive relative
to TALENs and ZFNs (Wada et al. 2020). Developing a DNA binding motif by a
target-sequence requires biochemistry and protein-engineering expertise, which
may be reduced by using short RNA-sequences instead. CRISPR protects photosyn-
thetic bacteria by targeting and destroying foreign DNA, such as viruses or plasmids
(Glick and Patten 2022). CRISPR/Cas9 was first used to modify plant genomes in
2013 and is now a common GE technology. Effective CRISPR-Cas positioning
requires matching-repetitions, crRNA processes, an operon of Cas genes that trans-
late Cas protein sub-units, and invader DNA targeting spacers (Razzaq et al. 2019;
Zess and Begemann 2021).

CRISPR/Cas-9 is another technique for modifying both RNA and DNA. CRISPR/
Cas-9, a bacterial defensive mechanism, may be applied to crops, microbes, ani-
mals, and people (Zhang et al. 2021). Its uses to abiotic stressors are currently con-
fined to Arabidopsis, although new successes in soybean and cocoa against drought
and salt resistance (Drb2a/Drb2b genes) have been revealed (Tastan et al. 2020).

In subsequent years, several research shows changed genotypes in maize, wheat,
soybeans, barley, potato, and tomato. This approach is also used in maize to knock
off Zmzb7 genes to generate albino plants (Ansari et al. 2020). For overexpression,
maize U3-promoter was used. Subsequently, agro-bacterium-mediated conversion
of maize embryo yielded 31% mutant efficiency in TO strains. CRISPR/Cas9 was
used to knock down the maize waxy genes Wx 1, which encodes for a granule linked
to the amylose-producing enzyme GBSS (egranule-bound starch synthase). Wild-
type (WT) seeds-starch has 75% amylopectin and 25% amylose, whereas Wx1 seed
starch is 100% amylopectin (Leong et al. 2018; Li et al. 2019). Thus, the absence of
amylose-generated rich amylopectin-maize or waxy-maize has improved digestibil-
ity and application in bioindustries generating food stabilizers, thickeners, papers,
and adhesives (Lu et al. 2019).

5.2.2.3 Transcription Activator-Like Effector Nucleases (TALENs)

TALENSs were discovered in a pathogen of the plant, Xanthomonas. Combinations
of TALE repetitions and the FokI restriction enzyme address a single nucleotide
instead of three at the target site, enabling TALENSs accurate and flexible in target
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design while increasing the number of potential target sites (Fig. 8.3; Lino et al.
2018; Rothschild 2020). TAL (Transcription activator-like) effectors penetrate the
nuclei and stimulate transcription by attaching to host genes promoter regions.
34-Residue tandem AARs (amino acid repeats) help TAL-effectors identify DNA
(Cox et al. 2017).

First used to change OsSWEET 14 promotor region in rice plants gene that affects
vulnerability to bacterial blight. Because of an alteration in the promoter regions,
“effector binding element” does not interact with the promotor, causing crop bacte-
rial blight resistance (Oliva et al. 2019). TALEN was also employed to modify three
homo alleles of the vulnerable MLO (Mildew Locus O) genes to induce powdery
mildew resilience in wheat varieties. GL2 (GLABRA?2) gene deletion in maize pro-
duced variants including shiny phenotype and reduced leaf waxes (Tyagi et al. 2021).

5.3 High-Density Genotyping and Resequencing

Maize, rice, durum wheat, and barley were improved by SNP (Single nucleotide
polymorphisms) chips. In maize, chip-based genotyping developed by Cornell-
CIMMYT (The International Maize and Wheat Improvement Center with Cornell
University NY) led to three Illumina 1536-SNP chips that were shortly superseded
by the Illumina Maize SNP50 Bead chip having 56,110 SNPs, 1 SNP/40 kb, and
19,540 genes with 2 SNPs/gene (Edriss et al. 2017). At an alternative level, geno-
typing may also be done using GBS. Illumina’s next-generation sequencing tech-
nology has a straightforward, multiplexed technique for creating reduced
representation libraries (Gurgul et al. 2019). GBS libraries were created by lowering
genomic complexities using restriction enzymes that might reach sequence capture-
inaccessible areas. In barley (Oregon Wolfe Barley) and maize (IBM) recombinant
inbred line (RIL) populations, 25,000 and 200,000 sequence tags were identified,
correspondingly (Aggarwal et al. 2021; Favre et al. 2021). Organisms without a full
genome sequencing may construct a reference map around restriction sites during
sample genotyping. By using GBS method, the CIMMYT Global Maize Program
(CIMMYT-GMP) is using high-density genotyping to enhance distinctive features
(Singh 2017). Numerous billion data points already have been created on significant
germplasms. System optimization is improving SNP calls and reducing lost data
points (Romay 2018). Also, in coming years, chip or GBS-based genotyping will
rely on their cost for genotyping and associated data storage, analytics, and distribu-
tion systems. The genetic sequencing of B73 and Palomero, a Mexican popcorn
landrace, is crucial milestones in maize genetic studies, having considerable signifi-
cance for comprehending maize genome structure and evolvement and formulating
ways to use genetic data in maize development (Roorkiwal et al. 2020). Palomero’s
genomes are 22% (140 Mb) smaller than B73’s and contain many unknown sequence
data, indicating a massive number of undiscovered genes. As sequencing grows
more cost-effective and faster, resequencing is replacing genotyping. For
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evolutionary, biodiversity, and genomic investigations, maize and rice have under-
gone large-scale resequencing (Huanca-Mamani et al. 2018; Singh et al. 2022).

Maize haplotype map (HapMap) is the first of its kind. The genome of 27 maize
inbred lines was characterized by substantially different haplotypes (Alekya et al.
2022). The specific marker-based mapping may be replaced with haplotype-based
mapping to boost mapping power and find particular genotypes in genes or allele
combinations at various loci that correlate to the identical targeted trait (Gupta et al.
2019). Additionally, to next-generation genotyping and sequencing, maize has vari-
ous mapping populations as global maize genetic resources. The maize nested asso-
ciation mapping (NAM) population, with 5000 RILs, is a recent genetic resource
(Nepolean et al. 2018; Tran et al. 2020). The NAM population integrates QTL
(quantitative trait loci) mapping with association mapping to identify genes under-
lying complex characteristics. The NAM RILs (nested association mapping, recom-
binant inbred lines) represent global maize genetic variability, allowing researchers
to explore genes related to numerous phenotypes, notably biotic, and abiotic stress
resiliency (Scott et al. 2020; Wani et al. 2022).

5.4 High-Throughput and Precision Phenotyping

Developments in phenotyping help increase grain breeding efficiency by using
high-throughput genotyping. Phenotyping has developed from relying primarily on
direct assessment of target characteristics (e.g., grains production) during stresses in
analytical breeding for abiotic resilient crops to remote phenotyping (Bhat et al.
2020). Remote sensing may imply whole-plant growth, water availability, or crop
production. HTPP analyzes plant attributes to determine phenotypic traits. Such
systems can forecast genotypic success in diverse climatic situations (particularly
when “buried factors” are included in monitored investigatory environments (Ross-
Tremblay 2020). Plant temperature, spectral reflectance, and canopy structure may
be measured all across the life cycle of the crop. The CIMMYT International Maize
Program is working to define field variance at significant phenotyping locations
globally and enhance field-based maize germplasm phenotyping (Prasanna et al.
2021). This comprises non-destructive biomass calculation with NDVI (normalized
difference vegetation index), soil moisture monitoring with neutron probes/TDR
(time domain reflectometry), chlorophyll content with a SPAD (soil plant analysis
development) meter, canopy behavior with infrared thermography, etc. (Fukuda
et al. 2018; Brewer et al. 2022).

5.5 Doubled Haploid Technology

Doubled haploid (DH) technique helps to introduce unique germplasm into elite-
breeding programs. DH plants are generated whenever haploid cells are subjected to
chromosome duplication, whether naturally or through chemical modification,
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enabling a single round of recombination to produce a homozygous line (Blary and
Jenczewski 2019; Kariyawasam 2021). DH promotes “forward breeding” and
allows for an initial look at the possibilities of emerging lines, offering better infor-
mation about their environmental adaptation prior to them being completely
assessed and utilized for hybrids creation and commercial farming (Jiang et al.
2020; Magbool et al. 2020). The maternal haploidy-based DH technique in maize
may boost line development efficiency by lowering the duration of homozygosity
from 7 to 2 seasons. In maize, spontaneous chromosomal duplication proved inef-
fective for breeders. In the past 10-15 years, commercialized maize breeding pro-
grams in North America, Europe, and most lately China have used DH technique
(Andorf et al. 2019; Uliana Trentin et al. 2020). Eighty percent of commercialized
maize breeding operations use DH technique. Since 2007, the CIMMYT
International Maize Program has worked with the University of Hohenheim,
Germany, to optimize DH technology for tropical/subtropical maize growing condi-
tions (Chaikam and Prasanna 2020). CIMMYT Maize Program is phenotyping this
DH population at different places globally for water stress, temperature, and poor
nitrogen resistance (Trachsel et al. 2019). CIMMYT and IITA (The International
Institute of Tropical Agriculture) built abiotic stress phenotyping and breeding net-
works for maize in eastern and southern Africa, including high-density genotyping
and bioinformatics services. CIMMYT creates similar partnerships throughout Asia
and Latin America, five genetic methods, and approaches for developing climate
cereals, including inducement costs and rates of inducer line upkeep and seeds out-
put (Gedil and Menkir 2019; Prasanna et al. 2021).

6 Future Maize Germplasm Adaptations

Within the past two decades, global firms have issued a variety of breeding products
using molecular breeding, along with transgenic and marker-assisted selection
(MAS) techniques (Prasanna et al. 2020). However, evidence concerning the size,
nature, and scope of these initiatives is scant. Maize, barley, wheat, rice, and pearl
millet have MAS-derived cultivars and advanced lines with better seed quality
(Prasanna et al. 2021). MAS seems to have been effective in boosting seed quality
and resistance to disease. Governmental maize organizations in underdeveloped
nations have issued few MAS-bred cultivars. Five excellent maize lines in India are
resistant to turcicum leaf blight and polysora rust (Ranganatha et al. 2021). MAS
has shown its promise as a technique to help traditional genetic modification of
crops, despite few examples of its usage in plant genetics. Still many effective
implementations are likely to present but are exclusive to commercial-breeding
global businesses (Boudry et al. 2021).

Biotechnology has improved grain productivity. CIMMYT began a maize breed-
ing initiative in Southern Africa in 1997 to boost productivity in minimal resources,
and water stress zones (Grote et al. 2021). Maize cultivars were designed for opti-
mum, poor N, and drought-managed environments. All CIMMYT hybrids
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outperformed commercial checks. CIMMYT hybrids demonstrated a 40% produc-
tion benefit over commercialized cultivars during severe water-deficit conditions
(Worku et al. 2020). Water stress-resilient Maize for Africa has enhanced phenotyp-
ing capacity in ESA (Eastern and Southern Africa) from 6 to 35 ha since 2006
(funded by the Bill and Melinda Gates Foundation). It has contributed to raising
maize’s water stress resistance (Yahaya and Shimelis 2022). New drought-tolerant
hybrids exhibited a 35% yield advantage over farmers’ cultivars in ESA under low
(3 tha™!) yield circumstances. The top variant (CZH0616) generated 26% more than
the leading commercial cultivars. These findings show how maize modification may
boost productivity under harsh conditions (Bekele 2020).

A 2 °Crise in temperature would reduce maize production beyond a 20% fall in
moisture, according to The European Space Agency modeling (Rigden et al. 2020).
Since CIMMYT started a maize drought-breeding program in Mexico in the 70s,
maize germplasm was evaluated under a variety of conditions, such as a warmer
temperature (Sheikh et al. 2017). This program’s drought-tolerant maize exhibited
a better heat tolerance due to indirect selection for heat exposure. In ESA, drought-
tolerant maize improvement did not account for warm temperatures till the present
(Nelimor et al. 2020). Analyzing maize strains from CIMMYT and IITA breeding
projects in conditions with high temperatures found ESA maize germplasm was
vulnerable to drought and heat stress at extremely high temperatures (Prasanna
et al. 2021). These findings show that ESA’s maize breeding system should include
high-temperature conditions. Heat exposure resistance breeding involves the under-
standing impact of temperature on maize development and growth and genetic
diversity for desired characteristics (Nelimor et al. 2020). Extreme heat reduces
maize development period, absorptivity of light, and reproduction rate. Delaying
sowing could be employed to evaluate for heat stress tolerance by exposing plants
to extremely high temperatures between important development phases (Xia et al.
2021). By utilizing this strategy, researchers found considerable genetic diversity
for heat tolerance in subtropical and tropical maize, showing conventional breeding
might improve heat tolerance (Prasanna et al. 2021).

Maize production declines increased in Southern Africa over 30 °C during water
stress. By the turn of the era, carbon dioxide might double (Muluneh 2020). Rising
carbon dioxide level will accelerate photosynthetic activity in C3 plants, while in
C4 plants, including maize, photosynthesis is peaked, and higher Carbon dioxide
levels will make no influence (Eva et al. 2019; Tan et al. 2021). By partially closing
stomata, increased Carbon dioxide lessens transpiration and enhances efficiency of
water use. Partial stomatal closure may boost soil water availability and postpone
water stress, but it might also raise canopy temperatures (Luan and Vico 2021).
Higher temperature and water stress are predicted to rise in northern Namibia,
northern Botswana, Southern Zimbabwe, and SSA (sub-Saharan Africa) and maize
fields are likely to suffer from extreme heat amid water shortages. Another latest
evidence on maize demonstrated that resistance to simultaneous water stress and
extreme heat is genetically unique than resilience toward each condition separately
(Nelimor et al. 2020; Malenica et al. 2021).
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Twenty percent of manmade GHGs seems to be from agribusiness. Excessive
fuel usage, farming equipment, fertilizer, and irrigation increase emissions of car-
bon dioxide (Panchasara et al. 2021). Conservation agriculture (CA) may decrease
GHG emissions and enhance carbon sequestration, mitigating global warming
(Balafoutis et al. 2017). SSA’s (sub-Saharan Africa) maize cultivation techniques
are rainfed, depend on the animal drive or human soil preparations, and consume
relatively little fertilizers (Bationo et al. 2018). Therefore, in the territory, adapt-
ability might be more crucial than remediation. Improved maize cultivars with
enhanced resilience to high temperature and water stress will help SSA respond to
climate change, but maize production remains among the smallest on the globe
(Abegunde et al. 2019). Maize modification alone cannot boost present yields and
mitigate future production losses from changing climate and increasing climatic
fluctuation (Zougmoré et al. 2018). Growing period heat may not surpass the crite-
ria for tropical and subtropical maize until 2050, but rising temperatures might
increase plant evapotranspiration, rising plant’s watering need, and limiting soil
moisture availability to plants (Malhi et al. 2021). Enhanced soil moisture condition
may shield crops from moisture stress during irregular rains and lessen drought
intensity. CA reduces soil loss via tillage, conserving leftovers, and rotating crops.
CA improves groundwater recharge, reduces evaporation, and reduces water over-
flow (Jovanovic et al. 2020; Bogati and Walczak 2022). CA increases soil water,
according to much research. CA increased maize grain production by 1.8-2.7 times
during moderate water stress. CA’s greater level of soil water might shield maize
productivity versus prolonged water stress situations (Hafez et al. 2021).

7 Farmers’ Approaches for Lowering Climate Impacts

Climatic change and rising weather events have a smaller influence on producers’
lifestyles since they are dynamic “agents” whose approach, and experiences deter-
mine advancement inside the limitations of their resources and knowledge (Rolnick
et al. 2022). Farmers have devised adaptive mechanisms to deal with yearly fluctua-
tions of rain. Changing climate may affect farmers’ decisions and cultivation strate-
gies (Abid et al. 2019; Rolnick et al. 2022). Detailed the kind of measures farmers
use to move up in the world. By using this framework, the following are living
development solutions for poor farmers facing environmental problems
(Alreshidi 2019):

* Family enhances economic or physiological output of present growth dynamics,
e.g., growers boost productivity by using external inputs such as irrigation and
better breeds of crops they traditionally cultivate and by adopting water-
conserving land management methods like the CA (Mustafa et al. 2019).

* The strategy allowed producers to increase revenue or avoid financial unpredict-
ability by entering fresh or existing marketplaces. This includes innovative prod-
uct farming and on-farm processing to increase value. In poor nations like SA,
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this could involve shifting from maize to millet and sorghum. Considering
smaller growth cycles and lower water needs, growers preferred maize (Reardon
et al. 2019).

* Expanding their acreage or livestock increases farmers’ earnings or assets. The
extension could occur by restructuring, amassing of discarded farmland, or clear-
ance of underutilized areas (Marewo 2020).

* Seasonal or long-term off-farm work helps farmers boost agricultural profitabil-
ity. The earnings might be applied to agricultural or family expenses
(Gautam 2017).

e Farmers depart agribusiness when they switch to some other agro-ecosystem or
perhaps a nonfarming career. Climate change causes movement of people.
Concerning farmers’ adaptability approaches, plant genetics will serve a signifi-
cant contribution (Altieri et al. 2015).

8 Challenges for Farmers’ Access to Enhanced Germplasm

In certain circumstances, impoverished farmers have barriers to adopting modern-
ized breeds, yet they normally cannot adopt better germplasm. However, poor farm-
ers’ limited property sizes hinder genuine poverty alleviation (Rodriguez et al.
2016). Adaptation is dispersed across a very limited area to affect earnings, although
if better cultivars offer higher production. It is unclear whether impoverished farm-
ers did not accept modern verities (Hayton 2020). Several poverty-related indicators
correlate strongly with adaptation. Having access to credit and information is
important in several research. Many researchers have emphasized land-owning
sizes, although not everything, but mostly failed to correlate effects size with aver-
aged or distribution of low holdings. Therefore, the middle classes land-owning
impact is seldom analyzed (Combs et al. 2021; Foster and Rosenzweig 2022).

Adaptation is often linked to better results. Poor farmers do not have enough
property to generate yield growth into high meaningful profit gains. This verifies the
conclusions of those who ask what more property is needed to eliminate poverty
given yield/income impacts (Gosnell et al. 2019). Even with small direct financial
improvements, alternative paths are crucial. Small-holding poor workers may ben-
efit from technology-driven labor supply. Limited areas of high-nutrient variety
may offer essential nutrients, particularly for malnutrition populations (Alwang
et al. 2019).

Studies demonstrate a considerable decrease in household poverty linked with
adaptation, although when adaptation is prohibited. Considering the very minor
direct impacts, such magnitudes are unlikely to be practical and indicate challenges
with clear descriptions (Masten 2018). Farm productivity improvements are virtu-
ally exclusively responsible for short-term poverty reduction benefits. Property
building or other variables may enable adopting growers to have greater wealth
increases than the production benefit predicts, but the investigator must uncover the
link (Fuglie et al. 2019; Jayne et al. 2019). Modest productivity increases in narrow
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sectors slow property buildup. The rate of poverty is a societal construction; usually,
policymakers care about population-wide consequences (Turner et al. 2018). Direct
revenue increases reduce poverty among farmers (producing a particular crop) and
technology-adopting growers, according to surveys. Even huge declines in sub-
population poverty are generally correlated with decreased countryside (national)
poverty (Carter et al. 2019; Martey et al. 2020).

This chapter concluded: The amount of domestic economic consequences is sub-
stantially facilitated by the geographical range of innovation adaptation in the fields.

9 How Many Farmers Will Use Climate-Resistant
Innovations in 2030?

Changing climate may intensify, exacerbate, or diversify various potential conse-
quences. High temperatures, water shortages, high temperatures, floods, insects,
herbs, and infection are important hazards to crop yields (Altieri and Nicholls
2017). A farmer’s climate resilience is characterized by his/her ability to predict,
withstand, and retrieve against environment disturbances, as well as adjust and
become less susceptible and more robust (Appiah and Guodaar 2022). To ensure
worldwide food security by 2030, it is important to determine what percentage of
farms are climate-resilient. Small-scale farmers are especially susceptible to a
changing environment because they have fewer assets and fewer opportunities for
education, technology, wealth management, and support systems (Nyasimi et al.
2017). Some with less economic choices and those who are excessively skilled are
less climate-resilient. Climatic adaptability depends on local climate hazards, agri-
cultural techniques, and agricultural inputs (Table 8.2). Numerous contributors,
including the UK and USA, are measuring resilience as a novel guidance efficiency
criterion (Srivastav et al. 2021; Osumba et al. 2021).

Human nutrition will likely be generated by 750 million farms in 2030, an
increase of 200 million small-holder farmlands (Singh 2019). A proportion must
embrace climate-smart farming to secure food security worldwide despite increas-
ing climatic stressors resulting from climate change. Adoption rates for many inven-
tions have been approximately 1% every year during the preceding 15 years
(Burchfield et al. 2020). Trying to recreate and adopt proven climate-smart tech-
niques and technology can help small-holder farmers become more resilient. This
entails establishing support from the public for inclusive public-private partnerships
and effective extension programs to reach rural and deprived regions (Wally 2021).

10 Conclusions

Maize is among the three most essential cereals for food supply. Maize is a key ele-
ment in animal feed in several industrialized and growing nations in Latin America
and Asia. Rising requirements for animal supplies and altered diets in emerging
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Table 8.2 Biotic and abiotic stress-resilient populations in Asia

Populations Trait Method/Strategy Region Reference
WE 2101, WE 2103, WE Early maturity, | Modern East Simtowe
2104, WE 2106, WE 2114, yield conventional Africa, et al. (2019)
WE 2115, PAN 67, UH5051, methods Asia
UHS5052, UH5053, MM3,
AMDROUTI1-AMDROUT4, | Drought, Genomic selection | Asia Vivek et al.
AMDROUTS x 6, Genetic gains (2017)
MARS7-MARS12 per year
Hybrid TA5084 Yield Gene introgression | Southeast | Zoetbrood
Asia (2022)
MPS6, MPSS5, MPS4, MPS3, | Heat RCGS (rapid-cycle | South Das et al.
MPS2, MPS1, and HSBC genomic selection) | Asia (2021)
GDRM-187 Extra-early Participatory plant | Asia Sahoo and
maturity breeding Sanadya
(2020)
BRS4154, MPS-A, MPS-B Waterlogging | Modified Asia Prasanna
WLS, and WLCY stratification et al. (2021)
method of
phenotypic
recurrent selection

nations may quadruple maize consumption by 2050. Climate change complicates
efforts to close the yield gap and increase output by breeding new high-yielding
cultivars in many emerging economies, whose harvests stay low. Sustainable maize
production improvement will need comprehensive techniques that help preserve
existing production and boost crop productivity during unpredictable and dynamic
environment. Asia’s Green Revolution reveals that technology itself will not resolve
the issue. Significant private- and public-sector investments and continuous political
engagement are required to promote crop varieties and advances in seeds and feed-
stock supply chain networks. All of this will boost farmers’ access to better seeds
and equipment, along with crop management approaches that preserve soil quality
and deal with extreme climate. Modern extensions and consulting mechanisms are
required to help farmers understand, not just provide supplies. Small-holder maize
producers in Asia, Latin America, and Africa will find extreme weather problematic.

The significant issues for the international scientific community are (a) to gener-
ate high-quality phenotypic data in breeding programs and integrating it with
advanced methods and technologies, such as high-density genotyping data, doubled
haploidy, and decision support tools, for the rapid evolution of sustainable and resil-
ient germplasm; (b) to better understand the effects of climate change on cropping
systems in various territories; and (c) to closely monitor climate crisis. Genetic
engineering has lowered greenhouse gas emissions, sequestered carbon, generated
cleaner fuels, developed stronger crop types, and lowered synthetic fertilizers usage.
These methods have increased agricultural output and protected biodiversity and
ecosystems. More research is needed to establish the vulnerability reduction advan-
tages of climate-tolerant maize on critically poor farmers, although evidence is
emerging out that it increases productivity, reduces uncertainties, and increases food
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and nutrition security. Developing seeds firms in LatAm, Asia, and SSA must be
developed to be even more market-oriented and competitive to offer small farmers
inexpensive climate-tolerant enhanced seeds.
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Abstract Climate change has greatly influenced overall agricultural production.
Pakistan is an agricultural economy, and agriculture is the source of income for the
majority of the population. Unfortunately, agriculture is most sensitive to climatic
irregularities because drought, salinity, and heat stress are major causes of yield
decline in both major and minor crops. This chapter provides useful insights regard-
ing strategically utilization of the most recent research findings to speed up the
development of wheat genotypes having resistance against climatic irregularities.
The recommended strategies discussed in this chapter develop a link between trans-
lational research and breeding strategies. This chapter also addresses research gaps
which together are anticipated to enhance wheat yield particularly under heat and
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drought stress. In addition to meet the demand of local growers, breeders must
ensure the release of improved varieties having wider adaptation to support the effi-
cacy of selection program. The genotype x environment interactions (GEI) are
directly or indirectly linked to the existing biotic and abiotic stresses, soil
nourishment status, agronomic practices as well as genetic composition of any crop.
In order to enhance the efficiency of different breeding strategies, understanding the
basis of GEI is prerequisite. Furthermore, modeling techniques that take into
account environmental and genomic data could be used to locate genetic locus
underlying stability across multiple locations and abiotic stress response. In addi-
tion, the technique of crop simulations will help to understand the fundamentals of
GEIs and could be useful in predicting morphological characterization and growth
trend in wheat genotypes when projected to various stressed of varying intensity. It
is also possible to transfer genes between artificially hybridized and bread wheat by
the backcrossing breeding method. By backcrossing with high-yielding wheat cul-
tivars, the breeder could obtain an upraise of 10-40% in yield of synthetic wheat
even in drought and stress conditions. By using recombinant inbred lines (RILS)
and near-isogenic lines (NILS), 1RS translocation lines of rye have demonstrated
high levels of tolerance and greater biomass production under heat and stress condi-
tions. Similar to gene editing, gene cloning is also not very common in developing
improved genotypes with better adaptation options against stress. Additionally, the
use and regulation of genome edit technologies such as CRISPR/Cas9 system are
still in ambiguity which has made it difficult to integrate such technologies into
breeding program with an international focus.

Keywords Climate resilience - Wheat - Genomic technologies - Drought - Heat

1 Introduction

Climate change poses a significant threat to wheat production, as it leads to unpre-
dictable weather patterns and increased incidence of extreme weather events such as
droughts and floods. Different climate variables have varying impacts on different
crops and regions. Recent years have seen an expansion of grain-sown area and
increase in grain production due to increased heat caused by climate change
(Pickson et al. 2020; Yang et al. 2015). However, high temperatures can negate the
positive effects of increased rainfall and CO, concentrations on crop production in
certain areas (Malhi et al. 2021; Dai et al. 2018). Climate change also negatively
impacts grain production by increasing the occurrence of pests and diseases, short-
ening crop growth cycles, and increasing the frequency of extreme weather events
(Wang et al. 2021; Chen et al. 2018).

To mitigate these impacts and ensure the continued productivity of wheat crops,
farmers are turning to a range of climate resilience technologies for ensuring food
security and sustainable agricultural practices in the face of increasing climate vari-
ability and extreme weather events. These technologies include a range of genetic,
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agronomic, and management practices that can help farmers adapt to changing con-
ditions and protect their crops from the effects of drought, heat, and extreme weather
(Bei et al. 2022; Belton et al. 2021; Jiang et al. 2020).

One technology that can help to increase the resilience of wheat crops to drought
is the use of drought-tolerant wheat varieties. These varieties have been bred to have
deeper roots, better water-use efficiency, and improved tolerance to high tempera-
tures (Bapela et al. 2022). Crop rotation is another farming practice that can help to
increase the resilience of wheat crops to the impacts of climate change. By rotating
crops, farmers can improve soil health, reduce pest and disease pressures, and
increase overall crop yields (Jalli et al. 2021). Climate-smart farming practices such
as conservation agriculture, agroforestry, and the use of weather and climate infor-
mation in crop management can also help to increase the resilience of wheat pro-
duction to climate change. By adopting these practices, farmers can ensure that their
crops are better able to withstand the impacts of extreme weather events and con-
tinue to produce high-quality wheat. Technologies such as precision irrigation and
precision fertilization can help farmers use water and fertilizer more efficiently,
which can be especially important in regions that are becoming drier or more water-
stressed due to climate change. For example, a study found that precision irrigation
led to higher wheat yields and reduced water use in a region that was experiencing
drought (Djanaguiraman et al. 2020).

Climate-resilient wheat breeding using precision breeding, genome editing, and
gene editing can also help to breed more resilient wheat varieties that can adapt to
the changing climate. This chapter highlights these technologies and discusses their
role to ensure that wheat crops are better able to withstand the impacts of extreme
weather events and continue to produce high-quality wheat (Gul et al. 2022; Abbas
2022; Zhang et al. 2022). These practices are essential for ensuring food security
and sustainable agricultural practices in the face of increasing climate variability
and extreme weather events.

2 Climate Change Trends and Their Impact
on Agricultural Productivity

Climate consists of complex structures with spatiotemporal dynamics. Naturally,
the earth’s sphere constantly remains in a variable and unstable state, experiencing
various configurational dimensions which cause irregularities in climatic condi-
tions. It is stated that the existing climate is different compared to the Mesozoic era
and is continuously undergoing changes (Mac et al. 1998). Intergovernmental panel
on climate change (IPCC) endorsed the side effects of climate change, namely, tem-
perature fluctuations, increased water flow from ice caps, and glaciers causing them
to melt faster and unexpected rise in sea levels around the globe (IPCC 2007). This
whole scenario has become a burning issue of every debate; therefore, several think
tanks and people from different schools of thought are sitting together to find appli-
cable and universal preventive measures which can be adopted globally (IPCC 2007).
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Studies showed that climatic changes may be caused due to natural or man-
made factors, e.g., severe rainfall, deforestation, and extinction of natural flora
and fauna due to urbanization. Sadly, all these factors are slowly damaging the
natural ecosystem, destroying the natural habitat of animals, adding poisonous
gases to human breath, and leading to an unhygienic place for living (Singh
2007; IPCC 2007). According to the facts stated by several studies, excessive
emission of toxic gases from fuel consumption has damaged and reduced the
greenhouse effect which is not only risking human lives but also impacting the
national economy and food security.

Pakistan is an agricultural economy, and agriculture is the source of income
for the majority of the population. Unfortunately, agriculture is most sensitive to
climatic irregularities because drought, salinity, and heat stress are major causes
of yield decline in both major and minor crops (Deschenes and Greenstone 2007;
Timmins 2006; Schlenker and Roberts 2006; Ashenfelter and Storchmann 2006).
Therefore, underdeveloped nations are more vulnerable to the losses and dam-
ages caused by climatic aberrations, 8—11% more compared to developed nations.
Furthermore, this devastating situation has also increased the cases of depres-
sion, theft, and anxiety among such nations (Alteiri and Nicholls 2017; Lesk
et al. 2016).

Climate change brings lots of inevitable disasters, among them food insecurity is
top-ranked. Among the 17 Sustainable Development Goals (SDG), the first and sec-
ond goals focus on no poverty and zero hunger, respectively. Considering these two
goals, it is predicted to achieve zero hunger by the end of 2030 which seems impos-
sible to attain under the current circumstances of climate change as to statistics
around 815 million population are suffering from malnutrition (Richardson
et al. 2018).

The agricultural sector always endures heavy production losses, with each degree
rise in temperate. Data have shown an instant decline in the yield of both commer-
cial and staple crops after a strong heat wave, flooding, or prolonged drought (Ito
et al. 2018). The overall crop production is estimated to decline at a much faster rate
than before because the temperature jumps from 2.6 °C to reached 4 °C (Rogelj
et al. 2016). Moreover, the existing cropping pattern followed by the farming com-
munity is not enough strong to cope with the seventies of climate (Reckling
et al. 2018).

Currently, the changes in rainfall patterns, temperature extremes, and increased
insect pest infestation are paving the way for maximum crop production loss which
will result in scarcity of basic food items (Dhanker and Foyer 2018; Campbell et al.
2016; Kang et al. 2009). These fluctuations in temperature and expected decline in
crop yield are leading toward the onset of World War IV which will be on the issue
of food security. Therefore, improving and securing food grain should be the funda-
mental objective of future studies. This chapter discusses and highlights the dam-
ages caused by climate change and tried to suggest mitigation strategies to cope
with the calamities caused by climate irregularities.
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2.1 Temperature

Temperature elevations are one of the best methods to explain climate change
because temperature fluctuations or extremes affect almost aspect of human lives as
well as the national economy of every country (Rasul et al. 2011). For example,
during the plant growth cycle, temperature balance is very critical as it influences
the majority of the important growing and reproductive metabolisms. In the case of
wheat, rice, sorghum, barley, and oats crops, the flowering stage is very critical.
Under stress conditions, slight temperature changes can cause delayed flowerings or
permanent sterility (Barnabds et al. 2008; Winkel et al. 1997; Saini and Aspenal
1982). Similar studies reported about a 35-75% decrease in grain setting because of
water scarcity (Sheoran and Saini 1996; Saini and Aspenal 1981). If the temperature
rises to more than 35 °C, it causes hindrance in the process of photosynthesis
(Griffin et al. 2004). In maize, heat stress is reported to impact antioxidant activity
(Gong et al. 1997). According to a report, in Mexico, where Zea mays is the leading
crop, it is predicted that in near future, overall crop production will decline by up to
25.7%, among them maize would face more yield losses (Hellin et al. 2014).
Moreover, when both drought and heat stress are combined in cereal crops, it causes
more yield loss and destruction (Wang and Huang 2004).

2.2 Drought

The quality of the grain may alter significantly as a result of the water availability;
the changes vary depending on whether there is too much or not enough water.
Drought-affected plants have a lower photosynthetic activity which has an impact
on grain production (Jiang et al. 2009; Ahmad et al. 2022; Bukhari et al. 2022).
Proteins must build up in the grain to produce high-quality grain; however, the
availability of water, a suitable plant-growing environment, and nutrient conditions
have a significant impact on this process (Rodrigues and Teixeira 2010; Ahmad
etal. 2021). According to Kobayashi et al. (2018), over a 115-day cycle, wheat used
an average of 347.2 mm of water or around 3.02 mm daily. The consumption was
0.70 mm day~' during the establishment phase, 0.93 mm per day during the tillering
phase, 2.21 mm day~! during the booting phase, 3.74 mm per day during the bloom-
ing phase, and 2.12 mm day~!' during the grain maturation phase. Moreover, the
critical times for water stress are the end of the tillering phase, the commencement
of stem elongation, throughout head development, and the commencement of the
blooming period (Sharma and Singh 2022; Yimere and Assefa 2022). Moreover,
indeed, some tillers will not produce spikes if they experience water stress during
the stem elongation period. Water scarcity during the milking stage of kernel growth
also affects the yield of the wheat plant. Conversely, the vegetative development,
which is often most impacted by the interruption of irrigation in the early heading
stage, productivity was more vulnerable to stress during the emergence of the head
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(Moreira and Cardoso 2009). In their study of water stress in four stages of develop-
ment (tillering, booting, grain filling, and physiological maturity), Zulkiffal et al.
(2021) found that water stress decreased grain yield by 22.7% during the tillering
stage, 41.6% during booting stage, and 9.1% during grain filling stage. As a result,
the impacts of low water availability vary depending on the plant’s phenological
stage, the length of the water stress, and its severity.

2.3 Rainfall

Current climatic changes such as droughts, floods, cold and heat waves, and abrupt
rainfall patterns significantly affect the output of field crops particularly those grown
in areas (Olayide et al. 2016; Rasul et al. 2002). Among these climatic variations,
rainfall is vital ecological factors that significantly affect crop yield, growth, and
normal development. Mostly, smallholder farmers are the ones which are greatly
affected by the uncertain rainfall patterns (Mar et al. 2018; Ndamani and Watanabe
2015). Rainfall causes soil erosion which depletes soil nutrients and ultimately hin-
ders crop growth and yield (Zike 2019). Preceding crop patterns and future rainfall
sequences significantly diminish wheat leaf area index, plant height, crop growth,
and root colonizing arbuscular mycorrhizal fungi (AMF) (Tataw et al. 2016). The
decline in seasonal rainfall is usually associated with decreased soil humidity which
exerts pressure on soil moisture resulting in decreased plant growth and yield.
Moreover, population and damage potential of certain crop pathogens are also
affected with soil and air moisture contents. An upsurge in soil and air moisture is
usually correlated with increased rainfalls which provide a conducive environment
for growth of certain disease-causing pathogens (Coakley et al. 1999).

3 Climate-Resilient Technologies for Enhancing Wheat
Growth under Stresses

The recommended strategies discussed in this chapter develop a link between trans-
lational research and breeding strategies. This chapter will also address the existing
research gaps which together are anticipated to enhance wheat yield particularly
under different stresses, e.g., drought and heat (Reynolds et al. 2021).

3.1 Crop Design Targets by Using De Novo Genome Assembly

Breeders must ensure that their varieties offer enough wider adaptation to support
the investment and scope of their selection program while also ensuring that they
fulfill the local needs of growers. Hence, plant breeders must find ways to maintain
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a balance between crop yield and its adaption stability for a particular set of given
ecological conditions, while ensuring that new crop cultivars should have the ability
to withstand against multi environments. Hence, the process of crop improvement is
very delicate and requires a lot of expertise, along with few difficulties. On top,
selecting a suitable parent is a very crucial step in all breeding programs especially
under multiple environments where environment interactions (GEIs) are an impor-
tant factor to consider as well. The genotype x environment interactions (GEI) are
directly or indirectly linked to the existing biotic and abiotic stresses, soil nourish-
ment status, agronomic practices as well as genetic composition of any crop. In
order to enhance the efficiency of different breeding strategies, understanding the
basis of GEI is prerequisite (Reynolds et al. 2021).

3.2 Screening of Stress-Resistant Germplasm to Refine
Breeding Targets

Although major portion of wheat cultivated area is under severe threat of drought
and heat, various wheat breeding programs still lack efficient screening protocols of
wheat cultivars and usually utilize quite general drought and heat stress criteria
(Braun et al. 2010). Moreover, various breeding programs are vulnerable to global
climatic changing patterns. During breeding schemes, some important factors can-
not be ignored such as soil nutritional shortages or toxic effects, and biotic stressors,
because if not correctly detected, it may compromise the genetic gain and under-
standing of molecular and biochemical mechanism of stress adaption (Mathews
et al. 2011; Bagci et al. 2007).

As a result, elucidating the various stress profiles to which wheat must respond
such as acquiring morphological and adaptive features and improved yield of a
specific area. Screening of significant genotypes depicting resistance against
drought and heat under severely stress affected areas along with diverse range of
ecological conditions (Opare et al. 2018; Ramirez-Villegas et al. 2011). A few char-
acteristics with maximum response toward GEIs could be used to draw information
about the combined effect of phenological and physiological dataset as well as
weather forecasts, soil type, and required agronomic practices could also be pre-
dicted (Reynolds et al. 2004). This method allows the identification of molecular
markers that are related to tolerance to certain stress profiles, as well as the primary
consequences of high temperatures and/or drought (Messmer et al. 2009). Selective
trialing may go further in terms of exact phenotypic expression, critical physiologi-
cal features, and accurate environmental characterization; however, it is only pos-
sible to do so at a limited range of locations based on the resources available.
However, the results of this research may be utilized to improve the methods for
data acquisition, which will allow the fundamental issues of GEI to be solved on a
much broader scale.
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3.3 Prediction of Phenological Wheat Growth under Drought
and Heat Conditions

Genotype x environment interactions have strong impact on plant development and
number of grains produced (Reynolds et al. 2020). The technique of crop simula-
tions will help to understand the fundamentals of GEIs and could be useful in pre-
dicting morphological characterization and growth trend in wheat genotypes when
projected to various stressed of varying intensity (Wallach et al. 2021). In crops,
extreme temperature always influences the heading stage, grain filling duration
whereas unavailability of water causes decline in nutrient intake of crop and eventu-
ally affects crop growth which is detrimental to crop production. Therefore, use of
global girded crop models (GGCM) combining the crop and climate simulation
models is suggested to lessen the crop production lo