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Preface

Burgeoning world population has put a lot of pressure on food, fuel, fibers, and 
natural resources. There could be serious challenges of food security in 2050 to feed 
more than 9 billion people amidst climate change. Agriculture sector has to grow 
exponentially to produce approximately 70% more food by 2050 to feed the ever-
increasing global population. Globally, the agriculture sector contributes 11–14% 
towards anthropogenic greenhouse gas (GHG) emissions and these emissions are 
increasing at a rate of approximately 1% per year. Inorganic nitrogen (N) fertilizer 
and manure application may enhance nitrate (NO3

−) leaching, which is another sig-
nificant N loss pathway from the rooting zone, resulting in water pollution and 
additional indirect nitrous oxide (N2O) loss through denitrification in water bodies. 
Emissions of N2O from the agriculture sector is expected to increase 35–60% by 
2030, due to an increased use of N fertilizer and animal manure production. The net 
emission of GHGs from farming activities can potentially be decreased by changing 
crop management practices to increase soil organic carbon (SOC) or C sequestra-
tion and decrease N2O emissions. Therefore, it is essential that new agricultural 
management practices be employed to sequester C, increase soil health, and reduce 
N and gaseous losses, while maintaining sufficient food and feedstock production. 
The addition of perennial crops in crop rotation, no tillage, crop residue incorpora-
tion, cover cropping, legume-based cropping systems, and biochar amendments 
have been demonstrated to improve soil health and reduce environmental impacts. 
Additionally, slow-release fertilizer application, urease inhibitors, and nitrification 
inhibitors can reduce N losses and improve N use efficiency in different cropping 
systems.

Any change in climate would eventually disturb agricultural practices. So, it 
becomes crucial to adopt Climate-Resilient Agriculture (CRA) practices at such a 
scale so that the disturbing impact of climate change on agriculture sector could be 
minimized. Adapting and building resilience to climate change means increasing 
agricultural productivity, farm profitability, and net income and reducing GHGs 
emissions. A number of strategies can be adopted to achieve sustainable growth in 
crop production, horticultural crops, livestock, fisheries, and forest under changing 
climate scenarios.
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With increasing concerns over environmental protection, improvement in 
resource use efficiencies (e.g., efficient use of water and nutrients) has become a 
prime goal in global agricultural system. Sustainable use of these resources in agri-
cultural production could significantly avoid environmental hazards resulting from 
their over-utilization. Similarly, salinity of the land has proven to be quite detrimen-
tal for agriculture; to study its impacts on the agricultural growth and the ways to 
deal with this menace has important future implications in the climate change. 
Modern ways of controlling pests, including insects and weeds, would have to be 
adopted by curtailing the use of pesticides. The use of crop modeling and remote 
sensing and adopting innovative crop management practices could make broader 
future prospects for climate resilience. All these measures would ultimately help for 
keeping food security challenges to feed ever-increasing global population across 
the globe.

Bahawalpur, Pakistan� Wajid Nasim Jatoi  
Vehari, Pakistan � Muhammad Mubeen  
Bangkok, Thailand � Ashfaq Ahmad  
Corner Brook, NL, Canada � Mumtaz Akhtar Cheema  
Beijing, China � Zhaohui Lin  
Islamabad, Pakistan � Muhammad Zaffar Hashmi   
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An Introduction to Climate Change 
Phenomenon
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Abstract  Long-term change in the average weather patterns of the earth’s local, 
regional, and global climates is called climate change. These changes have a broad 
range of observed effects. Climate change is mainly linked to changes, which the 
scientists observed over the current decade and those that are projected to be hap-
pening, mainly as a consequence of human behavior, in all the continents. Other 
reasons for climate change include greenhouse effect, global warming, urbaniza-
tion, and deforestation. Due to these impacts of climate change, temperature rise, 
increase in CO2 concentration, seawater rise, and ocean acidity also took place in 
the past. The earth’s ecosystem is rapidly changing due to climate change. In this 
book chapter, we elaborate the reasons for the natural greenhouse gas emissions and 
the role of various stakeholders in the phenomenon of climate change.

Keywords  Greenhouse effect · Global warming · Urbanization · Deforestation · 
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1.1  �Introduction

Climate is a long-term fluctuation (statistical expression) of the weather of a par-
ticular place. Climate change is known as a change in expected weather. Changes in 
climate are different at different geographical scales and time period (Ahmad et al. 
2019; Abbas et al. 2020). Indicators of climate change are of two types: in which 
primary indicators are physical which include changes in temperature, rainfall pat-
terns, and weather conditions while the secondary indicators include economic, 
social, and ecological impacts. Secondary indicators are also known as conse-
quences and vary with the condition (Mendelsohn et  al. 2006). Climate change 
occurs due to the effect of different factors which can be divided into three groups: 
external, internal, and anthropogenic. External elements include effect of astronom-
ical and orbital activities. Internal elements include earth—geophysical, geological, 
and geographical (Nikolov and Petrov 2014; Haasnoot et al. 2020).

Global energy balance and total amount of energy stored in the climate system 
can be used to determine the overall state of global climate; global energy balance 
can be defined as balance between the amount of solar energy received by the earth 
and that released back to space (Fig.  1.1) and the regulation of energy balance 
depends upon the flow of energy in the global climate system (Tariq et al. 2018; 
Ghahramani et  al. 2020). Changes in the energy flow in the climate system and 
global energy balance are the major causes of changes in climate. Changes in ocean 

Fig. 1.1  The rates at which energy enters the Earth system from the Sun, and leaves the system. 
The arrows show global average energy transfer rates in units of Watts per square meter. With more 
greenhouse gases in the atmosphere, but no other changes, the system must reach a higher tem-
perature to maintain balance

S. Naz et al.
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circulation, variations in quantity of energy reaching from the sun, changes in com-
position of the atmosphere, and changes in earth’s orbit are also major causes of 
climate change (Ahmad et al. 2017a, b; Abbas et al. 2017).

1.2  �Greenhouse Effect and Global Warming

Greenhouse gases are causing global warming. Greenhouse gases (GHGs) are the 
gaseous combinations in the atmosphere which can absorb infrared radiation and 
trap heat in the atmosphere. By trapping heat in the atmosphere, GHGs cause green-
house effect that eventually leads to global warming (Ahmad et al. 2017a, b; Awais 
et al. 2017; Jabran et al. 2017; Rahman et al. 2017*; Nasim et al. 2017; Mahmood 
et al. 2017; Scoville-Simonds et al. 2020). According to Environmental Protection 
Agency (EPA) the USA, the most significant GHSs are CO2, CH4, N2O, fluorinated 
gases, and water vapor. Greenhouse gases enter the atmosphere in two ways: by 
natural means, i.e., plants and human respiration, and by human activities, i.e., 
deforestation, use of artificial fertilizers, fossil fuel use, and intensive livestock 
farming besides industrial processes (Ahmad et  al. 2016). The top CO2 emitter 
countries are mentioned in Fig. 1.2. Due to climate warming, glaciers are melting 
and ultimately water level in oceans is rising (Fig. 1.3).

Global warming is the increase of average maximum and minimum air tempera-
ture of climate system of earth primarily caused by humans and has been recognized 
by direct temperature measurements and with the help of measurements of several 
impacts of climate change (Ahmad et al. 2017a, b; Berrang-Ford et al. 2019; van 
Valkengoed and Steg 2019). In all the continents, it is a foremost cause of climatic 
changes which, in addition to enhancing surface temperatures of all regions, also 
results in changes in rainfall pattern (Ali and Erenstein 2017; Rodriguez et al. 2018). 
Climate warming happens when greenhouse gases as well as more air contaminants 
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Fig. 1.2  The top CO2 emitters countries in the world
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Fig. 1.3  Effect of climate change on Grinnel Glacier Montana, USA (Source: www.nasa.com)

S. Naz et al.
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accumulate into atmosphere (Adamson et al. 2018). Generally, the radiations can be 
lost into space, but these pollutants, which can last for years to centuries in the 
atmosphere, trap the heat and cause the planet to get hotter (Tonmoy et al. 2020). 
Impacts of global warming comprise rising levels of sea, regional variations in rain-
fall, more recurrent extreme weather events like heat waves, in addition to deserts 
expansion (Rippke et al. 2016; Tenzing 2020). Surface temperature rise is highest in 
Arctic that has contributed to glaciers retreat, permafrost, besides sea ice. Generally, 
high temperature brings extra precipitation and snowfall; however for certain 
regions droughts are accompanied by more wildfires. Climate change appears to 
reduce the productivity of crops, threatening food security; and rising levels of sea 
may flood coastal infrastructure (Araos et al. 2016). Some of the effects of global 
warming are shown in Fig. 1.4.

1.3  �Ozone Depletion and Climate Change

Ozone is a colorless, irritating, corrosive gas found in the upper atmosphere of 
Earth. Major causes of Ozone layer depletion include chlorofluorocarbons, global 
warming, nitrogenous compounds, etc. Ozone present in the atmosphere affects the 
earth’s temperature in two ways. Firstly, the effect of ozone on climate change var-
ies with the ozone concentrations and altitude at which this change occurs. Secondly, 
it absorbs infrared radiation and traps the heat in troposphere (Lesnikowski et al. 
2019). Due to human-produced chlorine and bromine (which produce cooling 
effect), ozone concentration in lower stratosphere zone has been reduced. Whereas, 
the ozone amount present in troposphere (which absorbs ultraviolet radiation and 
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Fig. 1.4  Effect of global warming
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increases heat) increases due to human activities (i.e., pollution) which contributes 
towards the greenhouse effect. As shown in Fig.1.5, CO2 is the major contributor 
and its concentration increased by burning of oil, natural gas, and coal for transpor-
tation and energy. Gases which are causing ozone depletion are also contributing to 
climate change.

1.4  �Effect of Automobiles on Climate Change

Vehicle having its own motor is called automobile. Automobiles were created in the 
late 1800s and have been causing pollution since their inception (Haida et al. 2019). 
The effect of automobiles on climate change includes melting of ice on lakes and 
rivers, shrinking of glaciers, earlier flowering, quick rise in sea level, long heat-
waves with more intensity, and smog (Figs. 1.6 and 1.7). Vehicles are one of the 
major reasons for global warming because of gases emission. Every gallon of vehic-
ular gas contains 24 pounds of carbon dioxide and other global warming gases 
(Nitrogen oxides, Sulfur dioxide, Hydrocarbons).

1.5  �Effects of Deforestation on Climate Change

Forests contribute to the rain pattern and are useful for recycling the rainfall. But, 
forests are permanently destroyed in order to use the land for other purposes. Causes 
of deforestation include urbanization, population increase, road construction, over 
grazing, timber, landslides, fuelwood, forest fires, mining, and forest disease. To 
quote an example, the annual depletion rate of forest in Pakistan is 1.5% resulting 
in 39,000 ha of deforestation leaving only 4.8% area with forest. As an international 

Fig. 1.5  Changes in abundance of various gases in the atmosphere

S. Naz et al.
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standard, 25% area should be under forest cover (Schweikert et al. 2014; Alghabari 
et al. 2016; Jabran et al. 2016; Fahad et al. 2016c; Nosheen et al. 2016).

Due to deforestation, there is a drastic decrease in the sink of carbon dioxide 
which results in less CO2 conversion into oxygen leaving a huge impact on climate 

China
27%

RU JP CN
13%

USA
18%

EU AU NZ
13%

Rest of World
13%

KR IR ZA MX 
11%

India
5%

Fig. 1.6  Status of CO2 emissions due to automobiles

Fig. 1.7  Automobiles source of pollution (Source: https://helpsavenature.com/
impact-of-car-pollution-on-environment)
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(Juhola 2019). Weather pattern is greatly affected by deforestation water vapor pro-
duced by forests traps the heat and keeps the temperature maintained, but due to an 
increase in deforestation this process is affected besides the increase in earth and 
atmospheric temperature (Figs.  1.8 and 1.9). Due to the presence of excessive 
amount of carbon dioxide, the oceans have become acidic leading to change in pH 
level of the oceans and killing many species of animals and plants. Due to deforesta-
tion, the soil (which is sometime contaminated with manmade material such as 
pesticides and other chemicals) becomes eroded resulting in the contamination of 
rivers and lakes. So, this water becomes dangerous for animals that drink from these 
water resources (Nasim et al. 2016a, b, c; Mubeen et al. 2016; Rasool et al. 2016; 
Fahad et al. 2016a, b; Žurovec and Vedeld 2019).

1.6  �Climate Change and Urbanization

Migration of population from rural to urban areas results in the expansion of cities 
and towns tremendously. Urbanization’s effect on climate change include Heat 
stress, Extreme weather events, Inland flooding, Ocean acidification, Rising tem-
peratures, Sea-level rise, and storm surges. The temperature increase due to urban-
ization since preindustrial level is from 2.5–4 °C. It also leads to numerous hot days 
and warm spells. Increase in temperature causes heat-related health issues and 
pollution.

Fig. 1.8  Effect of deforestation

S. Naz et al.
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1.7  �Human Influence

In earlier human history our effect on the climate was quite simple but with the pas-
sage of time it gradually increased. At the end of nineteenth century, the industrial 
revolution had a great effect on climate. Carbon dioxide amount increased in the 
atmosphere with burning of fossil fuel and invention of motors which led to the 
greenhouse effect later (Ahmed et al. 2021; Tariq et al. 2021; Fatima et al. 2020, 2021). 
Cutting down of trees also contributed towards increased quantity of CO2 in atmo-
sphere by reducing the absorbance of CO2 by the trees.

1.8  �Role of the Sun

Sun plays a primary role in influencing the earth’s climate system. Beer et al. (2000) 
stated that the sun plays a pivot role in the earth’s climate system and is considered 
as an engine that drives the climate system; however, the variability of results and 
range of this effect is still not clear. Gray et al. (2010) stated that the sun is the major 
component among all the components our climate is made of. Whereas, according 
to IPCC the variation in solar energy (long or short) plays a minute role in climate 
change as compared to GHGs produced by human.

1.9  �El Niño

It is the phenomenon which causes drought and heavy rainfall in different parts of 
the world by disrupting the weather patterns. It is a complex and natural phenome-
non. Break down of trade winds and moving back of water towards the eastern side 
of Pacific Ocean instead of western side results in rain and storms. Global 

Fig. 1.9  Effect of deforestation (Source: https://www.google.com/imgres)

1  An Introduction to Climate Change Phenomenon
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atmosphere temperature rises because of the excess heat released from the warm ocean 
water. So, the El Niño can affect the weather around the world by influencing precipita-
tion, winds, and high and low-pressure systems (Fig. 1.10). Change in the weather pat-
tern can greatly affect the ecosystem, agriculture, health, fisheries, and air quality. The 
risk of wildfire (Fig. 1.11) and flooding (Fig. 1.12) also increases around the globe.

Fig. 1.10  Movement of surface water during El Niño (Source: https://commons.wikimedia.org/
wiki/File:Movement_of_surface_waters_during_El_Nino.jpg)

Fig. 1.11  Wildfires in Indonesia

S. Naz et al.
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Fig. 1.12  Flooding in Chennai, India

1.10  �Conclusion

Climate change is a global phenomenon and is a serious threat to all fields of life. 
Climate change is increasing rapidly day by day due to the enhancement of concen-
trations of greenhouse gases at local, regional, and global levels. Main reasons for 
increasing greenhouse gases are deforestation, use of artificial fertilizers, fossil fuel 
use, livestock farming, and industrial processes. Ecosystem of the earth is rapidly 
changing due to climate change. In order to save our future, concentrated efforts are 
needed at national, regional, and global levels. There are many stakeholders which 
are playing their respective roles in increasing the chlorofluorocarbons in the envi-
ronment in the name of development. Development should not be at the cost of our 
environment. We must save our environment. In this regard, effective measures 
should be adopted to decrease the release of greenhouse gases in the atmosphere by 
the developed countries for the benefit of developing and underdeveloped nations.

1  An Introduction to Climate Change Phenomenon
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Chapter 2
Agro-meteorological Aspect of Climate 
Change
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Abstract  Climatic conditions have always been a matter of concern for the farm-
ing community. Climate change is one of the great challenges faced by today’s 
agriculture system. The industrial revolution has poked the global temperatures 
through the increment of greenhouse gases. The rainfalls are becoming uncertain 
and going beyond the normal pattern. Whereas, the global population is on increase 
in the particular regions and is jointly threatening the underdeveloped states in terms 
of food security, consequently adding the hardships of the third world countries in 
providing a fair diet to their population. To address these issues, Food and Agriculture 
Organization along with other partners have been working on a reform program, 
“Climate Smart Agriculture.” More investments would have to be made for agricul-
tural reforms to meet the new demands and to address the emerging issues like 
limited water and less available area for production. Mega collaboration by the 
major stakeholders could enable the world to address the climate-based challenges 
for agricultural production.
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2.1  �Introduction

Climate change has been a great challenge for the research community as well as 
the policymakers over the globe. Likewise, agricultural production which is the 
most important segment of life, had largely been affected by climate change 
(Fig. 2.1). The farmers are growing their crops in the vast uncovered agricultural 
lands directly under the influence of weather and climate of the specified region. 
The plant scientists/engineers guide the farmers in accordance with the prevailing 
conditions of climate and soil features. Most of the farmers practice their activities 
in the light of those instructions but at times they have to face great losses due to 
unexpected weather conditions besides other factors. Occasionally, heavy rains 
along with persistent cloudy conditions trigger some viral or pest attack on standing 
crops or result in the rapid growth of weeds in the fields. That would prolong the 
crop season as well and causes delay in the sowing of next season’s crops. In the 
same way, rainfalls right after sowing cause minimized germination that produces a 
major reduction in the final yield. Rashid and Rasul (2012) stated that fluctuation of 
rainfall badly affects the agriculture production in rain-fed areas (Amin et al. 2018a, 
b; Rahman et al. 2018). Also, it becomes problematic for the soil with lower water 
holding capacity or in the hot and drier seasons with inadequate soil moisture 
(Pratley 2003).

Abnormal rise in the daytime temperature raises crop water requirement (CWR) 
at important phenological stages. It causes early completion of significant phases 
and early maturity of grains as well due to which shriveled grain is obtained. It has 
been revealed by Elshamy et al. (2006) that the variation in air temperatures triggers 
the uncertainty in precipitation, rate of evapotranspiration, stream flow, etc., which 

Fig. 2.1  Agriculture and Climate Change Negative Cycle. (Available at https://digital.hbs.edu/
platform-rctom/submission/can-vertical-farming-reduce-agricultures-impact-on-climate-change/)

D. H. Kazmi et al.
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are the most significant factors for crops. Also, the occurrence of extreme events is 
on increase due to enhanced greenhouse gases (GHG) emissions (Hennessy et al. 
1997). Moreover, there are a number of climate-based phenomena including floods, 
consistent droughts, heat waves, cold waves, etc., which occasionally demolish the 
crops/orchids over an extended area.

On the other hand, the population of the whole world especially the underdevel-
oped region is on increase and so is the demand for food and other resources. There 
are some countries which can manage sufficient food on their own or have the 
capacity to import it from elsewhere. But generally, the third world states are strug-
gling to provide a fair diet to their people.

2.2  �Scope of Agrometeorology

Meteorology is a vast and dynamic scientific field, because the interaction between 
the atmosphere, hydrosphere, and cryosphere (along with local topographic and 
orographic features) play an important role in deriving the weather and climate of 
this planet. In the context of climate impact on agriculture, Agrometeorology is an 
emerging branch of climate sciences that has got great attention in the recent past. 
The research and development divisions (R&Ds) serve as a think tank for the 
advancements in all the realms; therefore, the developed countries have established 
R&Ds in various scientific, social, and economic arenas including Agrometeorology. 
The detection of some global phenomena like El-Nino/Southern Oscillation (ENSO) 
and La-Nina phenomena, global warming, and assessment of their consequent 
impacts on natural ecosystem, water resources, agriculture, deserts, vegetarian and 
human health, etc., are the result of dedicated and well-coordinated research activi-
ties. These achievements were made possible only with the induction of newly 
emerged technologies and through employing dedicated and competent profession-
als. It is revealed by Rasul and Kazmi (2013) that CRW is mainly dependent on air 
temperature, radiation intensity, cloud cover, air humidity and wind speed, with 
temperature as the leading actor. It is observed that all of the recent three decades 
remained warmer based on historical data since 1850. Besides, the period from 
1983 to 2012 has been the warmest 30-year period of the last 1400 years in the 
Northern Hemisphere (IPCC, AR5). In the context of global warming, thermal 
regime over the globe boosted significantly in the recent era. Consequently, the 
frequency of extreme events like heat waves, flooding, drought, etc., have been 
increased, causing threats to crop production.

To address the challenge of climate change-based issues to crop production, 
Food and Agriculture Organization (FAO) along with other stakeholders have been 
working on a reform program, “Climate Smart Agriculture” (FAO 2019). A confer-
ence was held at Hague in 2010 “The Hague Conference on Agriculture, Food 
Security and Climate Change” where CSA has been discussed thoroughly (FAO 
2010). To achieve the sustainability of agricultural productivity and incomes, CSA 

2  Agro-meteorological Aspect of Climate Change
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scheme focuses on the management of farms, livestock, landscape, etc., and effec-
tive services for the farmers.

2.3  �Evidences of Climate Change and Consequent Impacts 
on Crop Production

Just like animals, plants need favorable climate conditions for healthier growth. 
Soil, water as well as air or atmospheric conditions contribute majorly to the pro-
duction of biomass. Generally, weather parameters like rainfall, air temperatures, 
relative humidity, wind velocity, etc., affect the standing crops. Also, their long-term 
averages are very important for any crop in addition to the geographical features of 
a particular area. Besides, agrometeorological features like degree days and 
Reference Crop Evapotranspiration (ETo) have their own significance. Moreover, 
hydrological factors like CWR are directly linked with climate elements. Breeders 
introduce a variety after extensive research but they are compelled to modify it 
shortly due to variation in the atmospheric pattern.

Although, the evidences of climate change and/or global warming are not very 
new ones but more pronounced in the recent era (Fig. 2.2).

Rasul and Chaudhry (2006) stated that global temperatures are at increase largely 
due to anthropogenic activities. Frequency of ENSO episodes has been increased so 
as its impact on the occurrence of major climate features like precipitation in differ-
ent parts of the world (Nasim et  al. 2018; Ali et  al. 2019; Hussain et  al. 2019). 
Consequently, the stress represented by agrometeorological elements including 
ETo, CRW, etc., has been amplified. In a recent study (Naheed and Kazmi 2016) of 
Pakistan, it has been revealed that air temperatures and corresponding agromet fea-
tures like Reference Crop Evapotranspiration (ETo) have also been amplified, par-
ticularly for summers (Fig. 2.3). It has also been observed that the CRW is enhanced 
and crop’s growth is being affected in many parts of South Asia. On the other hand, 

Fig. 2.2  Globally averaged combined land and ocean surface temperature anomaly (IPCC, AR5)

D. H. Kazmi et al.
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in the context of global warming, increasing temperatures may be favorable for the 
crops in the highlands but the agriculture in the low lands would be affected largely 
(Hussain and Mudasser 2004). Also, temperature and relative humidity are the 
major drivers behind CRW and higher rate of relative humidity would project lower 
efficiency of added nutrients (Rasul 2000; Amin et al. 2018b, c).

In a world where a considerable portion of agriculture production is being met 
through rain-fed farming, rainfalls are the major source of water for agriculture. 
Apart from long-term climatic constraints, it has been investigated by Kazmi and 
Rasul (2012), that more cloudiness or rains during a particular decade (10 days) of 
January may adversely affect the winter wheat (Fig. 2.4). A possible reason may be 
the significance of photosynthesis at vegetative stages of the crop, as it needs more 
sunny days for acquiring higher rate of photosynthesis at that particular time.

There is no doubt that today’s agriculture has been equipped with better tools and 
management systems right from land preparation, fertilizer application, sowing, 

Fig. 2.3  Difference of Max temperature (left) and ET0 (right) during Kharif season (May to 
September) for the period 1971–2000 and 1981–2010 (Naheed and Kazmi 2016)
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Fig. 2.4  Rainfall (mm) during second decade of January verses Wheat yield (kg/ha) obtained for 
the period 1994–2011 (Kazmi and Rasul 2012)

2  Agro-meteorological Aspect of Climate Change



22

irrigation scheduling, etc., up to harvesting and post-harvesting facilities but still 
climate conditions matter. On the other hand, industrial development and enlarged 
utility of chemicals particularly in agriculture have been affecting crop production 
over the globe through boosting gas emissions (Fig. 2.5).

Climate change has imposed great challenges to crop production over the world. 
Besides, long time variation devastating events like frequent flooding, freezing and 
heat waves, prolonged droughts, etc., are occurring more and more. Importantly, as 
per projection of climate scenarios, the rain-fed agriculture would more likely to be 
at risk. As suggested in FAO meeting in 2010, a huge amount of investments is 
required for sustainability in the agriculture sector (FAO 2010). The situation may 
be worst for the regions with small landholding farming and poor infrastructure in 
terms of irrigation, etc (IPCC, 2014; Rashid & Rasul, 2011).

Fig. 2.5  Total annual anthropogenic greenhouse gas (GHG) emissions (gigatonne of CO2-
equivalent per year, GtCO2-eq/year) for the period 1970–2010 by gases: CO2 from fossil fuel 
combustion and industrial processes; CO2 from Forestry and Other Land Use (FOLU); methane 
(CH4); nitrous oxide (N2O); fluorinated gases covered under the Kyoto Protocol (F-gases). Right-
hand side shows 2010 emissions, using alternatively CO2-equivalent emission weightings based on 
IPCC Second Assessment Report (SAR) and AR5 values. Unless otherwise stated, CO2-equivalent 
emissions in this report include the basket of Kyoto gases (CO2, CH4, N2O as well as F-gases) 
calculated based on 100-year Global Warming Potential (GWP100) values from the SAR. Using 
the most recent GWP100 values from the AR5 (right-hand bars) would result in higher total annual 
GHG emissions (52 GtCO2-eq/year) from an increased contribution of methane, but does not 
change the long-term trend significantly (IPCC, ARS)

D. H. Kazmi et al.
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2.4  �Conclusion

The varying climate has been projecting big challenges for crop cultivation from the 
local to the global level. Huge capital has been invested by the farming community 
directly and from the governmental side for facilitation purpose which remains at 
risk due to weather uncertainties. Several industries are mainly dependent on agri-
culture products, so it is not rather only a matter of food security. Therefore, more 
detailed and state of the art research for every important region of the world may 
enable the stakeholders in identifying the root causes of agrometeorological related 
issues and their optimum solutions. However, it is a fact that crop production is not 
merely dependent on the climate variables like rainfall or temperatures, there are 
several other important factors as well including seed quality, fertilizer application, 
water availability, etc.

Most of the regional-based farming issues may be fixed through local resources 
with better planning strategies and effective supervision. Besides, keeping in view 
the importance of this vital sector, more investments would have to be spared for 
agricultural reforms. Crop production needs to be modernized by addressing the 
issues like water deficiency and reduced area for cultivation. In this context, the 
underdeveloped countries would have to be assisted to modify their cultivation sys-
tem following the climate smart agriculture programs proposed by FAO. As a whole, 
a joint approach would be worthwhile to address the climate-based challenges over 
the world.
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Chapter 3
Impact of Temperature Fluctuations 
on Plant Morphological and Physiological 
Traits
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Abstract  Impact of climate change on plant morphology, physiology, survival, and 
adaptation is becoming a global concern nowadays. Temperature fluctuations have 
detrimental effects on many plant morphological and physiological traits. Plant 
response to warming or chilling temperatures is considered as an important under-
standing for the agricultural ecosystems. Continuous increase in the global average 
temperature has significant impacts on the productivity of agricultural crops. Plant 
growth and development could be affected due to high and low temperature events 
under changing climate, topography, and land-sea thermal differences. Temperature 
fluctuations increase the forward and reverse biochemical reactions exponentially 
resulting in the denaturation of enzymes. Beyond optimal limit, depending on the 
duration and intensity of temperature, reversible or irreversible changes may lead to 
plant death. Resilience of plants can be predicted through investigating 
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morphological, biochemical, and physiological analysis under different conditions. 
Plants evolve resilient mechanisms to survive under uncertain temperature stress by 
limiting the adverse impacts on the metabolic and physiological processes. 
Knowledge enhancement towards better understanding of various plant processes is 
needed to cope with detrimental impacts of temperature. This chapter is aimed to 
illustrate and understand the key plant morphological and physiological traits in 
response to temperature stress for better management of plants under changing 
climate.

Keywords  Climate change · Temperature · Plant morphology · Physiological 
responses · Biochemical acclimations

3.1  �Introduction

Climate change is adversely impacting the plant physiological mechanisms (Fahad 
et al. 2017). Climate anomalies are imposing serious threats for the plant’s adapta-
tion and survival. Understanding the role of environmental drivers on the plant 
physiological processes is a key to predict the plant responses under the changing 
climate. Different studies have been carried out in the past to determine the impacts 
of climate warming on plants (Gaupp et al. 2017; Nguyen-Huy et al. 2018; Pirttioja 
et al. 2015). Temperature of the globe might surpass the average of 1.5 °C if current 
activities of fossil fuel burning is continued (IPCC 2018). According to the 
Intergovernmental Panel on Climate Change (IPCC), temperature rise of 1.4–5.8 °C 
till the end of twenty first century has been predicted by the global circulation mod-
els while the rise of 1 °C in optimum temperature can cause 10% reduction in rice 
yield (Fahad et al. 2019a, b). Similarly, both intensity and frequency of high tem-
perature may result up to 40% reduction in rice yield by the end of this century 
(Fahad et al. 2018). Plants could have positive or negative impacts of climate change 
depending on their type and geographical position (Liu et al. 2019; Chen et al. 2011; 
Porter et al. 2017). Over the last couple of decades, climate change research got 
increased attention due to more noticeable and prominent impacts (Ahmed 2020; 
Herring et al. 2016; Stott et al. 2013; Ahmed et al. 2019; Ahmad et al. 2017). The 
negative impacts of elevated temperature on the crop phenotypic, biochemical, 
shoot, and root features of legume plant is shown in Fig. 3.1.

The best indicator to see the impact of climate change is crop phenology; thus, it 
is essential to determine the effect of temperature rise on crop phenology by consid-
ering seasonal temperature difference. However, temperature change from seasonal 
shifts, if not considered might lead to biased estimation of warming trends and their 
corresponding impact on phenology. This concept has been elaborated by Ye et al. 
(2019) (Fig. 3.2).
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Fig. 3.1  Impact of elevated temperature on phenotypic, biochemical, shoot, and root features of a 
legume plant

Fig. 3.2  Impact of elevated temperature on cultivar shifts and phonological dates on rice growth 
period in China

3  Impact of Temperature Fluctuations on Plant Morphological and Physiological Traits
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Nowadays, rise in temperature has resulted in the increased population of insects 
as seen in the form of locust attacks in most parts of the world, particularly in Asia. 
Crop productivity is highly influenced by insect and pest populations under chang-
ing climate. The greater the insect pest population, the greater will be yield loss. 
Deutsch et al. (2018) projected substantial yield loss due to increased insect popula-
tion under changing climates (Fig. 3.3). Increased insect population will damage 
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Fig. 3.3  Wheat, maize, and rice substantial yield loss projections due to increased insect popula-
tion under 2 °C elevated temperature climate (Deutsch et al. 2018)
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plant leaves which would ultimately result in the reduced photosynthesis. Most of 
the high-yielding cereal regions like China and the USA are projected to face seri-
ous yield loss by enhanced insect population if the temperature of the globe increases 
by 2 °C (Fig. 3.3).

Temperature is one of the key environmental factors that affects the physiologi-
cal and metabolic processes of plants. It has direct impacts on the structures of 
DNA, proteins, and membranes (Ruelland and Zachowski 2010). Plants can survive 
under a wide range of temperatures (−10 to 60 °C) depending on the intercellular 
water freezing, protein and enzyme denaturation (Takai et al. 2008; Fitter and Hay 
2012; Taiz et al. 2015). Similarly, plants can quickly detect and respond to tempera-
ture stress by triggering specific metabolic and biochemical pathways (Ruelland 
and Zachowski 2010).

Plants can be classified on the basis of their thermal niches. Classification based 
on thermal range comprises (1) Psychrophiles, (2) Mesophiles, and (3) Thermophiles. 
Psychrophiles plants have an optimal temperature range for growth between 0 and 
−15 °C (e.g., polar region plants), mesophiles plants 10–30 °C (e.g., Higher plants) 
and the thermopiles plants (30–65 °C) (e.g., Desert plants) (Źróbek-Sokolnik 2012). 
However, these physiological changes may be reversible or irreversible depending 
on the intensity and length of prevailing stress. Unlike other organisms, plants do 
not escape from stress by moving or migrating to favorable environments. However, 
there are a variety of mechanisms to survive under the prevailing stresses. Such 
mechanisms may involve the activation and triggering of physiological responses 
modifying functioning to resist and repair stress-induced damages. Moreover, a 
plant can also activate such responses by gene expression enabling them to identify 
the stress conditions and then signaling these responses to the cells (Niu and Xiang 
2018). Ability of plants to combat temperature stress mainly depends upon ideal 
habitats and adaptation capacity (Źróbek-Sokolnik 2012). When plants get exposed 
to temperature stress, they try to adjust their cell state physiology (homeostasis) 
known as acclimation (Niu and Xiang 2018). Heat and drought stresses have a sig-
nificant effect on the plant morphological, physiological, and biochemical responses 
(Fahad et al. 2017). Similarly, the acclimation capacity of every plant is dependent 
on species type, habitat, and cardinal temperatures. Plants are becoming more prone 
to environmental stresses due to the increased intensity of climate change (Shaw 
and Etterson 2012; Hammad et al. 2020; Hussain et al. 2020). There are suggestions 
to develop plant evolutionary mechanisms to cope with the unprecedented rate of 
future climate variability (Anderson et al. 2012). On the other hand, some geno-
types may show physiological plasticity to the changing climate but there is a pos-
sibility that such kind of species may be pushed beyond their tolerance if changes 
becomes too extreme in the future.

To predict the plant response to changing climate, enhanced understanding of 
plant evolutionary morphological and physiological responses are necessary 
(Medeiros and Ward 2013; Aslam et al. 2017a; Ali et al. 2020; Qasim et al. 2020). 
Modeling tools are more beneficial to study the impact of climate change under dif-
ferent sets of management (Ahmed 2020; Ahmed et al. 2011, 2013, 2014, 2020; 
Asseng et al. 2019; Aslam et al. 2017b, c, d; Ijaz et al. 2017; Jabeen et al. 2017; 
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Ahmed and Hassan 2015; Ahmed and Stockle 2016; Liu et al. 2019; Khan et al. 
2020; Wallach et  al. 2018). Hence, the evolution of resilience mechanisms in 
response to climate change is a key factor in determining plant fitness to future 
environments (Kimball et al. 2012). Research has been carried out in the past to 
understand the plant morphological and physiological response in the context of 
thermal changes (Kumudini et  al. 2014; Fahad et  al. 2016a). In this chapter, we 
aimed to present the plant biochemical, metabolic, and physiological aspects in 
response to the elevated temperature stress and some of the adaptive mechanisms to 
cope with the enhanced temperature.

3.2  �Plant Physiological Responses 
to Temperature Fluctuations

Physiological, molecular, and cellular fluctuations in plants arise when the optimal 
temperature range is surpassed (Buchanan et al. 2015; Hasanuzzaman et al. 2013b; 
Sugiyama and Kameshita 2017). Impacts of temperature on the plants are derived 
by several factors such as temperature level, exposure duration, plant tolerance, and 
acclimation capacity (Fitter and Hay 2012; Taiz et al. 2015; Nievola et al. 2017; 
Hasanuzzaman et al. 2013b; Hayat and Ahmad 2014). Additionally, these factors 
also influence the metabolic processes of stressed plants. Severe heat stress results 
in immediate cell injuries due to protein denaturation within few minutes of expo-
sure, while moderate stress cause injuries to cells during prolonged heat stress 
(Źróbek-Sokolnik 2012). Metabolites amalgamation in pollens severely declined 
the pollen fertility and retention, germination, and metabolites synthesis due to an 
increase in temperature (Fahad et  al. 2016b). Climatic predictions revealed that 
short duration intense cold events will persist in the following decades ranging from 
few hours to few days (Petoukhov and Semenov 2010; Kodra et al. 2011). Plant 
metabolic processes may be affected by cold injury depending on the intensity of 
chilling or freezing (Janská et al. 2010).

3.2.1  �Photosynthesis

Thermal instability affects photosynthesis; a rise in temperature beyond the optimal 
range shows declined trend of photosynthesis in plants. Declined photosynthetic 
activity is attributed to the decreased activity of Rubisco (Ribulose Bisphosphate 
Carboxylase Oxygenase) enzyme that is mainly responsible for carbon dioxide fixa-
tion and carbohydrates synthesis. This condition may even get worsen if the carbon 
dioxide is prevented to enter due to the decreased stomatal functioning 
(Hasanuzzaman et al. 2013a; Mathur et al. 2014). Photosystem II is mainly respon-
sible for decline due to its inability to perform efficiently under elevated 
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temperatures (Mathur et al. 2014). More importantly, it is the key determinant of 
electron transport during photochemical reaction of photosynthesis (O’Sullivan 
et al. 2017). Moreover, thylakoid membrane is responsible for photosystem II inhi-
bition since it is highly responsive to temperature elevations (Mathur et al. 2014). 
This membrane may be prone to damage due to reduction in chlorophyll content 
under heat stress. However, plants can activate resistance mechanisms under mild 
temperature stresses to recover damage to photosystem (Mathur and Jajoo 2014).

Cold stress reduces plant photosynthetic rates associated with adverse impacts of 
cold on carbon fixation and thylakoid electron transport. Moreover, in the chloro-
plast, free phosphate availability for photosynthesis is declined in cold stress due to 
reduced utilization in chloroplast and accumulation of triose phosphate (Taiz et al. 
2015). Ability of plant to maintain levels of photosynthesis is mainly determined by 
tolerance of thylakoid to cold stress. Depending on the thylakoid tolerance, plants 
can maintain photosynthesis up to a point where freezing of cellular fluids occur.

3.2.2  �Cell Membranes Abnormalities

Heat stress can damage the cell membranes of plants by lipid movements and pro-
tein denaturation (Mittler et al. 2012). This results in inhibition of physiological and 
cellular processes due to increase in membrane fluidity, ion leakage, and cell ruptur-
ing (Mittler et al. 2012). Prolonged heat stresses have more prominent impacts on 
membrane lipids reduction and degradation (Tang et  al. 2016; Narayanan et  al. 
2016). There are significant evidences that extreme temperature may result in thyla-
koid membrane damage, lipid reduction, greater malondialdehyde, and ox-lipid 
accumulation by endoplasmic reticulum (Narayanan et al. 2016).

Cold stress significantly affects the fluidity of cell membranes and disrupts the 
optimal functioning of plants at cellular levels. Membrane lipids are free to move in 
cellular layers depending on the temperature (Ruelland and Zachowski 2010). 
Membranes become rigid on exposure to cold temperatures, due to which their flu-
idity is reduced owing to transition of lipids from crystalline fluid to solid gel state. 
However, structural differences may influence the cold tolerance of membrane lip-
ids (Ahmad and Prasad 2011). Membrane rigidity result in dysfunctions such as cell 
solute losses and blocking of transport channels due to increased permeability 
(Buchanan et al. 2015). Unsaturated fatty acids and malondialdehyde are the good 
representative of membrane integrity in cold conditions (Ahmad and Prasad 2011). 
Higher proportion of unsaturated fatty acids and lower malondialdehyde values can 
serve as a good indicator of cold tolerance to protect the membrane integrity (Guo 
et al. 2016). Moreover, reduced fluidity of cell membranes is considered as a key 
signal for enhanced reactive oxygen species ROS and reactive nitrogen species RNS 
synthesis leading to the injuries like lipid peroxidase and disturbances in antioxi-
dant defense system (Repetto et al. 2012).
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3.2.3  �Reactive Nitrogen Species (RNS)

Exposure to increased temperature may result in the production of RNS having 
nitric oxide radical produced from reaction with peroxynitrate, nitrogen dioxide, 
and peroxynitrous. RNS may lead to toxic impacts on cells by reacting with cellular 
components such as proteins, lipids, thiols, and nucleotides (Baudouin 2011; Corpas 
et al. 2011). RNS have same Lipid per oxidation (LPO) effects like ROS specifically 
for lipids and resulting in denaturation of membranes by nitration reactions (Rubbo 
and Trostchansky 2014). Despite the deleterious impacts of ROS and RNS on the 
physiological responses and cellular structures, accumulation of these molecules at 
initial stages may trigger signaling of plants to activate acclimation responses 
(Fancy et al. 2017).

RNS induce toxic effects under cold temperatures on cellular proteins and lipids 
by reacting with cellular components. RNS also react with several nitrogen deriva-
tives and produce nitric oxide radicals (Corpas et al. 2011; Baudouin 2011; Rasool 
et al. 2019; Zamin et al. 2019). These species also react with the lipids and denature 
cell membranes during a nitration reaction (Rubbo and Trostchansky 2014). 
Moreover, RNS can enhance or inhibit antioxidant enzyme depending on nitric 
oxide-induced translational modifications. Hence, RNS may have dual role either as 
antioxidant or pro-oxidant. However, this role is highly dose-dependent, as under 
low concentrations RNS may act as antioxidant and helps in cell survival while 
under high concentration leads to severe injuries (Begara-Morales et  al. 2013, 
2015). Proteomic analyses under cold stress suggest that 30% of translational modi-
fications occur in cold responsive signaling proteins (Sehrawat et  al. 2013) and 
nitric oxides mainly target the superoxide dismutase, ascorbate peroxidase, gluta-
thione reductase, and catalase antioxidant enzymes (Begara-Morales et  al. 2015; 
Lin et al. 2012).

3.2.4  �Reactive Oxygen Species (ROS)

Heat stresses are associated with disturbing the reactive oxygen species (ROS) bal-
ance and increasing ROS specifically in peroxisomes, mitochondria, and chloro-
plasts (Suzuki et  al. 2013) during the photosynthesis and respiration processes. 
These ROS affect the physiological and metabolic processes by damaging the lip-
ids, proteins, and nucleic acids (Gill and Tuteja 2010; Suzuki et al. 2012). Lipid per 
oxidation (LPO) is a process of oxidation of PUFAs (Polyunsaturated Fatty Acids) 
in plants resulting in membrane lipids destruction, bond rearrangement, and radical 
formation (Repetto et al. 2012). Depending on the intensity of heat stress ROS pro-
duction may be stimulated and unavailability of plant antioxidants can lead to irre-
versible oxidative damages affecting plant physiology and survival (Gill and Tuteja 
2010). Hence, ability to regulate the ROS is directly interlinked with heat stress 
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resistance (De Pinto et al. 2015). To counter ROS production plants have different 
antioxidants such as non-enzymatic (like glutathione, carotenoids, tocopherols, 
etc.) and enzymatic (Like glutathione reductase, catalase, superoxide dismutase, 
etc.) (Lu et al. 2008; Gill and Tuteja 2010; Hajiboland 2014; Hu et al. 2020).

Synthesis of ROS in cold stress is triggered by decreased fluidity of cell mem-
branes. The consequences of increased synthesis of these ROS are directly linked 
with injuries to the antioxidant defense system of plants (Repetto et al. 2012). ROS 
can cause irreversible oxidative damage in the absence of antioxidants and compro-
mise plant survival in stressed environments (Gill and Tuteja 2010). Major increase 
in ROS may be observed in chloroplast and mitochondria of plants (Suzuki et al. 
2013). ROS damage lipids, proteins, and nucleic acids leading to adverse impacts 
on plant physiological and biochemical processes. To regulate the synthesis of ROS, 
plants use the enzymatic and non-enzymatic antioxidants while such enzymatic 
activity may be related to gene expression demonstrating rapid antioxidant responses 
(Zhang et al. 2010).

3.2.5  �Chlorophyll a Fluorescence

The process during irradiation when chlorophyll absorbs light to utilize in photo-
chemical reactions of photosynthesis and dissipating excess light is known as chlo-
rophyll a fluorescence. Hence, chlorophyll a fluorescence is used as an indicator of 
photosynthetic process efficiency (Li et al. 2014). Any potential changes in photo-
synthesis process of plants lead to lower values of florescence. Therefore, chloro-
phyll a fluorescence analysis can be used as a tool to assess the performance of 
plants in a diverse range of cold stresses.

3.2.6  �Sugars as Antioxidants

Several kinds of sugars can also act as antioxidants under cold stress (Demidchik 
2015). Glucose may hinder ROS synthesis by stimulating ROS scavenging enzymes 
(Figs.  3.4 and 3.5) as a result of increased NADPH (cofactor for scavenging 
enzymes) production due to its functioning in pentose phosphate pathway. Fructose 
can play an important role in plant defense mechanisms under cold stress as fructose 
is twice more effective in ROS scavenging than glucose (Bogdanović et al. 2008). 
Similarly, raffinose may have a role in photosystem II stabilization in low tempera-
tures (Knaupp et al. 2011). Furthermore, carbohydrates have a critical role in mem-
brane stabilization to induce cold tolerance (Tarkowski and Van den Ende 2015). 
Membranes damage and increased permeability by cold stress can be fixed by intro-
ducing the different kinds of sugars in lipids polar group in cells (Hincha et al. 2003)
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3.2.7  �Temperature and Maize Growth

Temperature impact on the rate of maize development was elaborated by Tollenaar 
et al. (2017) using a new process-based maize model (AgMaize) being implemented 
in the Decision Support System for Agro technology Transfer (DSSAT) (Fig. 3.4 
and Table 3.1). Temperature generated rate of leaf appearance (RLA) for maize crop 
is almost 0.5 leaves per day at 31 °C and expressed in thermal leaf units (TLU), i.e., 
1TLU = 1 leaf (°C) which means for 1 leaf appearance plant requires thermal expo-
sure for 2 days at 31 °C temperature. TLU has many advantages to account for heat 
unit accumulation in maize phenology like maize phenological stage could be deter-
mined by using TLUn = n where nth leaf tip stage is defined as the stage of develop-
ment when the tip of the nth leaf is first visible from a horizontal plane at the level 
of whorl. As sowing to flowering duration is determined by number of leaves, time 

Fig. 3.4  Phenological stages overview in AgMaize and relationship with temperature (Tollenaar 
et al. 2017). Here TLU; Leaf stage, TLUJUV = End of juvenile phase, TLUTI = Tassel initiation, 
TLUANTHESIS  =  Anthesis stage, TnLeaf  =  Appearance of topmost leaf, TnLeaf  +  TAInt  =  Anthesis, 
ASI = Anthesis to silking interval, TnLeaf + TAInt + ASI = Silking (SILK), GFP = Duration of grain 
filling or post flowering period, SILK  +  0.25  ×  GFP  =  Onset of linear grain filling, 
SILK + 0.82 × GFP = 50% milk line, SILK + GFP = Black layer
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duration of sowing to silking can also be expressed in terms of TLU. On the other 
hand, during post flowering or grain filling maize shows different response to tem-
perature than that of pre flowering periods, i.e., morphological development is less 
responsive to temperature during grain filling period and follows general thermal 
index (GTI) (Fig. 3.4) (Tollenaar et al. 2017).

3.3  �Plant Adaptive Mechanisms and Physiological Responses 
to Temperature Changes

Altered thermal scenarios significantly affect plant physiological processes 
(Anderson 2016). However, plants have ability to evolve certain evolutionary mech-
anisms to survive under stress conditions by limiting the adverse impacts on the 
metabolic and physiological processes (Franks et al. 2007; Merilä 2012; Mubeen 
et  al. 2019; Wang et  al. 2019). Physiological and phenotypic plasticity help the 
plants to temporarily alleviate the expected adverse effects of thermal changes 
(Nicotra et al. 2010). There are several acclimation mechanisms in plants to offset 
the elevated temperature stresses. Several metabolomic, proteomic, and transcrip-
tomic adjustments are responsible for the activation of these mechanisms (Mittler 
et al. 2012). Plant responses according to their regions to heat and cold stress are 
elaborated in Table 3.1. Meanwhile, plant adaptation mechanisms are also given in 
Table 3.2.

Plants undergo a variety of complex signaling processes to tolerate and resist the 
varying temperatures by adapting different acclimation mechanisms. However, 
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■ Reduced Rubisco activity
■ Reduced photochemical reaction
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Temperatur
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Fig. 3.5  Impact of elevated temperature on plant physiology and Plant adaptation mechanisms to 
elevated temperature
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these acclimations to cold stress are attributed to physiological, metabolic, and bio-
chemical changes in the plants. Plants over the globe react differently under varying 
temperature regimes. Plants have adaptation mechanisms to respond to both tem-
perature extremes (Cold and Heat). Some of the important adaptation mechanisms 

Table 3.1  CERES-Maize variables (Source: Tollenaar et al. 2020)

Parameters Unit Definition

Tmin (0) °C Minimal temperature for leaf tip appearance
Tceil (43.7) °C Ceiling temperature for leaf tip appearance
Topt (32.1) °C Optimum temperature for leaf tip appearance
Photp leaves h−1 Photoperiod sensitivity for day length values greater than 12.5 h
RLAMX leaves d−1 Rate of leaf appearance at optimum temperature
GFPYR GTI Change in duration of grain filling period (GFP) due to the year 

of commercial release of the hybrid
TAInt TLU Interval between emergence of topmost leaf tip and Anthesis
PGR g plant−1 

d−1

Average plant growth rate from growth stages 5 to 7

ASI TLU Anthesis to silking interval
TLUBL TLU Accumulated TLU from planting to black layer formation
DayLength Hour Day length duration (civil twilight)
GFP TLU Duration of grain filling or post flowering period
GTI °cd General thermal index
GTIGFP °cd Duration of GFP in GTIs (°CD)
MeanT °C Average air temperature between the end of juvenile phase and 

tassel initiation
Mrad MJ m−2 Mean solar radiation during the previous week
RLA Leaves d−1 Rate of leaf appearance (measured)
RLA (°C) Leaves 

(°C) d−1

Computed rate of leaf appearance based on RLA-temperature 
relationship

RLAFrad – Effect of solar radiation on the rate of leaf appearance
TLU Leaf (°C) Thermal leaf unit
TLUAnthRM TLU Thermal time from planting to Anthesis of hybrid with a RM 

relative maturity grown under reference conditions
TLUAnthesis TLU Thermal time from planting to Anthesis
TLUSilk TLU Thermal time from planting to silking
TLUTI TLU Thermal time from planting to tassel initiation
TnLeaf TLU Computed total number of initiated leaves
TnLeafRM TLU TnLeaf of hybrid of RM relative maturity grown under reference 

conditionsduring the photoperiod/temperature-sensitive phase
ΔTnLeafPhot TLU Change in initiated leaf number due to deviation of photoperiod 

fromreference conditions during the photoperiod/temperature-
sensitive phase

ΔTnLeafTemp TLU Change in initiated leaf number due to deviation of temperature 
fromreference conditions during the photoperiod/temperature-
sensitive phase
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and physiological responses that may impede or enhance plant metabolic biochemi-
cal processes under temperature fluctuations are as follows:

3.3.1  �Phenotypic Plasticity of Physiological Processes

It is fundamental mechanism in plants to respond to changing environment. Plants 
respond by altering and showing the plasticity in their physiological mechanisms 
(Gunderson et al. 2010; Liancourt et al. 2015). However, plasticity of these physi-
ological processes may show higher fitness level in a certain environment. Moreover, 
far-reaching plastic responses can be experienced in offspring by evaluating their 
fitness to the fluctuating climatic conditions (Galloway and Etterson 2007). Such 
plasticity can regulate immediate imposed effects of stress and can facilitate process 
of evolutionary mechanisms by providing significantly increased time durations 
(Chevin et al. 2010).

3.3.2  �Evolutionary Adaptation

It is the phenomena in which plant develops varied metabolic and biochemical 
responses to resist stressed conditions. Genetic variations in physiological traits of 
any plant population are necessary for the occurrence of significant stress adaptive 
mechanisms (Johnson et  al. 2009). Rapid plant physiological evolution capacity 
must be improved to explore these mechanisms effectively.

3.3.3  �Genetic Transformation

Plant population can promote or restrict evolutionary process under changing cli-
mate by gene flow to the successive generations (Kremer et al. 2014). Gene flow 
may benefit the following generation by introducing alleles that are preadapted to 
rising temperature (Aitken and Whitlock 2013) or may also lag the adaptive mecha-
nisms by maladapted alleles. However, further adequate examination in context of 
appropriate ecological and environmental conditions is required to assess the con-
nected gene flows in different generations (Fig. 3.5).
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3.3.4  �Cellular Alterations at Membranes Level

Plants show the compositional changes and alterations in membrane integrity to 
cope heat stress (Ruelland and Zachowski 2010; Hasanuzzaman et al. 2013a). Such 
compositional changes increase thermal melting ranges and avoid fluidization of 
membranes in response to thermal heating by enhancing the saturated fatty acid 
contents and changing lipid compositions of membranes (Źróbek-Sokolnik 2012). 
These changes immediately within a short time period of plant exposure to heat 
stress. In chloroplast membranes polyunsaturated fatty acids (PUFAs) content is 
considerably reduced and fluidization may occur under thermal stress and this 
reduction is overcome by elevating the saturate lipids proportion to prevent mem-
brane fluidization (Tang et al. 2016).

3.3.5  �Synthesis of Heat Shock Proteins (HSPs)

The most consolidated and rapid mechanism of plants in response to heat stress is 
synthesis of HSPs (Vierling 1991). These proteins are highly preserved in plants 
and during rapid heat stress regular protein synthesis of plants is coupled and domi-
nated with HSPs production to enhance the thermotolerance (Shinozaki et al. 2015). 
HSPs are categorized based on molecular masses (Ohama et al. 2017). Expression 
of these HSPs may be induced in few seconds following rise in temperature but 
maximum expression of their molecular chaperone ability is observed in a couple of 
hours (Larkindale et al. 2005). However, complete understanding of each HSP func-
tioning is limited but their role is clearly observed in acquisition and maintenance 
of heat tolerance (Shinozaki et al. 2015; Sedaghatmehr et al. 2016).

3.3.6  �Synthesis of Secondary Metabolites

Mainly accumulated plant secondary metabolites in tolerant plants under heat stress 
environments involve terpenoid and phenolic compounds (Bartwal et  al. 2013; 
Rivero et al. 2001; Zhou et al. 2015). Heat tolerant plants and extreme heat condi-
tions showed large amount of phenolic and carotenoid compounds (Zhou et  al. 
2015). Recently, steroid’s ability to enhance heat stress tolerance has been identified 
(Wahid et al. 2012). Brassinosteroid has been defined as a phytohormone to sup-
press the heating adverse impacts on plants (Hayat and Ahmad 2010). Importance 
of these secondary metabolites under intense heat stress has been significantly 
exploited in several studies (Singsaas and Sharkey 1998; Yang et al. 2017). Increased 
emission of isoprenes and improved phenolic content considerably enhanced tem-
perature stress tolerance of plants due to their ability to protect the photosynthesis 
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apparatus and to act as antioxidants (Smirnoff 2005; Mazorra 2011; Ahammed and 
Yu 2016).

3.3.7  �Osmotic Adjustments

Plant tissues experience limited plant water potential as a result of reduced water 
levels in elevated temperature environments. Hence, compatible osmolytes synthe-
sis may ameliorate problems related to cell’s osmotic potential by enabling them to 
capture the water and maintain water potential levels (Ruelland and Zachowski 
2010). Compatible osmolytes are very beneficial for metabolism being having 
adverse impacts even in larger concentrations. These osmolytes include proline, 
glycine betaine, sugars, polyols, etc.). Several studies have showed rapid osmotic 
adjustments during heat stress associated with osmolytes accumulation and 
improved heat tolerance (Ramani et al. 2017; Wahid and Close 2007). Compatible 
osmolytes have been reported to act as redox buffer to prevent oxidative damages 
(Hossain et al. 2014). However, the exogenous application of these osmolytes prior 
to heat stress can provide a better understanding of these impacts (Hasanuzzaman 
et al. 2013a). As previously, exogenous applications have shown significant impact 
on plants under thermal stress conditions (Rasheed et al. 2011).

Cold stress results in cell dehydration due to the freezing of cellular fluid and 
reduced absorption. Hence, compatible osmolyte accumulation may help in reduced 
dehydration and maintain cell water contents. Freezing in tissues can be delayed by 
decreasing the freezing point by accumulation of specific compatible osmolytes and 
by the process of supercooling to retain water in liquid state even below the freezing 
point (Vitasse et al. 2014). For instance, sucrose, fructose, and glucose are the most 
important osmolytes produced in cold stress. Moreover, plants have the ability to 
produce binding proteins that can bind the ice crystals to reduce ice formation 
(Dolev and Braslavsky 2017).

3.3.8  �Complex Signaling to Trigger Thermal Responses

Plants have a very complex signaling mechanism to trigger acclimation responses 
against heat stress. Enhanced fluidity of plasma membrane activates affects the sig-
naling process during elevated thermal conditions (Mittler et  al. 2012). It also 
enables calcium ion entry to trigger several heat-tolerant mechanisms such as pro-
duction of HSPs (Narayanan et  al. 2016). Additionally, cytoplasmic sensitivity 
determines activation rate of adaptation mechanisms (Saidi et al. 2010). Some stud-
ies depicted that ROS and NOS can be combined with calcium to trigger acclima-
tion processes (Khan et al. 2015; Niu and Liao 2016). Apoplastic ROS synthesis 
under thermal stress results in the induction of two peaks and the traveling of these 
peaks to other plants at larger distances in the form of a systematic signal (Mittler 
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et al. 2012). Similarly, NO synthesis in elevated temperature environments results in 
transcription of heat shock proteins (Xuan et al. 2010). Moreover, phospholipids 
(MA also trigger stress signaling. However, these signal carriers respond very 
immediately to the rising temperature to stimulate acclimation mechanism. 
Phytohormones can also take part in signaling of stress resistance responses such as 
salicylic acid, ethylene, and abscisic acid (Bita and Gerats 2013). However, there is 
a need to explore hormones mediated signaling and complex interaction between 
the signaling molecules and hormones as well as signal transduction patterns 
depending on plant type (Ahammed and Yu 2016).

3.3.9  �Phosphatidic Acid Accumulation

Cold-induced modifications in membrane fluidity serve as a biological thermometer 
for signaling different physiological and metabolic plant processes (Rihan et  al. 
2017). Enzymatic activity on membranal lipids (diacylglycerol kinase and phospho-
lipase D) is regulated by cold-induced rigidity in plasma membranes and results in 
increased accumulation of phosphatidic acid (Gupta et al. 2011). Phosphatidic acid 
formation in plants immediately occurs on exposure to cold stress and phosphatase 
activation occurs due to increased intracellular levels of phosphatidic acid (Gao 
et al. 2013).

3.3.10  �Reactive Oxygen Species (ROS) Regulation

During the cold stress, the production of ROS is increased due to several changes at 
cellular level and induce negative impacts on physiological processes (Repetto et al. 
2012). Increased production of ROS during cold stress is regulated through nitric 
oxide due to its key role in antioxidant enzyme activation under cold stress (Begara-
Morales et al. 2015; Fancy et al. 2017). Nitric oxide is produced by the enzyme 
called nitrate reductase (Ziogas et al. 2013), whereas mechanisms modulating the 
activity of nitrate reductase are not clear (Gao et al. 2013). Moreover, accumulation 
of nitrate reductase and nitric oxide can trigger the expression of cold responsive 
genes by activating the cold tolerance responses (Gupta et al. 2011).

3.3.11  �Cold Responsive Genes Activation

Cold-induced membranal rigidity may enhance the concentration of intracellular 
calcium due to increased ion influx through plasma membrane via calcium channel 
and release of vacuole stored calcium. Increased cellular calcium leads to activation 
of CBF (C-repeat binding) genes within a short duration of cold stress (Thomashow 
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2010). After CBF-genes activation transcription factors are activated by these CBF-
genes and then CBF-proteins result in activation of cold responsive genes (Knight 
and Knight 2012). After cold responsive gene activation, plants finally attain cold 
acclimation. This transcription factor controls about 12% of cold responsive genes 
(Rihan et al. 2017). Hence, membranes fluidity and cytoplasmic calcium are good 
indicators of cold responsive gene activation and plant responses to cold stress 
(Rihan et al. 2017; Ruelland and Zachowski 2010).

3.3.12  �Cold Tolerance Acquisition

Several signaling processes occurring for acclimation to low temperature may be a 
prerequisite of freezing tolerance acquisition in plants. This kind of tolerance occurs 
in plants that are unable to tolerate severe cold temperature such as below freezing 
point. In such plants, gradual and systematic cold tolerance acquisition starts at a 
warmer temperature and continues as the temperature falls until the plants become 
resistant to freezing temperature below 0 °C. Growth is interrupted during this pro-
cess of acclimation and a variety of tolerance mechanisms such as accumulation of 
unsaturated lipids and carbohydrates are activated (Figs. 3.5 and 3.6). However, this 

Fig. 3.6  Linkage of climate change and temperature stress, crop response to temperature stress, 
and adaptation options on field scale
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tolerance acclimation process needs gradual thermal changes and sudden or abrupt 
changes may lead to impairments in physiological functioning and plants may suf-
fer damage (Larcher and Piccioni 1993).

3.4  �Conclusion

Temperature extremes or critical thresholds such as heat waves and cold stress alter 
physiological processes resulting in plant tolerance and susceptibility. Differential 
physiological response of plants to temperature fluctuations are due to thermosen-
sory network interaction with pedoclimate. Plant response to a range of temperature 
changes with developmental stage and is critical to evaluate metabolic program-
ming and phytohormones signaling. Current and future abrupt temperature varia-
tions pose serious threat to productivity and food security and it can be tackled by 
different options. Thermo-responsiveness of plants is one of the novel opportunities 
to assess resilience and promotion of such genotypes to ensure food security glob-
ally. Activation of cold responsive genes in response to nitric oxide and nitrate 
reductase accumulation prevents plants from low-temperature stress. Phenotypic 
plasticity of plant regulates physiochemical processes and is considered as evolu-
tionary mechanism. Heat shock proteins need to be studied in detail in future to 
completely understand their function in acquisition of heat tolerance. Modification 
for emission of phenolic contents and isoprenes in plants can enhance tolerance 
against thermal stress. Antioxidant defense mechanism of plants has a significant 
role under abiotic stress. To cope with long-term heat episodes modified agronomic 
practices, genetic manipulation and hormonal profiling are promising ways forward 
for holistic understanding.
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Chapter 4
Infirmity to Climate Change and Regional 
Impacts

Mazhar Abbas, Muhammad Salman Shabbir, Nor Azila Bt Mohd Noor, 
Wajid Nasim, and Muhammad Mubeen

Abstract  This chapter explains the type of information needed to measure climate 
change and inconsistency as well as the techniques used for measuring the effects 
and susceptibility of global climate of various sectors. This chapter is aimed to 
know the regional and international potential impacts at average elevated tempera-
ture up to 5 °C, over 7 indicators that represent temperature, water, agriculture, food 
security, extreme events, healthcare, coastal zones, and ecosystem. For example, the 
surface temperature over the last decade had grown about “0.6 °C,” which is consis-
tent with increasing global average temperature. Water travels constantly above, on, 
and below the surface of the planet, interchanging through air, liquid water, and 
vapor. The growth of agriculture is highly vulnerable to 2 °C (drop) global average 
temperatures projections with significant impact on both rural and urban agricul-
tural development and food stability. An increase in the severity and the incidents of 
severe weather is among the most important noticeable effects of global warming; 
huge flood in different parts of the world affect billions of population and the 
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incidence of Malaria and other infectious disease were enormously reported after 
the onset of flood. The climatological patterns (rapid change in daytime tempera-
ture, mostly in cool climatic season) induce respiration problems characterized as 
upper and lower respiratory infection. Furthermore, coastal habitats are among the 
most productive habitats as they are supplemented by land-based and marine miner-
als but these are much disturbed by climate change. So, an integrated approach is 
needed to use the elements of nature for getting maximum benefits on a sus-
tained basis.

These seven sectors are being discussed in detail in the following lines.

Keywords  Climate change and susceptibility · Temperature · Water · Agriculture · 
Food security · Extreme events · Ecosystem

4.1  �Temperature

4.1.1  �Understanding the Role of Temperature 
in Climate Change

4.1.1.1  �Ocean Temperature

Because of the immense ocean temperature, a massive amount of heat energy is 
needed in order to increase even a small amount of average temperature of the earth’s 
annual global average temperature. The 2  °C significant rise in the worldwide air 
temperatures has taken place compared with the early period of the modern age 
(1880–1900). Although it appears tiny, however, this implies that cumulative warm air 
will rise significantly. This added heat induces high temperatures in the regions and 
seasons, decreases the amount of ice and snow, increases heavy precipitation, and 
brings changes in the habitat of animals and plants (Lindsey and Dahlman 2020).

4.1.1.2  �Continent Temperature

Asia confirmed its third hottest year, above the “average temperature of 1.68 °C 
(3.02 °F), in 1910–2000. The five hottest years in Asia have mostly occurred till 
2007. The trend in Asia was “+0.16 °C (+0.29 F)” per decade during the period 
1910–2019; even so, the pattern in 1981–2019 is multiple times the longer term pat-
tern “(+0.35 °C/+0.63 °F)” (Pidcock 2015).
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4.1.1.3  �Global Temperature

The Global Change adverse effect studies’ center shows that the surface tempera-
ture over the last decade had grown to about “0.6  °C”, which is consistent with 
increasing global average temperature. The Prospective global warming forecasts, 
predicated from all four IPCC-AR5 Scenarios considered, found that the average 
warming trend at the end of the decade would be around 1 °C above the worldwide 
average. This rise, particularly in atmospheric pressure, is associated with such an 
incidence of negative effects, such as the soaring incidence of extreme storms 
(floods, droughts, heat waves, and cyclonic activity) and the steady decline of most 
glaciers (Azeem 2019).

4.1.1.4  �How Do Scientists Measure Global Temperature?

Researchers should incorporate measurements of terrestrial as well as the surface 
water acquired from boats, and satellite systems, in order to have a complete picture 
of the surface climate.

Researchers use four huge databases to explore the atmospheric climate. The 
United Kingdom Met Office Hadley Center and the University of East Anglia’s 
Climate research group collectively helped in providing Had CRUT4. The GISTEMP 
range in the US is given by the National Oceanic and Atmospheric Administration 
(NOAA) via the NASA Goddard Institute for Space Sciences (GISS) and the 
MLOST database. A fourth dataset is provided by the Japan Meteorological 
Agency (JMA).

Figure 4.1 shows that how average temperatures over the last 130 years align in 
the four datasets. You will see that they both display a growing pattern but there are 
still several variations for year-to-year (Pidcock 2015).
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Fig. 4.1  Global average temperature anomaly from 1880 to 2012, compared to the 1951–1980 
long-term average. Source: NASA Earth Observatory

4  Infirmity to Climate Change and Regional Impacts

http://earthobservatory.nasa.gov/IOTD/view.php?id=80167


56

4.2  �Water

4.2.1  �Understanding Role of Water in Climate Change

Water occupies nearly 3/4th of Land. It moves constantly above, on, and below the 
surface of the planet, alternating through the air, liquid water, and vapor. Water and 
atmosphere are profoundly intertwined. The higher temperatures cause the water to 
evaporate from places such as oceans, lakes, streams, and soil. That adds to greater 
rates of ambient water vapor, which ensures the incidents of precipitation. Similarly, 
water falling as rain or snow depends on the weather. Thus, while winter conditions 
in regions such as the North-eastern United States stay below zero, the elevated 
humidity in the air may indicate heavy snowstorms. (Reports and Multimedia/
Explainer 2010; Vulnerability of Pakistan’s 2017).

Increasing water vapor in the air can also increase heating more. Steaming is 
essentially a greenhouse gas that absorbs moisture in the atmosphere and induces 
elevated temperatures. Yet unlike many greenhouse emissions that may remain in 
the environment for years, water vapors normally remains in the air for a matter of 
days before dropping as precipitation back to Earth (QUEST Staff 2014; Vulnerability 
of Pakistan’s 2017).

4.2.2  �Water and Climate Change

Change in climate impacts water supplies and it influences glacier activity, green-
house gas pollution, and predisposing factors like disasters recurring. The years 
1950, 1956, 1957, 1973, 1976, 1978, 1988, 1992, 2010, 2011, and 2012 had extreme 
floods. The average water supply per unit has now decreased from “5140 m3 in 1950 
to 1000 m3.” It is a fast reaching water shortage. Thus, it is important to develop 
comprehensive action plans at the state, regional, and local levels addressing scien-
tific, social, economic, institutional, and financial aspects in order to prevent the 
consequences of climate change on the water issue. Implementation of two parallel 
mechanisms, i.e., adaptation strategies and mitigation (addressing climate change 
negativities) is essential (Hussain and Mumtaz 2014; Nasim et al. 2011; Chaudhary 
et al. 2011; Hammad et al. 2010a, b).
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4.2.3  �How Do Scientists Measure Water Impact 
on Climate Change?

4.2.3.1  �How Heat Moves

Sunlight is the primary cause of ocean energy. In fact, dust, water vapor, and green-
house gasses release radiation they have consumed, and some of the thermal pollu-
tion spills through the oceans. The water is continually combined by winds, tides, 
and rivers, shifting heat energy from warmer to colder latitudes and deeper depths 
(Chaudhary et al. 2011; Chaudhry 2015).

4.2.3.2  �Measuring Ocean Heat

Previously, taking temperature from the ocean was possible through ships to drift 
sensors or sample collections into the sea. But through this technique, we could only 
know temperatures of a limited portion of the too large oceans spreading on the 
earth. To gain worldwide visibility, scientists have switched to satellites that deter-
mine ocean heights. When the water warms, it spreads, and ocean temperature lev-
els can be measured from the heights of the sea surface. To check that the values 
they generate make sense, scientists continuously analyze data from rockets, floats, 
and probes. Every 3 months, the measurement series is processed to estimate the 
global average ocean heat content. Transforming temperatures into joules (a normal 
unit of energy) helps us equate heat on the sea as in some areas of the world’s cli-
mate (Dahlman and Lindsey 2020) (Fig. 4.2).

4.2.4  �Understanding Role of Agriculture and Food Security 
in Climate Change

The main areas for action in the era of climate change are food and agriculture. 
Growth of agriculture is highly vulnerable to 2 °C (drop) global average tempera-
tures projections for 2100, with a significant impact on both rural and urban agricul-
tural development and food stability.

There are still very uncertain patterns and effects at a number of areas and tem-
poral dimensions; there need to be significant improvements in forecasting how the 
changes in climate influence food security potential. In light of these uncertainties, 
adaptation to the extent and rate of expected changes would obviously be required. 
Adaptation activities in two overlapping areas can be (1) better governance of agri-
cultural threats related to increased climate volatility and events, like strong envi-
ronment intelligence systems and protection networks; (2) rapid adjustment of 
agricultural threats to decadal timescales such as advanced infrastructures, 
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agriculture, and policy options. Investing in technological innovation and agricul-
tural strengthening in connection with increased quality of the inputs will require 
the production, among other aspects, of incentives and monitoring systems for 
small-scale farmers (Nasim et al. 2012a, b, c; Munis et al. 2012; Sajjad et al. 2012).

4.2.5  �Food Security and Agriculture Role in Climate Change

The growth of domestic and industrial use of chemical products in the form of fertil-
izers also has a part to be played for a change in the environment, according to new 
research “Environment Risk and Food Safety Analysis: A Special Report (Islamabad, 
December 2018).” The high use rate of fertilizers rich in nitrogen affects croplands’ 
heat-storing system (the potential for thermal trapping of nitrogen oxides 300 times 
higher per unit than carbon dioxide) and the excessive fertilizer run-down in our 
waters produces “dead zones.” High levels of food and nutrition deficiency are com-
pounding the threats it poses. As the atmosphere begins to shift, weather conditions 
are becoming more common in the face of unpredictable and extreme environment-
related events, so food shortage levels will grow much further (Climate Risks and 
Food Security Analysis 2018).
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4.3  �Extreme Events

4.3.1  �Understanding Role of Extreme Events 
in Climate Change

In 2019, according to new research “Extreme Weather and Climate Change” an 
increase in the severity and the incidents of severe weather is among the most 
important noticeable effects in global warming. The National Climate Evaluation 
reports that in the United States there have been increasing heat waves, severe 
droughts, and significant hurricanes and that such occurrences have increased. All 
types of events, including climate change, have been proven to cause certain envi-
ronmental events (inundations, tropical storms) and unknown climates (tornados) 
(Pakistan Droughts 2018).

According to new research 2018 “Global warming is making some extreme 
weather events worse.” Climate change is predicted to increase the length, severity, 
and effect of certain kinds of severe weather events. For example, the rise in sea-
level raises the impacts of coastal storms and warming during droughts may place 
more stress on water supplies. That’s why several cities, states, and industries take 
action to brace for potentially severe weather conditions.

Researchers classify such severe weather occurrences as dependent on a given 
region’s past background of temperature. Severe weather is known to generate rain 
or snow, temperature, wind, or some other extremely low or high levels of effect. 
These incidents are usually called severe because they are unlike 90–95% of com-
parable weather conditions that happened in the same region previously.

4.3.2  �Examples of Some Extreme Events

4.3.2.1  �Heat and Drought

The harmful results of heat waves, including death, are induced by temperature and 
humidity—particularly if these conditions persist for more than 2  days. Due to 
weather highs being broken month after month, year after year, intense heat condi-
tions are expected to grow more common owing to human-caused global warming. 
The increased temperatures also enhance evaporation, which in the summer dries 
the land up—intensifying drought in several regions (Extreme Weather and Climate 
Change 2019; Extreme Weather 2020).
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4.3.2.2  �Storms and Floods

When further evaporation from the soil contributes to higher precipitation, rain-
fall intensifies. We already learn, for instance, the flooding of Hurricane Harvey 
was 15  years more extreme and 3 times more likely, due to climate change 
induced by people. We foresee hurricane category 4 and 5 to be more common, 
as temperatures are also increasing gradually. While scientists do not know if 
climate change has contributed to more storms, they are sure that sea levels will 
contribute to higher storm waves and more inundation. Since 1900, about half of 
the sea-level increase arises from the extension of rising seas, exacerbated by 
global warming induced by man. (Like all liquids, water normally spreads when 
it heats up.) The remainder of the growth stems from falling ice sheets and gla-
ciers (Extreme Weather 2020).

4.3.2.3  �Snow and Frigid Weather

According to the latest research “Extreme weather gets a boost from climate 
change,” the spike in snowfall during winter storms can be correlated with climate 
change. Notice the colder weather gets more moisture. Thus, snowfall will smash 
records when the temperatures are below zero. And scientists in the eastern United 
States are researching a potential link between the growing Arctic and cold spells. 
The theory is that the jet stream may be weakened by a rapidly warming Arctic 
which enables frigid polar air to migrate further south.

4.3.2.4  �Extreme Events and Climate Change

According to experts, in the past 20 years, Pakistan (due to climate change) has 
faced around 150 freak weather incidents resulting in economic losses: winter 
smog, summer forest fires, glaciers melt, flash floods, freaky heatwaves, landslides, 
and displaced populations to mention a few. In 2010–2011 nearly 10% of the coun-
try’s population was affected during massive flooding in two provinces, one north 
and one south. The year before, the climate-related cost of severe weather was $384 
million; over the last 20 years, the plagues of global warming cost nearly 2 billion 
dollars to the country’s economy (Azeem 2019).
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4.4  �Healthcare

4.4.1  �Healthcare and Climate Change

The climatological change pattern induces respiration problems characterized as 
upper respiratory infection and lower respiratory tract, and it mainly depends upon 
the rapid change in daytime temperature, mostly in cool climatic season. One of the 
studies also indicated that the climate variation in season also impact the microflora, 
and hence increase the risk of a particular type of infection under specific climate 
condition such as more fungal are present in the environment during summer season 
(Willarda 2020; Neelam et al. 2017). Figure 4.3 shows some of the impacts of cli-
mate change on the health of people.

We would like to quote an example that how healthcare is related to climate 
change consequences. In Pakistan, the flood of 2010 affected around 14–20 million 
people with 1700 deaths; nearly 436 health facilities and 1.1 million homes were 
destroyed. From July 29, 2010 to July 21, 2011, 37,391,802 cases of different ill-
ness of flood victims were reported. The predominate illnesses (as shown in Fig. 4.4) 
are acute diarrhea, respiratory, and skin infection; a small number of malaria was 
also reported in the flood-affected districts. Other reported data show a few numbers 

Fig. 4.3  Climate change, health, and health care
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of Meningitis, Viral Hemorrhagic Fever, Diphtheria, and Tetanus (Willarda 2020; 
WHO 2015).

World is currently implementing climate change adaptation projects in the field 
of health and is taking action to build institutional and technical capacity to address 
climate change. In addition, many developing nations are making climate change 
strategy that considers the health implications of actions to mitigate climate change. 
This includes the national assessment of climate change effects and vulnerability 
for health, implementation to increase the climate resilience of health infrastructure, 
and providing climate information for an integrated disease surveillance and 
response system.

4.5  �Coastal Zones

4.5.1  �Understanding Role of Coastal Zones in Climate Change

Among the most vibrant natural ecosystems is really the coastal region where land 
connects to the ocean. Coast is the place where the three main components—hydro-
sphere, lithosphere, and atmosphere—meet together and interact with each other. 
The coastlines are created by shifts in geography, controlled by temperature and 
geological processes. They form a transition region in which land and freshwater 
encounter saltwater, and the mutual effects of land and ocean are transformed. In the 
current fight against climate change, the coastal zones are a crucial battleground.

Coastal areas are of great ecological and socioeconomic significance. They sus-
tain economies and through fisheries, ports, tourism, and other industries provide 
livelihoods. They also help environmental resources, such as controlling air chem-
istry, fertilizer and water conservation, and waste disposal. Coastal habitats are 
among the most productive as they are supplemented from land-driven mineral 
nutrients and also get nutrients through coastal waters. Coastal areas are one of the 
densely populated regions as well. Almost half of the world’s major cities are 
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located within 50 km of coastline, and the coastal population is 2.6 times greater 
than the inland population densities (Wajid et al. 2007; Ahmad et al. 2009, Usman 
et al. 2009, 2010; Pallewatta 2010).

4.5.2  �Coastal Zones and Climate Change

It has been observed that people bordering coastal regions face the worst climate 
impacts. Unconsciousness and over-exploitation of natural capital are some of the 
factors for worsening the situation; deforestation is one of the key reasons for ris-
ing impacts on climate change. For example, deforestation in Pakistan has grown 
at a rapid rate of 2.1% per annum over the past few years, the fastest in Asia, led 
by an unprecedented 2.3% annual loss of mangrove forests. Pakistan is endowed 
with one of the world’s largest semi-arid mangroves but has long neglected their 
ecological importance which has caused great harm. Mangrove cover helps defend 
coastal areas from extreme climatic weather as they act as a barrier from hurri-
canes and flooding and often function as a possible refuge for shrimps and sea 
animals, helping fishing populations economically as well. The severely depleted 
mangrove forests have made Pakistan’s coastal areas vulnerable to harsh climatic 
conditions, especially cyclones, flooding, sea-level rise, and change impacts (Abu 
Baker 2014).

4.6  �Ecosystem and Climate Change

One of our most precious resources, natural ecosystems, are critical to our survival 
on the planet. Their benefits are diverse, ranging from marketable goods like phar-
maceuticals, leisure activities like camping, to resources such as erosion manage-
ment and water purification. Terrestrial and coastal ecosystems contain over five 
times more organic carbon than atmospheric carbon, while net emissions of land 
cover change and destruction of ecosystem account for about 10% of the overall 
annual anthropogenic carbon emissions (Epple et al. 2016).

According to new research, “Climate Impacts on Ecosystems,” the climatic 
effect on the ecosystems is significant. Climate change has a variety of effects on 
ecosystems. For example, warming may cause organisms to migrate to higher lati-
tudes, where temperature enhances their survival. Likewise, intrusions of freshwa-
ter into the ecosystem may cause some of the major species to move or die, 
minimizing vital predators or prey from the food chain (Qureshi and Ali 2011).

Climate change has affected the ecosystem’s functioning, which characterizes 
the flow of chemicals and energy via plants, herbivores, carnivores, and soil organ-
isms (Malcolm and Pitelka 2001; Wajid et al. 2010; Nasim et al. 2010; Hammad 
et al. 2010).
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The management of ecosystems can have a significant role in mitigation and 
adaptation for climate change; this may be possible by evaluating and improving 
current practices towards sustainability.

4.7  �Conclusion

To get a more consistent analysis of climate change impacts on various sectors like 
agriculture, food security, and other associated fields, some integrated models 
should be developed which combine the estimates caused by climate change sce-
narios, the simulation analysis of agricultural characteristics, and the economic 
analysis representing the socioeconomic elements of agriculture. Additionally, a 
more detailed analysis for the economic and policy impacts of each adaptation mea-
sures for the agriculture sector. The multiple challenges which the world is facing in 
terms of climate change, ecosystems degradation, and food insecurity require an 
integrated approach. This approach should comprise a sustainable, inclusive, and 
resource-efficient path. The notion that green growth and climate-smart agriculture 
can help to solve urgent issues could be one of the basis for developing and starting 
the roadmap for achieving climate resilience.
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Chapter 5
Climate Resilience in Agriculture

Muhammad Shehzad, Noosheen Zahid, Mehdi Maqbool, Ajit Singh, 
Hongyan Liu, Chao Wu, Aziz Khan, Fazli Wahid, and Shah Saud

Abstract  Climate change is a major factor contributing to food insecurity, requir-
ing urgent action and interventions to avoid the risk of hunger and poverty of mil-
lions of people. Climate-related threats have a big impact on the life of poor people 
and subsistent farming communities. Climate changes are forecasted to result in 
variability in future weather patterns in the form of changes in frequency, quantity, 
and predictability of precipitation, floods, temperature, drought, and wind storms. 
In this scenario, promoting climate resilient agriculture (in areas which are highly 
affected by climate change) is needed for viable food security and valuable income 
for rural societies. This will enhance the livelihood of rural communities with a 
focus on people and nature-focused approaches. The best strategies and practices 
for climate change resilience in agriculture (which address climate risk) may be 
familiar to some farmers through practices commonly associated with sustainable 
agriculture. These sustainable agriculture practices include improvement of land 
preparation such as no-tilling and composting, introduction of disease-resistant and 
climate hardy seed varieties, crop diversification, integration of crops and livestock, 
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soil health improvement through cover crops, management of intensive grazing, 
reduction in the use of off-farm inputs, development of whole-farm planning, and 
improvement of agriculture enterprises and marketing. Adaptation of these prac-
tices and approaches will ensure agriculture resilience and food security in a chang-
ing climate environment.

Keywords  Resilient agriculture · Climate change · Smart agriculture · Subsistence 
agriculture

5.1  �Introduction

Cordaid (2016) defined resilience as “systems or communities which bear hazards 
and are able to anticipate that risk, respond to these disasters, to adapt changing 
circumstances and risks and have the ability to address the issues and root causes of 
risks.” Resilience literally means “coming back to normal.” In the scenario of cli-
mate change, the means to reduce the impact of climate change, through adaptations 
and holistic strategies of mitigation of challenges is considered as climate resil-
ience. This phrasing will be additionally talked about with regard to climate change 
and the adaptation of sustainable agricultural practices to ensure resilience in crop 
production and food security in a changing climate (that induced changes in the 
weather patterns which are unfriendly to agriculture and crop productivity).

Climate resilient agriculture is the key strategy and concept to manage the new 
risks imposed by unpredictable weather conditions. Christian Aid defined climate 
resilient agriculture in Time for Climate Justice as “agriculture that reduces poverty 
and hunger in the face of climate change, improving the resources it depends on for 
the future generations” (CORDAID 2016). Climate resilient agriculture is the trans-
formation of current agriculture system with the wider perspective of food produc-
tion at local, regional, and global levels. Along with food production, it takes into 
account the social, economic, and environmental aspects of agriculture production. 
In fact, it prepares for the worst to achieve sustainable goals. This approach is a way 
forward in linking food security with climate change through climate smart agricul-
ture practices. Climate smart agriculture is a new approach that guides the actions 
needed to reorient the agriculture system in changing climatic scenario and also 
ensures food security. There are three main objectives of climate smart agriculture: 
sustainable agriculture with increased productivity and incomes; adaptation of 
crops with resilience to climate change; and the reduction of greenhouse gas emis-
sions (FAO 2013). The main drawback of climate smart agriculture is that it requires 
high inputs for food production without proper assessment of social and environ-
mental facts.
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5.2  �Climate Change and Its Impact on Rural Economy

The major constituent of sustainability of rural communities in the world depends 
on farming and related activities. It contributes significantly to the overall economy 
of rural regions in relation to business and employment, environmental quality, and 
infrastructure. According to FAO (2013), survival of more than 60% of the world’s 
population depends on agriculture. World Bank data shows that 1.0% growth in 
GDP of the agriculture sector can cover the expenditures of the three poorest fami-
lies by at least 2.5 times than rest of the economy. This shows the importance of 
farming and its contribution to rural economic development.

The important factor in agriculture productivity is climate, so changing climate 
will be the most significant problem affecting food production in the future. Climate 
change is mainly due to the emission of greenhouse gases such as nitrous oxide, 
methane, and carbon dioxide. Along with these factors, humans are also responsible 
for an increase in temperature due to anthropogenic activities and extensive burning 
of fossil fuels which increases the occurrence of CO2 in the atmosphere. The con-
centration of CO2 has increased from 370 ppm to 412 ppm due to heavy industrial-
ization and massive use of fuels and fossils (Buis 2019). This massive increase in 
the concentration of gasses will increase global temperature from 1.8 to 4.0 °C with 
an average of 2.8 °C increase (IPCC 2007). Agricultural sector is the second main 
contributor of annual increase in anthropogenic greenhouse gas emission (Fig. 5.1). 
This sector contributes to global warming through carbon dioxide, nitrous oxide, 
and methane gas emission. These gases allow the transmission of light reaching the 
earth but block the transmission of heat from escaping into the atmosphere thus 
trapping the heat as in a “greenhouse” (Smith et al. 2007).

Climate change is responsible for changes in rainfall sequence, drought intensi-
ties, and increase in sea levels. Climate change adversely effects agriculture and 
livestock production, input supplies, hydrologic balances, and other gears of 
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Fig. 5.1  Main contributors in emission of greenhouse gases (Source: IPCC 2014)
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agricultural system. This adverse effect of climate change may have negative effects 
on rural economies.

Economic activities of agriculture are mainly dependent on climatic conditions. 
Change in climatic conditions mainly threatens the agriculture sector economically 
because of unpredictability of the changes. Agriculture productivity mainly depends 
on rainfall, temperature, availability of water, land fertility, date of sowing and har-
vesting. Effect of change in climatic conditions varies in different regions. Some 
regions get benefit from these changing conditions while other regions may be 
adversely affected.

Change in climatic conditions affects agricultural production, while demand is 
likely to increase due to ever increasing population which causes a change in 
demand and supply balance of agricultural commodities and also affects the prices 
of these products which ultimately affect the livelihood of rural society (Masters 
et al. 2010) (=). Anthropogenic emissions of non-CO2 greenhouse gases like meth-
ane, nitrous oxide, and ozone depleting substances also increased due to climate 
change and this rise in greenhouse gases affects developing countries more than 
developed countries (Montzka et al. 2011). Developing countries are more climate 
sensitive as their economies rely on labor-intensive technologies; whereas, devel-
oped countries can cope as adoption of new practices and technologies with pay-
ments for mitigation of greenhouse gases (Ogle et al. 2014).

Climate change affects agriculture in different ways across the world. Change in 
rainfall pattern, change in temperature, and increase in CO2 production affects 
global agriculture production. Furthermore, crop productivity patterns change due 
to these climatic and weather changes. Climatic changes also change the develop-
ment and distribution pattern of insect pests and diseases. The geographic locations 
of staple food production may also change with the change in climatic conditions. 
For the following reasons the modeling of climate change impact on food produc-
tion is difficult:

	1.	 Uncertainties in the predictions of climatic change.
	2.	 Difficulties of understanding of agricultural responses to increase in CO2, and the 

altered pattern of insect pests and disease distribution.
	3.	 Uncertainty in adaptation of certain agricultural practices.

Vulnerable climate change depends mainly on biological, physical, and socioeco-
nomic factors. Low-income rural populations mainly depend on agricultural sys-
tems and these changing climatic conditions are responsible for the increase in their 
hardships and hunger. These people are hardly food sufficient and slight decline in 
yields could be harmful for the population. The most negative effect of climate 
change is dominant in low-lying areas where the absence of mountains reduces 
relief rainfall. Then again arid and semi-arid lands and areas are also highly depen-
dent on rain for their agricultural products. Population of these areas is mostly at 
risk and most of the countries located in South East Asia and Africa are more vul-
nerable to these changes (Aydinalp and Cresser 2008).

Most of the Asian regions are vulnerable to climatic changes as an increase in 
temperature is forecasted in this part of the world. The cooler regions are becoming 
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warmer, while changes in rainfall pattern are less certain making Asia wetter. Heavy 
rainfalls are expected during the wet seasons increasing the chances of flood, while 
on other hand the dry seasons are getting drier. These climatic changes have become 
aggressive on agriculture output resulting in decreasing agricultural productivity 
and decline in income growth (ADB 2009). Climate change poses severe pressures 
on farmers of Asia living in marginal areas such as drylands, mountains, and des-
erts. Impacts of climate change are more devastating in South Asia and may affect 
wheat productivity up to 50% by 2050 (MoE 2009). Almost 500 million of the rural 
population in Asia consists of farmers surviving on rain-fed land. Production of 
maize, wheat, and rice has gone down in the past few decades due to increasing 
temperatures and water stress (UNFCCC 2007). Considerable damages have also 
been observed in crop yields which have reduced the earnings of farmers.

5.3  �Farmers Perception About Climate Change

Changes in climate system have caused major changes in the growing seasons. A 
case study is presented in Table 5.1 which shows that the local farming communities 
of Pakistan are well aware of climate changes (Table 5.1).

There are currently major changes in the planting and harvesting time of differ-
ent crops in the territory. For example, the planting time of wheat previously began 
in the first seven-days of December and lasted till the end of December. Currently, 
wheat is planted in November (beginning to the month’s end) showing a 1-month 

Table 5.1  Farmers perspective about changing climate

Indicators Farmers perception

Temperature Mean temperature of the area has changed. As a result, the summers are 
warmer and winters are less cold compared to the past 10–30 years

Rainfall 
variability

Rainfall pattern has changed in the area. The rainfall amount has decreased in 
both winter and summer seasons and wide uncertainties were found over time

Snowfall A decline in snowfall has been observed
Soil erosion Soil erosion has increased due to the increasing flood events
Flooding Floods have increased in the area compared to past records. The major flood 

event of 2010 has resulted in major human and economic losses
Landslides Landslides happen in the study area as it is directly linked with the floods
Summer days There is an increase in the number of summer days since the past decade. 

Climate change has affected the length of summer and cold months. More hot 
days have been observed in the study area compared to the past 10–20 years

Winter days The number of winter days and intensity has decreased
Extreme 
weather events

Extreme weather events such as floods, droughts, extreme heat, or heat waves 
have been increased since the last decade. Now more flash floods and 
high-intensity cyclones are experienced compared to the past

Early springs The springs arrive soon now. With change in the average yearly temperatures 
and extended summers, the springs are experienced in first half of February 
compared to its arrival in March as observed during the past 10–20 years
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early planting and cultivation period. Likewise, the planting times of rice and maize 
have also changed. These crops used to be planted in mid-July to the start of August 
in past but now they are planted in mid-June to early July. The harvesting time for 
these crops has also changed, for instance, wheat reaping began ahead of schedule 
in mid-June previously, now reaping is started in mid-May. As a result of these 
changes, local farming communities have adapted to measures to reduce the impact 
of climate change on their livelihood (Table 5.2).

5.4  �Approaches for Climate Resilient Agriculture

Upgrading strength of agribusiness to climate change is of fundamental significance 
for ensuring abilities of small landowners to adapt to climate change. With regard to 
environmental change and fluctuation, small landowners need to adjust rapidly to 

Table 5.2  Effect of climate change on livelihood of farmers

Climate 
indicators

Impact on livelihood 
sources Adaptation measures Potential future risks

Increase in 
temperature

•  Increased irrigation 
requirements for crops
•  Negative effects on 
crops, i.e., loss of seed 
and crops
•  Increased mortality 
rate in poultry and cattle

•  Water conservation 
techniques to reduce water 
loss from soil
•  Switching to other jobs
•  Reducing livestock 
number

•  Livelihood 
insecurity

Rainfall 
variability

•  Drought conditions, 
lower agriculture 
productivity, food 
scarcity
•  Problems with 
natural grazing lands 
and fodder availability
•  Drying of springs

•  Installation of tube wells 
or pressure pumps
•  Delay in sowing 
different fruits and crops
•  Purchasing fodder from 
market, reducing livestock 
number

•  Livelihood 
insecurity
•  Increased 
expenses of livestock 
rearing

Extreme 
weather 
conditions

•  Increased flood 
occurrence
•  Damage of 
agricultural lands
•  Increased soil 
erosion washing away 
fertile soils
•  Cyclones with rise in 
temperature destroying 
crops

•  Stream/river 
embankments
•  Plantation along fields
•  No coping strategy

•  Livelihood 
insecurity
•  Decrease in fertile 
soils/lands
•  Food security

Warmer winters 
and less 
snowfall

•  Increased human 
diseases
•  Increased livestock 
diseases

•  Hospitalization
•  Vaccination

•  Decreased 
house-hold welfare
•  Increased output 
cost and less income 
generation
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improve their flexibility to adapt to dangers of climatic changeability (Table 5.3), 
for example, dry seasons, floods, and other extreme weather events.

Major objectives of this initiative are:

	1.	 To enhance the resilience of agricultural crops, livestock, and fisheries to cli-
matic variability and climate change through the development and application of 
improved production and risk management technologies.

	2.	 To demonstrate site-specific technology packages on farmer’s fields for adapting 
to current climate risks.

	3.	 To enhance the capacity of scientists and other stakeholders in climate resilient 
agricultural research and its applications.

5.4.1  �Physiological Approaches for Climate 
Resilience Agriculture

Increasing crop production at a time of rapid climate change is going to be challeng-
ing for modern agriculture. Thus, there is a need to exploit the genetic potential by 
diversifying crop cultivation with emphasis on underutilized crops, develop variet-
ies with high yield and tolerance to abiotic stress under climate change scenario. 
Sharing data among researchers on important physiological traits tolerant to abiotic 
stress (Table  5.3) and integrating precision agriculture involving modeling and 

Table 5.3  Important physiological traits that confer abiotic stress tolerance in plants

S. No
Abiotic 
stress Important physiological traits that confer tolerance

1 Drought •  Improved water use efficiency through plant characters like early 
closure of stomata (stomatal conductance)
•  Increased photosynthetic efficiency
•  Efficient and deeper root system
•  Waxy leaf surface

2 Heat •  Canopy temperature depression
•  Membrane thermostability
•  Chlorophyll fluorescence
•  Chlorophyll content and stay green
•  Stem reserve mobilization
•  Photosynthetic efficiency

3 Salinity •  Osmoregulation (osmolyte production)
•  K+/Na+ selectivity
•  LEA (late embryogenesis abundant) proteins
•  Ion homeostasis
•  Antioxidant enzymes

4 Flooding Adventitious roots
Well-developed parenchyma
Plant height and leaf length
Quiescence strategy (under flash flooding)
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remote sensing could play an important role in achieving global food security. The 
main drivers of crop production response to changing climate are increase in tem-
perature and carbon dioxide and change in rainfall pattern. Response to these will 
be positive in some agricultural zones and negative in others (FAO 2013). Some of 
the physiological responses are highlighted below:

	(a)	 Effects of temperature on crop yield will depend on the stage it was exposed 
to during the growing cycle (CCPSW 2011; Hawkins et al. 2013). For example, 
flowering and fruiting are sensitive to changes in temperature. Cereal and grain-
legume yields are lowered at temperatures above the required optimum (Hatfield 
et al. 2011). High temperatures reduce the pollen viability, shortens the grain 
filling period, and reduces the translocation of the photosynthate to the grain 
(Boote and Sinclair 2006; Hatfield et al. 2011). In addition, rising temperatures 
will increase the reproductive rate of insects and prolong the breeding season 
leading to rise in the number of insects and pests. This in turn increases the 
crop losses.

	(b)	 Carbon dioxide (CO2) gas is a raw material for photosynthetic reaction that 
eventually results in accumulation of photosynthates, the economic yield of 
crops. It also increases the water use efficiency of plants. Based on IPCC (2007), 
in the past 200 years, CO2 levels in the atmosphere have drastically risen and 
may reach 450–1000 μmol by 2100. This rise in carbon dioxide level would 
increase the yield of C3 crops like rice, wheat, and soybean more than the C4 
crops like maize (CSSA 2011). However, this increase in yield could be offset 
by other pressures like insect and pest attacks and the effects of drought. In 
addition, CO2 is known to affect crop quality and nutrition as well. For example, 
increased CO2 in the atmosphere lowered the protein content in wheat and bar-
ley by 4–13% and 11–13%, respectively (Ziska et al. 2004) and raised the car-
bohydrate level in grain (Erbs et al. 2010).

	(c)	 Changes in precipitation affect the water supply of crops. They differ from 
temperature as they are driven by a wider range of atmospheric processes 
(Lobell et  al. 2008). The existing rainfall pattern and distribution normally 
required for increased crop production may be disturbed in some regions. This 
may result in flooding in some parts of the continent and drought in another 
resulting in negative effects on crop production (CCPSW 2011).

5.4.1.1  �Physiological Traits

Increase in temperature and changes in rainfall pattern discussed in the earlier para-
graph could lead to drought in some areas and flooding in another. Increased tem-
perature may lead to the development of heat and salinization due to loss of water. 
Some of the plant traits responsible for the tolerance to these abiotic factors are 
summarized in Table 5.3. Reynolds et al. (2016) have emphasized the need for iden-
tifying important traits and genetic loci that control adaptation to make a greater 
breeding impact under climate change scenario.

M. Shehzad et al.



75

5.4.1.2  �Mitigation Strategies

Scientists and farmers across the globe are working to mitigate the climate change 
effects to increase crop productivity or build resilience through adaptations of pro-
duction systems. Mitigation strategies work towards reducing the greenhouse gas 
(GHG) emissions while fixing the carbon in soil in a more stable form (soil organic 
matter). Increasing the carbon content of soil will improve soil productivity and 
bring about resilience and adaptability to crop production systems (CCPSW 2011). 
This is normally achieved by soil conservation using cover crops, crop rotations, 
and intercropping systems (use of legumes and nitrogen fixation). Supplementing 
fertilizer with biochar, recycling of crop residues, improved pest control, and inte-
grated soil-crop-water management practices are known to enhance the organic 
matter content of soil as well as reduce GHG emissions (FAO 2013).

5.4.1.3  �Adaptation Strategies

Adaptation strategies work towards adjustment in the production system to with-
stand climate change for increased performance. Because crop production systems 
remain the main source of income to the farmers, adaptation to the impact of climate 
change will be important for the food as well as the social security of farmers 
(CCPSW 2011; FAO 2012).

Increasing Crop Diversity and Develop New Crops Tolerant to Biotic 
and Abiotic Stress

An important adaptation to change climate is to diversify crops by developing and 
promoting crops that are underutilized or underexploited. Currently, we heavily rely 
on a few crop plants like wheat, rice, maize, soybean, millet, sorghum, and barley, 
leaving behind a larger number of crops neglected (Massawe et al. 2015). Thus, to 
address the food security situation in an event of climate change, there is a need to 
diversify our crop production systems by exploring the underutilized crop species.

Crop diversification can improve resilience by greater ability to tolerate drought 
and high temperature and to suppress pest and disease outbreaks (Lin 2011). Some 
of these underutilized legume crops that fix atmospheric nitrogen and are high in 
protein have been listed by Cheng et  al. (2019) which include winged beans 
(Psophocarpus tetragonolobus), lablab beans (Lablab purpureus), lima beans 
(Phaseolus lunatus), and Bambara groundnut (Vigna subterrenea). Like the under-
utilized legumes, crops from Chenopodiaceae family such as Quinoa (Chenopodium 
quinoa) and Amaranth spp. could make a significant contribution to the crop pro-
duction and cropping systems under changing climatic scenarios. Though the 
impact of underutilized crops will be minimal, regionally, it can play an important 
role in securing food supply in events of climate change.
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To increase crop production under climate change, crops that are new and have 
not been cultivated before could play an important role. In fact, Challinor et  al. 
(2009) in a metadata analysis suggested that developing new varieties is the most 
effective solution in climate change adaptation scenarios. Similarly, Noble et  al. 
(2014) also put evolving new crop at the top of the list in different options for adap-
tation. Scientists have been exploring wild perennial relatives of wheat, maize, rice, 
sorghum, millet, and sunflower for crossing with their current annual counterparts 
to evolve new perennial crops that are better adapted to climate change scenarios. 
However, this will take many years before being tested on the field for farmer’s use. 
In addition, induced mutations could be used to create novel variations using genetic 
modifications. More and more new cultivars are being developed more efficiently 
using high-throughput genotyping and phenotyping platforms (FAO 2013).

Development of varieties that could tolerate drought, heat, and waterlogging 
(abiotic) form an important strategy to address climate stress. Yield of crops nor-
mally drops when drought, heat, or waterlogging is experienced at critical growth 
stages of crops like tillering, flowering, tuber/grain filling during the assimilation of 
photosynthate (carbohydrate and nutrients) in the sink (grain, fruits, tubers) (CSSA 
2011). Heat tolerant varieties of cowpea and corn at pollination and waterlogging at 
early vegetative growth in soybean and rice are being developed (VanToai et  al. 
2010; Bailey-Serres et  al. 2010). For greater synchronization of pollination and 
flowering at high temperature and moisture stress, new hybrid maize varieties are 
being developed (Ribaut et al. 2009). In an event of drought due to climate change, 
water loving crops like maize (Zea mays) could be replaced with drought tolerant or 
lower moisture needed crops like Bambara groundnut (V. subterranean), millet 
(Pennisetum glaucum), lablab beans (Dolichos lablab), sorghum (Sorghum bicolor), 
sweet potato (Ipomoea batatas), wheat (Triticum aestivum), and barley (Hordeum 
vulgare). In a study by Ishimaru et al. (2010), Oryza sativa cultivar Koshihikar, was 
replaced by wild rice (Oryza officinalis) to avoid the hottest part of the season that 
coincided with flowering.

With an increase in the incidence of pest and disease due to rise in temperature, 
developing cultivars tolerant to insects and pathogens (biotic) will be an important 
climate resilient adaptation strategy. Significant yield losses have been reported in 
the US despite the application of chemicals and the use of improved varieties (CSSA 
2011). However, interactions between plant pest and disease will be very complex 
and are presently poorly understood under changing climatic scenarios.

Use of Crop Models in Making Decisions and Predictions

Crop models are dominant tools for simulating the effects of soil, climate, manage-
ment of pest and disease on production of crops (Zhao et al. 2019). If appropriately 
used, it could provide a climate resilient agricultural production system. Increasing 
number of studies have used models to predict yield by recommending 
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climate-change-adaptations like staggering sowing dates, changing sowing densi-
ties, varieties and fertilizer regimes, and cropping systems (crop rotations and inter-
cropping) (Waha et  al. 2013; Traore et  al. 2017). Matthews et  al. (2013) also 
emphasized the use of models to identify suitable management practices for adapta-
tions to climate change. Similarly, the AquaCrop model developed by FAO has 
become a very popular tool for predicting crop yield under moisture stress condi-
tions (Farahani et al. 2009). This model simulated the growth and yield of sunflower 
(Helianthus annuus) (Todorovic et  al. 2009), Bambara groundnut (Karunaratne 
et al. 2011), and wheat (Farahani et al. 2009) as affected by moisture levels in soil. 
Decision Support System for Agrotechnology Transfer-Crop Simulation model 
popularly known as DSSAT-CSM has been widely used for yield prediction of crops 
under varied climate change scenarios and as well as the adaptation measures to 
take for increased yield under those conditions (Diasa et al. 2016). Though these 
models have their own limitation, they present a great potential to develop resilience 
in our cropping systems and adapt to climate change now and in future.

Adoption of Remote Sensing and Precision Agriculture

Increased crop production requires constant monitoring, soil nutrient, crop growth, 
crop health, irrigation, and yield. Traditionally, this is achieved by taking direct 
measurements that may be time-consuming and inaccurate. To meet a 70% increase 
in food production by 2050 under changing climatic conditions is going to be chal-
lenging. To face this challenge, there is a need to make use of technological advances 
like the use of remote sensing and precision agriculture in the field of agriculture 
(Radoglou-Grammatikis et al. 2020). Remote sensing is a technique of generating 
information about the crops/soil on field using drones or popularly known as UAV 
(Unmanned Aerial Vehicle). It provides a very efficient and effective method of 
monitoring growth of crop on ground, watering requirements, crop diseases, and 
crop nutrition (Karthikeyan et al. 2020). It could also be used for foliar fertilizer 
application as well as spraying pesticides in a mechanized farming (Tellaeche et al. 
2008). Precision agriculture refers to the application of production inputs at right 
time and place and in right quantity (Gebbers and Adamchuk 2010). It aims at opti-
mization of timely use of production inputs like nutrients, pesticides, and water to 
increase the productivity of crops. This technology has significantly increased the 
yield of crops. Technological advancement in the field of agriculture has boosted the 
yield of crops significantly compared with conventional agriculture (Hazel and 
Wood 2007).
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5.4.1.4  �Integrated Approach for Climate Resilience in Problem Soils

Problem soils or degraded soils could be defined as soils that are in poor condition 
(physical, chemical, and biological properties) to support normal plant growth and 
development leading to low or no crop productivity. Poor conditions could largely 
be natural or due to human activities like improper farming practices or due to cli-
mate change (Yu et al. 2019; FAO 2017). Among the soils classified as problem 
soils are eroded soils (loss of nutrient and organic matter), saline and sodic soils, 
acid soils, polluted soils (heavy metal), waterlogged, and compacted soils (FAO 
2015). It is estimated that about 33% of the soils on earth are already degraded and 
this would increase to over 90% by 2050 if reclamation measures are not taken in 
time (FAO 2019). Therefore, there is an urgent need to improve such soils to provide 
sustainable supply of food, maintain soil biodiversity, and climate stability 
(McBratney et al. 2014). It is estimated that restoring the degraded soil can remove 
up to 51 Gt of CO2 from the atmosphere and increase food production by 17.6 Mt. 
per year (FAO 2019).

Literatures addressing the topic directly were very limited but depending on the 
problem identified in the soil, some remediation measures have been suggested in 
Table 5.4. Some practices that appeared to be common to all are the development of 
tolerant varieties, carbon sequestration through biochar application, and addition of 
organic matter via agroforestry and crop residue recycling practices.

Though each soil will require its own management practice, no one method will 
achieve desired results. Integrated approach combining the methods suggested by 
Dagar and Yadav (2017), modeling (Vermue et al. 2013) and remote sensing (Asfaw 
et  al. 2018) would produce desirable results in problem soils in the face of cli-
mate change.

5.5  �Conclusion

Sustainable agriculture provides a strong foundation upon which to build a resilient 
agriculture. A rich knowledge base of practical application and innovation informed 
by a deep understanding of the ecology of agriculture can be used to guide the 
development of locally adapted, sustainable, and climate resilient systems. Over the 
last 40 years, farmers, ranchers, and others committed to sustainable food systems 
have worked together to develop and share information about agricultural sustain-
ability through both formal and informal research, teaching, and learning networks. 
This accumulated knowledge provides a wealth of potential adaptations, well-
tempered by practical, place-based experience, that you can use to enhance the cli-
mate resilience of your farm or ranch.
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Chapter 6
Field Crops and Climate Change

Zartash Fatima, Sahrish Naz, Pakeeza Iqbal, Amna Khan, Haseeb Ullah, 
Ghulam Abbas, Mukhtar Ahmed, Muhammad Mubeen, and Shakeel Ahmad

Abstract  Production of crops and climatic changes are internally linked with each 
other in several features because changes in climatic conditions are the key reason 
for abiotic as well as biotic stresses, that have adversative influences on the farming 
systems at local, regional, and global levels. The yields of major agronomic crops 
are being negatively impacted by climatic changes in several aspects like disparities 
in rainfall pattern and intensity, mean temperature, heat waves, changes in weeds 
infestation, disease causing microorganisms, and pest attack during all growing sea-
sons in major cropping systems. Heat and water shortage stress disturb the crop 
yield in various ways as response of crop towards these impacts of climatic vari-
ables vary. Higher temperature frequently causes a reduction in crop production by 
reason of the fact that, they generally happen in combination with drought. Crop 
phenology is negatively affected due to climate change. Yield and yield components 
are more sensitive under drought condition in comparison to higher temperature in 
all cropping systems. In this chapter, we summarize the impact of climate change 
and stresses produced due to climate change on crop production.
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6.1  �Introduction

Local and regional climatic circumstances are the most important determinants of 
agronomic crop productivity (Ahmad et  al. 2016; De Pinto et  al. 2016; Hatfield 
et  al. 2011) because plant catabolism and anabolism physiological processes are 
controlled by weather variables like maximum and minimum temperature, solar 
radiation, carbon dioxide concentration as well as availability of water (Fatima et al. 
2020, 2021; Ahmed et al. 2021; Tariq et al. 2021). Agronomic cereal crop produc-
tion can also be influenced due to climatic extreme conditions, like heat waves, 
storm, drought, salinity, and flooding circumstances (Ahmad et  al. 2019; Porter 
et al. 2019). Local and regional average and extreme climatic situations are influ-
enced by natural impacts which comprise both external to the global climatic sys-
tems (including variations in the Sun’s intensity and volcanic eruptions), and 
internal modes of variability (like the multiyear El-Nino Southern Oscillation sys-
tem). There are also human influences that affect climatic circumstances at the 
global, regional, and local level, including the release of greenhouse gases into the 
environment and human influence that have more limitations of geographical 
impact, for example, changes in land surface characteristics as a result of agriculture 
activity (Abbas et al. 2020). During the previous century, but predominantly over 
the most recent decades in this century, the earth has experienced noteworthy cli-
mate change, particularly warming trends in most of the regions worldwide (Pironon 
et al. 2019). The average air temperature has been enhanced by almost 0.95 °C from 
1980 to 2018, and it is predicted to increase to almost 3.0–5.0 °C (depending on 
various regions) by the end of this century (Kaye and Quemada 2017). In the mean-
time, global population has considerably enhanced and it is expected that the world 
will need 70% more food by the mid of this century (Tariq et al. 2018).

Due to an abundant increase in the amount of greenhouse gas levels in the atmo-
sphere, a rapid variability in climate trends in different agricultural regions in the 
world has been recorded. The increase of CO2 in the future is raising many ques-
tions with respect to food security; the worldwide efficiency of agriculture is also 
included, whether it will be affected or not. Global yield will be affected by the 
increasing amount of CO2, as yield per decade will increase 1.8% (Fig. 6.1). Changes 
in temperature, cost, and availability of mineral fertilizers, levels of funding for 
research and development (public or private), atmospheric level of O3 (ozone) and 
CO2 (carbon dioxide), and changes in precipitation regimes are included to affect 
the agricultural productivity.
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6.2  �Crop Response to Global Change

The crop production has been affected and will continue to be effected by the four 
primary factors:

	1.	 Increase in temperature
	2.	 Increase in CO2 level
	3.	 Increase in atmospheric O3

	4.	 Disturbance in hydrological cycle

6.3  �Impact on Phenology Change

Phenological stages of the crop plant are set very rigorously to the seasonality of the 
environment, and therefore are influenced by the changes in the environment. 
Furthermore, the duration of phenological stages is also associated with CO2 assim-
ilation, and therefore a shift in the phenology may have effect on crop yields (Ahmad 
et al. 2017a, b; Abbas et al. 2020). Crop yields are very sensitive to the accumula-
tion of heat units during specific phenological duration, and thus by shifting the 
phenology, crop yield is also being affected. Several studies reported/projected a 
reduction in crop yields with climate warming due to shortening of phenological 
events without considering the management practices (Ahmad et  al. 2017a, b; 
Abbas et al. 2017; Wang et al. 2019; Mousavi-Derazmahalleh et al. 2019).

Fig. 6.1  Climate change impact on crop yield
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6.4  �Temperature Increase and Crop Yield

Temperature has negative impacts (most likely) on crop yields (Ottman et al. 2012). 
The major crops which mostly provide 2/3 of the intake of human calories include 
wheat, maize, rice, and soybean. Assessing the impact of increase in temperature on 
the growth and productivity of these crops is critical for maintaining food supply 
globally. Increase in temperature on average decreases the yield and without CO2 
fertilization, genetic improvement, and effective adaptation, reduction in the yield 
with every degree Celsius increase in temperature is 3.2% by rice, 3.1% by soybean, 
7.4% by maize, and 6% by wheat (Zhaoa et al. 2017; Ahmad et al. 2018; Ali et al. 
2018a, b; Hammad et al. 2018a; Rahman et al. 2018; Nasim et al. 2018).

To assess the risk of food security and then to develop adaptive strategies to feed 
the world population, it is necessary to collect the impact of temperature increase on 
global crop yields; including any spatial variations (Nelson 2010). Wheat produc-
tion in different countries shows variations towards temperature changes; yield 
losses for France and the USA were −5.5 to ±4.4% and −6.0 to ±4.2% (per degree 
Celsius), respectively. With one-degree increase in temperature (global mean tem-
perature) the yield loss would be up to 2.6 ± 3.1% in China (largest wheat producer).

Rice also contributes as a major source of calories in developing countries. 
Reduction in rice yield with per degree Celsius increase in temperature will be 3.2 
to ±3.7 (indicated through analysis of multi method) which is less than wheat and 
maize. Negative impact of temperature (approximately −6.0% per degree Celsius) 
was indicated by field warming experiment and grid-point-based simulations but 
statistical regression suggests no effect. For major rice producing countries, analog 
differences in estimates between the statistical regressions and other methods 
are found.

6.5  �Climate and Increased CO2 and O3 Levels

Rising in the level of CO2 has been recorded with the start of the industrial era. The 
concentration of CO2 was 278 ppm in 1750 and the average increase in its concen-
tration per year is 2 ppm in 2000 (Peters et al. 2011). The increase in CO2 concentra-
tion due to the increasing effect of the industrial revolution is 39% higher than the 
start with a global average concentration of 390 ppm in 2010. The concentration of 
O3 (tropospheric) has also increased due to industrial era from 10–15 ppm to 35 ppm 
(due to emission of ozone as well). Air pollution has a major contribution and air 
pollution events can increase concentration to over 100 ppm (Wilkinson et al. 2012). 
Higher CO2 concentrations have improved the photosynthesis process in C3 plants 
as CO2 concentration increases fertilization in C3 crops (wheat, maize, and rice), 
fruits and vegetable crops (Fig. 6.2). The CO2 also has a positive effect with respect 
to water as it plays a vital role in the reduction in stomatal conductance and increased 
water use efficiency in C3 and C4 type crop plants.
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However, the subject of study also includes the effect of CO2 concentration 
which can reduce the nutritional quality of crops (specifically in nutrient poor crop-
ping system) through reduction in protein concentration and nitrate assimilates in 
harvestable yield (Rahman et al. 2019; Sabagh et al. 2019). Significant fraction of 
yield growth (loss or gain) of 2–3% is represented per decade (Fig. 6.2).

6.6  �Changes in Precipitation Regimes

Precipitation regime has a significant effect on the growth and productivity of crops 
as 80% of the cropped area is rain-fed where 60% of the world’s food is produced. 
According to the general prediction, the areas with drought will become drier and 
the areas with high precipitation will receive more precipitation (Liu and Allan 
2013). Different soil shows different responses with respect to precipitation regimes. 
Areas with degraded soil will be greatly affected by seasonal mean precipitation. 
Water retention will be lower at low moisture potential in the soil with a lower level 
of organic carbon. Soil with a poor nutrient system recovers slowly from the drought 
with re-availability of water (Lipiec et al. 2013).

Changes in the precipitation regimes lead to the changes in frequency and length 
of droughts, changes in the seasonal means, intensity, and timing of individual rain-
fall events; all these factors are very critical with respect to crop productivity 
(Fig. 6.3). The effect of rainfall is more vulnerable when it is combined with the 
temperature changes which ultimately affect the evaporative demand of crops. This 
problem may lead to the moisture stress of different types with respect to the pho-
nological stage of the crop. It is difficult for the farmers to plan and manage produc-
tion due to weather patterns and shifting of planting seasons. For example, time 
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period of the crop (for completion of growth cycle) is reduced due to late start or 
earlier end of the rainy season which leads to the reduction in yield.

6.7  �Crop Type and Response to Global Change

Various stress factors affect the growth and development of the crop influencing the 
crop growth linearly or nonlinearly. Crops have different responses towards changes 
in temperature (Table 6.1) and concentration of CO2 and O3 (Fig. 6.4a, b). For exam-
ple, there is a difference between the crops of different zones as crops of temperate 
zones include barley and wheat and tropical zones include cassava and sorghum. 
Average range of temperature has been identified by recent literature as an optimal 
season average temperature, according to which, for wheat, maize, and soybean, the 
average temperature is 15 °C, 18 °C, and 22 °C, respectively and for rice and bean 
(Phaseolus vulgaris) suitable temperature is 23 °C and average temperature for cot-
ton and sorghum is 25 °C. Different groups of the crops show different types of 
responses towards CO2 sensitivity as C3 types of plants (grains) are more responsive 
towards CO2 as compared to C4 grains. Root and tuber crops are the most responsive 
towards it. This can be proved through an example, as with an increase in CO2 con-
centration from 385 to 585 ppm, cassava field shows the doubling of dry mass. High 
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sensitivity can be recorded with high input system (sufficient fertilizer) given that 
there is no stress of other limiting factors (Ali et al. 2018a, b; Akram et al. 2019; 
Danish et al. 2019; Iqbal et al. 2019). While, with a high input system, fertilization 
of CO2 in C3 plant will be better with nutritional quality management ().

Increase in CO2 is helpful for biomass production in areas having drought, but 
has a drawback of reduction in protein level with high CO2 level along with no 
nitrogen inputs into the system (Hammad et al. 2018b; Tariq et al. 2018). Under 
normal conditions, C4 plants do not have any benefits from CO2 level as C4 plants 
are capable to increase CO2 concentration without photosynthesis process. So, C4 
plants will have the lowest reduction in yield under water stress conditions due to 
less moisture loss (Simpson 2017). The type of damage to crops and seeds will 
depend upon temperature, and type of plant, developmental stage, and capability to 
adapt. Highest temperature (above 30 °C) can do permanent damage to plants and 
seed in storage can also be affected by the temperature above 37 °C (Wahid et al. 
2007). The increase in temperature above the threshold level is frequently recorded 
for maize, wheat, and rice and is predicted to increase worldwide as the climate 
changes (Gourdji et al. 2013; Amin et al. 2017; Jabran et al. 2017).

6.8  �Impact on Pest Infestation

Pests are also influenced by climate change because the body temperature of the 
pests varies with the temperature of the surrounding and they start moving towards 
the higher elevations or pole wards (Bebber et al. 2013). Major insect pests of veg-
etables, fruit crops, pulses, and cereals include pod borers (Helicoverpa, Spodoptera, 
and Maruca spp.), cereal stem borers (Sesamia, Chilo, and Scirpophaga spp.), 
whiteflies, and aphids which might travel to temperate areas as changes in cropping 
patterns are associated with climate change (Sharma 2014). The extent of crop 
losses will depend on insect biotypes, changes in herbivore-plant interactions, the 
dynamics of the insect population, species extinctions and the alterations in the 

Table 6.1  Climate change impacts on cereals productivity globally and in tropical areas at 
warming at 1.5 °C and 2 °C beyond the preindustrial levels over the twenty first century

Crops

Increase or decrease in cereal productivity
Global Tropical
1.5 °C 2 °C 1.5 °C 2 °C

Wheat (Triticum aestivum) 2 (−6 to +17) 0 (−8 to +21) −9 (−25 to 
+12)

−16 (−42 to 
+14)

Maize (Zea mays) −1 (−26 to 
+8)

−6 (−38 to 
+2)

−3 (−16 to +2) −6 (−19 to +2)

Rice (Oryza sativa) 7 (−17 to +24) 7 (−14 to +27) 6 (0 to +20) 6 (0 to +24)
Soybean (Glycine max) 7 (−3 to +28) 1 (−12 to +34) 6 (−3 to +23) 7 (−5 to +27)

Source: Modified and adapted from Schleussner et al. (2016)
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diversity and abundance of arthropods, and the efficacy of crop protection 
technologies.

6.9  �Conclusion

Climatic change is seriously disturbing the farming systems through decreasing 
production of crops and their products at local, regional, and global levels. Rapid 
enhancement of concentrations of greenhouse gases are causes of increasing ther-
mal trend, which eventually disrupts the global ecosystem. Overall, in the world, 

Fig. 6.4  (a) Effect of climate change on production of major crops (wheat, rice, and maize). (b) 
Climate change impacts on primary cereals productivity across regions by 2050. WLD World, EAP 
East Asia and the Pacific, EUR Europe, FSU Former Soviet Union, LAC Latin America and the 
Caribbean, MEN Middle East and North Africa, NAM North America, SAS South Asia, SSA Sub-
Saharan Africa, NoCC No climate change, RCP Representative Concentration Pathways. Notes: 
Cereals refer to area-weighted average for the following crops: barley, maize, millet, rice, sor-
ghum, wheat, and other cereals
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climate changes have overwhelming influences on phenological stages and phases, 
growth, yield attributes, and ultimately crop production in all the farming systems. 
Climate warming is a major abiotic stress on crops. Abiotic stresses are the foremost 
category of stresses that crop plants suffer significantly. Major crop yield will be 
affected more negatively in future scenarios without adaptation strategies. In future, 
climate change impacts should be studied by using low and high emission scenarios 
for early, mid, and late centuries. The adaptation strategies should be quantified 
based on modeling approaches.
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Chapter 7
Horticultural Crops as Affected by Climate 
Change

Muhammad Saqib, Muhammad Akbar Anjum, Muhammad Ali, 
Riaz Ahmad, Muhammad Sohail, Iqra Zakir, Shakeel Ahmad, 
and Sajjad Hussain

Abstract  Climate change is causing substantial effects on horticultural crop pro-
ductivity as well as quality. The global rise in temperature has forced the farming 
community for early planting of vegetables and early harvesting of certain fruits. 
Considering fruit trees, the gradual increase in temperature has disturbed the dor-
mancy breaking process and chilling hours of temperate fruits like apple, peaches, 
cherry apricots, and many others. This increasing atmospheric temperature has 
enhanced the evaporative demand, plant transpiration rate, and hence crop water use 
in certain horticultural crops such as strawberry, blackberry, raspberry, lettuce, spin-
ach, and others. The major elements in climate change such as increasing tempera-
tures, atmospheric CO2, ozone depletion, UV radiation, heavy metal toxicities, 
extreme weather events (drought and cold), and changes in the precipitation pattern 
has markedly affected plant growth and development by modulating various physi-
ological and biochemical mechanisms in horticultural crops. The cultivation of 
determinate vegetables such as tomato and pepper in the field is becoming difficult 
and less productive due to early rise in temperature causing flower drop and reduced 
fruit setting. Vegetable quality may also be affected due to higher O3 levels, which 
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causes leaf chlorosis and necrosis with premature senescence and subsequent yield 
reductions. Plantation crops such as tea and coconut are also affected by reduced 
precipitation and higher temperature. Disease incidence and severity in various 
horticultural crops such as coffee, cassava, citrus, banana, pineapple, cashew, coco-
nut, and papaya are reported to be affected by climate changing factors. In this 
chapter, we have discussed different classes of horticultural crops which are affected 
either positively or negatively by climate change.

Keywords  Climate change · Fruits, vegetables · Physiological processes · Pests · 
Post-harvest quality

7.1  �Introduction

Climate change is defined as a change in the statistical parameters of the climate 
system, when considered over long periods of time, regardless of cause. In contrast, 
weather is an individual atmospheric condition that occurs at any one time. Both 
climate and weather affect the cropping area, intensity, and yield in various ways 
(Iizumi and Ramankutty 2015). Global climate is continuously affected by certain 
human activities such as burning of fossil fuels, vehicular, and industrial emissions. 
Since mid-1800s, global average temperature has risen approximately 0.6 °C and 
there have been severe changes in rainfall pattern, sea levels, and glacier melting. 
These alterations in climate system are detected to be linked with “greenhouse 
gases.” The major greenhouse gases (GHGs) include methane, ozone, nitrous oxide, 
and CO2, the latter being responsible for 70% of the potential of raising temperature 
on the Earth (Pimentel 2011). The alteration in the concentrations of GHGs disturbs 
the energy balance of our climate thus causing atmosphere warming. Ozone layer is 
present in the stratosphere and it is gradually depleting due to the emission of trace 
gases such as chlorofluorocarbons (CFCs) and nitrous oxides (NOx) thus causing 
maximum entry of ultraviolet radiations (having wavelength 280–315 nm) in atmo-
sphere. In Europe and North America, different field studies illustrated the detri-
mental effects of elevated ozone concentration in plants (De Bock et al. 2011). It 
reduces biodiversity and plays a key role in global warming.

Climate change involves the variation in carbon dioxide (CO2) concentration, 
wide and abrupt changes in temperature, and shift in precipitation pattern and inten-
sity. These all factors influence sea levels and salinity, cropped area, soil fertility, 
and plant diversity (Jackson et  al. 2011), resulting in severity in abiotic factors. 
Agricultural productivity had been threatened by the shifting in rainfall patterns and 
variation in temperature regimes (Malhotra and Srivastva 2014). The rise in average 
atmospheric temperature may enhance the risk of drought, thereby limiting various 
physiological processes including photosynthetic activity and radiation use effi-
ciency in many horticultural crops (including fruits and vegetables).
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7.2  �Elements of Climate Change Affecting 
Horticultural Crops

Metabolic mechanisms in horticultural plants are regulated by water availability, 
temperature, CO2, and solar radiation, resulting in a decline in crop yield. Different 
climatic factors induce limiting effect on growth and productivity of horticultural 
crops (Fig. 7.1). Factors such as tropospheric ozone, drought, excess UV radiation, 
heat, and soil salinity are causing significant losses of agricultural yield and becom-
ing more prevalent in the coming decades.

7.2.1  �Temperature

Earth is getting warmer at an unprecedented rate which is clearly evidenced. There 
are prolonged droughts in arid and semi-arid regions, increased flooding in mid to 
high latitudes, increase in extreme weather events, etc. Temperature is the most 
important factor influencing plant growth and development processes. Each plant 
species has a specific temperature requirement for its optimum growth and develop-
ment and these temperatures range also depend upon the growth phase of the plant. 
Beyond these limits, plants are considered under stress. The maximum, minimum, 
and optimum temperature ranges for agronomic and horticultural crops have already 
been determined (Hatfield et  al. 2011; Hammad et  al. 2014; Shahid et  al. 2014; 
Shakeel et al. 2014).

The simulations of rising temperature predicted that the warming trend will be 
more severe and intense rather than the recent prevailing conditions. High summer 
temperatures are negatively impacting plant growth and productivity, so there is a 
dire need for deeper investigations to understand the mechanisms underlying heat 
tolerance in our commercially important crops (Kumudini et al. 2014).

High temperature and increased intensity of solar radiation is negatively influ-
encing growth, quantity, and quality of fruits and vegetables (Table 7.1). Based on 
growing season, vegetables are categorized into warm season and cool season cat-
egories. Cool season vegetables require 18–25 °C while warm season vegetables 
need 25–27 °C for optimum growth and yield. Plants are also categorized into C3 
and C4 plants. The C4 plants can tolerate more high temperatures as compared to C3 
plants. Most vegetables are C3 in nature and their optimum range of temperature is 
20–32 °C while sweet corn is an example of C4 plant and it can withstand up to 
34 °C (Ruiz-Vera et al. 2015). For tomato, 8–13 days period before flower opening 
is the most critical developmental phase. In tomato production, higher temperatures 
about 29 °C for 2 weeks after anthesis has been found to be very critical (Deuter 
et al. 2012). High temperature at flowering results in flower drop, formation of mal-
formed flowers, and physiological disorder in tomato and pepper (Johkan et  al. 
2011; Saqib and Anjum 2021).
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In monoecious plants, particularly in cucurbits, male and female flowers are 
separately produced on a single plant. Temperature has a very important role in 
regulating flower production in cucurbits because female flowers are favored at low 
temperature while optimum formation of male flowers is produced at high tempera-
ture. Cauliflower performs well in the temperature range of 15–25 °C with highest 
humidity. Though some varieties have adapted to temperatures over 30 °C, most 
varieties are sensitive to highest temperatures and delayed curd initiation is observed. 
In onion, temperature above 40 °C reduced bulb size and yield (Lawande 2010). In 
potato, heat stress and frost caused 10–20% and 10–50% reduction in marketable 
yield, respectively.

Fluctuations in temperature also affect flowering in fruit plants such as mango, 
guava, and citrus. In mango, vegetative and reproductive growth is characterized by 
flushes and these are principally regulated by temperature. The percentage of her-
maphrodite flowers was larger in late emerging panicles, which occurred at higher 
temperatures (Balogoun et al. 2016). During the peak bloom period, high tempera-
ture (35 °C) accompanied by low relative humidity (49%) resulted in highest tran-
spiration and dehydration injury to panicles. Early or late flowering caused fruit set 
difficulties and further fruit growth and maturity (Rajan et al. 2011; Fahad et al. 
2016; Amin et al. 2015).

Likewise, perennial species are also susceptible to high temperature, and their 
susceptibility is species-dependent. In apple, fruit size and total soluble solids (TSS) 
increases whereas fruit firmness decreased when the temperature exceeded 22 °C. In 
cherries, low fruit setting occurs when average optimum temperature rises above 
15 °C. In Citrus sinensis L. fruit drop is enhanced when temperature increases from 
30 °C. High temperature also affects biochemical constituents in citrus fruit.

7.2.2  �Carbon Dioxide CO2

The scientists predicted that CO2 level will increase up to 700 ppm while tempera-
ture will increase by 1.8–4.0 °C by the end of this century. Elevated CO2 may have 
a beneficial impact on C3 plants, but other factors like O3 concentration and irregular 
rainfall patterns could have been interfering with it.

Table 7.1  Negative impact of higher temperature on horticultural crops

Crop Disorder References

Lettuce Tip burn, loose heads Gruda and Tanny (2014)
Broccoli Tip burn, bracting, hollow stem, loose heads Gruda and Tanny (2014)
Pea Sunburn, reduced fruit and seed size Lattauschke (2015)
Tomato Sunburn, reduced fruit and seed size, fruit 

cracking, blossom-end-rot
Rosales et al. (2011), Gruda and 
Tanny (2014)

Pepper Fruit cracking, sunburn, blossom-end-rot Gruda and Tanny (2014)
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Increased CO2 level is a principal environmental factor which affects the quality 
of food crops and also stimulates to increase the ozone concentration (DaMatta 
et al. 2010). The elevated CO2 effects are more directly linked with the increased 
temperature. Higher temperature favors more CO2 enrichment resulting in greater 
photosynthetic activities. Elevated level of CO2 has significant impacts on flowering 
phenology in different plant species. Higher CO2 concentration promoted earlier 
flowering in few species; however, in some plant species CO2 did not influence 
flowering. Since effects of elevated CO2 have a strong correlation with climatic 
temperature, so it is very important to investigate their interactive effect on crop 
development. The positive responses of elevated CO2 were noted in sour orange 
trees when grown under enriched CO2 concentration than the ambient. Trees exhib-
ited increase in fruit production (upto 70%) and plant biomass. Increment in CO2 
level also improved productivity in peppers, cucumbers, and sugar beet 
(Kosobryukhov 2009; de Paula et al. 2011).

7.2.3  �Ozone and UV Radiation

Among air pollutants, ozone is presumed to be a toxic air pollutant causing severe 
damage to plants. A gradual increase in ozone concentration has been reported. It is 
predicted that the concentration of ozone will increase by 20–25% by 2050. These 
changes are very prevalent in some parts of Asia. This rise in ozone level will reduce 
the productivity of important crops by 5–20%.

Average monthly ozone concentration of 50 ppb specifically during the growing 
period of important crops is recorded in different Asian regions. Plants uptake ozone 
through stomata and it damages cellular structures resulting in leaf senescence, 
reduced photosynthesis, and disturbances in carbohydrate metabolism. Response of 
different species to the elevated ozone level varied (Vandermeiren et al. 2012). In 
tomato, elevated ozone concentration delayed ripening and reduced sugar content in 
fruits. Ozone caused leaf yellowing, necrosis, and reduction in yield in lettuce, tur-
nip, and spinach depending upon species type and growth stage. C4 plants observed 
more ozone tolerant than C3 ones. Interactive effect of ozone and elevated CO2 
effects foliage quality and starch content in potato tubers.

Sunlight is comprised of wavelengths in the range of 280–1100 nm. Different 
types of radiations such as UV radiation, photosynthetically active radiation (PAR), 
far red and near infrared radiations fall in this range. There are research gaps in the 
effect of different types of irradiance on growth, development, and quality of crops. 
UV-B radiation is more damaging by altering photosynthetic activity, stomatal 
functioning, and carbohydrate metabolism. Exposure to UV radiation proved dam-
aging to crops such as tomato, cabbage, potatoes, sugar beets and few others 
(Ayyogari et al. 2014).
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7.3  �Climate Change and Physiological Processes

Changing climatic factors influence fruit and vegetable growth and developmental 
process. Increase in average temperature and onset of early summers may advance 
the flowering/fruiting in temperate fruits. Physiological processes such as photosyn-
thetic activity, respiration metabolism, membrane stability as well as production of 
growth hormones and secondary metabolites are responsible for the proper develop-
ment of fruits and vegetables (Ramírez and Kallarackal 2015). The increased level 
of CO2 and O3 had negative impacts on crop physiological mechanisms in different 
fruits and vegetables (Tables 7.2 and 7.3). These physiological processes are highly 
vulnerable to change with changing climate scenarios. Higher temperature reduced 
or even inhibited the physiological processes involved in seed germination in differ-
ent species depending upon the stress severity. The optimum temperature range for 
normal physiological processes is 0–40 °C. However, for different species and eco-
logical zone, this range becomes narrower. It can move towards 0 °C for temperate 
species such as carrot and lettuce. On the other side, it can be pushed up to 40 °C for 
tropical species such as cucurbits and cactus species. Suboptimal temperature influ-
ences the photosynthetic activity through the alteration in enzymatic activity as well 
as electron transport chain. Higher temperature also increases the leaf temperature 
and thereby affect the leaf stomatal conductance.

Produce quality may also be influenced by temperature such as strawberries 
which had higher antioxidant contents when grown on warmer days (25 °C) and 
warmer nights (18–22 °C) than berries produced during cooler (12 °C) days. Fruit 
development, maturity, color development, senescence, and ethylene production in 
tomato suppresses by exposure to high temperature > 30 °C. Reproductive physio-
logical processes such as number of flowers per plant, pollen tube development, 
flower fertility, and pollen viability are significantly affected by heat stress (Prasad 
et al. 2006).

In addition to temperature, CO2 concentration in the atmosphere also influenced 
the physiological processes in plant. CO2 concentration was found to be very influ-
ential on physiological mechanism in different vegetables. Ozone concentration had 
a direct effect on cellular damage, especially in the leaf’s cells. This damage may be 
due to the alterations in membrane permeability and had direct or indirect effects on 
growth and ultimately leads to reduction in yield. Changes in pigment concentra-
tion, leaf chlorosis, and premature senescence are the visible symptoms of low 

Table 7.2  Effect of higher O3 concentration on physiological aspects of fruits and vegetables

Physiological mechanism Effect Crop References

Photosynthesis ↓
=

Strawberry, french bean
Broccoli

Flowers et al. (2007)
De Bock et al. (2012)

Respiration ↑ Blueberry, broccoli, carrot Song et al. (2001)
Ripening time ↓ Tomato, cucumber Calvo et al. (2007)

Adopted from Bisbis et al. (2018)
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ozone concentration in the atmosphere (Hammad et al. 2017; Gillania et al. 2017; 
Mirza et al. 2017).

Reduced photosynthetic rate, yellowing of leaves, decline in biomass, leaf senes-
cence, and postharvest quality are the main issues in fruits and vegetables associated 
with higher level of ozone. Ozone accelerates the formation of reactive oxygen spe-
cies causing lipid peroxidation of membranes which leads to reduced cell mem-
brane permeability.

7.4  �Impact of Climate Change on Fruits

Fruit trees are vulnerable to climate change risks in different ways. As fruit trees are 
categorized into temperate, tropical, and subtropical fruits, they respond to climate 
change scenario differently.

7.4.1  �Temperate Fruits

In temperate fruits, two development phases, viz., dormancy and vegetation are very 
much climate dependent (especially on temperature). Apple is an important temper-
ate fruit and it ranks third in global fruit production. Flower bud induction and dif-
ferentiation are highly affected by the climatic condition mainly by temperature. In 
Germany, the flowering date of apple has advanced up to 2.2  days per decade. 
Another study indicated that not only temperature but rainfall also influenced full 
bloom timings of apple (Grab and Craparo 2011). The quality of the apples is also 
affected by the growing temperature. Fruit softening is dependent upon the number 
of heat degree days. During the period of 1951–2010, the clear effects of climate 
change have been observed in the north-western Himalayan region in apple produc-
ing areas (Basannagari and Kala 2013). The rise in average and minimum tempera-
ture affected the apple productivity through incompletion of chilling period. This 
was done in Kullu valley (situated at lower altitude) and was famous for apple 

Table 7.3  Effect of higher CO2 concentration on physiological aspects of vegetables

Physiological 
mechanism Effect Crop References

Photosynthesis ↑ Potato; spinach Katnya et al. (2005), Jain 
et al. (2007)

Respiration ↓ Asparagus; broccoli; mungbean 
sprouts; blueberries; tomatoes; pears

Peppelenbos and van’t 
Leven (1996)

Stomatal 
conductance

↓
↑

Spinach
Chinese cabbage

Jain et al. (2007), Reich 
et al. (2015)

Ripening ↓ Tomato Klieber et al. (1996)
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production and due to this reason farmers started growing vegetables and other 
fruits requiring low chilling (Rana et al. 2012).

In temperate region, deciduous fruit trees are mostly grown, and they are charac-
terized by the dormant period in autumn. In severe winters trees survive by falling 
their leaves while buds become dormant. This dormancy is broken by the chilling 
temperature which is required by the apple and other temperate fruits. It is impor-
tant for bud break and flowering. If the plant does not receive optimum chilling 
hours then the result will be partial flowering, poor fruit set, and finally reduced 
yield. Some species are grown especially in certain locations or regions due to the 
availability of optimum chilling hours. However, global warming is causing inade-
quate chilling in that areas, and growing of region-specific fruits becoming difficult.

7.4.2  �Tropical Fruits

Diverse fruit trees are found in tropical continent, with about 1200 species in Africa, 
500 in Asia (including 300 in the Indian subcontinent), and 1000 fruit species in 
America. However, only a few species are cultivated and available to mankind as a 
source of food and nutrition.

Both tropical and subtropical environments are suitable for banana production, 
and its production is most limited by high temperature and drought. Due to climate 
change, it is expected that production of banana will be decreased worldwide 
because of increasing temperature and drought stress during flowering and fruit fill-
ing period. However, it may create the opportunities of growing banana in zones 
characterized by low temperature; though the rainfall pattern is changing and it 
could limit its production.

Coconut is an important crop in tropical region and it is grown mainly by resource 
poor farmers in the Philippines, Indonesia, India, Brazil, and Sri Lanka. World’s 
largest coconut producing country is India. Coconut flowering and fruiting are 
largely affected by temperature and rainfall. For flowering initiation, temperature 
above 10 °C is required. If temperature falls below 10 °C it causes the nut fall. When 
temperatures exceed 40 °C in the tropics during April to July it reduces leaf growth 
as well nut yield (Kumar et al. 2008). Rise in leaf temperature, low water potentials, 
stomatal and non-stomatal limitations alter the photosynthetic activity resulting in 
reduced plant biomass and yield. Since temperature and rainfall significantly influ-
ence coconut production, it is very important to execute research on coconut in cli-
mate change scenario. Papaya is regarded as a valuable fruit crop in the tropical and 
subtropical region, but water deficit conditions affect its productivity and quality 
worldwide. Water deficiency is an important issue in papaya cultivation because it 
reduces stomatal conductance (gs), intervened by hydraulic or non-hydraulic sig-
nals resulting in reduced photosynthetic activities.

Technologies such as Open Top Chambers—OTC, temperature gradient tun-
nels—TGT, Free Air Carbon Dioxide Enrichment—FACE, and Free Atmospheric 
Temperature Elevation—FATE have been developed to quantify the effect of 
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climate change including elevated temperature and CO2 level on crop growth, devel-
opment, and yield. Likewise, simulation models are another approach, which is very 
useful to improve the productivity of the coconut crop because simulation models 
analyze changing climate change scenarios and applied under different manage-
ment practices for assessing the regional impacts.

7.4.3  �Subtropical Fruits

Mango is the leading fruit crop and under changing climate scenario its altered 
flowering phenology affects the productivity and quality of fruit. Early flowering 
under subtropics may reduce fruit set due to several abnormalities associated with 
low night temperatures. Delayed flowering also imparts negative impact on fruit set 
percentage, fruit morphology, and quality parameters. Moreover, high temperature 
at panicle development stage promotes its growth and reduces the number of days 
when hermaphrodite flowers are available for effective pollination, which may lead 
to better crop stand. Severely high temperature results in abnormalities in pollen 
development and fertilization phenomenon with fruit setting. Though mango is a 
tree of warmer climates, severe high temperatures markedly influence its morpho-
logical and physiological attributes. Leaf scorching and twig dying are commonly 
observed in young as well as old trees due to extremely high temperatures. Other 
common symptoms of climate change on mango include abnormal bud differentia-
tion, flowering time variation, and reduced fruit setting and fruit maturity (Rajan 
et al. 2011).

Citrus is grown worldwide in different tropical and subtropical regions. The 
major climatic constraints in citrus production are low temperature causing chilling 
or freezing injury to the plants and may lead to the death of the plant. Low, i.e., 
below 13 °C, as well as high temperature, i.e., above 37 °C are damaging to the tree 
and more high temperatures 44–45  °C reduce the growth and may cause fruit 
abscission.

7.5  �Climate Change and Indices of Diseases and Pests 
in Horticultural Crops

Climate change globally may aggravate the threat to food security posed by crop 
diseases, which are currently considered to be responsible for 16% of reduction in 
crop production worldwide. In different crops, such as rice, wheat, barley, maize, 
potato, soybean, cotton, and coffee, the incidents of crop loss from diseases vary 
from 9 to 16%. Overall, fungicides worth over US $5 billion are used to control 
diseases. The food security and crop stability in natural as well as agricultural sys-
tems is affected by the climate change either directly affecting the crop yield or 
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through enhancing insect/pests and diseases attack (Beddington 2010). A strong 
correlation exists between biotic and abiotic factors (Grulke 2011).

The climatic factors responsible for disease severity and spread include changes 
in precipitation patterns, increased temperature, higher relative humidity, drought, 
and increased CO2 and ozone concentrations. Changes in gaseous concentrations 
impart positive as well as negative effects on disease incidence and severity. On one 
side, increased CO2 and O3 may reduce the resistance expression, increase pathogen 
attack, leading to ameliorated rates of pathogen evolution whereas on the other hand 
increased CO2 was shown to enhance pathogen latent periods (time between infec-
tion and sporulation) which ultimately slowed down epidemic rate. However further 
research is needed to elaborate the effect of elevated CO2 and O3 concentration on 
epidemics of plant diseases (Luck et al. 2011).

In addition, air pollutants such as SO2, O3, and acid rain influence plant metabo-
lism and pathogen attack. Various reports have been published which indicate the 
varying responses of foliar pathogens under polluted air. Higher concentrations, i.e., 
200–300 ppb of these pollutants inhibit the life activity of pathogenic fungi whereas 
lower concentrations (50–100 ppb) of these pollutants may enhance the activity of 
pathogens and further disease attack.

Potato is a major vegetable grown worldwide. It is vulnerable to different dis-
eases and pathogen attacks during its life span. Studies have been conducted to 
evaluate the effect of changing climate scenario on disease incidence, severity, and 
pathogen survival. The attack of potato leaf roll virus was reported to increase under 
warmer winter climates. Bacterial infections of potato Pectobacterium carotovorum 
and P. chrysanthemi spread more rapidly under higher temperatures and humid 
environments. Scientists considered that if the predictions about gradual increase in 
average atmospheric temperature actually take place, it will not be feasible to raise 
the winter season potato crop in lower latitudes due to increased biotic and abiotic 
diseases. Drought is found to be an important factor affecting the population of 
insects on plants. In the case of cassava, population of mealybug was found to 
increase in water stressed plants as compared to well-watered plants (Calatayud 
et al. 2002; Rasool et al. 2020; Zainab et al. 2020).

Black Sigatoka (Mycosphaerella fijiensis) is well-known disease and more dam-
aging for banana crops all over the world. Humidity reduction level is going to 
increase with passage of time. Therefore, chance of that disease on banana is 
increased drastically worldwide. Many pathogens, i.e., Camarotella torrendiella, 
Camarotella crocomiae, Phytomonas sp., Phytophthora, and Bipolaris incurvata 
are severely attacking coconut. The severity of pathogen’s attack is increased 
because of high temperature. Moreover, the pathogen attack was greater because of 
reduction in precipitation (Ghini et al. 2011). Hemileia vastatrix attack increased on 
coffee plants because of prolonged winter season and increase of CO2 and tempera-
ture. In Mexico, coffee production is economically not viable for producers and 
going to decrease 34% of current production. Tea cultivation was examined on 
higher as well as lower elevations in Sri Lanka. Tea cultivation was found to be 
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more vulnerable at lower elevations than higher elevations. The best tea cultivation 
was recorded at 22  °C.  Therefore, viable good actions must be implemented to 
reduce such adverse effects (Wijeratne et al. 2007).

7.6  �Impacts of Climate Change on Postharvest Quality 
of Fruits and Vegetables

Fruits and vegetables are directly as well as indirectly greatly damaged because of 
higher solar radiation, CO2, as well as ozone. The secondary metabolites of fruit and 
vegetables are greatly influenced because of such constraints. The increase of atmo-
spheric CO2 level resulted in the reduction of potatoes tuber formation with poor 
quality. Moreover, chances of common scab and tuber malformation are going to 
increase (Mattos et al. 2014). Fruits and vegetables have different cultivars which 
have been developed by breeders. The selection of better cultivars that had potential 
to stand against different adverse conditions is necessary. The genetic makeup of 
cultivars varies from one genotype to other. Variability measurements of superior 
cultivars by using different molecular markers are an essential need of the day. The 
cultivation of those cultivars having superior traits can be further utilized for higher 
crop production with the best postharvest quality (Ahmad et al. 2019).

7.7  �Conclusion and Future Prospects

Global climate is changing at an unprecedented rate and its constituents such as 
temperature, precipitation, CO2, ozone, and UV radiation are imparting their effects 
on fruits and vegetable in terms of reduced cropped area, decreased region-specific 
planting, lesser productivity, reduced postharvest quality, and higher incidence of 
pests and diseases. Higher temperature and increased level of carbon dioxide have 
shortened the growing season for vegetables such as tomato, peppers, cucumbers, 
onions, and affected the tuber quality of vegetables. It also affected the tree phenol-
ogy of fruit trees including apple, cherry, peaches, mango, banana, etc. Rise in tem-
perature and variation in precipitation patterns increased the disease and pest 
incidence in vegetables and fruits. Vegetable quality may also be affected due to 
higher O3 levels, which causes leaf chlorosis, and necrosis with premature senes-
cence and subsequent yield reductions. Further research is needed to elaborate the 
deep effects of rising temperature and CO2 on physiological mechanisms of dor-
mancy and vegetative growth in fruit trees. Evaluation of heat tolerant cultivars with 
a shorter life cycle is needed for attaining higher productivity in vegetables. Planting 
time should also be adjusted according to the changing local climatic conditions.
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Chapter 8
Changing Climate Impacts on Forest 
Resources

Muhammad Farooq Azhar, Ihsan Qadir, Muhammad Mudassar Shehzad, 
and Akash Jamil

Abstract  Forests are the assemblage of natural vegetation dominated by giant 
plants, i.e., trees having an intrinsic relationship with climate. On one hand, they 
mitigate climate change effect by capturing and storing carbon dioxide while simul-
taneously are being affected by climate changes and they are already struggling to 
survive due to growing human population. Deforestation, cutting, or over-harvesting 
for burning have become sources of carbon dioxide release which has increased the 
greenhouse effect. Changing climate has altered seasonal temperature, carbon diox-
ide concentrations, and rainfall patterns which has brought various changes in all 
forest types. It has affected snow cover on cliffs which has shifted timberline (Tree 
line) in subalpine and temperate forests to the northwest. It has resulted in changing 
forest areas from conifers to scrub, riverine and mangrove forests, so the former has 
decreased and others have increased. In all forests, vegetation composition is also 
changing and disturbing ecological balance of indigenous flora and fauna. Low for-
est out turn, adverse effect on biodiversity, phonological, and biological changes in 
tree occurred due to change in growing season, are all ultimate results of climate 
change. Further, it increases insect/pest, disease occurrence in forests which some-
times leads to the extinction of some valuable species and introduction of obnoxious 
exotic species. Eventually, all these events associated with climate changes had 
resulted in continuous stress on normal functioning of the forests.

Keywords  Climate Mitigation · Forest Resources · Vegetation Composition · 
Deforestation · Tree Line Shift
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8.1  �Introduction and Background

Forests and climate are interdependent components; if forests are considered to be 
responsible for balancing and stabilizing the climate then climate is also determi-
nant of forest formation (Rizvi et al. 2015; Inkyin and Woo 2015). A balance of both 
is necessary for normal functioning of terrestrial life but use of fossil fuel and defor-
estation has impacted adversely.

The dawn of the industrial revolution triggered large-scale deforestation to cater 
the ever-increasing needs of fossil fuels. The twentieth century marked intense and 
systematic deforestation which caught global attention by the start of the twenty 
first century. Integrated research advancements in the field of ecology, geography, 
history, and anthropology unfolded the past of forest resources and recast the cur-
rent forested landscapes. Now, the world is facing problems from global warming to 
shifting weather patterns with a great threat to food production and public health 
(Menhas et al. 2016; Newman et al. 2014; Liu et al. 2016).

The interaction between forest ecosystems and climate change is complex and 
varies in spatial and temporal contexts. Climate change has contributed to obvious 
impacts on forests (Jandl et al. 2018), some of which are:

•	 Decline in health and productivity of forests.
•	 Shifting of forest dynamics and composition.
•	 Loss of Biodiversity.
•	 Change in species composition.
•	 Increased prevalence of pest infections and infestation.
•	 Increased incidence of biological invasion.
•	 Higher risks of forest fires.
•	 Tree phenology and seed disruption due to shift in seasons.

Climate change has not always had a negative impact on forests. Sometimes, 
changing climate favors forest ecosystems. This extrinsic interaction between cli-
mate and forests has much concern for humans. Current swerving of forests into 
urban and agricultural contexts has further aggravated climatic issues. The capacity 
of forests to endure and rebound from these threats is variable (Fahey et al. 2016; 
O’Connor et al. 2017). It becomes complex to discuss forest future in context of 
climate by neglecting socioeconomic concerns of humans. Many of the problems of 
climate are directly associated with forests. The potential climate change impact on 
all forest types must also be assessed.

8.1.1  �Climate Change

Climate is the average atmospheric condition that prevails in a specific region for a 
relatively long period, usually 30 years (Hornsey et al. 2016). It was observed that 
from 1983 to 2012, the earth had experienced the warmest 30-year period over the 
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last 1400 years. The temperature data both of the earth’s surface and ocean surface 
depicted an upward rise representing an increased temperature of 0.85 °C from the 
period of 1800 to 2012 (IPCC 2014; Rosenzweig and Hillel 2015a, b; IPCC 2014). 
Evidence suggests that the foremost driver of global warming is anthropogenic 
greenhouse gas emission, which largely surged after the onset of the industrial era 
(Li and Zhang 2011).

Urbanization and industrialization have changed atmospheric and climatic com-
position in the form of melting glaciers, permafrost, ice sheets, rising sea levels, 
reducing freshwater availability, shrinking biodiversity, destroying habitats, and 
disturbing biogeochemical cycles (Amin et al. 2018a, b; Good et al. 2018; Nasim 
et  al. 2018; Pecl et  al. 2017). Most disruptive impact of changing climate is the 
alteration of the growing season length, community composition, and organism’s 
phenology; this, in turn, has triggered increased wildfires, pest outbreak, and 
extreme events (Richardson et al. 2013; Ali et al. 2019; Hussain et al. 2019). All of 
these events have directly impacted various ecosystems and inhabiting organisms.

8.1.2  �Forestry

Forestry has been the center stage in global climate change debates, owing to the 
role of forests in sequestering carbon and sustaining biodiversity (Martin et  al. 
2013). Forests are unarguably the most promising tools to curb carbon emission; 
there is a strong sociopolitical opinion that forests are pivotal in sustaining and even 
reversing climate change (Burrascano et al. 2016). Forests are significant in biodi-
versity, soil and water resource conservation.

Forests are responsible for meeting the world’s need for wood and non-wood 
products (Keča et  al. 2013). Forest management and sustainable forest product 
availability have become the need of the hour. Forests being renewable and having 
considerable worth on its products have led many countries to manage their forests 
in such a manner that they could have a stable forest area and at the same time, could 
increase forest growth and productivity. But many countries due to poor policies 
and bad management are facing the menace of high deforestation rates.

8.1.3  �Forest Biome

During the Silurian period (nearly 420 million years ago) prehistoric arthropods and 
plants started to inhabit the earth. During the course of the next millions of years, 
these organisms colonized the earth and laid the foundation for the very first forests 
that were characterized and dominated by ferns, club mosses, and horse tails that 
were standing nearly at 40 ft. height.

Earth remained evolved by vegetation with time and dominated with gymno-
sperms and angiosperms in the Triassic period. Flowering plants appeared in the 
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Cretaceous period and started to grow with fauna. These plants started to grow and 
spread on earth rapidly. The earth went through Pleistocene Ice ages that replaced 
the earth’s long-standing tropical forests with temperate forests that spread all over 
the Northern Hemisphere. Today, forests spread over one-third of the total earth’s 
terrestrial area.

Forests are classified on the basis of numerous characteristics with various types 
of forests falling under a broad category. Forest biomes are biological communities 
of trees (woody vegetation) and are classified on various bases like altitude, latitude, 
climate, and species composition.

However, on the basis of latitude forests are divided into three main types, i.e., 
boreal, temperate, and tropical (Fig. 8.1).

8.1.3.1  �Tropical Forest

These forests are particularly well known for their rich flora and fauna. They are 
present in the equatorial belt near the equator along with the latitude by 23.5 N° and 
23.5 S°. The unique characteristic of tropical forests is that they do not have a winter 
season and are characterized by a rainy and dry season. The average temperature 
during the year is up to 20–25 °C. The precipitation rates are higher (200 cm) and 
are spread nearly equally all over the year. The vegetation in these layers is capable 
of retaining much of the nutrients and mineral contents, leaving the undersoil with 
poor nutrient contents.

Fig. 8.1  World Forest Distribution
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Tropical forests are more important because 60–80% of the world’s organisms 
are inhabited in this habitat. The tropical forests are further subdivided according to 
the distribution of rainfall.

	1.	 Evergreen rainforest
	2.	 Seasonal rainforest
	3.	 Semi-evergreen forest
	4.	 Moist/dry deciduous forest (monsoon)

The biggest danger to these unique and important forests is deforestation. These 
forests with 7% cover of the land are responsible for supplying a large amount of 
world’s oxygen. If these forests are cut down, not only will the plant and animal 
biodiversity perished but the indigenous people living here will be displaced.

8.1.3.2  �Temperate Forest

These forests occupy the areas of North East Asia, North America, Western Europe, 
and Central Europe. This biotic community is characterized by a distinct and harsh 
winter. These forests only experience 140–200 days of growing season in which 
only 4–6 months are frost-free. The temperature in the temperate forest varies from 
−30 °C to 30 °C. The soil here is quite fertile due to extensive decaying of the litter. 
The Temperate forests are further subdivided on the basis of seasonal rainfall 
distribution.

	1.	 Evergreen broad-leaved and Moist Conifer Forests
	2.	 Mediterranean forests
	3.	 Temperate broad-leaved rainforests
	4.	 Temperate Coniferous forests
	5.	 Dry Conifer forests

8.1.3.3  �Boreal Forest (Taiga)

Boreal forests, also known as taiga, are the largest biome of the terrestrial ecosys-
tem. They lie 50° in the North and 60° in the south. These forests occupy the regions 
of North America and Eurasia. Two third of these forests are present in Siberia 
while the rest of them are present in Alaska, Canada, and Scandinavia. The seasons 
here are mainly of two types, i.e., mild warm summers and extensive dry and cold 
winters having a growing length of only 130 days.	 The forests are characteriz-
ing by low temperature and precipitation is mainly in the form of snow reaching 
about 40–100 cm/annum.
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8.2  �Climate Change Effects

Climate change is impinging the world’s ecosystems by a notable magnitude. A 
minor change in different climatic agents like changing temperature and pattern of 
precipitation alone produces strong multidimensional impacts. Many living species 
and biotic ecosystems are susceptible in adopting the changing effects of global 
warming and other associated disturbances. Due to the full effects of climate change, 
forest ecosystems are also not spared from the effects of rising temperatures, carbon 
levels, and precipitation fluctuations which have altered phenology, life cycles, geo-
chemical cycles, and pest activity in forest biome (Yang et al. 2017). Another direct 
effect of changing climate on forest ecosystems is the outset of wildfires. Increasing 
warm temperatures and prevailing drought conditions have triggered the intensity, 
frequency, and extent of wildfires all over the world (Primack et al. 2015). In alone 
2011, forests of the US experienced wildfires that consumed eight million hectares 
of forestland (Radeloff et al. 2018). Major projected changes in the forest ecosys-
tems are structural and functional. Furthermore, the ecological relationships of spe-
cies in different geographical regions with adverse implications for biological 
diversity are also potential consequences of climate change.

8.2.1  �Climate Change Effect on Plant Biodiversity

Biodiversity is known as the number, variability, and variety of living organisms 
(Meinard et al. 2019). Climate change and global warming are evidently affecting 
plant biodiversity in world forests and eminent in bringing out considerable influ-
ences on the distribution and lifecycles of vegetation types, and plant species from 
regional to continental scale thus affecting the diversity of species and ecosystem 
(Mantyka-Pringle et al. 2015). Due to fluctuation and disturbance in climatic fac-
tors, the phenotypic plasticity of various life forms has markedly changed making 
eminent distribution changes of different species (Thom and Seidl 2016). These 
changes are triggered actually by the disturbances and alteration in the habitat suit-
ability of a specific species thus decreasing the efficacy of the competitiveness and 
tolerance of that species with other plants in that area (Segan et al. 2016). The fre-
quency and magnitude of changes in rainfall, temperature, occurrence of storm, fire, 
pest, and disease attacks are other drivers.

Biodiversity disturbance and its ability to adapt to the climate change of the area 
is largely dependent on the richness and evenness of the species in that particular 
ecosystem. The evenness and richness are directly dependent upon genetic diversity 
that plays a major role in contributing to the evolution of an ecosystem. Genetic 
diversity ensures that the ecosystem is more ready to adapt to Climate-induced dis-
turbance and alterations (Scheffers et al. 2016).

However, biodiversity in forests is not only affected directly by climate change 
but also has substantial indirect effect via changing forest management practices 
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which are proposed for mitigating adverse effects of changing climate. These prac-
tices are associated with species selection in uniform to mixed plantations, rotation 
age, cultural operations (thinning, pruning), extraction, and felling for bioenergy, 
fodder, and timber. The existing biodiversity values of world forests are signifi-
cantly at risk due to such changes; however, new opportunities are being produced 
for improving biodiversity during changing species composition of forests.

8.2.2  �Climate Change Impact on Biomass Production

Global warming due to increased CO2 levels has made forests to increase their over-
all production. Coniferous forests due to enhanced growing seasons have increased 
biomass production (Berndes et al. 2016). The standing forest biomass in the cur-
rent scenario would likely increase up to 10–30% as compared to the current bio-
mass production (Schadauer et al. 2017). Biomass production of a forest community 
is largely dependent on the dominant species of the community. Dominant species 
with an extensive root system and developed foliage are less impacted by climate 
change and same is the biomass productivity. Both temperature fluctuations and 
precipitation pattern influence community biomass productivity and stability. The 
increase in the standing biomass and productivity due to climate change is charac-
teristic of only temperate and boreal ecosystems, but in other tropical and arid eco-
systems, there is a negative trend in forest biomass and productivity (Gordon 
et al. 2018).

8.2.3  �Climate Change Impacts the Economy

According to the Fourth National Climate Assessment, if the current rate of carbon 
in the environment prevails, some serious disruptions in the wood-based world 
economy could be visible (Broto 2017). Forested areas (mangroves forests) acts as 
buffer zones to most of the world’s coastal cities and much of our society’s most 
important cities and their infrastructure face a risk from flooding. Rapid increasing 
sea level has the potential to cause damages worth trillions of dollars at the end of 
this century (Simpson 2017).

Increasing drought conditions and decreasing availability of water have posed a 
huge threat to manage irrigated plantations that are a valuable source of furniture 
and fuelwood creating a loss of worth millions of dollars over the globe (Xiao and 
Xiao 2019). Forests are the hotspots for the bulk of tourism all over the world. 
Increased warmer temperatures, extreme events, and drought conditions can destroy 
the scenic attractions of these areas, which in turn is affecting the livelihood of the 
local communities, as most of these native communities are dependent upon these 
activities as a source of income (Hoogendoorn and Fitchett 2018).
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Economies of the developing countries are the most vulnerable to the threats of 
climate change. Various authors have discussed the vulnerability of the developing 
countries with lower economic, health, and infrastructure facilities to face the wrath 
of climate change. It has been observed that in the current decade the losses faced 
by the developing countries in terms of financial and human lives loss is far more 
than the previous decades (Table 8.1).

8.2.4  �Climate Change Impact on Pollination

A synchronization of pollinator activity and time of flowering is important for good 
pollination. Factors controlling phenology, abundance, and geographic distribution 
of pollinators and plants are appeared to be greatly impacted by climate change. 
Climate warming response of plant and pollinator may be different depending on 
their thermal sensitivity. Climate change effects directly on the structural characters 
of flowering plants. It has created disruptions of spatial and temporal nature that 
have the capability of disturbing the interactions of flowers and their essential pol-
linators. This distraction adds to the mortality of these pollinators and hinders the 
generation of these specific plants (Haggerty and Galloway 2011). Global warming 
and fluctuations in precipitation have added frequent dry years, which is putting 
stress on these organisms as it is hampering pollinator’s ability to collect the desired 
amount of food and limiting the chances of plant species to extend their generations. 
Studies have shown that the most important genus of honey bees (Apis) is depicted 
to be the most vulnerable to climate change as a continuous decline in their numbers 
is being perceived. The causal declining agents are less nectar in the flowers with 
drought conditions, increased pesticides, and telecommunication signals (Reddy 
et al. 2013).

Table 8.1  Developing countries effected from Climate Change

Serial# Countries
Deaths per 100,000 
inhabitants

Absolute losses (in million 
US$ PPP)

Losses per unit 
GDP in %

1 Puerto Rico 90.242 82,315.240 63.2
2 Sri Lanka 1.147 3129.351 1.135
3 Dominica 43.662 1686.894 215.440
4 Nepal 0.559 1909.982 2.412
5 Peru 0.462 6240.625 1.450
6 Vietnam 0.318 4052.312 0.625
7 Madagascar 0.347 693.043 1.739
8 Sierra 

Leone
6.749 99.102 0.858

9 Bangladesh 0.249 2826.678 0.410
10 Thailand 0.255 4371.160 0.354
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8.2.5  �Climate Change Impact on Livelihood

There are 240 million inhabitants of forested regions and more than 2 billion are 
dependent on forest for their livelihood and energy requirements (IPBES 2019). 
Direct beneficiaries of forests are usually poor. Climate change via floods, hurri-
canes, sea-level rise, and drought has direct effects on the livelihoods, health, infra-
structure, education, and social security of the forest communities like others. These 
events have resulted in crop failure, water scarcity, and decrease in food, income, 
and livelihood availability. The decline in food production has effected both income 
as well as health leaving 600 million people facing malnutrition by 2080 owing to 
increasing climate change impacts (Clair and Lynch 2010).

Forest-dwelling and depending communities have little adoptive capacity to cli-
mate changes due to limited livelihood options. Other risks like activities of climate 
change mitigation and conservation can also restrict their forest access and forest-
related trade. This condition has become much worst due to the eminent impacts of 
climate change as these people now have to spend part of their income to foster 
adaptations against climatic changes impacting their existence (Gentle and 
Maraseni 2012).

8.3  �Indicators of Effects of Climate Change

Ecosystems are being affected by Climate change in two ways. One is the direct and 
short-term effect, which includes the disruption of the life form. The other type of 
effect depends upon the functioning and behavioral change of the organism in the 
ecosystem (Walther 2010). These silent impacts on the behavior and phenology of 
various species, though, are not completely understood, but it reveals specific types 
of indicators that play a pivotal role in determining these impacts (Maestre et al. 
2012). Indicators help in depicting the trends of changing climate and their effects 
on natural ecosystems and socioeconomic sectors. People involved in forest man-
agement and climate mitigation require indicators that help them in monitoring the 
progress of adoptive approaches and mitigation achievements. These indicators are 
important in providing early warning signs to the ecosystem managers to develop 
policy and societal changes to obtain sustainable development. Further, these indi-
cators are applicable in the assessment of possible future changes that could affect 
global society and the economy. Below are some indicators of climate change 
effects on the forest ecosystem (Seidl et al. 2017).
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8.3.1  �Timberline Shift

The boundary of the forests at the altitude from where there is no tree growth is 
known as the timberline/tree line. In the wake of climate impacts, many studies have 
predicted and depicted the advancement of the tree line. Timberlines are very sensi-
tive to warm climate and alone temperature is a big timberline shift indicator. The 
change in the timberline has consequences for the biodiversity of the alpine biome. 
The immediate effect of an advancing tree line would be on the alpine grasslands as 
they would start disappearing. The location and cover of various forest types would 
also come under huge disturbances. Various studies projected that due to global 
warming, an upward rise of timberline and considerable changes would be observed 
in forest cover and location of various forest types in a complex way (Abbasi et al. 
2015). Temporal and spatial impacts of climate change will be different depending 
upon the forest types. For example, a study predicted that the highest projected 
timberline shift is expected in the alpine region, and alpine forests would move 
874.29 m north towards alpine pastures (Ahmad et al. 2012; Sheikh et al. 2015). An 
average of tree line shifting will range from 8.76 to 14.657 m. It is projected that in 
the next 50 years most of the subtropical forests of the world will be converted into 
dry subtropical broad leaves forests.

Pakistan, a country in the southeast Asia, though has a little contribution in caus-
ing global warming but the effects of climate change in terms of vegetation shift 
have been eminent here in previous years. These effects could be seen on the tim-
berline of the country constituting alpine forests and pastures above 3350 m. Various 
studies have shown alterations in the spatio-temporal dynamics of the country’s 
forests from the past decade to have an upward trend. The data assembled from vari-
ous researches have concluded that various vegetation types of the country have 
depicted 13–15% of change in the forest cover area for timberline in the previous 
decade (Table 8.2).

Table 8.2  Status of forest cover and precipitation change along the timberline

Forest types
Elevation 
change (m)

Forest cover 
change%

Precipitation change 
detection (mm)

Subtropical/Moist temperate 
(Broad leaved)

+285 15 88.5

Moist/Dry Temperate 
(Conifers)

+233 15 75.5

Alpine/Forests/pastures +170 13 −3.7
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8.3.2  �Change in Forest Cover

Global climate change models have predicted an expansion of forest area due to 
global warming. Forest types are definitely shifting with the rise in temperatures and 
altering rainfall patterns. It is studied that the sub-alpine forests (as compared to 
tropical forests) are more vulnerable to climate change. Moisture level accompanied 
by higher temperatures will bring upon higher productivity in the boreal forests and 
lead to expansion of the area up to the tundra regions (Ahmad et al. 2012). The pres-
ent forest types and species composition due to climatic alteration will give way to 
new forest types and species that have the ability to well adapt to new changing cli-
matic conditions. Studies have projected that in general the total forest area of the 
south Asian countries will increase to 23.5% up till 2080 (FAO 2010). It was observed 
that there would be eminent changes in the boundaries of the various forest types.

The riverine forests in the semi-arid region will face heavy receding as about 
10.5% of the forest area is projected to be lost during the time period of 2050–2080 
(Ahmad et al. 2012). A study projects the loss of mangrove forest in the south, as 
about 2% of the forest is projected to shrink during 2020–2050. The Scrub forests 
depicted the potential to experience an expansion; it was projected that these types 
would be 1.45 times far greater as compared to current area. Furthermore, man-
made plantations will enjoy the alteration in the climatic conditions as they will 
increase by 12 times up till 2080 due to the availability of water and land (Sheikh 
et al. 2015).

The studies from the past century to the present decade have shown a continuous 
decreasing trend of forest cover globally (Fig. 8.2). This downward trend in most 
cases is directly proportional to the rising industrialization accompanied by global 
warming.
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Fig. 8.2  Status of the World’s Forest cover (Source: World Bank)
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8.3.3  �Forest Composition

A Change in temperature as low as 1 °C over a long period of time is capable of 
altering the species composition and can cause disruption in the distribution of vari-
ous tree species (Nolan et al. 2018). It is established that different species have dif-
ferent response to climate change due to different climate tolerance (Iverson and 
McKenzie 2013). So it is projected that the shifting of plant and distribution will be 
species-specific. It is believed that various plant species will develop competitive 
abilities and mechanisms which will allow them to avoid same risks of climate 
change such as dispersal rate and patterns (Benito Garzón et al. 2011). It is studied 
that as the species reaches its environmental threshold and the synergistic effects of 
multiple human-induced activities will increase in the future, the responses of the 
plant species will turn out to be much more divergent as the scale of climate change 
increases (Iverson and McKenzie 2013).

The projections made in the various studies have shown that the coniferous 
biomes in the northern region will be shifting to another biome with increased pro-
ductivity. This change will occur either through stock dieback followed by managed 
and natural regeneration or in the form of slow conversion of the stock via migration 
and managed regeneration. The models in the Pakistani scenario have predicted 
both latitudinal and altitudinal changes in the current forest boundaries. Studies 
have shown that two types of migrations could occur. Either there would be migra-
tion of an individual species or migration of multiple species. The climatic models 
have depicted that various plant species are directly or indirectly dependent upon 
certain climatic regimes. This character is important during the redistribution of 
plant species as they would not be uniform and each species has specific hydrother-
mal ranges. According to the projected climatic changes in dry temperate scenario, 
the juniper and Betula species will expand upto the Alpine regions. Further, the 
stunted evergreen forest species occurring at the timberline will also occupy the 
alpine grasslands due to reduced frost incidences. The increasing temperatures 
overall during the various seasons will tend to cause species to move in an upward 
direction. This will cause the tropical and subtropical forests to move upward into 
the dry temperate forests resulting in the mortality of some of the species in these 
regions (Table 8.1). Similarly, the forest species such as P. wallichiana and P. rox-
burghii present in the subtropical and moist temperate regions will move upward 
and dominate higher altitudes in the place of the A. pindrow and P. smithiana.

8.3.4  �Forest Out turn

In the current scenario, it has been established that with the increasing temperatures 
and carbon levels the production of firewood and timber has overall risen. Further, 
future projections have shown that the production of the coniferous species has 
shown a decreasing trend up to 20 and 0% and increase in agricultural lands for food 
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production. The studies also suggested that due to prolonged warm days there is a 
chance for the provision of longer growing period especially to coniferous forests. 
Hardwood species are supposed to increase due to the fact that increased atmo-
spheric CO2 concentration acts like fertilizer and improves water use efficiency of 
plants. Forest productivity is increased with the increase of CO2 concentration and 
rising temperature. Local conditions, like availability of soil moisture and nutrients, 
strongly temper positive influence of the CO2 concentration and other climatic fac-
tors (Medlyn et al. 2011). With addition of edaphic factors, disproportionate increase 
in temperature will not necessarily increase the growth of trees rather may reduce it 
for some species. But high temperatures and longer dry spells definitely would have 
a negative effect on the riverine and scrub forests and results in less out turn of 
forests.

8.3.5  �Growing Seasons

Plants directly depend upon a specific range of seasonal precipitation and tempera-
tures for proper functioning at various life stages. Alterations from climate change 
have some benefits for some of the species as the lengthening seasons gave them 
more chance of growing, but for some it brings about greater droughts, pests, and 
floods. Changing climate will effect precipitation pattern leading to excess water 
during off-seasons and no or less water during critical growth periods. A prolonged 
growing season will bear green signal for an increased breeding period for insects 
meaning multiple generations per year and having greater resistance for pesticides 
(Linderholm 2006).

8.3.6  �Plant Phenology

Phenology is defined by the response of organisms against the seasonal appearances 
and periodicity of life cycle events due to the climatic changes of the ecosystem in 
which they inhabit (Lieth 2013). Various studies have established the fact of altera-
tion in phenological patterns and disturbance of plant species as a result of global 
warming accompanied by change in pollinators, predators, and herbivores. Similarly, 
change in temperature regimes, precipitation pattern, radiation, photoperiod, and 
droughts will bring about an eminent disturbance in species physical structure. 
Some scientists have evidenced that a variation in the conventional temperature and 
precipitation regimes has eminently altered the flowering and fruiting pattern of 
certain tree species. Climate change has shown to disturb and altered the critical day 
lengths for various plant species. It has been concluded that these changes in the 
plant’s phenology will bring about markable changes in crop production, species 
distribution, and subsequently human health. The phenological characteristics of 
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forest trees are effective indicators of climate change (Table 8.2). A few species are 
highly responsive to even a slight change in any ecosystem.

A study conducted in the scenario of dry scrub forests has depicted that due to 
seasonal variations there would be definite changes in the flowering seasons thus 
subsequently effecting the maturity of seeds. It was projected that due to increasing 
temperatures the coniferous forests will have altered flowering times. It is predicted 
that there would be considerable variations in the spring and autumn seasons 
throughout various forest types. This would result in the early flowering of various 
tree speices such as A. pindrow, P. wallichiana, C. deodara, J. excelsa, and P. smi-
thiana. These changes will bring upon a change in the seasonal rhythms of various 
members of the food webs thus effecting the functioning of the ecosystem in gen-
eral (Sheikh et al. 2015).

8.3.7  �Adaptivity of Alien Species

Invasive alien/exotic species are regarded as the most important drivers of biodiver-
sity loss worldwide (Masters and Norgrove 2010). The changing climate is provid-
ing the most appropriate conditions for invasive species to settle into new conditions. 
The extreme climatic events inducing disturbances in the ecosystems have provided 
excellent opportunities in terms of dispersal and growth of alien/exotic species 
(Early et al. 2016). For example, wildfire incidences increase spaces in the forest 
canopy, which gives suitable conditions for the invasive species to conduce and 
spread. Thus, creating implications for the management strategies and biodiversity 
(Bellard et al. 2018). Invasive pathogens will have a positive effect from climate 
change as rising temperatures and shrinking winters will provide them conducive 
conditions for growth, reproduction, and increased transmission (Masters and 
Norgrove 2010). Replacement of native tree species by alien invasive species is one 
most marked impact of climate change. With them, these species will bring their 
unique pathogens new fire regimes and making biodiversity further vulnerable 
(Early et al. 2016).

A leguminous shrub, Prosopis juliflora, (mesquite) was an introduced species in 
the past due to its high drought tolerance from the southern USA to South Asia and 
Africa. It has enjoyed the increased temperatures and low rainfall. It is a multipur-
pose shrub and grows very quickly in arid conditions. However, it has invaded 
grazing lands and out-competing native grasses and flora. Its eradication is diffi-
cult. An increase of temperature as a minimum to 2 °C will favor acacia (Acacia 
nilotica) to invade inland Australia. This expansion is further worsened by farmers 
shifting livestock husbandry from grazing sheep to browsing cattle as temperature 
increases. Browsers are better seed dispersers of shrubs and trees (Masters and 
Norgrove 2010).
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8.3.8  �Stunted Growth of Native Species

Climate change affects biogeochemical/nutrient cycling in forest ecosystems 
directly through temperature and precipitation impact, or indirectly by altering for-
est composition, duration of growing season, soil microbial activity, and hydrologi-
cal cycle. Further, it changes nitrogen and carbon cycles and accelerating land-use 
changes which create empty niches for invasive new species. Invasive species caus-
ing resource loss and devaluation of land is costing a fortune. These changes not 
only affected the biodiversity but also changes species hierarchies by affecting the 
growth of native species in forest ecosystems (Table 8.3). As a result of climate 
perturbation, new dominant tree species may arise through stressing native species. 
It is established that due to crowding of the invasive species the resources that are to 
be used by the native plants are decreased; hence, diversity and richness fall consid-
erably (Sathyanarayana and Satyagopal 2013). These plant species when mixing up 
with native species do not have any problem from the climatic conditions, but after 
settling, they bring with them the new pathogens, diseases, predators, and above all 
enhanced competition for the common resource thus leading towards mortality of 
the native species.

8.3.9  �Insect/Pest Occurrence

Different components of changing climate affect and interact independently with 
forest pests. Apart from rising temperatures, increased droughts, and uneven rainfall 
patterns, another reason for the appearance of new insects and diseases is the intro-
duced exotic tree species (Jactel et al. 2019). The introduced tree species such as 
Papyrifera, Eucalyptus, Parthenium, Ailanthus, Robinia, and Lantana have brought 

Table 8.3  Summary of studies showing impacts of climate change on tree species phenology, 
distribution, forest composition, and composition

Regions

Land structure Forest responses to climate change

Total 
studiesFragmented

Not 
reported

Species 
distribution

Forest 
composition 
and structure Phenology

South and Central 
America

23 3 4 22 – 26

Africa 14 1 3 12 – 15
South Asia 18 6 6 14 4 24
Southeast Asia 7 3 2 7 1 10
Australia 7 3 2 6 2 10
Total 69 16 17 61 7 85

Source: Deb et al. (2018)
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with themselves the new stress of insect pests in different biomes. That then becomes 
the basis for various insect outbreaks that is responsible for weakening and  
killing native trees. Climatic changes have induced much severity of insect breaks. 
The rising temperatures will make insects have increased developments with short 
life cycles (Ramsfield et al. 2016). Warm climate will produce more generations of 
insects per year, drought spells weekend tree resistance against insects, storms, and 
elevated CO2 can substrate for defoliator and bark beetle which damages more  
trees. Although, these effects are most likely leading to forest damage in particular 
but can have a possible negative impact on forest insect herbivores. For instance, 
heat waves may cause more insect mortality and moderate droughts can induce 
defense.

8.4  �Conclusion

Climate changes affect the production and growth of forests directly or indirectly 
through temperature, rainfall variation, and altering other weather elements. 
Although, it is more difficult to decide either climate effects are positive for vegeta-
tion or may pose abrupt effects which could lead to a diverse change in forests. 
Occurrence of these changes may be slow and noticed decades after, but are obvi-
ous. Various forest ecosystems responded in so many ways. Elevated carbon dioxide 
levels alone effect plant growth. In some forest types elevated carbon dioxide and 
temperature increases rainfall which promote vegetation growth. More temperature 
in boreal forest increases forest productivity and yield, but at the same time forest 
fire incidents increase. There are also recorded incidents of change in species com-
position due to climate change. Species composition becomes more diverse but 
some more valued species can vanish to extinction. Tree’s natural ecological regions 
are likely to proceed north or to higher altitudes to change in timberline. Other 
indigenous species will no longer be suitable for their natural regions. Some moun-
tain tops tree species may die out with an increase in temperature in subalpine 
forests.

Climate change in tropical and subtropical areas will likely increase the drought 
risk. Drought induces risks of dying vegetation and pest infestation.

The solution to all these climate change disasters is simply to increase forest 
areas. In future, strategies should be focused on afforestation, reforestation, and to 
better understanding of changing climate effects on trees. Major forest types and 
grasslands need to be restored according to their natural composition. Similarly, 
more research is also needed to measure individual species capacity to adopt the 
climate change or to migrate to new emerging ecosystems in spite of extinction.
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Chapter 9
Climate Change a Great Threat 
to Fisheries

Muhammad Younis Laghari, Abdul Ghaffar, and Muhammad Mubeen

Abstract  For billions of people all around the world, fish is a major source of 
aquatic animal protein, essential vitamins, fatty acids, and starchy diet. Around 520 
million fishers and fish farmers worldwide, mostly in developing countries, depend 
upon fishing and aquaculture. Climate change influences fish stocks directly and has 
great impacts on fisheries and aquaculture. There might be unpredictable and sur-
prisingly various impacts of climate change on fishes, which effect in a wide range. 
Ocean acidification, coral bleaching, and altered river flows are the processes which 
affect the marine and freshwater ecosystem. Fishes are not only threatened by 
extreme weather but at the same time these are vulnerable to sea-level rise as well. 
Meanwhile, the social and economic context of fisheries will be disrupted by 
impacts on security, migration, transport, and markets. Because of overexploiting 
natural resources there is a significant decline in fisheries production. In recent 
years, the fisheries sector has been confronting with numerous challenges (includ-
ing natural and anthropogenic) such as natural disasters, climate change, industrial-
ization, environmental pollution, and overfishing. Temperature is one of the major 
factors that cause the physical changes in the aquatic environment such as fluctua-
tion in oxygen in the ecosystem, development of algal blooms, and enhancing the 
frequency and intensity of disease outbreaks. In Asia and Africa, many regions are 
dominated by the fishery sector and some regions have greater poverty where 
fisheries-related livelihood prevails. It is a matter of great concern and needs the 
utmost attention of policymakers and world aquaculture fisheries authorities to take 
the matter seriously. Hence, to cope with global climate change and save fisheries 
resources as well as to increase aquaculture production, a consistent policy is 
desired in order to find out remedial measures.
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9.1  �Introduction

Fisheries is one of the vulnerable sectors that is facing widespread and often pro-
found changes for decades. The freshwater, as well as marine water, have been 
affected by many factors, such as anthropogenic activities and alteration in River 
flows, coral bleaching, and ocean acidification. Overall, not only fish or aquaculture 
production is disturbed but fishing communities are vulnerable to such climate 
change as rise in sea level, and their livelihoods are threatened by extreme weather 
and storms, etc. On the other hand, due to markets, transport, migration, and secu-
rity reasons, fisheries will be disturbed in the context of socioeconomic policy. 
Inland fishery is also at great risk and is a big threat not only to the livelihood of the 
poorest populations of the world but for food supply too (Smith et al. 2010).

There are millions of people who are dependent on fisheries and aquaculture for 
their livelihoods throughout the world. At present, it is estimated that about 42 mil-
lion people work full or part-time as fishers and fish farmers, mainly in Asia. It is 
expected that by the year 2100, there will be a significant (25%) impact on the 
inland aquatic ecosystem of Africa, at the same time aquatic culture also will be 
affected simultaneously.

Through scientific investigation, it has been proved that increases in greenhouse 
gas emissions have caused global warming. The greenhouse gas emissions have not 
been recorded as highest at any time since last 650,000  years as it is nowadays 
(IPCC 2014). The scientific approaches have revealed that globally average increase 
in air temperature and rise in sea level. While, widespread melting of ice and snow 
is expected. Sea level is rising due to climate change and causing the salinity 
increase in rivers and deltaic regions. Hence, this also will have a great impact on 
fish farming.

9.2  �Factors (Related to Climate Change) Affecting Fisheries

Climate change is rapidly proceeding that will have serious impacts on humans, 
wildlife, aquatic life, and habitat. The present scenario of heat-trapping might lead 
to a shift in local, regional, and national climate levels. Hence, it will not only dis-
turb the natural processes but will also significantly destroy the ecosystems. That 
ecosystem degradation certainly will disturb our sustainable natural resources 
including aquatic and terrestrial. Fishes need a long-term iterative process to adapt 
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to climate change. Habitat loss, water pollution, and diseases are the major threats. 
The speedy development and expansion of industrial technology is another threat 
that causes contamination of many freshwater ecosystems (Mashkoor et al. 2013; 
Ghaffar et al. 2014). The industrial and agricultural processes continuously release 
wastes into natural water sources and have adverse effects on aquatic biota (Witeska 
et al. 2014; Shakeel et al. 2017; Amin et al. 2017; Zia et al. 2017; Saud et al. 2017). 
Management of these wastes is crucial in order to minimize their adverse effects on 
aquatic ecosystems (Ghaffar et al. 2016). The major challenging factors for their 
existence are shifts in  local climate (temperature and precipitation). The recent 
years global warming has been accelerated, even it might be rapid in the next cen-
tury if the current rate of greenhouse gas emissions is not controlled. As a result, 
most species will adapt to the evolutionary changes (Abbas et al. 2017; Adnan et al. 
2017; Awais et al. 2017; Fahad et al. 2017; Rasool et al. 2017).

The major factor of climate change is temperature that is root cause of all other 
factors affecting the fisheries sector through various aspects.

9.2.1  �Temperature

The proper weather record keeping started in the year 1880, since then, the highest 
earth’s surface temperature was recorded in 2019 and it is the largest temperature 
anomaly of any month. Detailed illustration of temperature can be seen in Fig. 9.1. 
The global average temperature had increased 0.2  °C per decade up to the year 
1970s and average record in 1990 is 1.4 °C (IPCC 2007). It is predicted that the 
temperature might rise up to 5.8 °C in the year 2100 (WMO 2018). That rise will 
directly impact the production by affecting all the responsible factors. In these 
major factors, oxygen, sea level, toxic algal blooms, prevalence of pests, diseases, 
and predators are included. Based on these factors temperature might influence 
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positively or negatively. In general, the increase in temperature boosts up the growth 
that may increase per unit area production. But, fish stop feeding at above 30 °C 
temperature and slow down the growth rate (Renee et al. 2019; Eoin et al. 2016).

9.2.2  �Oxygen Fluctuation

Oxygen is one of the most important requirements of any living organism. In gen-
eral, it has been noted that temperature has a direct relationship with the oxygen 
contents in water. Hence, climate change is the main cause of deoxygenating in the 
open oceans. The first impact of oxygen fluctuation is on the food chain that plays a 
primary role in the existence of any living organism. In further, due to stratification 
on the ocean, the produces are also greatly affected due to the lowest oxygen supply 
at the bottom level. Hence, such vertical oxygen supply would affect the physical as 
well as biogeochemical process too. While such changes will also have a great 
impact on the living style of any aquatic organism. All the physiological processes 
including respiration, reproduction, digestion, and many others are greatly influ-
enced by the oxygen contents (Tran-Duy et al. 2012; Mohsen et al. 2015). Overall, 
all these changes ultimately have loss or threat to the fish and cause a decrease in 
production. A bioindicator fish species, the eelpout (Zoarces viviparous), used for 
environmental monitoring has been decreasing and its growth performance has been 
affected at North and Baltic Seas. Lakani et al. (2013) showed that mean fish weight 
was not affected by oxygen levels during the first 2 weeks in large size fish, but after 
that until the end of the study, fish showed significant differences in mean weight 
(Fig. 9.2).

1 14

b

b b b

aa

a

a

a
a

ab

ab

28 42 56

Time (day)

M
ea

n
 w

ei
g

h
t 

(g
)

1800

1600

1400

1200

1000

Hypoxia

Normoxia
Hyperoxia

Fig. 9.2  Mean weight of 
H. huso during 8 weeks 
rearing under different 
oxygen levels. A 
significant difference was 
shown by different letter as 
determined by ANOVA 
and Tukey’s test at 
P ≤ 0.05. [source: Lakani 
et al. 2013]

M. Y. Laghari et al.



135

9.2.3  �Net Primary Productivity (NPP)

The production system of any water body is regulated by the Net Primary Production 
(NPP). There is a negative as well as positive impact of the climate change in any 
ecosystem. It will boost up the production of filter feeders by enhancing the NPP 
and may lower winter mortality. But, there is a huge negative effect of it; as toxins 
will be released in the water by boosting the algal blooms and dissolved oxygen in 
the ecosystem will be decreased. That might increase infestation of nuisance species 
and fouling organisms. Hence, such situation might increase the fish kill. Commonly 
the water productivity is dependent on planktons, especially the phytoplankton. The 
phytoplankton population directly depends on the availability of nutrients and light 
in the water. The atmosphere, ocean mixing, clouds, and the solar cycle are directly 
effecting both the light and nutrients in the water. It has been recorded that NPP has 
been altered since the last two decades because of changes in ocean surface tem-
perature, atmospheric iron deposition, and wind (Khan et al. 2018; Hashmi et al. 
2018). As we know that temperature plays an important role in thermal stratifica-
tion, as a result it affects the nutrients in the water and exchange of gases. Finally, it 
will alter the primary productivity that brings a serious change in the food chain and 
food web. Hence, that altered food availability might result in alteration of species 
assemblages because of changes in food availability, species-specific differences in 
thermal tolerances, disease susceptibility, and shifts in the competitive advantage of 
species. Due to all these factors, the nutrient supply to upper productivity of the 
Atlantic and the Pacific oceans is declining.

9.2.4  �Ecosystems Alteration

The ecosystem plays a vital role in survival and normal life routine of living organ-
isms of any habitat. Alteration in the ecosystem affects all life activities of an organ-
ism from birth to death. The mangroves, seagrass, and coral reefs are considered as 
basic ecosystems of the marine. These ecosystems are under great threat due to 
anthropological activities and climate change has added more stress to them. Both 
factors have brought a complete structural and behavioral change to the ecosystem. 
The process of the ecosystem is climate-dependent and the influenced process will 
affect the ecological communities as well as individual species. Recently the con-
cern of many species extinction goes to climate change (Pounds et al. 2006; Amin 
et al. 2018; Awais et al. 2018; Afzal et al. 2018; Fahad et al. 2018). Climate change 
might enhance the extreme events and would have rapid changes in any ecosystem 
in the future. Brander (2007) has briefed the situation as “The resilience of species 
and systems is being compromised by concurrent pressures, including fishing, 
loss of genetic diversity, habitat destruction, pollution, introduced and invasive 
species, and pathogens.” He also added that the pH of ocean water is decreasing 
due to rise in CO2 and its consequences are still hidden.
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9.2.5  �Food Availability

The human population is growing rapidly throughout the globe accompanied by 
increasing food fish demand. The major source of animal protein is fish for the bil-
lions of people all around the world. Fish provides the essential vitamins and fatty 
acids along with protein complements. About 520 million people, including their 
dependents, rely on fishing and aquaculture. Majority of them are from developing 
countries.

There is not only development in modern technology for comfort and luxury life 
but the food habits also have been changed throughout the world for last few years. 
Where everyone is demanding food safety and best quality. There are no so far days, 
when our consumer will demand labeled farmed food, with detailed environmental 
conditions as greenhouse gas (GHG) emissions per unit of produce, in the market. 
Hence, based on the consumer consciousness it might be predicted that aquaculture 
also will meet these aspirations in the future. About 100% mollusks and 70% of 
finfish are considered minimum emitting GHG. Hence, the aquaculture sector will 
ensure such demand and increase the fish supply as the most GHG-friendly food 
source. However, the model change in seafood consumption will be required to 
achieve it. People get an advantage through fishing during seasonal stock availabil-
ity when food production and income generation fall down. Fishing communities 
are dependent on inland fisheries resources that are particularly vulnerable to cli-
mate change. Aquaculture is thought to be one of the fast growing food production 
sectors that have expanded at an average annual rate of 8.9% since 1970. The fishing 
only could not fulfill the market demand of increasing human population because of 
overexploiting and climate change. Because, the production of natural sources has 
been decreasing significantly day by day. Therefore, for the significant nutritional 
and economic benefits from available land and resources, integrated aquaculture is 
the best choice. Where as, fish raising in a rice field or using agricultural waste, to 
fertile the pond, are the best choice of natural resources utilization.

9.2.6  �Predation

The temperature and water current leads distribution in fish stock that would cause 
loss in some area and benefiting other. Only the higher valued fishes are focused in 
research in this aspect while the potential impact of mass movement of noncom-
mercial or wild species has not been investigated which directly or indirectly has an 
impact on the fisheries production. We are well aware of the role of such wild spe-
cies in the food chain. Whenever there is migration of fish due to said factors then 
the fish predation is effective in two ways. First, when large fishes (mostly carni-
vores) move to the place of habituating small fishes then those fishes invade them 
for their food. Secondly, whenever the movement of small fishes to the habitat of 
large ones then also they become the food of the dominant fishes. Overall the 
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climate change create these circumstances of mass movement where there is a sig-
nificant impact of predation on fish production. Such type of challenges is signifi-
cantly observed between climatic regions, especially in the deltaic region, which are 
mostly impacted by the sea-level rise. Most of the fish habit is to move in schooling; 
therefore, serious research must be paid to cope with external shock.

9.2.7  �Mass Movement

There is a strong correlation between temperature on fish migration. The physiology 
and behavior of fish are also affected by climate change. The fish is a poikilothermic 
animal and its distribution is controlled by the water temperature because fish can-
not maintain its body temperature according to the surrounding degree of hotness/
coldness. Hence, for its survival the fish always move to the suitable temperature 
side from the high temperate water region. It has been reported through the research 
investigation that fish which normally thrive in the tropics are quickly migrating in 
an effort to discover cooler seas (Sarah 2019). Such migration of fish reveals that in 
search of better food and better oxygenated habitat, it moves to the Polar Regions. 
Hence, due to climate change and marine migration at such speed it might be pre-
dicted that a substantial amount of fish species will have evacuated the tropics till 
the year 2050. Such type of forced migration might have a dangerous effect on the 
ecosystems, especially the oceans. Such type of migration of temperate to polar 
region also will have a great impact on the sustainability of that habitat fishes. Rapid 
dispersal abilities have been found in most of the invasive species because they have 
a wide range of tolerance and survival in a range of environment. In the present situ-
ation of fast climate change, it might be predicted that our oceans will be fully 3 °C 
warmer globally, in the next 50 years. Such impact of climate change on the marine 
ecosystem and fish migration would vanish the species from the water once roamed. 
As there are many records of the history of the planet for such extinction of the 
species.

Cleaner seas (2019) reported that “Once bounding with infinite amounts of 
underwater life, a small fishing town in the state of Virginia was proudly known 
as the flounder capital of the world, in recent years however the flounder have 
struggled with rising sea temperatures and have relocated to cooler waters closer 
to New York and New Jersey.” Hence, ocean’s ecological stability is affected by the 
altering producer’s chain reaction due to climate change.

9.2.8  �Diseases Distribution

In aquaculture, where temperature plays a positive role in sense of fish growth there 
is also an increasing opportunity for bacterial growth, algal blooms, and parasitic 
development in the ecosystem. Hence, all these might cause various diseases in the 
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fishes. Hence, change in climate that alters the temperature of water could cause 
slow growth due to above consequences and ultimately causes a decrease in 
production.

9.2.9  �Rise in Ocean Level

Generally, over a long period the mean sea level rises but due to climate change the 
patterns have been changed and sea level rise earlier. This type of change might 
cause the fish stock distribution and their migration pattern. While, sea level rise 
alters the mangroves ecosystem that ultimately affects the fish life. On other hand, 
the brackish water increase at the coastal side has an impact on the freshwater fishes. 
Most of the fishes exist at 0–300 m layer all around the world and that layer of the 
ocean is warming sharply. It is a great concern regarding the prediction of mean 
sea-level rise may be up to 90 cm in twenty first century. As a result the coastal 
ecosystem will be destroyed, which is considered most important for the survival of 
many species. Because the coastal ecosystem is rich in mangroves and marshes and 
this is not only the shelter for fishes but also provides enough seed supply to 
aquaculture.

Hence, such significant change in the ocean and climate change may produce 
various factors including ocean current, temperature, distribution of algae blooms 
(toxic), predators, and primary productivity will have direct effects on aquaculture 
and its productivity (Handisyde 2008).

Rise in sea level will increase the salinity in the groundwater that will not only 
affect the freshwater fishery but agriculture too. At the same time, that saline 
groundwater will limit domestic as well as industrial consumption. Therefore, it is 
important to prepare broader policy according to climate change. However, that 
increasing saline water would lead to develop saline water aquaculture. Where some 
high-value species including shrimps and crabs culture will be benefited along with 
the negative consequences of sea rise. Hence, new policies and opportunities will 
lead the public to get an advantage in such circumstances. Therefore, the fish farm-
ers/fisherman must be trained that how aquaculture can play an important role in 
diversifying livelihoods in such situations.

9.3  �Impacts on Culture

Aquaculture might be affected directly or indirectly through various factors due to 
climate change. Such factors include fish stock, fish supply, fish consumption, and 
cost of supply and fish farmers’ services.

Rise in sea level will increase saline water intrusion and will reduce the water 
inflow in the deltaic region will have a significant impact on the tropical aquaculture 
system. Hence, due to extreme weather conditions inland cage culture, pen culture, 
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and other types of culture could be affected due to increasing upwelling deoxygen-
ated water in the reservoir. As the reproductive cycles of species are dependent of 
the monsoon season and rain pattern that would affect indirectly on the aquaculture 
system. Becasue of the seed production and grow out cycle of the species. Especially, 
the great impact might be observed in the species whose seeds are collected natu-
rally, because of their nature of spawn such as mollusks. While upper tolerance 
temperature limit of some species, emergent of no pathogen organism and many 
unknown diseases would make the culture system vulnerable to high temperature. 
Same time the temperature affects trash fish production, by disturbing the food 
chain, which in turn has an impact on some culture species, especially the carni-
vores. While, the basic supply of fishmeal and fish oil, for the preparation of fish 
feed, also considered to be one of the issues affected by climate change. Hence, all 
these factors affect the aquaculture practices in the climatic region.

There is a limited research on the climate change impact on aquaculture or vice 
versa. Overall extreme rains or alteration in monsoon in recent years, more warming 
post-monsoon, lower number of rainy days, annual mean temperature increase, 
increase in hot days’ frequency, and consequent droughts have a major impact on 
the aquaculture. Hence, to cope with climate change in such situation, the aquacul-
ture practices must consider the adaptive and mitigate measures. As aquaculture is 
considered as the backbone in many developing countries, socioeconomic and mod-
ern technology must be adopted to address the potential climate change. Hence, 
small-scale farming, intensive culture, integrated aquaculture system, and recircula-
tory farming system must be promoted in order to maximize per unit area produc-
tion at environment-friendly system.

9.4  �Impacts on Economics and Community

Climate change varies from region to region. Therefore, the regional productivity 
and specific species resources may be varied regionally. Ultimately the climate 
change will impact the effort per unit catch that will lead to go further for harvest. 
Likewise, it will require much more effort and higher cost. Allison et al. (2009) has 
reported that out of 132 nations the central, western Africa, and some in Asia have 
the most vulnerable capture fisheries due to potential climate change impacts. 
Hence, decrease in harvest capacity in natural water resources has an impact on 
fisheries production that reduces the access to the market. In such circumstances, 
the local economies adapt to new conditions in terms of labor and capital mobility 
that is said to be an indirect economic impact. Aquaculture is growing fast at an 
annual rate of 8.7% and is thought to be rapidly developing food producing sector 
of the world. Because of high nutritional value and quality, the aquatic food contrib-
utes about 20% per capita animal protein for around 2.8 billion people all over the 
globe, most of them belong to developing country. Generally, the aquatic environ-
ments, freshwater, marine, or brackish water, respond to climate change equally as 
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atmospheric environment. The aquaculture practices represent mostly undefined 
sources of greenhouse gases (GHGs).

9.5  �Conclusion

Fish is a basic source of essential nutrition and income to outpace population growth 
around the world. It provides a major contribution or might provide livelihood 
where other food and employment resources are limited. Fisheries and Aquaculture 
continue to be the fastest growing animal food producing sectors but along with 
climate change the poor illiterate fisherman/fish farmers are another challenge to 
adopt changes and have a great impact on the fish resources. In general, the change 
in temperature, water ecosystem, and precipitation are a major threat to the fisher-
ies. Due to climate change, the storms become frequent and extreme and result in 
the destruction of infrastructure, affects the livelihood, imperiling habitats and 
stocks. In such situations, high-level research is required to suggest the best plan 
and coping strategies to improve the adaptability of the fisher community. Still, the 
fisheries sector is growing fast in food production sector. Per capita supply from the 
aquaculture sector increased from 0.7 kg in 1970 to 7.8 kg in 2006. Aquaculture is 
gradually drawing attention internationally for potential impact of climate change. 
In the Asian region, there is great poverty and aquaculture-related livelihood pre-
vailing that needs great concern. If we plan properly to challenge the climate change 
the fishes have property to adapt to climate change as integrating aquaculture and 
agriculture (Hydroponic, Aquaponic, Recirculatory Aquaculture, Biofloc system, In 
Raceway Pond System). This type of culture system can help farmers cope with 
drought while boosting profits and household nutrition. Further, the management 
system should go forward to seek to maximize yield to increasing adaptive capacity. 
Therefore, the world aquaculture authorities and policymaker should pay attention 
to this serious matter. Hence, to cope with climate change the policymakers along 
with researchers/scientists must prepare policy based on the current scenario and 
find out the remedial measures.
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Chapter 10
Water Resources in Relation to Climate 
Change
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Abstract  In this chapter, the influence of global climate change on precipitation, 
water availability, drought conditions, runoff, potential evapotranspiration, soil 
moisture change, and underground water resources (groundwater) is being described 
for the efficient management of freshwater resources particularly for agriculture 
purpose (a major freshwater consuming sector). Climate change impacts can be 
characterized by considering the variability in most important climatic factors such 
as precipitation and temperature. The timely occurrence of rainfall during the crop 
growth period helps to increase the crop yield, minimize the cost of production, and 
maximize the financial benefit. The temperature variation is conducive to increase 
the frequency of extreme precipitation or drought events. Some studies have reported 
that precipitation pattern has changed in the past few decades around the globe. This 
change indicates the uncertainty in precipitation, i.e., occurrence of heavy precipita-
tion or light and moderate precipitation (flood and drought). A study projected that 
14% of global land is facing drought events for every 5 years under 3 °C of global 
warming, as 5–10 times more frequent drought events were observed in most of 
Africa, Caribbean, central America, central Asia, west Asia, northwestern China, 
and Oceania. Similarly, strong and frequent drought events were predicted for the 
southern, large part of the eastern and western Europe, southern and central America. 
As a result, dryness will increase and put further stress on the agricultural system. 
On the other hand, the reduction in drought frequency was observed in northern 
Europe and Russian Federation. These projected scenarios for future climate change 
showed uncertainties. No doubt, the uncertainties in projected climate change sce-
narios always need to be taken into consideration. The implementation and regula-
tion of water policies in future water resources projects should consider the projected 
climate change and uncertainties scenarios. A better understanding of the process of 
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drought and wet spells will lead to better management of agricultural and hydro-
logical activities.

Keywords  Climate change · Extreme events projection · Uncertainties · Water 
resources management

10.1  �Introduction

Global freshwater resources like rivers, lakes, and underground aquifers are under 
stress due to the increasing demand of world populations for drinking, irrigation, 
and sanitation. Most of the scientific and climate projected studies have proved that 
climate change is adversely affecting the freshwater resources in different regions of 
the world (Stagl et al. 2014; Malinowski and Iwona 2018). Change in climate affects 
the runoff and flood intensity as well as frequency, duration, and intensity of pre-
cipitation (Nguyen et al. 2018). These changes have a further impact on the manage-
ment of water resources and socioeconomic systems. Similarly, global warming and 
changing climate systems can affect the sea level by melting of snow as well as by 
thermal expansion of the ocean. Moreover, the northern high latitude glaciers will 
melt and most of the earth will receive frequent heat waves and heavy precipitation 
as a result of global warming (Zaffar et al. 2014; Mishra 2019). The glaciers are 
particularly sensitive to climate change. On the other hand, almost one-sixth popu-
lation of the world depends on the water flow from mountain glaciers and associated 
precipitations. The retreating ice and snow will have a remarkable impact on the 
downstream areas if warming proceeds. Similarly, the drought conditions have 
increased in some areas due to the more frequent dry spell. Therefore, it is essential 
to analyze climate change impact on precipitation pattern, water availability, runoff, 
potential evapotranspiration, soil moisture change, drought condition, and under-
ground water resources for the management of available water resources.

10.2  �Temperature Behavior

Climate change can be characterized by the variability of surface air temperature. 
The earth’s temperature has increased by 0.7 °C in the past century alone and it 
continues to rise. Long-term analysis of historical temperature data indicates that 
land surface is warming faster than the oceans. Intergovernmental Panel on Climate 
Change (IPCC) reported that the temperature of the ocean and earth’s surface 
showed a linear trend with warming of 0.85 (0.65–1.06) °C over a period 1980 to 
2012 (IPCC 2014). The second half of the twentieth century has turned out to be a 
particularly warm period and more noticeable changes were observed at high alti-
tude during the spring and winter seasons (Malinowski and Iwona 2018; Sadowski 
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et al. 2013; Majewski and Walczykiewicz 2012). The temperature change trend is 
conducive to the increase in frequency of extreme precipitation or drought events 
and occurrence of desertification.

10.3  �Global Precipitation Behavior

Precipitation is an important component of weather and climate. It plays an impor-
tant role in human’s everyday life and economy. The timely occurrence of rainfall 
during the crop growth period helps to increase the crop yield, minimize the cost of 
production, and maximize the financial benefit. On the other hand, the river flows 
will increase in response to heavy rainfall. The high river flow contributes to the 
occurrence of a heavy flood (Almazroui et al. 2017). The flood may become respon-
sible for economic and social losses.

It is particularly important to analyze/understand the current state, change in 
size, and structure of precipitation at regional, country, and global scales. However, 
it is difficult to analyze the behavior of precipitation due to unavailability of actual 
precipitation data for any region with respect to time and space. Some studies have 
been reported that precipitation pattern has changed in the past few decades around 
the globe. This change indicates uncertainty in precipitation, i.e., occurrence of 
heavy precipitation or light and moderate precipitation. Figure 10.1 presents the 
volumetric change in precipitation over the continents during the last three decades. 
The analysis indicated that fluctuations in the occurrence of precipitation were 
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observed during the whole period but no significant long-term volumetric change in 
precipitation was observed for either case.

Similarly, Fig. 10.2 showed the comparison of temporal trends of precipitation 
among the three regions, i.e., north America, south, and east Asia. These regions 
have an insignificant decreasing trend of precipitation. All the regions with increas-
ing trends cancel out the regions with decreasing trends (northwest to coastal south-
east). Figure 10.3 showed the investigation of precipitation trends for management 
of water resources over the three major basins of the world, i.e., Colorado River 
Basin, Angola Basin, and Himalayan Basin. The analysis indicated that all three 
basins showed variability in precipitation over the historical record. The inter-
annual variation in surface temperature also results in variability of global precipita-
tion (Mishra 2019). It was observed that all three basins have been experiencing a 
decreasing trend for precipitation during the last three decades. Nguyen et al. 2018 
analyzed the precipitation behavior over the 237 global basins. The analysis indi-
cated that 20 basins show significant decreasing trends in precipitation whereas 20 
basins confirm significant increasing trends. Similarly, statistically insignificant 
decreasing trends in precipitation were observed over 106 basins and insignificant 
increasing trends were depicted over 89 basins during the last three decades. This 
indicated that climate change may occur noticeably especially in terms of precipita-
tion and temperature. If precipitation does not significantly upsurge, there will be 
more stress on water resources. As a result, dryness will increase and put further 
stress on the agricultural system.

Tables 10.1 and 10.2 provides the projections of seasonal temperature and pre-
cipitation change for the sub-regions of Asia for the three time slices namely 2020s, 
2050s, and 2080s using the baseline period of 1961–1990 under the Special Report 
on Emission Scenarios (SRES) with highest future emission trajectory (A1F1) and 
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lowest future emission trajectory (B1) pathways. The annual surface air temperature 
and precipitation were divided into four seasons based on the 3 months’ average 
such as Summer, Autumn, Winter, and Spring seasons. The higher warming was 
projected for all the sub-regions of Asia during the northern hemispheric winter 
than the summer for all the time period. During this century, the maximum notice-
able warming was predicted at a high altitude of north Asia and an increasing trend 
of average annual precipitation was predicted in most of Asia. However, the increas-
ing trend of average annual precipitation was relatively largest and more consistent 
in the northern and eastern regions of Asia. The projected mean precipitation during 
the winter will increase in northern Asia and Tibetan Plateau and decrease in cen-
tral, western, southeastern, western, and eastern regions of Asia. The projected 
mean precipitation during the summer will increase in northern, southern, south-
eastern, and eastern regions but it will decrease in western and central regions. It 
was also observed that due to the very dry summer, the decrease in mean precipita-
tion will be escorted in central Asia. Global warming and precipitation variation 
may have an impact on crop yield and it will decrease upto 30% by 2050 (Cruz et al. 
2007). A recent modeling study confirmed the projection and found a significant 
warming trend with no change in rainfall in the middle and lower part of the Indus 
plain (Ahmad et al. 2015). An increasing trend of annual precipitations at four mete-
orological stations and a decreasing trend at two meteorological stations in the 
southeastern region of upper Indus plain was observed by Ahmad et al. 2018. Kumar 
et al. 2016 analyzed the long-term precipitation trends in India and found a signifi-
cant positive trend during the winter and a significant decreasing trend in monsoon. 
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Table 10.1  Projected changes in surface air temperature for subregions of Asia under SRES A1F1 
(highest future emission trajectory) and B1 (lowest future emission trajectory) pathways for three 
time slices namely 2020s, 2050s, and 2080s (Cruz et al. 2007)

Subregions Season
2010–2039 2040–2069 2070–2099
A1F1 B1 A1F1 B1 A1F1 B1

North DJF 2.94 2.69 6.65 4.25 10.45 5.99
Asia MAM 1.69 2.02 4.96 3.54 8.32 4.69
50N–67.5N JJA 1.69 1.88 4.20 3.13 6.94 4.00
40E–170W SON 2.24 2.15 5.30 3.68 8.29 4.98
Central DJF 1.82 1.52 3.93 2.60 6.22 3.44
Asia MAM 1.53 1.52 3.71 2.58 6.24 3.42
30N–50N JJA 1.86 1.89 4.42 3.12 7.50 4.10
40E–75E SON 1.72 1.54 3.96 2.74 6.44 3.72
West DJF 1.26 1.06 3.1 2.0 5.1 2.80
Asia MAM 1.29 1.24 3.2 2.2 5.6 3.0
12N–42N JJA 1.55 1.53 3.7 2.5 6.3 2.7
27E–63E SON 1.48 1.35 3.6 2.2 5.7 3.2
Tibetan DJF 2.05 1.60 4.44 2.97 7.62 4.09
Plateau MAM 2.00 1.71 4.42 2.92 7.35 3.95
30N–50N JJA 1.74 1.72 3.74 2.92 7.20 3.94
75E–100E SON 1.58 1.49 3.93 2.74 6.77 3.73
East DJF 1.82 1.50 4.18 2.81 6.95 3.88
Asia MAM 1.61 1.50 3.81 2.67 6.41 3.69
20N–50N JJA 1.35 1.31 3.18 2.43 5.48 3.00
100E–150E SON 1.31 1.24 3.16 2.24 5.51 3.04
South DJF 1.17 1.11 3.16 1.97 5.44 2.93
Asia MAM 1.18 1.07 2.97 1.81 5.22 2.71
5N–30N JJA 0.54 0.55 1.71 0.88 3.14 1.56
65E–100E SON 0.78 0.83 2.41 1.49 4.19 2.17
Southeast DJF 0.86 0.72 2.25 1.32 3.92 2.02
Asia MAM 0.92 0.80 2.32 1.34 3.83 2.04
10S-20N JJA 0.83 0.74 2.13 1.30 3.61 1.87
100E–150E SON 0.85 0.75 1.32 1.32 3.72 1.90

DJF December-January-February, MAM March-April-May, JJA June-July-August, SON 
September-October-November
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Table 10.2  Projected changes in precipitation for subregions of Asia under SRES A1F1 (highest 
future emission trajectory) and B1 (lowest future emission trajectory) pathways for three time 
slices namely 2020s, 2050s, and 2080s (Cruz et al. 2007)

Subregions Season
2010–2039 2040–2069 2070–2099
A1F1 B1 A1F1 B1 A1F1 B1

North DJF 16 14 35 22 59 29
Asia MAM 10 10 25 19 43 25
50N–67.5N JJA 4 6 9 8 15 10
40E–170W SON 7 7 14 11 25 15
Central DJF 5 1 8 4 10 6
Asia MAM 3 −2 0 -2 −11 −10
30N–50N JJA 1 −5 −7 −4 −13 −7
40E–75E SON 4 0 3 0 1 0
West DJF −3 −4 −3 −5 −11 −4
Asia MAM −2 −8 −8 −9 −25 −11
12N–42N JJA 13 5 13 20 32 13
27E–63E SON 18 13 27 29 52 25
Tibetan DJF 14 10 21 14 31 18
Plateau MAM 7 6 15 10 19 14
30N–50N JJA 4 4 6 8 9 7
75E–100E SON 6 6 7 5 12 7
East DJF 6 5 13 10 21 15
Asia MAM 2 2 9 7 15 10
20N–50N JJA 2 3 8 5 14 8
100E–150E SON 0 1 4 2 11 4
South DJF −3 4 0 0 −16 −6
Asia MAM 7 8 26 24 31 20
5N–30N JJA 5 7 13 11 26 15
65E−100E SON 1 3 8 6 26 10
Southeast DJF −1 1 2 4 6 4
Asia MAM 0 0 3 3 12 5
10S–20N JJA −1 0 0 1 7 1
100E–150E SON -2 0 -1 1 7 2

DJF December-January-February, MAM March-April-May, JJA June-July-August, SON 
September-October-November
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In China, Zhang et  al. 2012 determined decreasing trends during the spring and 
autumn while increasing trends during the winter season.

10.4  �Drought Conditions and Wet Spells

The understanding of precipitation behavior is important to analyze the drought 
conditions and wet spells for planning and efficient management of freshwater 
resources. The analyses of droughts and wet spells are particularly valuable for arid 
and semiarid regions due to their high spatial and temporal variability. The drought 
conditions refer to a period of precipitation deficit resulting in a shortage of water. 
On the other hand, wet spells refer to a period of intense precipitation resulting in 
surplus water and occasional floods in semiarid and arid regions (Almazroui et al. 
2017). Thus, a better understanding of the process of drought and wet spells will 
lead to better management of agricultural and hydrological activities as well as raise 
the quality of life.

The drought can be divided into four categories such as 1. Meteorological 2. 
Agricultural 3. Hydrological, and 4. Socioeconomic droughts (Fig. 10.4). The direct 
significant reduction in total precipitation in relation to mean precipitation in each 
area at the scale of days, weeks, and months is called the meteorological drought. 
The meteorological drought further leads to other drought types. The deficiency of 
water from several weeks (6–9 months) for plant growth is called the agricultural 
drought (Brázdil et al. 2018). Behind the meteorological and agricultural droughts, 
the hydrological drought can be characterized by a shortage of water in streams, 
lacks, reservoirs, and aquifers and when negative effects of drought appear in the 
whole society then it can be characterized into socioeconomic drought.

Different studies in different parts of the world analyzed the occurrence of 
drought and its impacts on human life. It has been reported that severe drought 
events have been experienced repeatedly throughout history in the near east region. 
These drought events have a large number of social and environmental impacts, 
including mass migration, famines, and human deaths. From 1900 to 2004, drought 
has been ranked first among all the hazards in terms of number of people killed. 
During the same time, Africa and Asia among the continents can be ranked first 
based on the drought-affected people. On the country scale, droughts also affected 
many countries such as Syria, Jordan, Morocco, Iran, and Iraq. The durations of 
drought period are increasing in arid regions of the world, i.e., average global 
drought periods are 2 months/°C below 1.5 °C and 4.2 months/°C when approach-
ing 3 °C. If the current warming rate continues, the water deficits will convert to 
fivefold size for most parts of Australia, southern America, Africa, southern Europe, 
Caribbean, and northwest china. A significant increase (5–10 times) in drought fre-
quency was predicted in the Mediterranean basin due to warming of the earth (west 
and southern Asia, Africa, Oceania, and Central America). Similarly, Naumann 
et al. 2018 analyzed the increase in drought condition due to warming of the earth 
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and reported that 2/3 of the world’s population is being affected by drought condi-
tion due to the warming.

Figure 10.5 shows change in return period of drought in different regions of the 
world. The dashed lines on the graphs (Fig.  10.5) showed no change curve and 
shaded areas represented the intermodal median absolute deviation for different 
regions. To a baseline of 100 years, about 15% of the global land may bear droughty 
events with 5 years interval. As a result, 5–10 times more frequent drought events 
were projected for most of Africa, Caribbean, central America, central and west 
Asia, northwest China, and Oceania. Similarly, strong and frequent drought events 
were predicted for southern, large part of eastern and western Europe, southern and 
central America. On the other hand, the reduction in drought frequency was observed 
in northern Europe and Russian Federation (Naumann et al. 2018). These climatic 

Fig. 10.5  Change in return period of drought in different regions of the world. (Source: Naumann 
et al. 2018)

H. U. Farid et al.



155

extremes (Drought and flood) are causing considerable economic losses and have a 
strong social impact on human lives in different parts of the world (Khaliq et al. 
2012; Nasim et al. 2012a, b, c).

10.5  �Impact of Climate Change on Runoff Change

Climate change and human activities are the most influential factors for global run-
off variation including water cycle for any region (Xu et  al. 2018). The climate 
change variation effects on precipitation pattern, which influences urban runoff in 
such a way that the design of water drainage networks is mainly based on the his-
torical precipitation records and extreme statistics that are assumed to be constant 
for every year (Zahmatkesh et al. 2018). Moreover, heavy and lower rainfall events 
increase or decrease the risk of extreme floods and droughts due to climate change 
in arid or semiarid regions around the globe. Therefore, a better understanding of 
runoff changes and their potential impacts on water bodies due to climate change is 
necessary for efficient utilization of freshwater resources. So, Budyko relationship 
and H08 hydrological model were used across South Asia to simulate the climate 
elasticity of runoff. The climate elasticity of runoff is a percentage change in a run-
off for 1  °C change in temperature or 1% change in potential evaporation or 

Fig. 10.6  Simulated precipitation, potential evaporation, and temperature elasticities across South 
Asia (Zheng et al. 2018)
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precipitation (Zheng et al. 2018). In general, both the models showed similar spatial 
patterns for the precipitation, temperature, and potential evaporation elasticities of 
runoff. Based on the modeling results, the precipitation elasticity of runoff has been 
reported in the range of 1.5 or 2.0. This indicated that a 10% change in precipitation 
can bring a change (15–20%) in the runoff in wetter regions such as northeast, east, 
and west coast. Similarly, the precipitation elasticity of runoff was found greater 

Fig. 10.7  Projected Change for precipitation, temperature, and Runoff in West Africa from 
2046–2065 with reference to the simulation data for 1998–2014 (Stanzel et al. 2018)
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than 2 in drier regions such as northwest and inland south. This showed that a 10% 
change in precipitation can bring 20% change in the runoff in these regions. It was 
also observed that the spatial pattern for temperature and potential evaporation of 
elasticities of runoff were found similar. The results showed that a 1 °C rise in tem-
perature can increase the 5% potential evaporation. As a result of an increase in 5% 
potential evaporation, 5–10% decrease in runoff was observed (Fig. 10.6).

Figure 10.7 shows the projected change for input variables (precipitation and 
temperature) and for the output variable (runoff) of the water balance model from 
2046 to 2065 with reference to the simulation data for 1998 to 2014 in West Africa 
(Median of 30 model runs). For temperature, the projected median change showed 
an increase of median change from north to south. The highest warming was pro-
jected for arid and semiarid areas in the Sahel region and lowest warming was pro-
jected for coastal regions in the middle of this century. For precipitation, most of the 
area of West Africa showed a median projection in the range of −2 to +2%. The 
projected median change in precipitation showed a slight increase in precipitation, 
with values upto 10% in the southwest region of West Africa. The median change in 
temperature and precipitation exhibits a change in the median runoff. The change in 
spatial pattern of median runoff is like the precipitation and temperature (Fig. 10.7). 
The strong warming with lower precipitation showed a strong decrease in the runoff 
with projected median runoff change −15% in the northwestern region. Similarly, 
lower warming with substantial precipitation increase showed a considerable 
increase in runoff in the southwestern coast having median projections >10% 
(Stanzel et al. 2018). Similarly, several studies have been conducted in other parts 
of the world to analyze the impact of climate change on runoff variation and reported 
that water discharge is mainly controlled by the precipitation, temperature, infiltra-
tion, and potential evaporation (Naik and Jay 2011; Yao et al. 2015; Xu et al. 2018; 
Farid et al. 2019).

10.6  �Impact of Climate Change on Potential 
Evapotranspiration (PET)

The role of temperature in the atmosphere is important to quantify the potential 
change in evapotranspiration (ET) as a result of climate change. The widespread 
drying in earlier twenty-first century is a clear evidence of increasing PET rate due 
to climatic variations. The temperature of any region indicates both positive and 
negative effects on surface and groundwater resources. Global warming trend sig-
nificantly affects the regional ET pattern, which threatens the utilization of surface 
water for sustainability (Aladejana et al. 2020). However, very little efforts have 
been noticed yet to analyze the magnitude and direction of predicted ET from water 
bodies. It has been studied that the higher temperature in the air increases the ET 
rate and reduces runoff and soil moisture contents. The minimum temperature in the 
air decreases the ET rate and increases runoff and soil moisture contents. 
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Additionally, due to climatic variation, small changes in precipitation and ET may 
harmfully affect the soil moisture and recharge in arid or semiarid regions around 
the globe (Ahzegbobor and Kehinde 2017).

10.7  �Impact of Climate Change on Soil Moisture 
(SM) Change

The change of global precipitation and temperature have a significant effect on the 
SM. Availability of SM and variation in temperature play an important role in ter-
restrial climate and biochemical reactions in farming lands (Chadha et al. 2019). It 
has been reported that variability in SM may also affect the groundwater resources 
and influence atmospheric processes, i.e., cumulus convective rainfall (Thomas and 
Famiglietti 2019). It has been studied that spatial and temporal patterns in precipita-
tion, ET, and surface water are due to the climatic variables, which affect SM. Other 
indirect factors that influence the SM contents are land use, land cover, soil texture, 
slope of the land, and other physiochemical properties of soil (Seneviratne 
et al. 2010).

10.8  �Groundwater

The world’s largest fundamental source of freshwater is groundwater (GW), which 
is a naturally built reservoir under the ground surface and is available for human 
beings and other sectors (Fig. 10.8). In most of the agrarian countries throughout the 
world, GW is considered as the foremost source of irrigation (Qazi et al. 2014. Farid 
et al. 2018). Globally, the 982 km3/year withdrawal rate of GW was estimated to 
fulfill drinking and irrigation demands. From the withdrawal rate of GW, about 38% 
of the land is fortified with GW for irrigation and 60% of worldwide GW with-
drawal is used for the agriculture sector. Moreover, from one-third part of all fresh-
water, GW provides 27% and 36% of water for industrial, and domestic activities all 
around the globe (Margat and Gun 2013). It is the part of the hydrological cycle and 
the amount of water which infiltrates into the soil will accumulate on the imperme-
able strata. The underground layers which both store and transmit groundwater to 
rivers and sea are named as aquifers. In these GW systems, the water moves slowly 
in motion from the recharge areas to the discharge areas. Tens or even hundreds of 
years may pass for this water passage through the hydrological cycle. Water that 
discharges from the aquifers performs two major roles. First, it benefits the environ-
ment by maintaining the river flows. Secondly, it provides water to meet the demands 
for drinking and industrial use. These aquifers deliver water to rivers during a period 
of no precipitation. These are natural underground reservoirs and very appropriate 
resources and can have a massive storage capacity, much greater than even the 
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largest man-made reservoirs. Due to greenhouse gases, climate change affects the 
groundwater structures such as it produces stresses to the groundwater recharge and 
its circulation in time and space. Different researchers have observed that the chang-
ing pattern of rainfall and increasing trend in temperature have significant effects on 
GW recharge and its availability. The increase in temperature means an increase in 
evaporation and plant transpiration rate. This will give exposure to soil erosion in 
arid and hot areas. All these pose negative impacts to the groundwater systems. The 
lowering in GW table due to increasing temperature and changes in rainfall patterns 
may decrease well efficiency, yield and increase initial pumping cost. The farmer 
community is extremely affected in those areas, where GW is used as a primary 
source for irrigation of agricultural lands. Chances of side effects for excessive GW 
abstraction vary with the situation of the hydrological environment (Fig. 10.8). The 
extensive weather events can lead to a longer duration of floods and droughts, which 
then directly affects the availability of GW. Due to the longer duration of floods and 
droughts, there is a greater risk in depletion of aquifer storage. Therefore, it is essen-
tial to quantify the contribution of influencing factors for mastering the GW dynamic 
and management of GW resources (Li et al. 2020).

Due to the poor maintenance and protection, mostly GW wells are contaminated 
and in times of emergencies and disasters, these wells will not be able to deliver 
water to meet freshwater demands. Indirect climate changes also create massive 
impacts on GW such as the intensification of human activities and land use. Using 
GW in a more strategic way in a changing climate becomes more and more impor-
tant. Groundwater recharge is a function of climatic factors, topography, land use, 
and local geological formation. It has a direct relationship with precipitation. 
Therefore, it is a vital resource that must be protected so that it will sustain humans 
and other species for their survival. The degradation in GW occurs due to over-
exploitation of GW, which extremely reduces the water table. Due to over-pumping, 
available GW resources and borehole yields reduce and impart side effects, which 
include subsidence and saline intrusion. Salinity occurs due to poor irrigation prac-
tice and due to the result of poor abstraction. Salinity does not reduce naturally, and 
it is the main threat to aquifer sustainability. Regardless of its vast importance, GW 
resources are in crisis for various regions mainly due to the over-exploitation of 
groundwater to fulfill the irrigation needs and food requirements for increasing 
population of the world.

10.8.1  �Climate Change Impact in Relation to GW Abstraction

The occurrence of GW depletion for a given aquifer can be analyzed when the rate 
of recharge becomes lower as compared to the discharge rate of GW (Fig. 10.9). 
Indirectly, changing climatic scenarios in the form of anthropogenic practices of 
GW pumping, land use pattern, and growing urbanization causes GW depletion. It 
was analyzed that over-abstraction of GW influences the rise in sea level to some 
extent. Global warming also causes rise in sea level, if balancing of the system is not 
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achieved between the capacity to store water into reservoir and irrigation flow return 
(Green et al. 2011; Naz et al. 2013; Masood et al. 2013; Mubeen et al. 2013; Saeed 
et al. 2013; Sultana et al. 2013). The GW resources are being affected by climate 
change (Aladejana et al. 2020). The occurrence of soil degradation and variability 
of crop water demand have been influenced by climate change. As a result, the GW 
discharge/recharge is being affected directly or indirectly (Ho et al. 2016; Foster 
et al. 2018). A measurable increasing trend in GW depletion has been noticed with 
increasing population growth and advancement in technology in many regions, 
where GW resources tend to utilize at many extents. The technological advance-
ment comprises the high-efficiency well pumps, which are used to fulfill water 
demand that eventually causes the depletion of GW resources (Shakoor et al. 2017; 
Beck et al. 2018). Furthermore, the quantitive and qualitative gap was found between 
the GW data collection and analysis which creates difficulty to decide the system 
for GW resource management). Climatic variations interrupt a GW discharge usu-
ally GW discharge increases in arid and semiarid regions. The runoff is a most 
sensitive hydrological parameter, when it combines with increasing aquifer dis-
charge and winter precipitation, it results in risk of flooding under the wettest cli-
matic condition (Croley and Luukkonen 2013). Correspondingly, an aquifer 
recharge, which is also a sensitive parameter for the hydrological cycle, decreases 
in context to dry climatic conditions, resulting in declining the level of GW (Thomas 
and Famiglietti 2019).
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10.8.2  �Intrinsic Effect of Climatic Variation on GW Recharge

Rainfall is a basic component of climatic change and it is considered as a primary 
source for GW recharge. The phenomenon of GW recharge can be analyzed through 
occurring of precipitation. The GW recharge will not always change in the same 
way as the rainfall trends change. The factors that affect the recharge are the aquifer 
type, geology, soils, land cover, and topographic relief. The recharge rate can also 
be affected by the precipitation type, intensity, and frequency. Also, variation in soil 
properties and water usage affects groundwater recharge. In high latitude regions, 
the GW recharge occurs very early due to the spring melt shifts from the spring 
season to the winter season. But in temperate regions, the annual recharge variation 
varies on climate and other conditions. There is a significant difference in the sum-
mer and winter recharge because GW is a massive component of the global hydro-
logic cycle. More attention should be paid to climate change effects on recharge. 
The necessary tools and data required from most of the environments are currently 
not enough to predict the recharge responses against diverse climate scenarios.

10.8.3  �Climate Change Impact on GW Quality

The quality of GW for a given aquifer should be maintained because it provides 
fresh water to the living population and meet the demands of farming system for 
irrigation. The change in characteristics of GW at different depths due to increasing 
air temperature tends to increase the temperature of GW in a shallow aquifer. 
Likewise, in arid or semiarid regions, due to an increased rate of evapotranspiration, 
the GW becomes saline. In a region, where the intensity of rainfall is greater, the 
available pollutants, i.e., pesticides, heavy metals, and inorganic constituents will be 
washed efficiently on the surface of the soil. At those places, the quality of GW 
likely to be compromised via the recharging of the aquifer with these surface water 
bodies. Ultimately, intrusion of poor quality of water takes place in adjacent aquifer 
(Ho et al. 2016; Shakoor et al. 2017). It has been noticed that comparatively, very 
few studies have focused on process disturbing the quality of GW. More precisely, 
entering of water from other resources instead of significantly changing climatic 
conditions, will affect the GW quality. Moreover, the spatial and temporal variabil-
ity of precipitation also affects the GW quality. Meanwhile, the rainfall is chemi-
cally diluted, which interacts with the dissolved material of an aquifer, causes to 
change the interaction time, which degrades the quality of GW resources 
(Ahzegbobor and Kehinde 2017).

Generally, the degradation of GW quality can be explained in three main groups.

	1.	 Injection of contaminated water into the GW during recharging of an aquifer or 
movement of surface pollutants in the soil and mixing of these impurities in GW, 
due to deeper percolation.
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	2.	 Induction of changing in GW withdrawal produces the movement of water with 
varying quality. A very common description in this class is seawater intrusion, 
which increases the salinity of GW and underlies a layer of saline water on fresh 
GW layer.

	3.	 The quality of GW changes at the mixing stage, where modification in GW 
regime and inflexing of different contaminants takes place. An example of this 
group of GW degradation is irrigation return flow in a saline aquifer, which is 
due to the effect of over fertilizer and pesticide application in the soil.

There is enormous evidence worldwide that explains the vulnerability of GW 
resources in relation to climate change. However, the effect on surface water 
resources with changing climatic scenario is recognized to more extent as compared 
to these effects on GW. The climate system and GW fluctuation, storage, move-
ment, and recharging are not in equilibrium due to which there is a need to assess 
variation in GW behavior more precisely. The present GW resources in the world 
are in the position of vulnerability due to spatial and temporal patterns of rainfall, 
seawater intrusion, over-abstraction and withdrawal of water from an aquifer, rate of 
evapotranspiration, and interaction of GW surface during recharging or discharging 
process. In the assessment process, the information relating to climate changes in 
hydrological variables and their impacts on GW resources are still inadequate or 
uncertain for different regions in the world.

10.9  �Conclusion

The assessment of climate change impacts on worldwide water resources may help 
for efficient management of these precious resources. Many research studies in dif-
ferent regions of the world analyzed and quantified the effects of climate change on 
every variable of the hydrological cycle. A better understanding and timely predic-
tion of floods and drought should help to prepare the emergency plan for efficient 
management of land and water resources. However, a comprehensive plan should be 
prepared, and action should be taken according to the plan for optimum conserva-
tion of freshwater resources. To save the water bodies, a continuous monitoring 
system is required, and treatment of the domestic wastewater is also required in 
urban as well as in rural areas to ensure the safe drinking water quality for the global 
population as well as to save the environment. The relationship between climate 
change and the quality of GW in relation to GW storage should be established for 
such places, where contamination and extraction rate is high. More efficient and 
cost-effective techniques and tools are needed for accurate prediction and quantifi-
cation of climate change impacts on water resources at the regional and basin-scale. 
Furthermore, the future water resources development projects, formation, imple-
mentation, and regulation of water policies should consider the projected climate 
change and uncertainties in projection of climate change scenario. This will help to 
minimize the adverse impact of climate change on water resources and consequently 
on agricultural production.
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Abstract  Water is a vital and foremost resource that sustains the life at maximum 
survival level on the earth. Unfortunately, the recent circumstances and sudden tem-
perature fluctuation drastically reduce the availability of usable water especially in 
the urban cities of many countries. In this way, higher risk of livelihood and negative 
economic growth under shortage of water become a severe threat to food security. 
This chapter suggests and recommends the potential water management issues and 
technologies for mitigating its related problems. The chapter includes the integrated 
approaches to managing water and climate change, transboundary water manage-
ment, nexus consideration, water, sanitation, and hygiene, water and health, water 
and agriculture, water and energy, water and ecosystem, saving water technologies 
approach.
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11.1  �Introduction

Based on this, since water is of universal importance and significant use, saving 
water is a major challenge (Shah et al. 2012). Most of the freshwater are found in 
lakes, rivers, and groundwater aquifers. The burgeoning population and irregular 
usage of water resources over the last decades have resulted in the imbalance of 
availability of water. In this condition, water crisis developed in the form of water 
stress (drought  +  flood), water quality deterioration, and wastage of freshwater 
resources (Shah et al. 2020).

The world’s climate change crises are increasingly altering the water cycle. 
During the past decade, heat waves, water scarcity, waterlogging, floods, and other 
water-related events have led to >90% of natural disasters. The negative impact of 
climate change has influenced the freshwater system by modifying the streamflow 
and water quality. Various factors are involved in increasing this risk of climate 
change including temperature fluctuation, malnutrition, heavy metal pollution 
through rainfall, drought, flood, etc. (Qureshi et al. 2010). The regions having snow-
fall have been significantly affected by climate change and streamflow during each 
season has been continuously altered.

Figure 11.1 shows economic water security index for different countries which 
are very much prone to water stress. Thus, awareness of climate change in the case 
of insecurity for water-related problems in the ecosystem becomes the essential 

Fig. 11.1  Economic water security index (Awais et  al. 2017); (Thanks to main author of this 
image as it was taken from Internet/Google) 
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target of nations all over the world for nourishing the society’s health, balance of 
nutrients, energy stability, ecosystem, and biodiversity conservation (Qureshi et al. 
2010; Khan et al. 2012). In this case, climate change represents a profound threat 
and an unprecedented opportunity to invest in transforming water governance and 
management system, so humanity can thrive in an increasingly uncertain and vari-
able future. With regard to intergenerational justice, the global climate crises raise 
particularly pressing issues, and young people around the world are using their 
knowledge for innovations to offer solutions, raise awareness, protest for their 
rights, to address and combat the climate crises (Khan et al. 2012).

This chapter provides an overview of water application approaches and manage-
ment techniques for sustaining the water resources.

11.2  �Integrated Perspectives for Water Managements Under 
Climatic Change

Integrated management of water resources should be synchronized across crosscut-
ting, sectoral, political, and spatial boundaries (Hamilton et al. 2015; Hammad et al. 
2018). There are some modified aspects and outlooks for integrated water manage-
ments as given below;

11.2.1  �Transboundary Water Management

Globally, various countries dividend water borders across, ponds, waterways and 
aquifers, river basins, and water-stream cross sovereign borders. It has been esti-
mated that cross-border basins contain about 60% of global freshwater flows and 
40% of domestic use in the world’s population (Gleeson et al. 2012). The advanced 
level of transboundary cooperation for alleviation and transformation become a 
critical importance to avoid the negative impacts of one-sided actions. On the other 
hand, it also provided reliefs in minimizing the conflicts for the knowledge gaps and 
enhances regional peace and cohesion along with well-economic progress (Wada 
et al. 2012).

Maximum transboundary water-sharing contracts are comparatively rigid and 
motivate in the climate variability. In this climate change condition, the impressive 
and wider cooperation for climatic adapting approaches for managing water in riv-
ers and aquifers are strongly required among the neighboring countries and states 
(Shah 2009).

Emphasis should be placed on appropriate cross-border cooperation at all stages 
of climate change adaptation including information gathering and sharing (Strong 
Decision Support Systems), joint development of vulnerability assessments, flexi-
ble institutional water management and adoption, and development of strategic 
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levels (Jabran et al. 2017a). Different organizations may be able to raise money for 
adaptation actions in each country. Arrangements for data and information sharing, 
as well as joint monitoring, are prerequisites for successful cross-border coopera-
tion in the era of climate change (Pittock 2011).

11.2.2  �Nexus Attentions for Water Managements

The complicated relationship between the water utilization sectors and economi-
cally related lines as energy, agricultural food items, landscaping, environmental 
ecosystem, and urban structures. It is depicted that rapid increase in urbanization 
may cause the intensive consumption of land, food, and water application in the 
world. The things are also debatable which lead to encounter problems related to 
housing and agricultural productions. So, the dire need to improve the overall water 
bounciness under this severe threat for living organisms, social attributes, economi-
cally, and naturally occurring systems.

This form of sudden climate change addresses the Governance to change the 
opportunities related to water management systems, approaches, infrastructures, 
and mechanisms to finance the inherently cross-sectoral nature of water. The por-
tion belongs to transformation added to the top-to-down Governance strategies with 
comprehensive bottom-to-up community-based welfare making decisions which 
become the drastic factor for climate (Brunner and Simmons 2012). In these cir-
cumstances, these risk-based resilient water management practices for newly devel-
oping global community should be practiced.

11.3  �Water and Ecosystems

Various studies have been reported by scientists to diminish the disaster of climate 
changes and also described the different sustainable and ecosystem strategies. In 
this regard, carbon sequestration, peatlands ecosystem, nutrition managements, ver-
tical (genetic modifications) and horizontal (drought, floods, temperature, air pollu-
tion, and sea purification) approaches as per the chronically natural occurring 
systems (Triana et al. 2010).

Similarly, freshwater consumption always pretended to be a serious problem 
around the world under facing the reasons belongs to rapidly increasing in the 
urbanization, decreasing the agricultural cropping intensification and soil degrada-
tion, and mining in the groundwater. The interactive impact of these aspects changes 
carbon sink into carbon sources under water deficit conditions which leads to the 
unbalancing of the entire ecosystem process (Zhang et al. 2013).

For this, there is a need to increase spending on managing the community-based 
natural occurring resources, providing green jobs, and Governance opportunities to 
avoid the negative circumstances for freshwater ecosystem. Governance should 
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make such kind of ecosystem protection measures which are able to entertain all 
levels of programs, policies, and workshops. One of the best example for maintain-
ing the ecosystem is transboundary basins system worldwide.

11.4  �Water and Energy

All the energy production units highly depended directly or indirectly on the water 
resources, and even water treatment also required energy during the abstraction, 
transportation vice versa (Hammad et al. 2017). Under these circumstances of rapid 
population and economic growth, energy and water demand are simultaneously 
increased (Brodaric and Booth 2010). It is estimated that global energy petition is 
expected to rise by ≥27% during 2017–2040 as per water demand is ≥55% (Gillani 
et al. 2017). Moreover, changes in the weather and increasing trend of hydrological 
variability, such as desalination of long-distance water transport, will likely lead to 
greater resilience to energy-intensive water supply options (Jabran et al. 2017a, b).

Water and energy sources especially renewable energy represent a significant 
role in becoming the greater part of supply energy through lower water footmark 
than their carbon-based substitutions (Hogan et al. 2012). So, to meet these water 
and energy demands, healthy investments is required to compensate its loads by 
adopting such strategies as solar photovoltaic, small scale hydropower and wind 
protection measures, sustainable plannings, suitable structure for applying the rules, 
and regulations for managing the water and energy sectors both at the national and 
international level to ensure the safe future perspectives (Dahlhaus et al. 2012).

11.5  �Water, Sanitation, and Hygiene

The fluctuation in climate change makes a significantly negative impact on the 
accessibility and excellence of drinking water. It may lead to the practical perfor-
mance of water availability, sanitization, and hygiene-related activities. The severe 
effect of drought and flood create the water flow in the populated areas as well as 
suburban agricultural lands. In that case, services related to safe and clean water 
convenience should be adapted in the form of infrastructure and proper policies. It 
is also necessary to ensure the water recycle processes for public usage in terms of 
robust WASH systems in the areas where climate change is highly impacted by 
routine life.

The findings of various research scientists are resulted that this kind of climate 
change may highly be communicated to the local level. To compensate for these 
water, sanitation, and hygiene problems, different projects, workshops, training 
seminars, and international conferences must be conducted in this regard (Schoups 
and Vrugt 2010).
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11.6  �Water and Agriculture

Temperature fluctuation in the climate changes in the pattern, intensity, and fre-
quency of rainfall water which may negatively affect the agricultural crop produc-
tion and ultimately in the food consumption at the end. While food shocks and stress 
affect everyone, women, indigenous peoples, subsistence farmers, pastoralists, and 
fishermen are disproportionately transformed.

Climate change management strategies for water resources is significantly at the 
top priority to avoid the risk of food security issues. For this matter, various mitiga-
tion approaches including vertical and horizontal must be increased by adapting the 
usage of solar pumps for agricultural water supply for crop production, soil conser-
vation activities, waste food recycling, post-harvesting techniques, implementing 
biofuels, organic agriculture, and biogas. In all the conditions, utilization of food 
system may improve in the since of nutritional point of view by using the effective 
usage of land, water, soil and energy sectors (Al Khamisia et al. 2013).

11.7  �Saving Water Technologies Approach

The available options and conservation technologies, hereafter we propose the fol-
lowing technologies to be used in order to improve the water management and solve 
the water issues worldwide. The available options are seepage from canal, skimmed 
groundwater applications, losses at watercourses level, and increasing the produc-
tion of water. The conservation technologies for irrigated areas are improvement of 
watercourses, improvement in farm layout, laser land leveling, improved methods 
of irrigation, improved cropping patterns, skimming wells, and reuse of wastewater. 
The saving water options are discussed below.

11.7.1  �Irrigation Water as Safe Sources of Drinking Water

Every developing country, in an effort to supply drinking water to their communi-
ties, have focused on digging deep tube wells and installing hand pumps to operat-
ing bacteriological safe groundwater (Mubeen et al. 2019; Rasool et al. 2020; Ali 
et al. 2020). But in many of these countries, underground water is not an option 
because of high AS, F, Fe, or salt levels. Irrigation water is usually the only water in 
the vast areas as groundwater is too salty for human use, villagers convert canal 
irrigation water into small mud reservoirs called diggis to meet their domestic 
needs. In order to improve both quantity and quality, it is suggested that making it 
possible for people to pump irrigation water into a large storage tank in their houses 
thereby ensuring a continuous supply of water for drinking, cleaning, and hygiene 
would greatly reduce the incidence of many diseases, especially when combined 
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with a complain to promote better hygiene. In addition, many pilot projects have 
been started to develop and check possible interventions including chlorination of 
irrigation water, low cast water storage containers, and a sewerage scheme (Shah 
et al. 2012).

11.7.2  �Improvement in the Water Management 
System Efficiency

The efficiency of water management in irrigated and non-irrigated region is not 
appreciated in the world. Water conversion is therefore critical to achieve the needs 
(quantity and quality) of all water subsectors (Rasool et al. 2017; Saud et al. 2017; 
Zia et al. 2017). A lot of exercises have been practiced for water conversion in irri-
gated land for agriculture purpose which make the best usage of water storage sec-
tor. On the other hand, various modern approaches for irrigation effectiveness have 
resulted in a clear difference in the form of reduced water practices, and utilizations 
for both the urban and rural domestic supplies (Werner et  al. 2013; Awais et  al. 
2017; Nasim et al. 2016; Rasool et al. 2016; Jabran et al. 2016).

11.7.3  �Groundwater Management

Usage of groundwater has reached the maximum limit in most parts of the country. 
The groundwater tables in most of the freshwater areas are falling and the potential 
of further groundwater exploitation is there for very limited. Most of the farmers do 
not have enough awareness of crop water requirements, and crops are irrigated on 
the basis of physical appearance or as per water availability. For this, awareness 
seminars and conferences with farmers at their doorsteps are encouraged to make 
the water conservation measures. Improved and advance cultural practices such as 
accurate land leveling, tillage, bed, and furrow planting can help a good deal for 
on-farm water saving (Atta et al. 2017; Khan et al. 2018). Farmers should also be 
encouraged to use water-efficient irrigation technologies such as drip irrigation, 
sprinkler irrigation, and other modern irrigation systems. These techniques have 
been very successful in saving considerable amounts of irrigation water. Surface 
irrigation systems have been modified to reach high application efficiencies in the 
United States. Modern agricultural irrigation can reduce water use by between 20 
and 30%. The most reliable option includes:

	1.	 Agricultural water should be properly charged for making its importance in 
utilization.

	2.	 Develop computerize system that can manage schedules of irrigation water
	3.	 Using modern irrigation system and techniques
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	4.	 All the agronomic cultural practices especially land preparation should be 
improved (Fig. 11.2).

11.7.4  �Water Harvesting Technique

Farmers in the rain-fed areas should be trained to used water saving and watershed 
management, including more water storage structures, both small and large pur-
poses. Connecting stormwater drain lines to tanks and rivers can greatly improve 
the water position of the city with little effort and maintenance (Fig. 11.3).

Fig. 11.2  Various groundwater management in different crops (Al Khamisia et al. 2013); Thanks 
to Dr. Bashir Ahmad, Climate Change & Geo-Informatics Program Leader, Climate Change, 
Alternate Energy and Water Resources Institute (CAEWRI), National Agricultural Research 
Center (NARC), NIH, Shehzad Town, Park Road, Islamabad, Pakistan, for support and help
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11.7.5  �Managing Water Wastage by Using Pipelines

Various practices have been worked to minimize the water wastage by using 
advanced urban pipeline system through replacing and maintenance of pipelines 
under subjected frequent explosions and leaks. The municipalities in developing 
countries have succeeded in adopting the improved watering methods for public 
lawns and gardens, including the practice of nighttime sprinkling (Bhatti and 
Khan 2012).

11.7.6  �Creating Natural Pressure in Open Channels 
of Irrigation

The regions that belong to paddy surfaces faced various problems related to farm-
land consolidation, water leakage, and degraded leveling under the continuous use 
of superannuated irrigation canals. This canal’s water impaired the permeability and 

Fig. 11.3  Various irrigation techniques in various crops (Wada et al. 2012)
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disturbed the soil field capacity for crop rotations. In this case, preventive water 
leakage measures can be achieved by using the following aspects:

	1.	 A natural pressure open channel can be constructed without any pressurization 
provided that the elevation difference between the water resource basin area and 
the paddy surface is 20 cm or more.

	2.	 The natural pressure open channels can be erected at the level of the farming 
system as designed by engineers

	3.	 These methods can be implemented with the agricultural machinery owned by 
large-scaled agricultural farming system. In addition, it contributes to the effi-
cient utilization of areas with less drainage and the cultivation of abandoned 
farmlands

	4.	 This method can improve the irrigation system

11.8  �Conclusion

The world is blessed with countless water resources, but unfortunately lacks the 
planning to utilize efficiently. There still exists a scarcity of potable water in most 
remote areas and desert lands throughout the year. The study found wide gaps 
between the local people’s needs, desires, and expectations and the government 
policies and possible solutions; between people’s practices and historical and pro-
posed institutions; and between local people’s and policymakers’ understanding of 
the issues. Water supply projects need to result in improved water services, but with 
solutions tailor-made to the local culture, together with local actors, rather than 
being imposed on them.
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Chapter 12
Climate Change-Induced Irrigation Water 
Problems and Resolution Strategies: 
A Case Study
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Abstract  Water requirement is rising day by day, however, the possibilities of 
improvement of water assets or preserving their sustainable use are failing in 
Pakistan. Climate Change affects water accessibility during critical times. Irregular 
droughts, as well as floods caused by climate change, pose a serious threat to many 
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developing countries including Pakistan which are not capable to develop such 
infrastructure needed to combat the adverse impacts of floods and droughts. The 
recent availability of water per capita is about 1066 M3 which puts the country in the 
category of “high water stress.” Most of the impending water crisis must be over-
come through serious political decisions and sustainable water usage. Suitable on-
farm water management is required to rise water proficiency for crops and to confirm 
effective and sustainable crop production. The government should promote agricul-
tural water management practices, strengthen the Department of Autonomous Water 
Management system as well as encourage the use of computer technologies, such as 
plant growth models, to combat the effects of problems caused by irrigation in the 
short and long term.

Keywords  Water requirement · Floods · Droughts · Computer technologies

Abbreviations

ADB	 Asian Development Bank
CEWRE	 Centre of Excellence in Water Resources Engineering
DSSAT	 Decision Support System for Agro-technology Transfer
ESCAP	 United Nations Economic and Social Commission for Asia and 

the Pacific
FAO	 Food and Agriculture Organization of the United Nations
GOP	 Government of Pakistan
IPCC	 Intergovernmental Panel on Climate Change
IUCN	 International Union for Conservation of Nature
IWMI	 International Water Management Institute
MAF	 Million acre feet
Mha	 Million hectare
PSMD	 Potential soil moisture deficit
UNDP	 United Nations Development Programme

12.1  �Introduction

Water and agricultural sectors are likely to be the most sensitive to climate change. 
Freshwater availability is expected to be highly vulnerable to the anticipated climate 
change. Climate change affects the rainfall pattern, especially on water distribution 
(Qureshi 2011). The variation in rainfall patterns, especially the seasonal shifts, 
would have likely impacted water availability for irrigation and subsequently on 
crop growth (Bhatti et al. 2019). The gap between supply and demand for water has 
widened due to increased agricultural activities and shrinking rivers.
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In line with the expected growth in world population (9 billion) by 2050, food 
demand will increase by 65% in 2050 (Hanjra and Qureshi 2010), while the demand 
for energy from renewable resources and hydropower will increase by 60%. These 
difficulties are interlinked, for instance growing agricultural productivity would sig-
nificantly raise water and energy utilization which would ultimately lead to increased 
struggle among water users. Water availability is probably decreasing in many 
regions. It is expected that even the future global use of water in agriculture (both 
rain-fed and irrigated agriculture) will be increased about 19% by 2050, and will be 
more due to lack of policy measures and technical development. Recent trends show 
that abstraction in nonindustrialized countries is predicted to rise by 25%. According 
to the global consumption of water resources, agriculture accounts for 70% of water 
resource consumption. Remaining 20% accounts for industrial use and 10% for 
domestic purposes. According to FAO prediction, irrigation water consumption will 
increase by 6% by 2050 (Bharathkumar and Mohammed-Aslam 2015; Zhang et al. 
2011). This will increase water extraction for irrigation by about 6% from the pres-
ent (2760 km3) to 2050 (2926 km3). Although this appears to be a slight increase, 
already multiple regions are suffering from water shortage (Alexandratos and 
Bruinsma 2012).

About 95% of water resources are consumed by agriculture in Pakistan. About 
80% of agricultural land is irrigated, and 90% of agricultural production is the result 
of irrigation (Khalid and Begum 2013). Pakistan is one of the arid countries in the 
world with less than 240 mm of average rainfall per year. The water shortage situa-
tion in Pakistan is still overstressed due to heavy irregular precipitation rainfall. 
After losing three main rivers Beas, Sutlej, and Ravi to India in accordance with the 
Indus Waters Treaty (1960), the construction of new dams at Kishanganga and 
Baghlihar in India is upsetting the continuous downstream flow of water to Pakistan 
(Wilson 2011). In water deficit benchmark indicator (the Falkenmark Indicator), 
Pakistan is in the category of “Severe Water Stress” because of the projected exist-
ing per capita water accessibility of about 1066 M3 (Fig. 12.1). In addition, water 
productivity in Pakistan is low; water efficiency in Pakistan is lower than 0.1 kg/m3 
compared to 0.39  kg/m3 in India, furthermore water availability in Pakistan 
decreased by 1.1% between 2014 and 2015 (GOP 2015).

Failure to meet water needs and protect people and property from floods and 
droughts poses a serious threat to all countries, but developing countries are not 
capable to develop such infrastructure needed to combat the adverse impacts of 
floods and droughts. Climate change has serious consequences for precipitation and 
runoff around the world. Relatively in semiarid and arid areas, ambiguous certainty 
in rainfall will have huge impacts on water resources. In mountain river basins, an 
increase in temperature accelerates snow melting rate in the spring and limits the 
snow season.

The aim of this chapter is to describe some fundamental facts about the irrigation 
issues in Pakistan (as a case study) caused by climate change and then to devise 
some suitable on-farm water management strategies which may be required to rise 
irrigation proficiency in the era of climate change.
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12.2  �Pakistan Location in Asia: Vulnerable to Water 
Resources Scarcity

Water use efficiency varies with different regions by their management and climatic 
variations. The annual water use efficiency ratio was predicted to be 41–42% for 
developed countries and 52–53% for developing countries up to 2050 (Bashir et al. 
2016). Out of the total irrigated land of the world (almost 302 million ha), only 22% 
of the land is occupied by developed countries and 77% of irrigated land is in devel-
oping countries (Alexandratos and Bruinsma 2012). Asia-Pacific region has 36% of 
water resources but 60% population of the world live in this region. Due to the mas-
sive population and economic development, the rate of water use is high. On aver-
age, it has only 11% of entire renewable water resources (ESCAP 2010). Water 
availability regarding per capita is very low in this region as compared to other 
regions of the world (ESCAP and UNDP 2010). A rise of 1 °C in temperature is 
expected to increase the irrigation demand by at least 10% in arid and semiarid 
regions of Asia. The Himalayas distribute a massive amount of irrigation water in 
Asia. Himalayas snow and ice are expected to decrease by 20% by 2030 due to 
increase in temperature.

The Middle East extends from Kazakhstan to Turkey in the north to Somalia in 
the south, from the Atlantic Ocean (Mauritania and Morocco) to Pakistan in the 
west and Kyrgyzstan in the east. The poorest region in the world regarding water 
resources is the Middle East (due to the prevailing aridity in the region). Pakistan 
(30.3753° N, 69.3451° E), situated in South Asia, has limited resources of water 
with the complex terrain. Pakistan is classified as arid and semiarid conditions of 
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climate (Wang et al. 2019) but has near about nine regimes of climate (Ahmed et al. 
2019). Pakistan covers 33% irrigated area; this area is nearly about 4% of the 
region’s territory. In Pakistan, 67–75% of the total annual rainfall follows in the 
summer and 25–33% in the winter. Maximum of the summer heavy rains occur dur-
ing the monsoon season (from July to September) and it is not accessible for plant 
growth, as it is wasted due to rapid drainage and infiltration outside the root zone. 
In other cases, showers might be so mild that water evaporates before it can pene-
trate to the root zone of vegetation. The annual evaporation rate fluctuates from 150 
to 200 cm. The average annual evaporation rates in northern Pakistan ranges from 
115 to 195 mm and in southern Pakistan, it varies between 155 and 225 mm (Naheed 
and Rasul 2010).

Due to limited surface water resources for irrigation, groundwater over-extraction 
increased to some extent. In 2010, total groundwater extraction worldwide was esti-
mated at about 1000 km3 per year, of which 67% was used for irrigation purpose 
(Eurostat 2011; FAO 2011). Groundwater is an important factor for the livelihood 
of the Pakistan population. All groundwater is not good for irrigation because it car-
ries a high concentration of salts and adds these salts to the soil after irrigation. 
During the drought, soil becomes salty in nature due to inadequate amount of water 
for leaching (Qadir et al. 2015).

12.3  �Magnitude of the Problem

According to IPCC (2007), global temperature is expected to rise from 1.5 to 5.8 °C 
at the end of this century and the rainfall is expected to rise from 0 to 14%. Regarding 
Asia, a forecast of 0.5–2 °C rise in predicted temperature is expected until 2030. 
Similarly, increased precipitation from the base year is also expected for future 
forecasts. The average temperature (by Global Circulation Models (GCMs)) for 
Pakistan will increase 1.3–1.5 °C by 2020s, 2.5–2.8 °C by 2050s, and 3.9–4.4 °C by 
2080s (GOP-PC 2010).

The Jhelum, Indus, and Chenab flow from the neighboring region; these are the 
main rivers of Pakistan and play a significant role to increase irrigation as well as 
agriculture. To achieve the main goal, it was important to develop and unlock the 
potential of the Indus River, a leading supplier. River Indus is mainly a snow-fed 
river; however, the size of the snow cover is rapidly decreasing due to global warm-
ing, which can disrupt the flow. The macro-scale hydrological river flow model 
estimated that Indus flow will decrease by 27% until 2050. This shows that freshwa-
ter availability in Pakistan is very vulnerable to changes in climate. A decrease in 
the mean runoff of snow-feed rivers joined with a rise in peak flows and sedimenta-
tion will have a significant impact on hydropower production and agriculture. Water 
supply for snow-covered rivers may increase in the short term, but has a long-term 
effect on sustainable water availability. The outflow of rivers that feed on rains may 
also change in the future.
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Changes in hydrology caused by climate affect the magnitude and frequency as 
well as the cost of severe events that entail the highest economic and social costs for 
the world population. The floods can become repetitive and more extreme. In 2010, 
about one-fifth of Pakistan suffered from floods, which affected more than 20 mil-
lion people in flood-prone areas along the Indus. Flooding also destroyed more than 
647,497 hectares of crops (Guha-Sapir et al. 2011). The Intergovernmental Panel on 
Climate Change reports also indicate that the frequency and extent of drought in 
some areas may increase due to a decline in annual rainfall and with more repeated 
periods of drought. Droughts occur frequently in Pakistan and can affect almost 
one-third of Pakistan (Fig. 12.2). The most drone-prone areas include Cholistan in 
Punjab, Thar in Sindh, and the Chagai-Kharan region in Balochistan (Khan and 
Khan 2015). Balochistan is by far the most drought-prone province because of its 
arid to hyper-arid climate. Balochistan’s agricultural sector has experienced major 
drought losses. It may not be possible to raise high delta crops, such as sugar cane, 
in the climate change scenario.

12.4  �Water Management Strategies to Cope 
with Changing Climate

Water should be available not only in normal years but also during periods of 
drought. The overview of risk management indicates that it is recommended to 
decrease this risk before it can warrant the life of the system. Effective and sustain-
able water use can significantly maximize the availability of resources. In the longer 
run, the upcoming water crisis must be overcome through policies and tough politi-
cal decisions that distribute water to economically and socially beneficial sectors. In 
Pakistan, almost 50% of water used for irrigation purposes is never accessed by the 
crop and is lost during runoff and in evaporation. Conveyance losses are also a seri-
ous matter of concern because of the huge loss of water from the barrage to the field 
(Chaudhry 2010). Improvements (by concrete measures) of water channels and 
watercourses enhance conveyance efficiency and reduce water losses. On average, 
the economic and environmental costs of developing new reserves will be two to 
three times higher than present investments (Nasim et al. 2015). The demand for 
water for irrigation purposes can be reduced if the local government introduces the 
PSI (pressurized irrigation systems). The basin irrigation efficiency (60–70%) is 
low as compare to sprinkler and drip irrigation efficiency (70–90%) (Hasanain et al. 
2012). After identifying the major reasons behind the water crises, the water losses 
can be reduced by public awareness about crop selection, modern agriculture tech-
niques, administrative as well as good governance measures which can enable 
Pakistan to cope with the water crises and irrigation problems (Jamil 2019).

In Pakistan, on-farm productivity is quite low because fields are not laser leveled 
and farmers use old irrigation methods. About 25% of water is lost through uneven 
fields. Due to the reasons stated above, the total effectiveness is 35.5%. To ensure 
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effective and sustainable water consumption for irrigation as well as high productiv-
ity, farmers should implement the following measures:

•	 Choose the highly suitable and commercial crop varieties of the area depending 
on the amount of water available.

•	 Choose better quality and drought-tolerant seed varieties.
•	 Apply green manures and fertilizers efficiently.

Fig. 12.2  Drought vulnerability of various districts in Pakistan. (Source: Pakistan Getting More 
from Water (World Bank Document) December 14, 2018)
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•	 Water frequently and in the precise quantity considering weather conditions and 
plant growth phase. To save water, avoid over-irrigation.

•	 Cyclic consumption of ground and surface water is a fascinating option to 
increase the reliability and flexibility of the water supply.

•	 It is necessary to install low-cost shallow groundwater and small surface 
water pumps.

•	 Overhead irrigation (subsurface irrigation, subsurface exudes, Sprinkle, drip irri-
gations) are expensive techniques but after they are installed, you do not have to 
expend every year; we can irrigate small vegetables and fruit orchards with these 
methods. The developed countries have established high-efficiency irrigation 
techniques; we must adopt those techniques in our local conditions. For example, 
irrigation with rain gun sprinklers would be an optimal choice than traditional 
sprinkler irrigation techniques. A perforated irrigation tube with sufficient sized 
pores can also be used as a low-stress sprinkler. Also, cyclic use of rain gun 
sprinkler irrigation methods especially before planting or in the early stages of 
crop growth will save water and help to sow crops on time.

•	 Always adopt the system of irrigation with respect to the slope of the soil.
•	 It is necessary to develop infrastructure, especially large underground water stor-

age facilities in some parts of Punjab, the idea of the Nehri Panchayat system was 
introduced so that farmers may contribute to the management and decision-
making relevant to irrigation.

•	 Soil water conservation techniques (for long-term sustainability):

Laser Land Leveling: In surface irrigation performance, laser land leveling 
plays a crucial role. Land leveling reduces the roughness of the land surface, 
time and water requirement, enhances the distribution of uniform infiltration, 
and also leads towards adequate conditions for the better growth of crops (Bai 
et al. 2010).
Zero tillage: It has clear advantages in the production of plants with rainwa-
ter and is well suited for mechanized operations; More labor is required for 
the small producers at the domestic level which depends on animal husbandry 
as well as manual labor. Lowest tillage leads to minimum loss of the soil 
moisture connected along with traditional plowing; however, it may require 
weed control (chemicals) and drainage of straw outside the field. One of the 
best advantages of zero tillage is that it consumes minimum energy including 
fuel than traditional farming methods. Mulching (with plant debris, dust, and 
crop remaining, e.g., plastic sheet or straw) periodic tillage to expand the 
efficient root zone along with raising its porosity strip planting surface forma-
tion to improve holding capacity and penetration of runoff and rainfall add 
soil modifications to increase structure including stability of the root zone in 
the soil. Transpiration by weeds should be reduced by keeping the lanes 
between rows dry and, if necessary, taking measures to control weeds.
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12.4.1  �Overview of On-Farm Water Management Department

A program OFWM (On-Farm Water Management) was introduced in 1976–1977 to 
enhance the conservation of water resources. The purpose of this project is to mini-
mize water losses during distribution and increase irrigation efficiency. Improving 
local watercourses is still an important part of all OFWM projects (Government of 
Punjab 2010). According to GOP (2011), water savings in Pakistan will be provided 
through a highly efficient irrigation system (drip irrigation system and sprinkler) to 
improve irrigation to 291,000 hectares by the OFWM department. A brief overview 
of the various current projects of the department is given in Table 12.1.

12.4.1.1  �Functions of the Department

•	 Board of the water association
•	 Watercourses reconstruction and restoration (Water Users Association)
•	 To introduce the multiple resource conservation methods like management of 

crop yield and zero tillage.

Table 12.1  On-farm water management projects

Project name Project period

Cost 
(Million 
Rs.) Target

National Program for 
improvement of Watercourses 
in Pakistan-the Punjab 
Component (Supervisory 
Consultancy)

2004–2005 to 
2007–2008 
(extended from 
2008–2009 to 
2009–2010)

28,223.50 Improvement of 30,000 
Watercourses/Irrigation 
Schemes

Water Conservation and 
Productivity Enhancement 
through High Efficiency 
(Pressurized) Irrigation System 
(Punjab Component)

2008–2009 to 
2011–2012

6917.17 •  Installation of HEIS
 �� –  Demonstration 

Phase-600 acres
 �� –  Up-scaling 

Phase-138,788 acres
•  Training of 14,000 
farmers and 155 
professionals

Greater Thal Canal (GTC) 
Command Area Development 
Project (Phase-I)

2008–2009 to 
2012–2013

1994.71 •  Earthen construction and 
lining of 725 Watercourses
•  Provision of 36 LASER 
units
•  Technical assistance for 
LASER Land Leveling of 
36,000 acres

Source: Government of Punjab (2010)

12  Climate Change-Induced Irrigation Water Problems and Resolution Strategies…



188

Technology improvements for water conservation, i.e., ground leveling by 
LASER, effective system of irrigation along with the front bed, sprinkler, and drip 
irrigation for high-efficiency purpose.

12.4.1.2  �Impacts of OFWM Projects

According to the Government of Punjab (2010), improvement of the watercourses 
according to Punjab Government (2010) can reduce losses during water transporta-
tion by up 33%, increase in cropping intensity by 23%, 50% labor, and 28% time 
saving for the irrigation. Similarly, social effects include:

•	 Reduce clashes between farmers regarding the distribution of water.
•	 Saving time filling of the watercourse, which leads to an increase in the duration 

of field use.
•	 Less confusion with watercourse exits (Nakkas), particularly in lined sections.
•	 Smaller passage area for waterways through narrower cross-sections of channels

Similarly, LASER land leveling can:

•	 Decrease water loss (50%)
•	 Reduced labor demand (35%)
•	 Dams and ditches reduction enhance the area (50%)

12.4.2  �Adaptation and Mitigation Strategies

Mitigation strategies and adequate adaptations are required to minimize the influ-
ence of the worldwide variations in climate and environmental changes on the food 
system. Here are some of them:

	1.	 Creating plant varieties resistant to heat and drought using conventional breed-
ing and biotechnology approaches.

	2.	 Different plant breeding along with the deep-rooted system.
	3.	 To improve water use efficiency for proper provision, distribution, and use of 

water for irrigation needs a strict management system along with the administra-
tive measures, and reuse of wastewater for irrigation purposes.

	4.	 Local collection and construction of surface and underground tanks for local 
needs as well as for agriculture purposes.

	5.	 Farmers should subsidies with services as like free electricity connection and a 
fixed fee to allow enough groundwater in the weak zone of roots to maintain soil 
to leave the poor root zone to maintain soil fertility.
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12.4.3  �Role of PSMD

In the semiarid and arid regions, the dry season cannot be predicted, mostly com-
mon in Pakistan, yield depends on the crop variety, because some variety bears the 
water scarcity (FAO 2008) and soil properties, mainly the water holding capacity of 
the soil, which will later on provide water to plants. The PSMD (potential soil mois-
ture deficit) model accounts for the unpredictability in the supply of groundwater, 
water need for the atmosphere through assessing drought in plant growth at any 
stage as stability between the water supply (rainfall and irrigation) and crop water 
needs for the PET (potential evapotranspiration) (Mubeen et al. 2013a; Fries et al. 
2020). The advantage of PSMD is to summarize the effects of droughts in terms of 
time and intensity into one index, and it helps to analyze the drought effects on 
canopy production and ultimately interception of radiation. This concept appears to 
be more necessary in Pakistan, where farmers do not take into account the require-
ment for harvesting (due to evaporation) and use water indiscriminately. Department 
of Agriculture recommended that the water should be supplied on a weekly basis 
(Government of Punjab 2011). These methods raise production costs and dramati-
cally reduce the efficiency of water consumption.

12.4.4  �Role of Irrigation Scheduling

Planning and scheduling irrigation is the decision: when and how much water must 
be supplied to the field to fully utilize the water. Proper irrigation planning will help 
to minimize the environmental impacts of irrigation and enhanced sustainability by 
saving water. When and how much water must be supplied to the field to fully utilize 
the water. Principally the aim of irrigation scheduling is to achieve a cost-effective 
water supply, maintaining the proximity of groundwater to field resources (Tariq 
and Usman 2009).

12.4.5  �Role of Crop Growth Modeling

Conventional production techniques can combat climate change using modern 
tools, such as crop growth models. DSSAT (Decision Support System for Agro-
technology Transfer) model helps researchers to improve the profitability as well as 
efficiency of the Department of Agriculture system under changing environment 
through rotational, seasonal, and spatial decision analysis; otherwise, the potential 
impact of climate change is challenging, not only because of the unpredictability in 
the magnitude of climate change variables but also because of unpredictability asso-
ciated with the plant’s response to the soil, management and weather, factors. Prof. 
Dr. Ashfaq and his team have been doing a lot of work in crop growth modeling in 
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Pakistan. For example, in maize (Mubeen et  al. 2013a, b, 2016) and sunflower 
(Nasim, 2010; Nasim et al. 2011, 2012), irrigation and other management decisions 
were improved by using the DSSAT model.

12.5  �Future Water Needs of Pakistan 
and High-Level Recommendations

Agriculture takes over nearly about 60% of total withdrawn groundwater for the 
crops . Out of this water, 80.3% is used for wheat, rice, sugarcane, and cotton. In 
view of climate change and ever-increasing population, the water demands for 
urbanization and economic growth drive are also increasing (in addition to agricul-
ture). Industrial and domestic demand will increase by several folds till 2050 due to 
more industrial activities and household incomes. If we do not consider demand 
management, faster global warming would cause significant additional increases, 
and the maximum projected water demand would be 58% higher than now (Amir 
and Habib 2015). However, agriculture will still continue to lead in water demands 
(Figs. 12.3 and 12.4). Some recommendations are qualitatively assessed regarding 
complexity, urgency, and scale of water security impact (bubble size) (Fig. 12.5). In 
order to manage the water wastages (through seepage) and subsequent waterlogging 
and salinity, certain concrete measures need to be undertaken, some of which are 
listed below:

•	 The first step to reduce seepage is to regularly maintain the canals and other 
water channels so as to maintain unobstructed water flow.

•	 Construction of roads and tracks on both sides of the water channels and their 
permanent use is another way of reducing seepage.
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•	 Providing an alternate source of water to the grazing animals is another very 
important step towards protecting the banks of water channels.

•	 Selective brick linings, particularly in areas which have been affected by rising 
water levels leading to waterlogging and salinity is a cure to revive the sick land.
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12.6  �Future Needs

•	 Appropriate technologies/practices need to be developed/evaluated permitting 
the use of drainage effluent for crop production.

•	 Computer models should be developed for irrigation/water scheduling at water-
course command level.

•	 Studies should be conducted on the mechanism of groundwater framework of 
regulatory authority; abstraction and development of framework of regulatory 
authority should be devised.

•	 More studies on optimizing cropping patterns for different water availability 
scenarios.

•	 Bio-saline agriculture to field should be promoted through coordinated efforts by 
using salt-tolerant varieties, conjunctive use of fresh and saline water, halophytes 
for fodder production, etc.

•	 Optimization of skimming well design and operational strategies for the secured 
extraction of thin freshwater thickness.

12.7  �Conclusion

This is the responsibility of all stakeholders to must play a significant role to over-
come the influence of climate change on the water resources in Pakistan. Farmer 
should adopt water conservation and management techniques in their fields (such as 
high-efficiency irrigation methods and soil conservation techniques). OFWM must 
be supported and executed by the government. Research institutes should adopt 
computer-based technologies for agriculture like crop growth modeling to combat 
short- and long-term impacts of climate change. Use ICTs (Information and com-
munication technologies) which will provide access to timely and accurate informa-
tion for better water management and ultimately improved agricultural production.
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Chapter 13
Morphological, Physiological, 
and Biochemical Modulations in Crops 
under Salt Stress
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Abstract  Crop plants are affected by biotic and abiotic stresses (including salinity) 
and such stresses may affect the growth and yield of these crop plants seriously. 
High temperature (due to climate change) has also changed the pattern of precipita-
tion and caused rise in sea level. These two factors have impacted soil salinization. 
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To address such problems naturally, the crop plants adapt themselves by different 
mechanisms including changes in morphological, physiological, and biochemical 
processes. Both ions including sodium and chloride are the main ions, that become 
the reason for many physio-biochemical modulations inside plant tissues, in a simi-
lar way, chloride ion is the most dangerous because NaCl releases around 60% more 
ions in soil comparatively with Na2SO4. An extra amount of such types of salts 
increases the osmotic potential in soil matrix consequently the water absorbance by 
plants is reduced that leads towards physiological stresses or drought. This increase 
of Cl− relates to salt tolerance that is linked to plant growth, water use efficiency, 
and transpiration. Increasing salinity in the nutrient solution reduces growth directly 
and restricts leaf and root mineral fixing. In this chapter, we have discussed insights 
into various kinds of morphological, physiological, anatomical, and biochemical 
modulations in plants caused by abiotic stresses especially salinity. In the era of 
climate change, plant scientists should focus on each shotgun approaches as well as 
long-term genomic techniques to enhance salt tolerance in commercially important 
crops to ensure food security and sustainable productivity.

Keywords  High temperature · Soil salinization · Morphological modulations · 
Physico-chemical modulations · Anatomical modulations · Salt tolerant genotypes

13.1  �Introduction

In current environmental conditions, saline soils are increasing day by day. 
Agricultural productivity is greatly degraded by the accumulation of salts in under-
ground water. Quality of water resources and soil fertility are the vital components 
that fulfill the food, feed, and fiber demand of ever-growing global population. 
Salinity restricts the production of nearly over 6% of the world’s land and 20% of 
the irrigated land (15% of total cultivated areas) (Munns 2005) and adversely affects 
agricultural production throughout the world. Many fertile lands are converted into 
salt affected ones because of underprivileged practices, e.g., irrigation with under-
ground brackish water. Salinization of good arable land results in immense socio-
economic losses. The loss of excellent natural resource is another problem because 
the population depends upon its livelihood on these lands, which are gradually 
declining through the spread of salinity (Acosta-Motos et al. 2017; Hammad et al. 
2018). Salinity is considered as one of the major threats to crop plants which leads 
to lessen economic productivity by affecting different plant morpho-physiological 
and biochemical processes (Qazizadah 2016). Salinity tolerance can be elevated as 
a useful tool to characterize plants in different categories. The plants having the 
capability to endure high salt concentration and maintain their growth under saline 
conditions are characterized as halophytes. However, the plant species which face 
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loss in their morphological, physiological, and metabolic processes are identified as 
glycophytes. The mechanisms adopted by halophyte species to combat salt stress 
and toxic ions like Na+ ion toxicity include restriction of Na+ ions entry into root 
cells, prohibiting Na+ ions from leaves surface, movement of Na+ ions from transpi-
rational xylem stream to roots, compartmentation and sequestering of Na+ ions in 
vacuoles and Na+ exclusion through salt glands (Sun et al. 2009).

Halophytes can uphold their stomatal conductance to a level, that implement 
minimum effects on photosynthesis; in glycophytes, these effects are more notice-
able (López-Climent et al. 2008). Halophytes exhibit high water use efficiency and 
low internal CO2 concentration related to glycophytes. Solute accumulation is more 
prominent in halophytes than glycophytes. Due to various salinity tolerating mecha-
nisms, a lower level of Na+ and Cl− ions is observed in halophytic cytoplasm and 
chloroplast. Halophytes exhibit lower Na+ ion concentration in roots than upper 
plant parts (Sun et al. 2009). Sodium partitioning is significantly associated with 
plant metabolic processes and ion flux at both cellular and whole plant level (Park 
et  al. 2016). Halophytes maintain their survival efficiently in salt shocks. These 
plants maintain their metabolic activities in a controlled way under saline conditions 
(Yang and Guo 2018).

The higher salt concentration impose disturbance at the plant cellular level and 
increase the salt level in soil solution decreases the plant’s water uptake ability and 
results in water scarcity conditions (Munns 2005; Stępień and Kłbus 2006; El 
Sabagh et al. 2019). Salinity and drought induce similar adverse effects on plant 
growth; however, salinity have more severe effects on ionic balance in cell through 
vacuole compartmentation. This high ionic concentration possess restrictions in 
regular enzymatic activities. As a consequence of this increased ionic concentration 
in cytoplasm, enzymatic activities become ceased and the plant bends towards 
decline (Munns 2005). Salt tolerant genotypes regulate toxic ion accumulation (Ryu 
and Cho 2015) and translocation of these ions in the other plant parts. There are 
many factors affecting the plant’s response to salinity but, irrigation system, edaphic 
and climatic conditions are the most important ones (Yang and Guo 2018).

13.2  �Morphological Responses to Salt Stress

Salinity effects biomass and morphological traits of plants. Roots, shoots, and 
leaves are the part of plants that are severely affected by salinity. Salt stress in the 
root zone of plant reduces its root length (Ryu and Cho 2015). Reduced root con-
ductivity is also associated with salt stress (Park et al. 2016). More than 90% of 
water transport from root to shoot is observed to be declined with increased salt 
stress. Reduced root hydraulic variables are induced by low soil osmotic potential 
and high root suberization because of salinity (Rizwan et al. 2015). The morpho-
physiological characteristics of roots are directly related to the ability to exclude 
Cl− from shoots (Farooq et al. 2017). Size of the root system determines the Cl− 
uptake by the plant, which accumulates in the leaves and causes salt stress 
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symptoms (Kaleem et  al. 2018). Chloride uptake by roots and accumulation in 
leaves are linked to transpiration rate and water absorption, respectively. So, root 
morphological characters, which regulate water use, are of utmost importance in 
inducing salt tolerance (Farooq et al. 2017). Shoot to root ratio is an important and 
crucial factor in determining salt tolerance. Salinity also limits the shoot elongation 
and due to this reason plant canopy volume reduces (Kaleem et al. 2018).

Hence, salt stress adversely affects shoot growth and development. Along with 
shoot and root, salinity also induced its effects on leaves in terms of reduction in 
number of leaves, leaf area, and increased necrosis percentage (García-Sánchez 
et al. 2005). Necrosis/leaf burn symptoms, growth reduction (Rizwan et al. 2015), 
and leaf drop are identified at medium and high salinity. Sodium accumulation, as a 
result of salinization induces necrosis in old leaves, which initiate from tips and 
margins and then extend towards the leaf base. It also decreases the life span of 
leaves, net productivity, and crop yield (Craine 2005). Biomass reduction and foliar 
damage become more noticeable with the passage of time, with increasing the salin-
ity levels.

Salinity reduces cell division and thus fresh matter production. As under saline 
condition, photosynthetic rate imbalances, so production of biomass is greatly 
decreased (Ryu and Cho 2015). Shoot dry weight decreases significantly with the 
increase in salinity. A reduction in whole plant dry weight, plant height, root length, 
root dry weight, and number of nodules was recorded in different crops (Sharifi 
et al. 2007). Moreover, significant reduction was observed in seed yield per plant, 
with the increase in salinity (Ashraf et al. 2005). A decreasing trend of plant height 
and total biomass was also observed in Juncus species (Greenwood and MacFarlane 
2009). A salt tolerant plant species show a strong rooting system, which is helpful 
in osmotic adjustment under stress conditions (Yang and Guo 2018). A stronger 
rooting system increases the water availability by penetrating deep, below the salin-
ity zone. The direct effect of salinity on roots is its growth retardation by interfering 
with mineral nutrition of the plant. Under saline growing conditions, decreased con-
centration of oxygen and internal ethylene accumulation increases, which ultimately 
leads to decline in root growth and elongation (Ashraf et al. 2005).

13.3  �Limitations in Seed Germination, Survival %, 
and Growth Rate under Salt Stress

Seed germination is significantly affected by increasing salinity in the growing 
media (Othman et al. 2006). Halophytes and glycophytes vary significantly in their 
seed germination response to high salinity level. Halophytes follow a characteristic 
pattern by resisting salinity through normal germination at initial and low salinity 
levels but afterwards a rapid decreasing trend is observed with rise in salinity level. 
However, glycophytes show a gradual decrease in germination with rising salinity 
level. The low solute potential of growing media, because of increased salinity level 
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results in reduced imbibition rate of seeds. This situation negatively affects the met-
abolic processes within seed like enzymatic imbalances (Ryu and Cho 2015), modi-
fications in Nitrogen metabolism, alterations in plant growth regulator levels, and 
decline in reserves utilization. The food reserves present in seeds vary significantly 
in response to salinity. Lipid contents decline while sugar level rises (Yang and Guo 
2018). The increment in sugar level is contributed by lipid metabolism and starch 
and protein breakdown (Acosta-Motos et al. 2017). Salinity cause accumulation of 
soluble sugars, free protein, and soluble proteins in seeds. These compounds also 
perform osmotic adjustment and prove to be beneficial for developing embryo.

Plant growth under saline conditions can be determined in terms of relative 
growth rate (RGR), net assimilation rate on a leaf weight basis (NAR (w)), leaf 
weight ratio (LWR), and nutrient uptake and utilization. It was found that salt treat-
ment induced negative effects on both RGR and NAR (w), whereas LWR showed 
no definite trend. Net assimilation rate is correlated with relative growth rate 
(Nguyen et al. 2015). Salinity induces a negative effect on root mass fraction (RMF) 
and increase stem mass fraction (SMF) (Acosta-Motos et al. 2017).

13.4  �Physiological Responses to Salinity Stress

Salinization disrupts the physiological processes of the plant because of ion toxicity 
and osmotic effect (Syvertsen and Levy 2005). Salinity proved to be a prominent 
threat for crop productivity by limiting plant growth processes through increased 
ion toxicity, inefficiency of photosynthesis, respiration rate, transpiration rate (Yuan 
2006), stomatal conductance, membrane instability and permeability, decreased 
biosynthesis of chlorophyll, nitrite, and nitrate reductase activity

Salinity significantly lowers the stomatal conductance, photosynthesis, transpi-
ration (Liu et al. 2006; Parida and Das 2005), and relative water content (Naumann 
et al. 2007). Salinity tolerant plant species show higher photosynthetic capacity and 
more accumulation of organic osmolytes (Hameed and Ashraf 2008). Under salinity 
conditions, closing of stomata results in decreased photosynthesis as well as tran-
spiration. Chloride accumulation causes the reduction of net assimilation of CO2 
(Nguyen et al. 2015). Sodium is found to have more prominent effect in the reduc-
tion of these attributes, which accumulate in excessive amounts under saline condi-
tions. Lower photosynthetic activity is contributed by reduced rubisco activity 
(Nguyen et al. 2015).

At moderate salinity levels, photosynthesis rate increases, as observed in sugar 
beet and eggplant. Higher photosynthesis rate is linked to higher stomatal conduc-
tance, which results in higher net assimilation of CO2. This results in higher biomass 
production and crop yield (Farooq et al. 2017). Gas exchange is inversely related to 
the concentration of sodium and chloride ions due to salinization. CO2 assimilation 
rate is associated with ion toxicity and water relation (Park et al. 2016). Increased 
sodium concentration leads to lower nitrate reductase activity, photosystem II and 
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chlorophyll degradation (Kaya et al. 2020). It also results in cell membrane leakage 
due to the replacement of Ca2+ with Na+ (Manchanda and Garg 2008).

Diffusion limitation in respect of mesophyll and stomatal conductance, contrib-
ute to photosynthesis inhibition under salt stress. Stomatal limitation with stomatal 
closure, non-stomatal limitation, or both limitations with stomatal closure at low 
tissue salt concentration and a disturbance of photosynthetic activity at high tissue 
salt concentration can be identified for salt-induced low photosynthesis rate. A sig-
nificant correlation exists between stomatal conductance and photosynthesis rate 
(Yu et al. 2020). Maintenance of net photosynthetic rate, stomatal conductance, and 
elevated chlorophyll concentration are considered prerequisite for inducing salinity 
tolerance.

Elevated CO2 levels interact with salinity in various ways. In olive (Olea euro-
pea), elevated CO2 levels strongly affect the photosystem II and Chlorophyll con-
tent, under salinization. Elevated CO2 does not interfere with Na+ and 
Cl− concentration in leaves and roots of tolerant cultivar whereas decreased these 
toxic ion accumulations in salt sensitive olive cultivar. Elevated CO2 increased water 
use and reduces toxic ion uptake, but not significantly affected plant growth (Yang 
et al. 2005). Plant growth, shoot/root ratio, net gas exchange, water use, and root 
Ca2+ experience a decreasing trend with the increasing salinity while root N 
increases.

13.5  �Cellular Responses to Salt Stress

Plants tolerate adverse effects of salinity by adjusting their biochemical and molec-
ular processes, accordingly (García-Caparrós and Lao 2018). The plant mecha-
nisms, which contribute to salinity tolerance include ion inclusion or exclusion, 
controlled uptake and transport of ions into shoots, ion compartmentalization at 
cellular and whole plant level, compatible solutes synthesis, modifications in photo-
synthetic mechanism, alterations in membrane structures, and accumulation of anti-
oxidative enzymes (Arbona et al. 2005) and plant hormones (Parida and Das 2005).

Cell division is one of the various metabolic processes which faces serious irreg-
ularities. Precisely, it affects the leaf anatomy by inducing epidermal and mesophyll 
cell thickness, increment in palisade cell length and diameter, spongy cell diameter, 
reduction in intercellular space, changes in mitochondria and vacuole, decline in 
plant leaf area, and stomatal density (Yang and Guo 2018).

Ion compartmentalization at cellular level is an essential adaptive mechanism for 
plant species, to regulate their metabolic activities under salt stress (Parihar et al. 
2015). Salt tolerant plant species retain toxic levels of ions in vacuoles and inhibit 
their interference with cytoplasmic metabolic activities. This adaptation leads to 
plant survival in adverse conditions. It is known as portioning or compartmentaliza-
tion of toxic ions. It is independent of the membrane potential (positive or negative) 
inside the membrane (Farooq et al. 2017). The Na+ and Cl− restriction in vacuole 
induce higher concentrations of K+ and organic osmolytes in cytoplasm in order to 
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adjust osmotic pressure of the ions in the vacuole (Ashraf et al. 2005). Sodium com-
partmentation results in vacuolar alkalization, which is found to be partially associ-
ated with Na+/H+ antiporter activity. The restriction of toxic concentration of sodium 
ions in vacuole is regulated by salt inducible enzyme Na+/H+ antiporter (Padan and 
Landau 2016). Vacuolar Na+/H+ antiporters utilize the proton gradient, produced by 
H+-adenosine triphosphatase (H+-ATPases) and H+-inorganic pyrophosphates (H+-
PPases). So, salt stress tolerance of plant species is based on the coordinated perfor-
mance of Na+/H+ antiporters, H+-ATPases, and H+-PPases (Padan & Landau 2016). 
The Na+/H+ antiporter activity increases with the addition of sodium ions which is 
very significantly noted in tolerant plant species (Parihar et al. 2015).

13.6  �Salinity-Induced Ion Toxicity and Nutrient Imbalance

Ion toxicity leads to reduction in growth due to adverse effects on some essential 
physiological and biochemical processes (Sun et al. 2009). Chloride, sodium, boron, 
lithium, etc., are the major ions which interfere with the metabolic processes of the 
plant when accumulated in excessive amount. As a result of salinization, plants dif-
fer in their ion uptake mechanism due to some multiple adaptations to toxic ions 
operating concurrently within a specific plant. Salt tolerance of a plant species 
refers to its ability to restrict translocation of toxic ions in shoots (Yu et al. 2020). 
This ability is regulated by cell specificity of tissues, morphological features, and 
water use efficiency (Nguyen et  al. 2015). These adaptive mechanisms alter the 
plant response to salinity by inflicting characteristic modifications at both cellular 
and whole plant level.

Excessive accumulation of sodium and chloride ions results in reduced growth 
and nutrient imbalance (Liu et al. 2006). High sodium concentration in leaves is 
found to have a negative effect on net CO2 assimilation, as indicated in some citrus 
species (Mishra and Tanna 2017). Chloride ion in high concentration imposes toxic 
effect on photosynthesis. The chloride uptake is significantly determined by shoot 
to root ratio through passive transport.

The nutrient imbalance occurs due to high ratios of Na+/Ca+, Na+/K+, Na+/Mg+, 
Cl−/NO3

−, and Cl−/H2PO4
−, which leads to reduced yield and growth. The increment 

in the uptake of Na+ has an antagonistic effect on the Ca+ and K+ uptake. However, 
Ca+ and K+ are of key importance to membrane integrity and proper functioning 
(Acosta-Motos et al. 2017). Plants adopt a mechanism to maintain adequate Ca+ and 
K+ concentration at cellular level, under saline conditions. Ca+/Na+ ratio is main-
tained in the saline growing media by increasing Ca+ concentration in order to 
increase salt tolerance.
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13.7  �Potassium/Calcium Ions

Under salt stress K+ concentration decreases (Acosta-Motos et  al. 2017). In the 
presence of excessive Na+, K+ leaches out from soil exchange complex. So, a com-
petition develops between Na+ and K+ at soil–root interface. Na+/K+ ratio can be 
considered as a source to observe salt tolerance of plant species (Willadino and 
Câmara 2005). In order to maintain adequate K+ concentration, plants utilize low 
affinity and high affinity channels for K+ uptake. Three low affinity channels, i.e., 
inward rectifying channels (KIRC), K+ outward rectifying channels (KORC), and 
voltage independent cation channels (VIC), and two high affinity transporters are 
identified for maintaining cellular K+/Na+ ratio. The higher K+ concentration is 
related to higher biomass production and thus salt tolerant plant species have the 
ability to retain more concentration of potassium (Ashraf et al. 2005).

Calcium role is significant in new cell wall synthesis, especially the middle 
lamella, which provides separation in neighboring cells, spindle formation during 
cell division, and regulating cell membrane integrity (Kaleem et al. 2018). In germi-
nating seeds, calcium concentration with the passage of time decreases with respect 
to elevated levels of salt stress. Salt tolerant species experience more accumulation 
of K+ and Ca2+, which helps in maintaining optimal growth (Ryu and Cho 2015). 
Salinity tolerant grass species Cynodon dactylon (L.) exhibited this attribute through 
less Na+ accumulation in roots and more accumulation of K+ and Ca2+ in roots as 
well as leaves (Hameed and Ashraf 2008).

13.8  �Magnesium, Nitrogen, and Nitrate Ions

Salt affected trees have low leaf Mg2+ concentrations because of low Mg2+ concen-
tration in the exchange complex. Increasing Ca2+ (by addition of Ca2+ as gypsum 
CaSO4) implements an antagonistic effect by displacing Mg2+ from the soil complex 
hence reduce Mg2+ concentration. Moreover, high sodium accumulation shows an 
antagonistic relationship with nitrogen (N), potassium (K+), and manganese (Mn) 
uptake. Salinization results in high concentration of phosphorous and low Mg con-
tent (Min et al. 2014). However, the N and Ca2+ percentages in the roots do not vary 
significantly with the increase in salinity while a significant reduction in leaf N and 
Ca2+ concentrations is observed in salinity affected seedlings. Chloride uptake nega-
tively influences the N uptake, while positively affects the concentration of Ca2+ and 
Na+. Salinity interferes with the translocation mechanism of these elements. These 
findings displayed that under saline conditions, leaf mineral contents are least 
affected by root mineral status.

An inhibitory effect is observed on NO3 (Sun et  al. 2009) and phosphorous 
uptake, due to accumulation of high concentration of Cl− ions under saline condi-
tions. High leaf chloride contents, as a result of increased salinity caused reductions 
in chlorophyll contents, decreased the photosynthesis rate (Sun et  al. 2009), and 
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induced bleaching or bronzing of in leaves while high leaf sodium contents lowered 
the gas exchange rates. Salinity also induced progressive depletions of carbohy-
drates in leaves and roots thus inhibiting root growth and development (Iqbal 
et al. 2006).

13.9  �Micronutrients

The micronutrient (Cu, Fe, Mn, Mo, and Zn) availability is affected by salinity as 
evidenced in saline and sodic soils. However, plant type, plant tissue, growing con-
ditions, micronutrient concentration, salinity level, and its composition determine 
the effect of salt stress on the availability of micronutrients (Acosta-Motos et al. 
2017). Manganese deficiency is reported in barley, with increasing salinity level, 
which can be compensated by manganese addition in soil. In contrast, few reports 
also suggested no effect and increased manganese concentration in plant shoots. 
Similarly, contrasting opinions are given by scientists, related to Zn, Fe, Mo, and Cu 
concentration. At different salinity levels, plants respond by decreasing the concen-
tration of molybdenum, magnesium, iron, and zinc in their leaves. Copper is 
reported to remain unaffected under salt stress (Yang and Guo 2018).

13.10  �Toxic Ions Inclusion and Exclusion Mechanism Under 
Salinity Stress

Salt exclusion at whole plant level involves ion partitioning, which constrains the 
salt movement towards shoots (Sun et al. 2009). Cellular level exclusion involves 
the inhibition of entry of toxic ions into the cell or directs their outward flow if get 
entered. Exclusion mechanism may also involve toxic ion extrusion through salt 
glands present on the leaf surface (Ashraf et al. 2005). Toxic ion exclusion is an 
adaptive strategy by plants experiencing salt stress. Roots maintain salinity levels 
by extrusion to soil or transport to shoots via xylem transpirational stream (Davenport 
et al. 2005). Phloem is reported as a chief source of toxic ion transport from shoots 
to roots. As Na+ and Cl− are the major toxic ions salt tolerant species are either Cl− 
excluder or Na+ excluder (Farooq et al. 2017). High concentration of Na+ and Cl− 
ions were recorded in shoots of salt tolerant species. Plant’s ability to exclude 
sodium or chloride ions decreases with the increase in salinity level (Ghosh 
et al. 2016).

Some halophytes and some salt tolerant plant species like barley are also identi-
fied as Na+ accumulators, which are signified by Na+ concentration in their roots 
(Ghosh et al. 2016). The ionic distribution trend and vacuolar compartmentalization 
determine the extent of these strategies in glycophytes (Yang and Guo 2018). 
Sodium accumulation under salinity can also be explained through Na+-ATPases 

13  Morphological, Physiological, and Biochemical Modulations in Crops under Salt…



204

concept. The absence of Na+-ATPases (García-Sánchez et  al. 2005) restrict the 
efflux of Na+. The sodium efflux occurs against electrochemical gradient, which 
requires energy. Consequently, the sodium efflux decreases and sodium accumu-
lates in plant tissues (Ashraf et al. 2005). Exclusion of 97% of Na+ present in the soil 
at root surface is considered essential for all plants to maintain safe Na+ level in 
shoots (Acosta-Motos et al. 2017).

13.11  �Salinity and Biochemical Attributes

13.11.1  �Leaf Pigments

Leaf pigments experience noticeable changes in their concentrations under salinity. 
Carotenoid contents are reported to decline in response to salinity however anthocy-
anin pigment increased as a result of salt stress. A decreasing trend of total chloro-
phyll, as well as Chl a and Chl b has been reported as a result of salinity, which can 
be contributed by the absolute concentration of chloride and/or sodium in the leaves. 
However, the increase in chlorophyll a, b, and total chlorophyll was reported on 
weight basis. As salinity causes a reduction in leaf size therefore one gram of salt 
affected plant showed a greater number of leaves (Weisany et al. 2011).

13.11.2  �Sugars, Protein, and Lipid

Under saline conditions, sugar concentration becomes high in mesophyll cells of 
leaves, which induces feedback inhibition to photosynthesis process. The distur-
bance in normal sugar utilization process causes the increment in sugar concentra-
tions in growing tissues (Skorupa et al. 2019). The concentration of total soluble 
carbohydrates increased in the leaves and roots of the seedlings, grown under saline 
conditions (NaCl or Cl is osmotic condition). The increment in carbohydrate level 
may be contributed by high chloride concentration in plant tissue or starch degrada-
tion as salt tolerant species have less starch accumulation (Poór et al. 2011). The 
carbohydrate accumulation rate varies among salt tolerant species (Skorupa et al. 
2019). A decline in starch content and starch phosphorylase activity and increment 
in reducing, non-reducing, and sucrose phosphate synthase activity is observed 
under saline conditions. Soluble protein decreases in response to salinity (Park et al. 
2016). Lipids play a key role in the protection of delicate organs. Energy is stored in 
the form of lipids and is a constituent of cellular membranes. Lipids play a signifi-
cant role in inducing tolerance against stress conditions. Lipid content declines at 
higher levels of salinity.
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13.11.3  �Osmoprotectants

Physiological tolerance involves compartmentation and osmotic adjustment, utiliz-
ing inorganic and organic compounds (Acosta-Motos et  al. 2017). This osmotic 
adjustment in plants occurs through the accumulation of compatible solutes which 
may be inorganic like essential elemental ions such as K+ and organic compounds 
including sugars (glucose and fructose, mainly), sugar alcohols (glycerol, methyl-
ated inositol), and complex sugars (trehalose, raffinose, and fructans) (Zhu et al. 
2016). Other important compounds include quaternary amino acid derivatives (pro-
line, glycinebetaine, β alaninebetaine, and proline betaine), tertiary amines (1,4,5,6- 
carboxyl pyrimidine), and sulfonium compounds (choline-o-sulfate, dimethyl 
sulfonium propionate) (Ashraf et  al. 2005). The compatible solutes lower the 
osmotic potential of the cell and maintain water status of plant (Parihar et al. 2015). 
They are hydrophilic in nature and act to replace water molecules present on the 
surface of proteins, protein complexes, and membranes and thus serve as an osmo-
protectant (Zhu et al. 2016). They do not disturb the enzymatic activity of the cell 
and pH of the cytosol. These are produced as a result of some specific modifications 
in biochemical reactions, which occur only under stress conditions (Parida and 
Das 2005).

Compatible solutes regulate the enzyme activity under salt stress and do not 
interfere with the metabolic activities of the cell even if accumulated in high con-
centration. These organic solutes protect proteins and ribosome structures from the 
adverse effects of a toxic concentration of ions. These organic compounds mainly 
accumulate in leaves, with maximum concentration in salt tolerant species. These 
osmoprotectants scavenge the reactive oxygen species (ROS), which poses damage 
to cell functioning (Ashraf and Foolad 2005).

The osmolyte synthesis is related to basic metabolic activities. The amino acid 
biosynthesis pathways lead to origin of proline (glutamic acid), aspartate (ecotine), 
glycinebetaine (choline metabolism), and pinitol (myo-inositol synthesis). Mass 
action to the same extent can be regarded as a mechanism, adopted by osmolytes for 
regulating cytoplasmic osmotic potential (Parihar et al. 2015).

13.11.4  �Glycinebetaine

The accumulation of nitrogen-containing compounds varies with plant species 
under salt stress (Grieve et al. 2007). These compounds perform the specific func-
tions of osmotic adjustment, cell macromolecule protection, nitrogen storage, buff-
ering, cell detoxification, and ROS scavenging to induce salt tolerance in plant 
species (Parida and Das 2005). Glycinebetaine (GB) (a quaternary compound) is 
identified as one of the prominent compounds, which is utilized for osmotic adjust-
ment (Yang et al. 2005). Glycinebetaine restores the integrity of thylakoid mem-
brane in salt and drought stress (Ashraf and Foolad 2005). It improves salt tolerance 
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by protecting photosynthetic protein complexes (Nguyen et al. 2015) and reducing 
lipid peroxidation of cellular membranes. Glycine, betaine indirectly enhances the 
photosynthetic activity of plant cells, experiencing salt stress by regulating photo-
synthetic machinery by concentrating in chloroplast, regulating chloroplast metabo-
lism, and protecting thylakoid membranes. It stabilizes the extrinsic proteins of PSII 
and hence increases the efficiency of PSII under salt stress (Yang and Guo 2018).

13.12  �Free Amino Acids, Total Soluble Proteins, and Proline

Accumulation of some free amino acids and GB in osmoregulation is found to be a 
prominent stress tolerant strategy in plants. Amides (glutamine and asparagines) 
accumulation is also reported in plants experiencing salt stress (Cui et al. 2018). A 
considerable accumulation of proline, asparagine, and glutamine is also reported in 
cultivars of strawberry grown under salinity (Keutgen and Pawelzik 2008). The 
most prominent amino acid which accumulates under salt stress conditions in plants 
is proline. Proline accumulation because of salinity stress increased its importance 
as a compatible solute, which aids in osmotic adjustment (Cui et  al. 2018). Salt 
tolerant plant species show maximum amino acid accumulation in leaves, as 
observed in Sunflower, Safflower, Eruca sativa, Lens culinaris, and Phragmites 
australis (Parida and Das 2005).

Proline accumulation, under salt stress is more profound in monocots. However, 
proline accumulation was insignificant in salt stressed barley seedlings (Parihar 
et al. 2015). Proline is not accumulated specifically for salinity stress, but also occur 
under drought stress. Proline synthesis is contributed by low water potential of 
growing media. Proline regulates the membrane stability and alleviates the salinity 
effects on cell membrane disruption by controlling the osmotically active useable N 
accumulation. Proline enhances the salt tolerance by protecting the protein turnover 
machinery against stress damage and up-regulating stress protective proteins in 
Pancratium maritimum L..

Few reports also displayed the opposite picture, i.e., more proline accumulation 
in salt sensitive varieties of tomato as compared to tolerant species (Yu et al. 2020). 
An inverse relation is reported between proline accumulation and salt tolerance in 
Vigna mungo (Win and Oo 2017). Soluble proteins also play a key role in osmotic 
adjustment during salt stress. Salt tolerant species show high content of soluble 
protein, as evidenced in barley (El-Esawi et al. 2018), Sunflower (Zeng et al. 2016), 
rice (Ghosh et al. 2016), and finger millet (Acosta-Motos et al. 2017). However, a 
decreasing trend of soluble protein was also noted with the increase in salinity 
(Mishra and Tanna 2017). Increased level of protein synthesis in response to salt 
stress is found in many plant species. For example, osmotins and dehydrins, regu-
late the protein structure and activity. Late embryogenesis proteins (LEA) are syn-
thesized excessively under salt stress which safeguards the adverse osmotic effects 
of NaCl (Saha et al. 2016).
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Proline accumulation can be considered as a representative of severe saline con-
ditions. Soluble protein accumulation cannot be considered as related to salt toler-
ance mechanism (Sun et al. 2009). Proline stabilizes subcellular structures, scavenge 
ROS, and protect cell membranes by stimulating antioxidant activity (Kaleem et al. 
2018). It may be an inhibiting agent for plant growth if high concentration of proline 
is applied. It is of utmost importance to optimize the effective concentration of 
exogenously applied proline. High proline concentration applied reduced seedling 
growth and lowered leaf Na+/K+ ratio (Saha et al. 2015). The exogenously applied 
proline concentration varies with the plant species and plant developmental stage 
(Cui et al. 2018). Proline is found to have a protective role in photosynthesis by 
provision of regenerated NADP through transcriptional activation of the NADPH-
dependent P5C-Synthetase. This NADP provision prevents photo-inhibition.

13.12.1  �Polyamines

Accumulation of polyamines like putrescene, spermidine, spermines, etc., is also 
related with plants growing under saline conditions. The major role of polyamines 
is in cell elongation, root formation (Saha et al. 2015), cell division, organogenesis, 
and plant senescence. However, polyamines contribute little to osmotic adjustment. 
Extent of polyamine accumulation varies in a single species. In Brassica compes-
tris, small alterations in polyamine level are noticed upon exposure to long-term 
salinity stress, whereas plant experienced significant increment in polyamine level 
and enzymatic activities when subjected to a short duration of salt stress (Ke et al. 
2018). More polyamine accumulation was observed in salt sensitive cultivars of rice 
and tomato. The salt tolerant plant species synthesize excessive concentration of 
polyamines such as putrescene and spermine (Sequera-Mutiozabal et  al. 2017). 
However, increased concentration of putrescene and tyramine was observed in roots 
of salt sensitive plant species of rice (Ghosh et al. 2016).

Polyols contribute to osmoregulation in salt stress. These are classified as acyclic 
(manitol) and cyclic (pinitol) (Parida and Das 2005). The high concentration of ions 
in vacuole results in osmotic disturbance. Polyols concentrate in cytoplasm to coun-
teract these changes. The salt tolerating ability of tobacco is found to be related to 
high accumulation of polyols (Saha et al. 2015).

13.13  �Summary and Future Research Prospects

Salinity is restraining the crop yield by causing modulations at molecular, cellular, 
morphological, physiological, and biochemical levels. It is depicted that plants try 
to cope with salt stress by regulating nutrient uptake, maintaining water status, 
osmotic adjustment, and through antioxidant defensive system. All these mecha-
nisms are species-dependent. Salinity is limiting the plant growth, production, and 
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quality not only in agronomic crops but in horticultural crops too. So, there is a dire 
need to improve the salt tolerance potential of crops. Plant scientists should focus 
on each shotgun approaches as well as long-term genomic techniques to enhance 
salt tolerance in commercially important crops to ensure food security and sustain-
able productivity. Identification of tolerant genotypes by using various physiologi-
cal and biochemical indicators of stress tolerance, exogenous application of 
stress-inducing compounds like silicon, new generation growth hormones, and 
growth promoting microbes are the potential strategies to mitigate salinity-induced 
drastic effects of product quality and quantity within shorter span on time.
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Chapter 14
Weed Management and Climate Change

Ahmad Omid Siddiqui, Ayşe Yazlık, and Khawar Jabran

Abstract  Weeds and their management are being affected by warming of the earth 
and rise in carbon dioxide (CO2) levels in the atmosphere. Evidence from the recent 
literature confirms that high carbon dioxide in the atmosphere will increase the 
growth of weeds particularly the C3 weeds. Warming on the other hand will support 
several weeds to expand their range and establish into new areas. Further, high lev-
els of warming and CO2 may also have a negative effect on the efficacy of several 
herbicides. Under this situation, use of cultural and mechanical weed control will be 
important. No doubt, these and other nonchemical weed control methods can be 
integrated with herbicides to achieve effective control of weeds under changing 
climate.

Keywords  Weeds · Weed control · Climate change · Global warming

14.1  �Introduction

Climate change is a state of change in global climatic patterns that persists for long 
periods, probably decades or even longer. Frequent climate change is attributed to a 
rapid rise in greenhouse gas (GHG) concentrations, which can be the results of 
many factors including volcanic explosions, deforestation, and fossil fuel burning 
(Hussain et  al. 2020). The development of industries and human activities has 
resulted in a tremendous escalation in global warming through the emission of 
GHG, i.e., carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) (Ramesh 
et al. 2017). Continued change in climate may lead to higher global temperature, 
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irregular wind patterns, precipitation, evapotranspiration, unusual weather, i.e., 
drought and fluctuation in temperature, salinity, floods, and storms (Karkanis et al. 
2018). It is predicted until 2100 that CO2 concentration will reach ∼1000μmol mol−1 
followed by 2–4 °C rise in the earth’s annual surface temperature (IPCC 2014).

Climatic changes affect plant life and agricultural practices including weed man-
agement (Singer et al. 2013; Shahzad et al. 2018). Potential significant effects of 
climatic changes on agriculture are now known throughout the world (Kizildeniz 
et al. 2015, 2018; Ferrero et al. 2018; Hammad et al. 2018). Weeds interfere with the 
crop growth, agronomic operations, and harvesting of crops. Despite large number 
of benefits, the role of some weeds as alternate hosts of insect pests and poisoning 
effects of some weeds to humans and animals are reported (Panter et al. 2017). The 
yield losses caused by weeds in the crops are generally more than 30% and this high 
level of yield decrease by weeds necessitated the development of advanced weed 
control technologies (Clements et al. 2014; Jabran et al. 2017). Weeds are a serious 
issue in agriculture because they are strong competitors and can tolerate harsh envi-
ronmental conditions. It is predicted that an increase in CO2 might support the 
growth of weeds and pose greater weed control problems in the future (Jabran et al. 
2015a; Jabran and Doğan 2018). Climate change affects the weeds, their manage-
ment, and cost of their control. High levels of carbon dioxide, air temperature, soil 
temperature, levels of precipitation, and evaporation affect the weed biology, ecol-
ogy, and their distribution. Climate change also affects weed–crop interactions and 
weed management. This chapter is aimed at explaining the effects of climatic 
changes on weeds, the herbicides, and their efficacies against weeds. Further, this 
chapter also proposes some control methods that are effective to control weeds 
under changing climate.

14.2  �Response of Weeds to Increasing CO2

Elevated atmospheric CO2 concentration has been described as a key component of 
climatic change. Globally, CO2 continues to increase and will hit 550μmol mol−1 by 
the year 2050. Availability of CO2 to plants has been significantly increased over the 
last two decades from 280 to 400 ppm. Such a major increase in the atmospheric 
CO2 will have a severe impact on physiology and biochemistry of crops and weeds 
(Ainsworth and Long 2005).

Bajwa et al. (2019) reported that at a higher CO2 concentration, parthenium weed 
(Parthenium hysterophorus L.) growth and biomass accumulation were improved 
significantly. Similarly, Navie et al. (2005) reported an increase in the plant bio-
mass, plant height, and number of seeds due to elevated CO2 level of 480 ppm in 
comparison to CO2 level of 360 ppm. Response of C3 and C4 plants to elevated CO2 
concentrations varies for photosynthetic rate, owing to different mechanism of 
ribulose-1,5-bisphosphate carboxylase (Rubisco) activity; weeds with C3 photosyn-
thetic pathway benefit from elevated CO2 and exhibit an increase in water use effi-
ciency and net photosynthetic rates, though in case of C4 weeds elevated CO2 
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concentrations only improve water use efficiency. Elevated CO2 concentrations 
enhanced the growth and water use efficiency of C3 as well as C4 species due to 
reduced stomatal conductance (Amin et al. 2017; Jabran and Doğan 2020).

Under elevated CO2 concentration, a C3 weed common lambsquarters 
(Chenopodium album L.), showed significant increase in the biomass and reduced 
the yield of soybean by 39%, while increasing CO2 concentration exhibited no vari-
ation in biomass of a C4 weed redroot pigweed (Amaranthus retroflexus L.).

14.3  �Response of Weeds to Increasing Temperature

Under the global warming conditions, some crop plants suffer from high tempera-
tures and fluctuations in temperature that cause stress to plants (Shahid et al. 2014). 
The response of plants to temperature varies among C3 and C4 plants due to physi-
ological variations in photosynthetic biochemistry. Temperature increase in C3 
plants often inhibits growth by suppressing CO2 assimilation and increase in photo-
respiration; while in C4 plants, increase in temperature stimulates meristematic 
regions, and maximizes canopy growth and root proliferation (Morgan et al. 2001; 
Khaliq et  al. 2012). Higher temperatures as a result of global warming would 
improve the C4 weed’s growth rates (Ramesh et al. 2017). Because of the wider pool 
of genes compared to crops, weeds have a higher amplitude of response to elevated 
temperatures, making them adaptable to diverse environmental conditions. As a 
result, weeds may migrate to new lands damaging the world’s cropping systems.

14.4  �Response of Weeds to Increasing Rainfall and Drought

Changes in rainfall patterns will alter weed seed germination, plant size, and seed 
dispersal. In the future, increase in temperature is anticipated with the rise of CO2 
level (Wajid et al. 2010). Higher temperature results in higher evaporation rate and 
affects rainfall pattern of the monsoon zones making the crops in the region more 
prone to drought (Giannini et al. 2008). Weeds response to water stress can differ 
because of their wider range of physiological and developmental mechanisms 
(Karkanis et al. 2018). Various weed species have adapted the mechanism of reduc-
ing plant leaf area in response to water stress. Velvetleaf (Abutilon theophrasti 
Medik.) adopts senescence and drops its oldest leaves, which allows the younger 
leaves to retain higher leaf water potential in response to drought stress (Schmidt 
et al. 2011). Moreover, several weeds decrease their water requirements by shorten-
ing their life cycles. Karkanis et al. (2011) observed that A. theophrasti plants (com-
pared with well-watered plants) flowered earlier. Similarly, Volis et  al. (2009) 
observed early reproduction for wild barley (Hordeum spontaneum K. Koch). Under 
prolonged drought spells C4 weeds have the capability to produce more seeds, more 
biomass, and robust roots than C3 weeds (Rodenburg et al. 2011). Zand et al. (2006) 
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reported that drought stress enhanced the growth of A. retroflexus (C4 weed) com-
pared to C. album (C3 weed). In addition, Hyvönen (2011) reported the response of 
C4 weed A. retroflexus for carbon fixation pathway and concluded that the weed 
efficiently fixes carbon to cope with drought stress.

14.5  �Climate Change and Crop-Weed Competition

Weeds quickly adapt to changes in nature as they have the potent ability for their 
survival under harsh climatic conditions. Weeds flourish in a better way as com-
pared to the cultivated plants. Climate change may create higher competition 
between crops and weeds if proper weed management control would not be adopted, 
and it is predicted to cause great yield losses of crops (Valerio et al., 2013).

Several species of weeds would benefit from higher rates of CO2 and warmer 
temperatures, and weeds grow better and quicker than major cultivated plants. 
Photosynthesis in the plant will be directly affected by increasing levels of CO2 and 
may influence the crop’s ability to compete with weeds (Chandrasena, 2009; 
Hatfield et al. 2011). Agriculture depends heavily on specific climate conditions, so 
the effect of climate change on the production of crops and agricultural output is 
vital to understand; increased CO2 levels, changes in earth’s mean temperature, 
extreme weather condition are a major context of climate change that affect crop-
weed competition (Ramesh et al. 2017; Amanet et al. 2019).

Effects of climatic changes, for example, increased level of CO2, temperature 
fluctuations, and associated moisture stress on crop-weed competition will influ-
ence the morphology, photosynthesis, and physiology of both crops and weeds and 
will vary greatly depending on the nature of weeds and crops (Chongtham et al. 
2019). Previous studies indicate that increased CO2 level will benefit C3 crops as 
compared to C4 plants; although most of the crops fall under C3 category and the 
majority of the notorious weeds are using C4 photosynthesis type, it may not reduce 
crop-weed competition under higher CO2 (Ramesh et al., 2017). At increased CO2 
concentrations C3 weeds like canary grass (Phalaris minor Retz.) and wild oats 
(Avena ludoviciana Dur.) in wheat (C3) would aggravate due to climate change 
(Naidu and Ojha 2015). Currently, there are over 450 problematic species of weeds 
(C3 and C4) associated with around 50 major crops worldwide. This means that if a 
C4 species of weed does not respond to higher CO2, there is a high chance that C3 
weed species will respond efficiently (Chongtham et al. 2019). C3 weeds giant rag-
weed (Ambrosia trifida L.), A. theophrasti, common ragweed (Ambrosia artemisi-
ifolia L.) will be benefitted by elevated CO2 level due to abridged stomatal aperture, 
improved water use efficiency, shorter life cycle, and easily disseminated seeds and 
due to all these characteristics, the weeds would become more aggressive and dif-
ficult to control (Miri et al. 2012). Ziska (2000) stated that at higher CO2 concentra-
tions C. albuma (a C3 weed) had a 65% increase in the biomass which reduced the 
seed yield of soybean by 39%; on the other hand, loss of soybean yields decreased 
from 45% to 30% in the presence of A. retroflexus, a C4 weed. Furthermore, there 
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was an increase in biomass and seed yield of wild types of weedy rice (Oryza sativa 
f. spontanea) compared to cultivated rice types under higher CO2 levels, which sug-
gests a greater decrease in the yield of cultivated rice types in the presence of C3 
weeds and the future atmospheric CO2 concentrations (Ziska et al. 2010). High CO2 
amount can be beneficial for various crops, i.e., wheat (Triticum aestivum L.) and 
soybean (Glycine max L.), and it can also increase yield up to 30%, while other 
plants, such as maize (Zea mays L.), may reveal a trivial response (<10%). 
Nevertheless, if elevated CO2 levels are associated together with water deficiency 
and unfavorable temperature, yield and quality of crops may reduce (CCSP 2008). 
In addition, changing climate can alter weed, pest, and incidence of diseases in dif-
ferent pathways and can be a serious concern for agricultural pests and weed control.

Fluctuation in temperatures as the result of climate change also alters the crop-
weed rotation and increases the competition between them. The most important 
effect of increasing temperature is the extension of growing period in plants; 
increase in temperature may favor weeds with C4 photosynthesis pathway as com-
pared to crops with C3 pathways (Yin and Struik 2009). Lee (2011) reported that 
under 4  °C higher temperature, the flowering time of white goose-foots 
(Chenopodium album L.) and green foxtail (Setari aviridisL.) reduced by 50–31.5 
days and increased emergence time by 26–35 days. Studies have shown that C4 
weeds can be more benefited than C3 crops by an increase in temperature accompa-
nied by elevated CO2 levels. Alberto et al. (1996) revealed that rice (C3 crop) under 
higher CO2 level alone performed much well as compared to C4 weed barnyard 
grass (Echinochloa glabrescens Munro ex Hook. f.) but when CO2 and temperature 
increased concurrently, C4 weed emerged as a better competitor. Furthermore, in 
another study, the growth rate of itchgrass (Rottboellia exaltata L. f.), a C4 weed, 
was increased by rising 3  °C in temperature. Similarly, a rise in temperature 
(26/18 °C; daytime maximum/night time minimum) and higher CO2 (800μmol mol−1) 
level was found to increase competition for tomato crops against C4 (A. retroflexus) 
and C3 (C. album) weeds (Valerio et al. 2013).

Climate change will alter the rainfall pattern and will result in occurrences of 
extreme drought and flood events. This might provide new habitats and a higher 
competitive advantage for weeds (Rodenburg et al. 2010, 2011). The meteorologi-
cal data shows that the average precipitation per year in the last 20 years has risen 
while the rate of annual evaporation has decreased in the Tamil Nadu State, India; 
the study also reveals that two alien weed species, i.e., Chinese sprangletop 
(Leptochloa chinensis (L.) Nees) and water clover (Marsilea quadrifolia L.) have 
become major weeds in the area as compared to other native weed types, such as 
Echinochloa spp. (Echinochloa crus-galli and Echinochloa colona) in the rice fields 
due to adaptation to changing flood and soil moisture levels (Yaduraju and Rao 
2013; Kathiresan et al. 2006). Under prolonged drought, the competitive capability 
of native plants gets reduced and new weeds may get their place (Karkanis et al. 
2018). Moreover, different weeds exhibit higher shoot/root ratio to cope with 
drought conditions (Xu et  al. 2006). Heschel et  al. (2004) reported that under 
drought conditions lady’s thumb (Polygonum persicaria L.) improved their WUE 
(water use efficiency) and root biomass. Similarly, Travlos (2013) reported that 
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silver leaf nightshade (Solanum elaeagnifolium Cav.) weed showed an elevated 
root/shoot ratio in drought conditions.

14.6  �Herbicide–Climate Interactions

Herbicides are important substances for weed control because of their easier appli-
cation, reliability, and cost-effectiveness than any other methods of weed manage-
ment. Climate change factors may affect the chemical properties of herbicides in a 
similar way as they affect crop growth and development. Herbicide efficiency will 
probably decrease in future climate due to global warming and aggressive growth of 
weeds and this may demand increased use of herbicides and exploit other potential 
measures for weed control. Climate factors, i.e., light, CO2, fluctuation in tempera-
ture, wind velocities, changing humidity, rainfall, and soil water level may disturb 
the physical and chemical characteristics of herbicides and alter their absorption, 
penetration, and translocation into plants (Keikotlhaile 2011). The impact of cli-
mate change on the application patterns of foliar and soil-applied herbicides relies 
on the basic chemistry of herbicide and specific environmental conditions. Soil 
moisture along with temperature influences the effect of herbicides that are applied 
to soil, while several other factors affect the foliar-applied herbicides (Jugulam 
et al. 2018).

14.7  �Effects of Elevated CO2 and High Temperature 
on Herbicides

Higher CO2 concentrations and temperature will have a substantial influence on 
weed biology and the sustainability of the chemical properties of herbicides 
(Gutierrez et al. 2008). One important influential effect of high CO2 concentration 
is the decrease of stomatal conductivity, which may raise by up to 50% in various 
plants. Low stomatal conductance may prevent the uptake of soil and foliar-applied 
herbicides (Jackson et  al. 2011). Moreover, high CO2 concentration causes leaf 
thickness and a decrease in the number of open stomata. Decreased stomatal activ-
ity often results in decreased transpiration, which further decreases the absorption 
of herbicides used in the soil (Ziska 2008). Glyphosate absorption at a high CO2 
concentration of (720μmol mol−1) compared to an ambient CO2 concentration of 
380μmol mol−1 was found to decrease in quackgrass (Elymus repens L.) due to a 
reduction in stomatal and leaf thickness (Ziska and Teasdale 2000). Moreover, ele-
vated CO2 levels can stimulate root over shoot growth and diluting the efficacy of 
foliar-applied herbicides absorbed in weeds. Ziska and George (2004) reported that 
elevated CO2 concentration stimulated root to shoot growth in Canada thistle 
[Cirsium arvense (L.) Scop.] and minimized the efficiency of glyphosate.
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Contrarily the effect of temperature is complex and has direct and indirect influ-
ences on herbicide efficiency. High temperature was found to decrease the thickness 
of cuticular lipids hence elevating penetration and translocation of herbicides via 
the cuticle. Higher temperature of 35  °C (compared to 15  °C) increased the 
14C-glyphosate injury to meristematic tissues of roundup ready soybean (Pline et al. 
1999). In another study, extreme temperatures reduced herbicide activity on target 
plants by inducing rapid metabolism of herbicide and enhanced the action of some 
antioxidant enzymes that helped to detoxify reactive oxygen molecules (Godar 
et al. 2015). Furthermore, high temperatures appear to alleviate the absorption and 
translocation ability of most foliar herbicides; in various cases, higher air tempera-
tures possibly cause rapid metabolism, which in turn reduces herbicide efficacy in 
the plants. A rise in temperature from 25–40 °C significantly reduced the efficiency 
of mesotrione on palmer amaranth (Amaranthus palmeri S. Watson) demonstrating 
a probable increase in mesotrione metabolism (Godar et  al. 2015). Furthermore, 
plant germination and seedling development can be affected by the rise in air tem-
perature which depicted plant’s sensitivity to herbicide application. Temperature 
also affects uptake and translocation of herbicides in plants by biomass accumula-
tion, cuticle thickness, and water absorption and movement (Rodenburg et al. 2011). 
Warmer temperature and a rise in CO2 concentration would have notable effects on 
the herbicide due to damage to Photosystem II and pigment inhibition hindering 
photosynthesis. Linuron potency in wild buckwheat (Polygonum convolvulus L.) at 
high CO2 concentrations was reduced by 15% (Archambault et al. 2001). However, 
the efficacy of atrazine was maximized in the control of A. theophrasti and A. arte-
misiifolia at high air temperature (Stewart et al. 2009).

14.8  �Effects of Solar Radiation on Herbicides

Light is one of the main environmental factors which directly influences anatomy, 
morphology, and plant growth and development (by inducing photosynthesis), that 
in turn affects herbicide activity. High light intensity is followed by an increase in 
photosynthesis and phloem translocation that in turn improves the efficacy of foliar-
applied herbicides. High light intensity maximized the efficacy of bentazon, 
clethodim, and talkoxydim on weeds. Occasionally due to photo-degradation, light 
may directly affect the efficacy of herbicides, for instance, at the low light intensity 
the efficacy of cyclohexanedione (CHD) herbicides (ACCase inhibitors) was mini-
mized due to photo-degradation. Light intensity is important for seed, leaf cuticle 
development, and stomatal conductance. Foliar-applied herbicide efficacy improves 
at high light intensity due to open stomata; these modifications in plant growth and 
development may affect the ability of herbicide absorption. For instance, post-
emergence herbicides absorption by the plant was increased in higher plant branch-
ing while herbicides absorption was reduced in thicker leaves. (Ohadi et al. 2010; 
Hatterman-Valenti et al. 2011)
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14.9  �Influence of Precipitation and Relative Humidity 
on Herbicides Efficacy

Precipitation level and RH (relative humidity) are interdependent climate factors 
that affect herbicide efficacy by influencing herbicide retention inside and outside of 
the plant. Rainfall often affects the amount of soil moisture required for plant 
growth. Irregular rainfall usually followed by warmer temperatures may result in 
extreme weather, i.e., droughts and floods, affecting the total growth and develop-
ment of crops (Clements et al. 2014). In these cases, weeds are supposed to show a 
stronger survival tendency and resistance to herbicides applications. Intense rainfall 
instantly after herbicide application makes herbicide less effective by washing the 
herbicide from the plant surfaces and less rainfall also affects herbicide efficacy by 
decreasing the amount of transpiration and translocation of herbicides on the leaf 
surface (Keikotlhaile 2011). Under a low rainfall scenario, the efficacy of Acetyl 
CoA Carboxylase (ACCase) inhibitors was less effective when applied in plantain 
[Brachiaria plantaginea (Link)] (Pereira et  al. 2010). Most preemergence herbi-
cides require optimal soil moisture to pass through the soil and be absorbed via 
plant root. Jursík et al. (2013) explained that under less soil moisture, the efficiency 
of pethoxamid (applied as preemergence) decreased significantly. These studies 
suggest that irregular rainfall may decrease herbicide efficacy and persistence. 
Relative humidity affects the action of foliar-applied herbicides via herbicide spray 
droplet absorption and translocation inside the plant. Glufosinate ammonium uptake 
significantly increased on A. ludoviciana plants after exposure to high RH (Ramsey 
et al. 2002). Weeds under low RH are harder to control with postemergence herbi-
cides compared to the normal growing plants. For instance, systemic herbicides 
require normal plant growth and soil moisture to effectively translocate into the 
target site in weed (Naidu and Ojha 2015).

14.10  �Nonchemical Weed Control Options Under 
Climate Change

Considering the effects of climate change, the application rate and overall effective-
ness of chemicals may be affected by temperature and precipitation. Cultural meth-
ods (e.g., narrow row spacing, crop rotation, etc.) can be useful practices to control 
weeds under climate change. In addition, some physical methods of control (e.g., 
solarization, mulching, etc.) can be listed among the effective methods that can be 
proposed considering climate change. Benefits of mulching in maintaining sustain-
ability of agricultural systems and controlling weeds have been explained by Jabran 
(2019). Cover crops provide several potential benefits for any agro-ecosystem 
(Jabran and Chauhan 2018). This method is used to protect the surface that may be 
bare against erosion and avoid nutrient losses by covering the soil. Cover crops are 
also important for their role in controlling weeds (Tursun et al. 2018; Mennan et al. 
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2020). The effectiveness of cover crops can be used to control weeds under climate 
change. Soil solarization can be practiced in areas that have high solar radiation. 
Effective soil solarization is dependent on proper methodology (use of appropriate 
soil covering), timing, and temperature. Temperatures above 50  °C will kill the 
weeds completely (Lee and Thierfelder 2017). Crop rotation exerts positive ecologi-
cal effects in agricultural systems and can be used to control weeds under changing 
climate without any extra expenses (Shahzad et al. 2016; Jabran 2017). Using alle-
lopathy for weed control under climate change should also be considered because 
allelopathic means of controlling weeds have gained great attention by researchers 
worldwide (Jabran et al. 2015b; Jabran 2017).

14.11  �Conclusion

Climate change has a wide range of effects on weeds and their control. Some 
changes are expected in the efficacy of herbicides against weeds under climate 
change. The researchers’ community is desired to investigate and understand those 
changes critically for devising satisfactory weed control ways under the changing 
climate. Nonchemical weed control methods can have a greater scope under the 
changing climate.
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Abstract  Insect responses to climate change are vital for knowing the response of 
agroecosystems to climate change. Although numerous insect species are pests in 
crops, yet they also play critical roles as parasitoids and predators for other key pest 
species. Changes in an insect population’s biochemistry, physiology, population 
dynamics, and biogeography may occur due to alterations in their distribution, 
among crop types and among the growing seasons . The response of an insect popu-
lation to a quickly changing climate may also be inconsistent when insects have to 
interact with diverse competitors, parasitoids, and predators, and impose variable 
costs at a no. of life stages. The overall influence is on food production systems 
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which can be already at acute risk from the influences of climate change. A signifi-
cant limitation in improving crop production is the massive yield loss due to dis-
eases, insect pests, and weeds all around the world. An unwise application of 
pesticides on crops has produced resistance among the insects and other pests and 
caused a severe effect on the economy of any country. This condition demands the 
need to endorse the idea of integrated pest management (IPM) among the farmers. 
IPM techniques are highly environment-sensitive that depend on the reasonable 
blend of physical, social, and biochemical control strategies utilized to control the 
pests, to minimize the economic loss and hazardous impact on the environment.

Keywords  Climate change scenario · Pest outbreak · Insect pest 
management · IPM
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15.1  �Introduction

The increasing global warming highlights the need for a comprehensive under-
standing of its results (Smith et al. 2015). Variations due to anthropogenic activities, 
in precipitation, increasing rate of severe meteorological events, the melting of ice-
caps, and expanding ocean levels are very significant (Nicholls and Cazenave 2010; 
Maclean and Wilson 2011). Alongside the damaging impacts of climate change, the 
increasing temperature and carbon dioxide (CO2) cons. may raise the rate of photo-
synthesis in medium to higher latitude areas thus improving agricultural production 
(McMahon et al. 2010; Asseng et al. 2015). While higher CO2 conc. may bring a 
more significant increase in photosynthetic rate, it might decrease the quality of 
foliage as the concentration of defensive compounds in plants is increased. The 
increase in C-N proportion may influence C3 plants more as compared to C4 plants. 
Variations in vegetation characteristics influence the insects associated with them as 
well as affect the competitiveness between plants, the rate of plant infections, and 
higher order interactions of predation and parasitism. Accordingly, the impacts of 
climate change will proliferate all through food webs (Hoekman 2010).

Crop domestication started approximately a thousand years ago; usually, farmers 
have been plagued by huge numbers of pathogens (we shall call these pests later on) 
causing starvation and social disturbance (Woods 2011). Exemplary models are the 
1840s Irish potato starvation brought about by oomycetes (Phytophthora infestans) 
and the 1943 Great Bengal famine because of fungi (Helminthosporium oryzae) 
(Strange and Scott 2005). Somewhere in the range of 10% and 16% of yield is lost 
due to pests (Chakraborty and Newton 2011). The multifarious crop pests (para-
sites, microscopic organisms, infections, viroids, oomycetes, bugs, and nematodes) 
keep on growing through the development and spread of new pathotypes (Fisher 
et al. 2012). Newly developed strains of the rusts Puccinia graminis and Puccinia 
striiformis are among the most harmful and quickly spreading pathogens (Singh 
et al. 2011; Cooke et al. 2012). The greater part of every single rising infection of 
plants is spread by introduction. Climate is the second most significant factor 
(Anderson et al. 2004). For instance, fusarium head blight of wheat has reappeared 
in the USA, supported by a warm, wet climate at anthesis. Warm conditions stimu-
late the insect pest’s herbivory at higher scopes, principally through expanded win-
ter endurance (Bale et al. 2002), as found in mountain pine creepy bugs (Dendroctonus 
ponderosae) episodes in the US Pacific Northwest. The impacts of climate are reli-
ant on both host and pest reactions. For instance, dry season pressure can diminish 
plant obstruction  as reported by Ansar et  al. (1994),  Mauch-Mani and Mauch 
(2005), Ali et al. (2014a), however disease likelihood is lower in dry conditions.

The impact of climate on crop infection has prompted hypothesis about the 
impacts of anthropogenic climate change on worldwide food security (Gregory 
et al. 2009). Projections are complicated by the collaborating impacts of expanding 
environmental CO2 conc., changing climatic systems, frequency of severe climate 
events, and contrasting reactions of the plant and its competitors (Shaw and Osborne 
2011). Variation in species abundance and variety because of climate change may 
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bring about a decrease in the viability of IPM approach as described by Dhaliwal 
et al. (2010), Ewald et al. (2015).

Current sensitivities on environmental contamination, human health risks, and 
pest resurgence are a result of inappropriate utilization of manufactured pest sprays 
(Sharma 2016). A few naturally and organically based items are utilized as eco-
friendly items. A significant number of these strategies for pest management are 
profoundly sensitive to nature. Increment in temperatures and UV radiation, and 
abatement in relative humidity may reduce a large number of these control strate-
gies to be incapable as mentioned by Sharp et al. (1986) and Niziolek et al. (2012). 
Consequently, there is a need to create proper procedures for pest control that will 
be successful under circumstances of a worldwide temperature change in the future. 
Host-plant resistance, biopesticides, regular adversaries, and agronomic practices 
offer a possibly feasible alternative for IPM.  However, the overall viability of a 
significant number of these control measures is probably going to change because 
of climate change (Ali et al. 2019).

15.2  �Effects of Climate Change on Insect/Pest

In agriculture, pest outbreaks occur by a number of variables as well as insect-pest 
biology, synchronization of resources in host-plant, and natural competition among 
species (Letourneau 2012). These components are completely affected by climate. 
Increments in temperature, GHGs (particularly CO2), and precipitation because of 
worldwide climate change will without a doubt keep on worsening many insect-pest 
issues in cereal and other crops. Shifting, prior spring excursions of aphids in 
European countries (Hulle et al. 2010), disruption of the occurrence patterns of the 
multivoltine tea tortrix moth in Japan (Nelson et al. 2013), and prior appearance of 
the potato leafhopper over the USA particularly in hotter years have all been due to 
change in climatic conditions (Baker et al. 2015). Eigenbrode et al. (2015) described 
that there are different manners by which pests may straightforwardly react to cli-
mate change (Fig. 15.1). Abiotic environments are influenced by different structures 
such as rocks, topsoil, landscape, and plant canopy. Biotic environments are influ-
enced by nearby organisms, such as common herbivores insect, which are mostly 
influenced by change in leaves surface’s temperature and humidity by opening of 
stomata (Akram et al. 2019; Zahoor et al. 2019). Both abiotic and biotic environ-
ments can be influenced to some extent by organisms to find their most favorable 
climate and make it difficult to predict the change in climate (Gia and Andrew 2015; 
Akram et al. 2018a, b).

Behavioral adaptation to climate change by insects is not fully studied but is a 
critical aspect of an insect’s response to climate change (Andrew et  al. 2013). 
Population abundances of pests, beneficial insects, competitors, and symbionts may 
go through substantive changes with a changing climate. For example, if a pest spe-
cies is released from competitive interactions, its abundance may increase with a 
changing climate and it may become more invasive and impact on a wider number 
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of species within its realized niche (Bolnick et al. 2010). If crops are planted in a 
new environment to keep within their climatic envelope (Nasim et al. 2016, 2018), 
then natural enemy and pest species may show different responses, as outlined by 
Gilman et  al. (2010) for native species along a climatic gradient (Nasim et  al. 
2011, 2012).

15.2.1  �Climate Change Scenario and Pest Outbreak

All international organizations working on climate change are convinced that differ-
ent countries would face worst effects of global climate change. Obviously, patho-
system would also be affected by this climate change. Tree decline and dieback are 
emerging problem in tree plantations in these areas. It started from guava and 
shisham decline in 90s and now similar phenomenon is observed in trees such as 
mango, citrus, and loquat. Though, symptoms are more or less similar but reported 
causal organisms differ tremendously. It includes pathogens such as Fusarium oxy-
sporum and Colletotrichum gloeosporioides, Phytophthora cinnamon, Cerato-
cystis fimbriata, pathological complex include bacteria, fungi, mollicutes (Ali et al. 
2014b), and Lasiodiplodia theobromae (Naz 2017). This confusion exists because 
all authors more or less worked on the etiology of disease but there is no concrete 
effort to corelate the occurrence of tree disease with changing climate. The unwar-
ranted and unprecedented increase in automobile units has increased carbon foot-
print in the atmosphere. Tree being perennial plants suffered most by this 
micro-climate change. However, no interdisciplinary effort is made to tackle this 
menace of plant growth. Bajwa et al. (2015) pointed out that the rise in temperature 

Fig. 15.1  Various ways in which pest directly respond to climate change
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and precipitation had a profound impact on blue pine (Pinus wallichiana) in the for-
est of the study area. An educated guess could be drawn that climate change made 
these perennials more vulnerable against pathogens against whom in past these 
plants were showing resistance.

Invasion of okra crop by means of lepidopterous borers, Earias vittella, and 
Helicoverpa armigera has been one of the present-day troubles of the farmers in 
African and Asian areas (Munthali and Tshegofatso 2014). The study was planned 
to assess an IPM (bio-in-depth) module evolved by means of selecting through in 
situ assessment and incorporating the simplest pest manage alternatives together 
with the biological and cultural strategies against okra lepidopterous borers. 
According to effects, maximum shoot and fruit infestations by using okra borers 
have been recorded in control (unsprayed) module, while minimal have been 
observed in IPM module. So, IPM module is suggested to the indigenous okra 
growers to fight infestations of E. vittella and H. armigera and different lepidopter-
ous borers (Aziz et al. 2012; Nawaz et al. 2019).

If weather modifications result in an intensification in pest outbreaks, farmers 
can also respond with the aid of making use of extra pesticides to decrease the vol-
ume of pest damage (Ziska 2014; Rosenblatt and Schmitz 2014). Determining the 
likely influences of climate trade on pest invertebrates, and quantifying the effects 
of those impacts, is needed to offer advice to farmers concerning adaptive responses. 
Table  15.1 shows various insects and their influences on exclusive crops. Such 
responses may also consist of adjustments to pesticide use, improved pest tracking 
technologies, modifications to crop rotation sequences, and modifications to tillage 
and stubble retention practices. Some of those responses are inexpensive and con-
stitute a shift towards greater sustainable pest control practices. Others are steeply 
priced to put into effect. For instance, shifting from one crop kind to a distinct crop 
type that has a decreased susceptibility to pest damage can also involve modifica-
tions to seeding and harvesting device, modifications to crop rotation practices and 
adjustments to buyers, and advertising and marketing of the grain. Conversely, con-
verting to a specific crop range that permits for earlier or later sowing may addition-
ally require only minimal changes (Sutherst et al. 2011).

15.3  �Insect Pest Management to Mitigate the Effects 
of Climate Change

IPM rose after WWII following the acknowledgment that aimless utilization of pes-
ticide spray would be biologically hazardous. From that point forward, it has been 
expressed that IPM has become the predominant yield insurance worldview (Parsa 
et  al. 2014). Viable IPM focuses on the guideline of conveying numerous corre-
sponding techniques for pest, weed, and infection control (Fig. 15.2). IPM has been 
characterized as a “choice based procedure for organizing different strategies for 
control of all classes of pest in a naturally and financially stable manner.” This wide 
scope of choices considers numerous understandings of IPM (Gadanakis et al. 2015).
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15.3.1  �General Principles of IPM

According to the EU Framework Directive 2009/128/EC, there are eight principles 
of IPM (Barzman et al. 2015, Fig. 15.3).

Table 15.1  Various types of insects and their impacts on differnet crops

Insect name Scientific name Crop (s)

American bollworm Helicoverpa armigera (Hubner) Cotton, chickpea, 
pigeonpea, sunflower, 
tomato

Whitefly Bemisia tabaci (Gennadius) Cotton, tobacco
Brown planthopper Nilaparvata lugens (Stal) Rice
Green leafhopper. Nephotettix spp Rice
Serpentine leaf miner Liriomyza trifolii (Burgess) Cotton, tomato, cucurbits, 

several other vegetables
Fruit fly Bactrocera spp. Fruits and vegetables
Wheat aphid Macrosiphum miscanthi (Takahashi) Wheat, barley, oats
Pink stem borer Sesamia inferens (Walker) Wheat
Gall midge Orseolia oryzae (Wood-Mason) Rice
Diamondback moth Plutella xylostella (Linnaeus) Cabbage
Hoppers Several species Pyrilla Pyrilla perpusilla (Walker) Sugarcane or rice at times
Tomato leaf Miner Tuta absoluta (Meyrick) Tomato
Coconut eriopyhid mite Aceria guerreronis Coconut
Papaya mealybug Paracoccus marginatus Papaya, cotton and mulberry
Coconut leaf Beetle Brontispa longissima (Gestro) Coconut
Coffee berry Borer Hypothenemus hampei (Ferrari) Coffee
Western flower Thrips Frankliniella occidentalis Fruits and vegetables
Serpentine leaf Miner Liriomyza trifolii Burgess Cotton, tomato and 

cucurbits
Mealy bugs Paracoccus marginatus and 

Phenacoccus solenopsis
Field and horticultural crops

Thrips Several species Scirtothrips dorsalis Frankliniella, 
schultzei Trybom, Thrips tabaci L., 
Scirtothrips citri

Groundnut, cotton and citrus

Wheat aphid Macrosiphum miscanthi Wheat, barley and oat
Rice gall midge Orselia oryzae Rice
Pink stem borer Sesamia inferens Wheat, maize and sorghum
Pyrilla Pyrilla perpusilla Sugarcane
Eucalyptus gall wasp Leptocybe invasa Eucalyptus
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15.3.2  �IPM Practices

Figure 15.4 shows four significant parts of IPM to accomplish impact results. 
Complete dependence on pesticides and broad utilization of synthetic concoctions 
for pest control is harmful to human well-being and ecological contamination.

Fig. 15.2  Types of effective insect pest management

Fig. 15.3  Major principles of insect pest management
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15.4  �Implementation of IPM Program

Effective IPM relies basically upon fundamental exploration of biological system 
and the comprehension of collaborations among hosts, bothers, and their normal 
foes. The accompanying advances ought to be taken before actualizing an IPM pro-
gram (Fig 15.5).

15.5  �Conclusion and Recommendations

The idea of IPM is one of a kind for the occupation of agribusiness. Entomologists 
with extension field staff can assume noteworthy job for moving IPM as business 
just at home level.

Following are some recommendations for future researchers and policymakers.

•	 Blend of advancements and devices, remote detecting information, Geographical 
Information System (GIS), Automatic Weather Stations (AWS), and internet of 
things (IoTs) can be utilized to advance the execution of IPM (Hussain et  al. 
2019, 2020).

•	 New age of GPS, sensors-fitted farm tool, e-tablets, and versatile applications 
(Plantix) could be utilized for monitoring future pest and disease threshold levels.

•	 Researchers can also carry out studies about converting the thoughts of farmers 
for the version of noninsecticidal/IPM strategies at massive level.

•	 In-carrier training needs to be organized for entomologists and extension area 
staff for distribution of new technology.

Fig. 15.4  Major components of insect pest management
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Abstract  Climate change directly affects agricultural production and thus agricul-
tural income is very sensitive to climate change. Rural population heavily depends 
on earnings from agriculture and allied activities. The effects on agriculture income 
resulting from climate change are thus transmitted to socioeconomic conditions of 
farm households in particular and landless farm households in general. The objec-
tive of overcoming the effects of climate change on agriculture income can be 
achieved through adaptation to climate change. Farmers find difficulties in adapta-
tion to climate change due to low level of knowledge and very little access to infor-
mation. Having access to information on perception and adaptation to climate 
change is essential for improving socioeconomic conditions of rural population. 
Rural households may be adopting different strategies to cope with climate change. 
Some of them can be type of occupations, housing structure, preservation of food 
during extreme climate change events, and pattern of consumption. Similarly, farm-
ers may be adapting to climate change through changing farm operations/practices, 
cropping pattern, and resistant crop varieties. All such practices are directly linked 
with socioeconomic conditions because adaptation strategies require financial 
resources and farmers/rural households may be reallocating resources from health, 
education, and consumption toward adaptation to climate change.
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16.1  �Introduction

Climate change has become the reality in many developing countries. Extreme 
events related to climate change are happening in almost all developing countries 
with varied intensity and frequency (Ali et al. 2019). The impacts resulting from 
climate change related extreme events pose major threats to survival of humanity. 
The most crucial damaging consequences of climate change include rapidly rising 
temperature, fluctuating rainfall, persistent droughts, floods, and earthquakes 
(Hammad et al. 2017). Although all countries are exposed to adverse impacts of 
climate change, vulnerability of the developing countries is higher as livelihood of 
majority of people living in these countries highly depends on agriculture and for-
estry, being the climate sensitive sectors. Population is heterogeneous in terms of 
income level and social well-being. It is thus expected that climate change can dis-
proportionately increase the sufferings of the poorest in the society particularly liv-
ing in rural area and urban slums. Climate change exacerbates miseries of the 
poorest people by influencing access to education, health, food, and water (Sabagh 
et al. 2020).

Although all spheres of life are expected to be impacted by climate change, the 
most vulnerable sector is agriculture (Nasim et al. 2010). Since food security of any 
nation in developing countries heavily relies on production of food crops, any set-
backs to food crops can jeopardize food security situation of the concerned country. 
Similarly, economic growth significantly depends on the performance of agriculture 
sector (Box 16.1). Highly dependency of the economy on agriculture also highlights 
the need to industrialize the economy. Otherwise, the country will continue to suffer 
from natural disasters because agriculture sector is more prone to vagaries of 
disasters.

In order to avoid and or minimize the impacts of climate change, farmers con-
sider adaptation measures at their farms. Agriculture sector is the main pillar for 
improving socioeconomic conditions of rural population including small and land-
less farmers. Importance of this sector in providing employment opportunities can 
be evident from the fact that 38.5% labor force is employed in agriculture and 
related activities. Food crops including wheat and rice have a significant contribu-
tion to the food security of developing countries including Pakistan (Rasool et al. 
2016). Agriculture sector also induces acceleration of growth in other sectors of the 
economy (Box 16.2). Disasters mostly related to climate change have devastated the 
economy of Pakistan over different points of time like prolonged drought during 
1998–2001, earthquake of 2005, and floods of 2010, 2011, and 2012. These disas-
ters badly affected livestock, crops, and human lives leaving the economy in the 
worst conditions.

Box 16.1: Relationship Between and Table 16.1 shows the growth of 
agriculture and economy. During the 1960s, growth of agriculture sector 
(5.1%) led to higher performance of manufacturing and services sectors 
resulting in overall higher growth of economy. During the decades of 
low performance of agriculture sector, growth of other sectors and 
overall economy remained very low.
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Literature from Pakistan provides evidence of impacts of climate change on the 
productivity of rice and wheat (Mahmood et al. 2012; Siddiqui et al. 2012; Tariq 
et  al. 2014; Bokhari et  al. 2017; Khan et  al. 2020). Climate change has drastic 
impacts on rain-fed agriculture compared to canal irrigated agriculture because 
rain-fed agriculture significantly depends on precipitation and small landholders 
dominate in this region with limited financial capacity of adaptation to climate 
change (Bakhsh and Kamran, 2019; Hussain et al. 2019, 2020). Naqvi et al. (2019) 
argue that climate change negatively affects farm production, farm returns, per cap-
ita income, and poverty in rural areas of Pakistan.

Box 16.2: Agriculture sector is among the major sectors of the economy 
of Pakistan. It ensures food security, generates different types of 
employment for labor force including unskilled, semiskilled, and skilled 
individuals, provides raw material to industrial sector, and contributes 
to foreign exchange earnings. Salient contributions are as under:
•	 Around 60% population depending on agriculture rely directly and indi-

rectly on the income derived from agriculture-related activities
•	 Wheat and rice are two important crops having a significant role in food 

security of the country
•	 Performance of agriculture highly influences the income of rural population
•	 Any setback in agricultural production can have an impact on the perfor-

mance of other sectors and livelihood of rural population
•	 Poverty is very high in rural population compared to urban population. A 

reduction in poverty can be achieved by increasing the productivity of agri-
culture as it would lead to an increase in job creation Agriculture sector in 
Pakistan has witnessed different climate change related extreme events 
resulting in huge losses to farming community and national income. In 
Pakistan, around 80% of disasters are related to climate change. These 
disasters have significantly affected the  of Pakistan. Ahmad (2015) showed 
massive cumulative effects of disasters on the economy of Pakistan. He 
found that prolonged drought during 1998–2001 drastically reduced GDP 
(by 50%) while the flood of 2010 caused an economic loss of 5.7% of 
GDP. In both time periods, the major loss occurred in agriculture sector. 
Climate change induced disasters are also expected to impact the national 
economy in future as well. Khan et al. (2020) forecast that climate change 
would cause a loss of $19.5 billion in the form of reduction in production 
of wheat and rice by 2050. This reduction in production would lead to 
increasing prices of commodities and a reduction in consumption in the 
country. Rising prices and a decline in consumption would exacerbate mal-
nutrition in the country.
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Dependence of livelihood of the farming community is exposed to adverse effects 
of climate change. Extreme events relating to climate change cause variation in 
sowing and harvesting time, change in input requirements, access and availability of 
natural resources like irrigation water, and technological changes. Farmers can face 
substantial productivity losses if they do not go for adaptation to climate at their 
farms. These losses can have drastic effects on their livelihood. On the other hand, 
they have to incur additional cost of adaptation for sustaining crop productivity. 
This chapter is designed to see the role of farmers’ perception in adaptation to cli-
mate change and the consequent impact of adaptation on socioeconomic conditions 
of farmers.

This chapter has six sections. The first section introduces the chapter, the second 
part is allocated to describe the type of data and analytical methods used. Third sec-
tion describes vulnerability and threats to livelihood of households. Fourth section 
elaborates perception and adaptation. We discuss consistencies of the results from 
the present study with prior expectations in fifth section. The last section of this 
chapter is devoted to conclusion and future research along with limitations of 
the study.

16.2  �Data Sources

Two data sets are used in this chapter. Data on heat waves is taken from Faisalabad 
district. Faisalabad district is facing threats of heat waves as evident from the previ-
ous studies as number of cases of deaths and morbidity are reported. Further, being 
the third largest populous city of Pakistan, heat waves would be severe in the com-
ing years in Faisalabad (Shakeel et al. 2014). Majority of population of this district 
lives in rural areas because out of total of 289 union councils, 166 union councils are 
rural. Moreover, rural union councils have little facilities of water, sanitation, educa-
tion, and health thus making the population living in these union councils more 
vulnerable. The analysis is done based on income level. The respondents are catego-
rized into three income groups. They included low-income, middle-income, and 
high-income groups to understand the severity of the problem in different income 

Table 16.1  Relationship between agriculture and economy of Pakistan (%)

Years GDP Agriculture Manufacturing Services

1960s 6.8 5.1 9.9 6.7
1970s 4.8 2.4 5.5 6.3
1980s 6.5 5.4 8.2 6.7
1990s 4.6 4.4 4.8 4.6
2000s 4.8 3.2 7.0 5.3
2011–18 3.7 3.1 3.6 4.0

Source: Pakistan Economic Survey different issues
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groups. Heat waves can have heterogeneous impacts on population with different 
levels of income due to varied level of information, perception, and adaptation.

The second type of data came from Worldwide Fund for Nature Pakistan (WWF-
Pakistan). This type of data focused on adaptation in agriculture. This data was 
taken from rain-fed districts of Punjab province. These districts included Chakwal 
and Rawalpindi. This data was collected during a survey conducted under the proj-
ect, “The Determinants, Impact and Cost Effectiveness of Climate Change 
Adaptation in the Indus Ecoregion,” funded by the International Development and 
Research Centre (IDRC), by the project team of WWF-Pakistan.1

We analyzed the data by employing graphical and descriptive approaches. Bar 
charts were used to see the relation between perception, severity, adaptation, and 
socioeconomic conditions. Descriptive statistics included percentage, mean and 
standard deviation.

16.3  �Vulnerability and Threats to Livelihood 
of Rural Population

Climate change affects different spheres of human life directly and indirectly in the 
forms of extreme events namely temperature, rainfall, drought, hailstorms, floods, 
heat waves, etc. Heat waves are associated with a decline in labor productivity and 
rising health cost of the population. In the recent past, it has caused number of 
deaths and hospitalization in the south of Pakistan particularly in big cities includ-
ing Karachi, Faisalabad, and Multan (Ali et al. 2018). The impact of extreme events 
of climate change can vary across different income groups (Akram et  al. 2018). 
Low- and middle-income households are considered highly vulnerable to extreme 
events including heat waves. Based on the data collected from Faisalabad on the 
knowledge relating to heat waves, we can see that perception, severity of climate 
change, barriers, and cues to action are different among three income groups 
(Table  16.2). Households with high income are found with higher perception 
compared to other two groups. However, households with low income consider 
themselves to be highly vulnerable to climate change as 54% of households con-
sider that severity of climate change related extreme events is very high. This 

1 I am highly thankful to WWF-Pakistan for providing the access to the data.

Table 16.2  Vulnerability of population to heat waves as perceived by households

Particulars Low income Middle income High income

Perception (High = 1) 0.34 (0.48) 0.35 (0.48 0.43 (0.49)
Severity of climate change (High = 1) 0.54 (0.51) 0.48 (0.50) 0.43 (0.49)
Barriers to adaptation (High = 1) 0.54 (0.51) 0.55 (0.50) 0.46 (0.50)
Cues to actions (High = 1) 0.68 (0.47) 0.70 (0.46) 0.67 (0.47)
Adaptation (High = 1) 0.37 (0.49) 0.46 (0.50) 0.56 (0.49)
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percentage declines with an increase in income. Barriers to adaptation to heat waves 
are higher for households with low income than Middle- and high-income house-
holds. Although low-income households find themselves highly exposed to extreme 
events of climate change (namely heat waves), percentage of high adaptation is low. 
These results imply that low-income households face two types of difficulties relat-
ing to climate change. First, their vulnerability to climate change related extreme 
events is high. Second, impact lies in the fact that limited financial resources hinder 
them in adaptation to climate change. This further aggravates their miseries. 
Economic costs associated with heat wave-induced morbidity and mortality can be 
reduced by adaptation strategies (see, for example, Rauf et al. 2017; Bakhsh et al. 
2018). Generating awareness among the masses relating to benefits of adaptation is 
of the utmost importance to decrease vulnerability of population.

We consider responses of the respondents regarding frequency of extreme events 
over the last 15 years and we find that around 78% and 79% of respondents are not 
aware whether floods/flash floods and drought respectively are increasing or not. 
This is due to the fact that such respondents are taken from the rain-fed region 
where farmers rarely experience floods/flash floods. The same is the case with 
drought because this area already represents drought-like situation throughout the 
year. Wind/dust storm and hailstorm are known to majority of the respondents. We 
further analyze the data to see the perception of the respondents relating to fre-
quency of extreme events. These responses include “increasing,” “the same,” and 
“decreasing.” Approximately 32% and 30% farmers are of the view that respective 
frequency of windstorms and hailstorms have increased during the last 15 years. 
Those claiming that the frequency of these events have decreased are 20% and 28%, 
respectively. The responses relating to the no change for the respective extreme 
events is 19% and 22%, respectively (Fig. 16.1).

Extreme events have devastated impact on the well-being of the farming com-
munity, so they are much concerned about the occurrence of these events. Table 16.3 
provides information on the severity of extreme events of climate change as per-
ceived by the farmers. Hailstorms and wind/dust storms are considered important in 
terms of severity since a small percentage report that they do not know about the 
severity of these extreme events. Among those having knowledge of the severity of 
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these events, 33% consider that severity of wind/dust storms has increased while 
12% are of the view that the severity has declined and 25% of farmers’ response is 
in the favor of the same option. Rising severity of hailstorm is reported by 33% 
whereas 25% provide the response in the favor of decreasing option and 22% of 
farmers’ response shows that the severity has not changed during the last 15 years. 
Floods and drought are considered with little severity because these selected dis-
tricts are less vulnerable to floods and droughts.

16.4  �Perception and Adaptation to Climate Change Among 
Farming Community

It is very important to understand what farmers perceive about climate change and 
how perception and knowledge play the role in the decision relating to adaptation to 
climate (Qasim et al. 2020). In turn, this understanding helps to design programs 
and policies for fruitful implementation of adaptation in the agriculture sector. 
However, there is very limited evidence on information and knowledge relating to 
relation between perception and adaptation in Pakistan. Table 16.4 shows percep-
tion of farming community to climate change related extreme events. Farmers per-
ceived that they observed overall change in rainfall during the last 15 years however 
this percentage is very small, i.e., 3% only. Less rainfall was reported by 36% 
whereas 58% of respondents were of the view that they find an increase in rainfall 

Table 16.3  Severity of extreme events over the last 15 years (%)

Particulars Do not know Increasing Same Decreasing

Floods/flash floods 78.06 6.55 9.69 5.70
Wind/dust storm 30.20 32.48 25.36 11.97
Drought 80.34 5.98 3.99 9.69
Hailstorm 20.23 32.76 21.65 25.36

Table 16.4  Perception of farmers regarding climate change during the last 15 years

Climatic variables Mean Standard deviation

Change in rainfall 0.03 0.17
Less rainfall 0.36 0.52
More rainfall 0.58 0.49
Change in onset of rainfall 0.02 0.14
Change in temperature 0.04 0.19
More hot days 0.81 0.40
Less hot days 0.08 0.28
Change in onset of hot season 0.05 0.23
Change in night temperature 0.46 0.50
Change in cold spells 0.38 0.48
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over a period of 15 years in their location. Temperature was another important cli-
matic variable influencing the decisions of the farming community relating to crop 
choices, adaptation practices, and the cost associated with adaptation (Adnan et al. 
2017). When they were asked to provide their perception whether they observed any 
change in temperature over a period of 15 years, only 4% agreed to this statement. 
For further information, the respondents were requested to provide information 
whether hot days have increased during the last 15 years, we find that 81% of 
respondents perceived that they experienced more hot days compared to the less hot 
days. This indicates that farmers perceived and experienced more hot days. Further, 
they agreed to more hot days instead when they were asked about the general state-
ment, i.e., the change in temperature. In connection to temperature, 46% of respon-
dents perceived that there occurred a change in night temperature during the 
mentioned time period whereas perception of the change in cold spell was reported 
by 26% of respondents. Higher perception level relating to more number of hot days 
and change in night time temperature and cold spells influenced farmers to make 
decision in the light of these climatic extreme events in order to cope with climate 
change impacts on their farming practices and crop production.

Farmers in developing countries make decisions to cope with short-term shock 
events (Sajjad et  al. 2012) and these responses are mostly made with an aim of 
decreasing the impacts of climate change and increasing income in order to ensure 
sustainable livelihood. Adaptive capacity of farmers varies depending on infrastruc-
ture development. It is also the case that the farmers with better infrastructure devel-
opment are more probable to have a higher potential of adaptation. Farmers consider 
various adaptation practices and these practices include crop diversification, mixed 
crop, livestock farming, a change in sowing and harvesting time, using different 
varieties, resistant varieties, and high yielding crop varieties. Bhushal et al. (2009) 
argue that farmers employ coping activities using local knowledge and innovation 
and they are usually not aware of the impacts of climate change.

Hasnain et al. (2017) found that almost all the world is facing climate change but 
the impacts of climate in the developing countries are more apparent due to higher 
level of vulnerability. Further, the highly exposed sector to impacts of climate 
change in the developing countries is agriculture. Farmers have the only option of 
adaptation to climate change. They are making changes in their farming practices, 
choice of crops, seed varieties, sowing and harvesting time, infrastructure develop-
ment, and many more. Each and every adaptation strategy requires expenditures, 
i.e., adaptation cost. Here we present an overview on the added cost associated with 
a particular adaptation practice (Table 16.5). Cropping pattern is among the most 
used adaptation practices to climate change adopted by the farmers (Sorhang and 
Kristiansen 2011). Changing cropping pattern also incurs some additional costs to 
farmers. This practice adds Pak Rs 103 to farmers for making changes in the prevail-
ing cropping pattern. Changing cropping pattern and other adaptation practices 
cause a change in the use of farm inputs. Crop diversification is assumed to serve as 
insurance against variation in rainfall because rainfall has different effects on vari-
ous crops. Among the farm inputs employed at the farms, fertilizer is the most 
important input used to improve crop productivity. The adaptation practices cause 
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an increase in the use of fertilizers and the higher use of fertilizer adds Pak Rs 1799 
to the total cost. Another crucial farm input in terms of added cost is pesticide. 
Climate change is linked with more pest attacks on crops due to climate change and 
the farmers must employ a huge quantity of pesticides to control pest attacks on 
crops. Seed and labor are other inputs causing an increase in cost because of chang-
ing farm inputs due to climate change. These statistics imply that the farmers already 
facing rising cost of production face an additional challenge due to adaptation to 
climate change. The added cost due to changing farm inputs can affect the socioeco-
nomic welfare of farmers, particularly small landholders.

Climate change poses serious threats to livelihood of farming community. To 
minimize threats of climate change, farmers are expected to consider different 
income generating activities in order to sustain livelihood. Income diversification is 
assumed to be the most widely used option to increase income. Table 16.6 shows the 
effect of various livelihood practices on income. Small farmers are particularly 
found employing income diversification activities as they find it difficult to meet 
their daily expenses. Livestock and or fishing is one such livelihood strategy to 
increase the income of households. The findings of Table 16.6 show that 2.56% of 
respondents report that this practice has some impact on their income level. Off-
farm job is among the most important option for the farmers having impact on 
income thereby livelihood of farming community. 35% of respondents agree that 
off-farm job activities positively contribute to income. After off-farm job, private 
business at village level also causes an increase in income as reported by 18.8% of 
respondents. Since small farmers dominate in the rural areas of Punjab province of 
Pakistan, they move to urban centers with a hope for better employment opportuni-
ties. Uneducated and unskilled rural people find it tough to find a good job at the 
urban centers. They end up in doing odd jobs at low wages. Thus, only 3.99% of 
respondents are of the view that people migrating to urban areas have very little 

Table 16.5  Impact of adaptation strategies on livelihood (Pakistani Rs)

Change in input use due to 
climate change

Added cost of adaptation
Mean Standard deviation

Cropping pattern 102.86 1148.44
Fertilizer 1799.15 4709.68
Seed 498.60 2075.48
Pesticide 820.23 2477.32
Labor 161.54 875.10

Table 16.6  Relationship between adaptation practices and income

Livelihood practices
Change in income (%)
No effect Effect on income

Livestock and fishing 97.44 2.56
Off-farm job 64.96 35.04
Private business 81.20 18.8
Migration to urban area 96.01 3.99
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contribution in income. This calls for promoting agro-based industries in rural areas 
in order to discourage influx of rural people migrating to urban areas.

16.5  �Consistencies of the Findings with Prior Expectations

We discuss the results of the study in relation to the prior expectations. Heat waves 
being one of the extreme events of climate change is considered to have a substan-
tial impact on human health. Although all types of population are vulnerable to heat 
waves, we assume that perception, barriers of adaptation to heat waves, cue to 
actions, and finally adaptation can be commonly observed among high-income 
groups. The results of the study confirm these priori expectations.

Regarding perception of farmers to climate change related extreme events 
namely rainfall and temperature, priori expectations imply that farmers would pro-
vide responses in favor of rising temperature and rainfall. Bakhsh et al. (2020) argue 
that temperature and rainfall are significantly related to human conflicts and rising 
economic costs. They also maintain that farmers are aware of climate change. More 
rainfall and higher number of hot days are reported by 58% and 81% of farmers 
respectively in the present study showing that a larger portion of farming commu-
nity in the study area is aware of rising temperature and an increase in rainfall. 
These statistics are in line with priori expectations. Further, it is assumed that adap-
tation to climate change in agriculture brings changes in farm practices, input uses. 
These changes happen at the expense of added cost to farmers. We see in the present 
study that farmers adapting to climate change face an addition to the existing cost of 
farm inputs. The most added cost is found in the use of fertilizers followed by pes-
ticides and seeds. These added costs can have two types of impacts on farmers. One 
is relating to an additional financial burden to farming community possessing small 
landholdings and the other one is positive in the form of avoided damages.

Farmers are expected to diversify income sources in order to face the challenges 
of climate change. Income diversification can be found in the forms of livestock and 
fishing activities, off-farm jobs, private business, and migration of one or more 
members of household to urban center for better livelihood strategies. These diver-
sified sources of income are expected to have a positive impact on farmers’ income. 
Farmers reporting that off-farm job causes an increase in income by around 35%, 
confirming prior expectation of the role of off-farm job in enhancing income of 
farmers. Contribution of private business is 18.8% whereas contribution of migra-
tion to urban area is not according to prior expectations as it is reported that its 
impact on income is approximately 4% only. This may be due to the reason that 
those migrating to urban areas are mostly unskilled and such persons mostly do not 
find a reasonably good job and therefore the impact on households’ income is 
very small.
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16.6  �Conclusion and Future Research

It is concluded that low-income population is aware of heat waves, but the popula-
tion is constrained to adapt to climate change mainly due to financial constraints. 
Similarly, farmers in the rain-fed region of Punjab province perceive more hot days 
as a result of rising temperature. Perception on flood and drought is very low among 
the farmers due to the geographical location of the selected districts. Farmers are 
highly worried about adverse impacts of climate change on their crop production. 
However, they face challenges of not adapting to climate change due to one and 
other reasons. The major reason lies in the fact that adaptation practices add cost to 
production and the farmers are already facing rising cost of production. Adaptation 
practices cause a change in farm inputs and resultantly expenditures on fertilizer, 
pesticide, seed and labor increase.

This study can have applications to other regions of Pakistan and other develop-
ing world with similar characteristics of farmers and the environment discussed in 
this chapter. Considering Pakistan, farming community is characterized by small 
landholding, low level of education, large family size, and very little access to infor-
mation particularly relating to climate change and adaptation. For such conditions 
of the farmers, the findings of the study can be generalized.

The shortcomings of the study include no use of statistical model, small sample 
size, and data taken from a few districts. Statistical model better explains to under-
stand the precise impact of different parameters including climate change on liveli-
hood of farming community. However, the purpose of the study was to explain the 
relationship between adaptation to climate change and the effects on socioeconomic 
conditions for the general understanding of the readers including students, aca-
demia, journalists, and policymakers. Using complex statistical methods can make 
it difficult for the target audience to understand the implications of the study. 
However, it would be better to use an appropriate statistical method for finding the 
impact of climate change on socioeconomic conditions of farmers using the large 
data sets taken from different agro-ecological zones of Pakistan. Another limitation 
of the study is no discussion on the socioeconomic conditions in relation to impact 
assessment, mitigation, and resilience. Since the data sets used in the study did not 
have information on these aspects, future research should incorporate impact assess-
ment, mitigation, and resilience of farmers linked to socioeconomic conditions.

This study considers only heat waves in one district and adaptation to climate 
change and adaptation cost in rain-fed agriculture. Geographical conditions, access 
to information, and infrastructure development vary across different districts and 
provinces. Therefore, future research should consider these aspects by organizing a 
study on a wider scale. This will help to understand the role of geographical condi-
tions, access to information, and infrastructure development in adaptation to climate 
change. This would also help in designing appropriate policies to encourage farmers 
in adapting to climate change.
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Abstract  Agriculture plays important role in human welfare. An extensive research 
has been carried out on agriculture and changes in climate over the past decades. 
Variation in climate is anticipated to influence livestock and crop production, hydro-
logic balances, input supplies, and other constituents of agricultural systems. It is 
likely to have significant effect on food security in the upcoming decades, by 
decreasing food production and enhancing food prices. Food may become more 
exclusive as climate variation mitigation struggles increase energy prices. Water 
essential for food production may become rarer due to enhanced crop water use and 
dry period. Struggle for land may enhance as definite regions become climatically 
unsuitable for production. Though stable increases in carbon dioxide and tempera-
ture may outcome in more satisfactory conditions that could enhance the production 
of some crops, but in some areas, these latent production increases are likely to be 
limited by severe events, particularly extreme drought and heat, during flowering 
phase. Crop production is probably to reduce in many regions during the twenty first 
century due to climatic variations.
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17.1  �Introduction

In agricultural productivity, climate is a significant factor. Agriculture plays impor-
tant role in human welfare, federal agencies have specified some concerns on the 
possible effects of climate variation on crop production (Holmes 2020). Due to this 
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issue, extensive research has raised on agriculture and changes in climate over the 
past decades. Variation in climate is anticipated to effect on livestock and crop pro-
duction, hydrologic balances, input supplies, and other constituents of agricultural 
systems (Zahoor et  al. 2019). Furthermore, CO2 is crucial for plant growth and 
development; rising concentrations have the tendency to enhance the yield of agri-
culture systems. Climate changes may also change the frequencies, types, and 
intensities of livestock and crop pests; the timing and availability of irrigation water; 
and the intensity of soil destruction (Ijaz et al. 2019). Therefore, the human reaction 
is complex to consider and approximate the possible impact of climatic changes on 
food supply and crop production. It is challenging but essential to accurately mea-
sure the impacts of climate change. Climate variations are estimating the effect on 
yield and cumulative demand for production such as labor, water, equipment, 
energy, and essential supplies (Ahmad et al. 2017; Sabagh et al. 2020).

Climate change impact on agriculture, in any case, has developed to be a more 
theoretical issue as compared to the hypothetical one producing voluminous litera-
ture (Amin et al. 2018). Adverse rainfall and high temperature have occurred as the 
key element of agriculture region produce across the agronomic and globe models 
of climate change manuscript a range of unfavorable climatic effect on agriculture 
of developing countries. Research shows that high temperature causes shorter peri-
ods of seed development, high respiration rates, and low production of biomass. 
Most likely, consequences of high temperatures include shorter grain filling dura-
tion, lighter and smaller grains in size, and possibly lower grain quality and lower 
crop production. Climate variation is corresponding to scientific modification in 
agricultural system which can affect the overall efficiency and can decrease or 
increase the yield of one factor as compared to another (Awais et al. 2018; Stefanski 
et al. 2020).

17.2  �Climate Change and Agriculture

Agriculture is a complex part and one of the most susceptible segments to the effects 
of climate variation. Climate change is a crucial contribution to agricultural produc-
tivity and climate variation will inevitably have an effect on output, agricultural 
yield, prices, and farm incomes. History shows that most studies of agriculture pro-
ductivity overlooked changes in climate (Akram et al. 2017a). Variations in climate 
will also have a significant effect on crop growth and production. Greater tempera-
tures tend to lead to rapid crop development, an abbreviated grain filling phase, and 
reduced production. This is lessened to certain grade through enhanced stomatal 
conductance, due to high cons. of CO2, which leads to improved water used ability 
and enhanced optimum temperatures for C3 plants. Though increase temperatures 
can damage plant cells, and during the flowering stage extreme heat increases bar-
renness. Other than that, aggressive wild plant tends to be superior adapted to a 
varying climate, with little immature phase, long distance seed spread, and eminent 
response to increased cons. of CO2. In conclusion, there are many different paths 
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through which climate variation can affect crop growth and production (Dawson 
et al. 2016). Plant yields are effected by several ecological features like temperature 
and humidity, which may act also antagonistically or synergistically with other 
aspects in decisive production. Agriculture is integrally delicate to climate change-
ability and alteration, due to either human activities or natural causes (Akram et al. 
2017b). Changes in climate triggered by GHG emissions are assessed to directly 
affect crop production systems for feed, fodder, or food; to affect livestock health; 
and to change the balance and pattern of food products and trade of food. Agricultural 
production has already been effected by climate change and these effects will fluc-
tuate with the grade of warming and accompanying changes in precipitation pat-
terns, in addition to, from one location to another (Corlett and Tomlinson 2020) 
(Fig. 17.1).

17.3  �Impacts of Climate Change on Agriculture 
of Different Regions

Crop production is estimated to reduce in upcoming climate conditions, and current 
research proposes that production has already been compressed. The impacts of 
climate change on agricultural systems of different regions are given as follows:

17.3.1  �Europe

All central crop production in southern and western European countries declined to 
6.3–21.2% due to change in climate. It describes the yields less productivity in 
European countries (Brisson et al. 2010). It was observed that, a reduction in the 

Fig. 17.1  Impacts of climate change on agriculture system
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major crops production such as barley, maize, wheat, and rapeseed for parts of the 
cultivated area in Russian regions and in the cereal strap of Western Siberia (Sobolev 
2014). Since 1970s, in Russian Federation, the annual temperature has enhanced at 
approximately 0.4 °C in a decade (Sobolev 2014). The antagonistic impacts of cli-
mate change have been observed on maize, barley, and sorghum in Ukraine (Müller 
et  al. 2016). Yearly crop production losses in southern and western Europe are 
enhanced though exceptions thrive as in Andalucıa in southern Spain where wheat 
crop production gained from mean climate variations. As well, in northern and east-
ern European regions crop production decrease for maize, wheat, and barley is 
−24.5%, −2.1%, and −9.1% respectively (Blanc et al. 2019).

17.3.2  �Asia

In Asia, the average increase in climate change enhanced the overall crop produc-
tion cereal crops by approximately 2% however decreased the yield production of 
wheat and rice. It is also observed that wheat and maize production also increased 
due to climate change in Huang-Huai-Hai and Heilongjiang province, respectively 
(Meng et al. 2014; Tao et al. 2017). In India (UP and Haryana), it has been noticed 
that few conditions with a determined pattern of production undergo losses in major 
cereal crops, like in wheat and rice −0.7% and −2.1%, respectively. The province 
of Laguna, Philippines, also face reduction in rice production at −0.2%, while gen-
erally rice productivity improved in the Philippines. In Turkey, wheat yield also 
decreased approximately at −0.8 MT. Climate change has lower consumable meal 
calories in lots of Asian international locations both food secured (Israel and Iran) 
and insecured (Bangladesh, Pakistan, Nepal, and India). The effect on crop produc-
tion only due to change in temperature and rainfall is mapped. The effects of tem-
perature are more potent in East Asia and Europe while rainfall best results are 
similarly strong in South Asia, sub-Saharan Africa, and Australia (Fig. 17.2).
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17.4  �Current Issues in Climate Change 
and Agriculure-Related Research

The research demonstrates that impacts of climate variation are decearsing the abil-
ity of natural resources (soil, biodiversity, and water) to cope with the need for food 
of the world’s increasing population (Ahmad et  al. 2017). Climate variation and 
food security are interlinked issues that need to be addressed immediately. Enhancing 
resource effectiveness in building resilience and agriculture to climate dangers are 
the main actions for undertaking these issues (Fahad et al. 2018). Although there are 
various features of climate change to which Grassland agriculture is vulnerable, dry 
period can impose the most widespread damage. A long period of unusually low 
precipitation, especially one that causes adverse effects on living and growing con-
ditions is called drought (Nasim et al. 2018; Mubeen et al. 2020, 2021). At the start 
of the growing season, agriculture has always been dependent on the climate vari-
ability and state of land for the growing season. The significant adjustment for crop 
generation to climate change is the reliability of the conditions (Akram et al. 2019a, 
b). It is required for the understanding of the effect of changing climate on water, 
land, and temperature. High temperature extends the farmable area and growing 
season, it gives rise to prior development of grain and opens up for the new growing 
crops. However, the high temperature is favorable for the crops, the extra heat also 
kills the weeds. Weeds, insects, and pests tend to improve living conditions under 
higher temperatures. The combination of the pests, weeds, and poor herbicide per-
formance reduce the possible crop production. At the initial stage, water is essential 
for production but not throughout the final stages during the growth cycle of plant. 
Low precipitation has a harmful impact on the germination of the seeds. Drought 
frequency, conditions, and intensity of dust storms all result in reduced production 
of main grains. In general, food production is expected to deteriorate in many dan-
gerous areas (subtropical and tropical areas). In developing countries agriculture 
area is acutally beneficial where technology is more accessible where proper adap-
tive modifications are employed (Ali et al. 2019a, b; Akram et al. 2018a, b). Climate 
variation has slight impacts on overall food production, but these impacts are 
unfairly spread in nature. Most of the damages are suffered in lower income states, 
such as those in sub-humid and arid South Asia and Africa.

17.4.1  �Increase in CO2

Through the process of photosynthesis, plants use water, CO2, and sunlight to syn-
thesize organic compounds for plant growth (Akram et  al. 2019b; Amanet et  al. 
2019). The effects of CO2 increase on growth of cotton. This study showed that if 
the CO2 concentrations are doubled in the atmosphere which increased the process 
of photosynthesis by about 40% which lead to increased yield and growth in well-
watered environments. The increasing conc. of CO2, increased the water use. From 
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studies it was concluded that increase in yield and growth would occur as a result of 
higher conc. of CO2 even in nutrient scarce or dry situations. By using this work, we 
could believe that increases in the conc. of CO2 to the levels that will be forecast is 
406–415 ppm and 473–555 ppm for 2020 and 2050 respectively and photosynthetic 
process would increase approximately to 23% and 29%, correspondingly. In cotton 
field, on increased level of CO2 using free air CO2 (FACE) facilities. They came to 
know that the use of radiation effectiveness was developed on average from 
1.56 g MJ−1 to 1.97 g MJ−1 which results in improved biomass when the conc. of 
CO2 was increased upto 550 ppm. The use of irrigation management, radiation use 
efficiency method was increased in CO2 level. This recommended that an increase 
in CO2 concentrations in atmosphere may partly recompense for stress in plant 
which is due to water scarcity. This result average lint yield was increased by 43%—
as a result of a longer flowering period and increased early leaf area.

17.4.2  �Increase in Temperature

There are two major influences on development and growth of cotton. First, it finds 
out the crop growth and rates of morphological development. Second, it also helps 
to determine the start and end of a growth season. Climate change results in the 
increase of temperatures.

17.4.3  �Rainfall

The total annual and extreme rainfall patterns are expected to change with raising 
GHGs conc. in the US. The global precipitation increases from 5% to 25%, which 
enhanced the evapotranspiration that results in earth’s warming, especially unrea-
sonable rise of temperature in winter can increase hydrological cycle. Timing and 
the quantity of rain is a main concern for crop productivity in the US. Precipitation 
pattern throughout the season is estimated to alter which leads to dry summers and 
wet winters. The disproportion concerning less rain and high rate of evapotranspira-
tion in summer, leading to extra dehydrating of soil at significant growing periods 
of crop. Due to climate change decline in rainfall was predicted by CSIRO and 
RegCM models were 20% and 30%, respectively in the US during summer and rise 
in rainfall predicted by both models was 35% and 25% during spring season 
(Rahman et  al. 2018). On the other hand, wetted winters, which occur due to 
increased rainfall and temperatures, possibly will cause flooding during winter.
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17.4.4  �Drought

The unfavorable effects of water inadequacy on rice cultivation would be, to an 
enormous quantity, kept up under raised encompassing CO2 intensities, which 
shows CO2 and dry season cooperation. As indicated by an investigation, humidity 
stress influences rice at morphological (diminished germination, plant tallness, 
plant biomass, number of tillers, different root, and leaves characteristics), physio-
logical (decreased photosynthetic rate, transpiration rate, and stomata opening and 
closing), biochemical, and subatomic levels and along these lines influences its pro-
duction (Tariq et al. 2018). The regenerative stage is influenced by diminished grain 
arrangement, thwarted pollen growth during meiosis period, and panicle exertion, 
which can ordinarily represent 70–75% spikelet sterility due to drought (Fig. 17.3).

17.4.5  �Cold Stress

Low temperature is a main constrain for rice development, and seedling is consid-
ered as most foundational stage at which affectability to chilling compression is 
greater. Cold stress prompts a progression of changes in physiological and sub-
atomic procedures and results in the amassing of reactive oxygen species in 
plant cells.
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17.5  �Impacts of Climate Change on Major Crops

17.5.1  �Cotton

Cotton is persistent with an uncertain pattern of growth. Modern crops have these 
hereditary characteristics, which makes the cotton crop well modified to irregular 
supply of water that happens with irrigated production and rain-fed. Its develop-
ment and growth is quite complex as compared with other crops. The reproductive 
and vegetative growth occurs concurrently making the analysis of the response of 
crop to climate and sometimes managing becomes hard. Climatic change has effects 
on phonological stages of cotton that control fiber quality and yield due to: Increases 
in concentration of CO2; increased atmospheric evaporative demand and reduced 
water accessibility due to less rain and moisture; and high temperature (Hussain 
et al. 2020a).

17.5.2  �Wheat

The atmospheric CO2 conc. has raised (280–390μmol) since 1800. Future researches 
specify that the concentration of CO2 will probably reach 550 and 700μmol by 
2050–2100, respectively in North America. Further, nitrous oxide (N2O) concentra-
tion and methane (CH4) concentration have reached limits beyond the values which 
can be found out by past experiments. Agreeing to the US Global Change Research 
Program, the US agriculture system represents the emission of greenhouse gasses 
nationally is 8.6%, including the nitrous oxide emissions is 80% and emission of 
methane is 31%. Globally, 13.5% of greenhouse gasses are released due to human 
activities in agricultural sector. The IPCC SRES predictions show a global increase 
in temperature from 3–7 °F during the next century and in North America increased 
5–7 °F next to 2100. The last 5 years are considered as warmest in prior century and 
mean surface air temperature increased by 1.08 °F globally. The period and rate of 
strong heat waves is possibly to rise all over the US if conc. of GHGs continues to 
increase. The CSIRO1 model expects that the temperatures will rise from 5 to 9 °F 
in which higher temperatures dominate in spring and winter months. The RegCM2 
model predicted that the mean temperature will increase from 1.8 to 12.6 °F in the 
US, but the performance of both models is contradictory.

17.5.3  �Maize

Maize yields are comparatively low when it is related to developed countries. The 
nation’s average maize production is expected to be 1.6  ton/ha. This is primarily 
because of the limited input of irrigation facilities and fertilizers in the growth of 
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maize. In the previous years, there is more decrease in yields in several countries. 
Even though further fundamental factors present, indiscretion in rainfall and increas-
ing temperature has been referred to as the main reason for the constant decline of 
crop production (Mubeen et al. 2016). The production of maize in the coastal savan-
nah region decreased above the previous 16 years. The decrease in maize produc-
tion is also observed in the Mfantseman region. Decline in the precipitation rate and 
the rising of temperatures have been recommended as likely reasons of the decrease 
in the yield. The same decrease in the maize production in agricultural system. In 
2020, according to the report of EPA it is estimated that the yield of maize decreased 
by 6.9% in the alteration area in comparison with standard yield production. For 
these estimations CERES maize model is used, to generate different climate sce-
narios using three GCMs (UK Meteorological Office High Resolution Model 
(UKHI), the Hadley Centre Model 2 (HadCM2), and the UK Meteorological Office 
Transient Model (UKTR)). It simulates the yield and growth rate of maize in speci-
fied environmental, weather conditions, and agricultural managing methods (Abbas 
et al. 2017). Another crop simulation model APSIM is used to estimate the impacts 
of climate change on maize and projections showed 5.0–13.4% decrease in yield 
production from 2046 to 2065 (Tachie-Obeng et al. 2013).

17.5.4  �Rice

The changes in climatic conditions will diminish rice production by 4.5–9% by 
2039 in India. Worldwide climatic expectations showed extended rate of tempera-
ture pierces and warmer evenings, applying further difficulties to accomplishing 
higher harvest rates. The storm precipitation is not the main climate variable upset-
ting the kharif rice production. Paddy yield and its reaction to environmental change 
can be assessed by using simulation models, for example, GIS-based-GEPIC model 
(Hussain et al. 2020b, c). According to the exploration the climatic boundaries, for 
example, temperature, precipitation, CO2, and sunlight radiation are essential to rice 
cultivation. An expansion in temperature changeability and precipitation fluctuation 
were seen as supportive and unsafe, individually to fall and winter rice production 
yet these factors were sure just as unessential for summer rice cultivation (Akram 
et al. 2017a, b). Expanding inclination of day by day most extreme temperature may 
diminish the rice spikelet ripeness, which influences for decrease of the develop-
ment while the expanding propensity of CO2 conc. can enhance rice production 
(Din et al. 2019). The general impacts of different atmosphere factors on yield rely 
upon both the affectability with respect to the atmosphere factors and the degree of 
progress in the atmosphere factors, where temperature and solar radiation span 
assume a basic part in disturbing rice development and production. The increase in 
night temperature associated with worldwide warming declines rice production. 
Rice production leans to be decreased by means of high min temperature and low 
solar radiation, especially at some stage during final developing period. The 
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elevated stage of CO2 from 340 to 680 ppm may want to raise the production of 
foremost crops by using 10–15% particularly in C3 plants like rice.

17.6  �Mitigation and Adaptation to Deal with Climate 
Change Issues

There are the following ways to mitigate the impacts of climate change:

•	 Reducing climate change involves reducing the flow of heat-trapping greenhouse 
gasses into the atmosphere, either by reducing sources of these gasses (for exam-
ple, the burning of fossil fuels for electricity, heat, or transport) or enhancing the 
“sinks” that accumulate and store these gasses (such as the oceans, forests, and 
soil). The aim of mitigation is to minimize the major anthropological activities 
and interaction of human beings with the climate system.

•	 Environmental change influences for all intents and purposes all distinctive and 
monetary frameworks. This communication concerning climate change and bio-
diversity, land deprivation, woodlands, synthetic compounds, and worldwide 
waters focuses on the significance of perceiving climate change suggestions in 
all that we do. The GEF has the unmistakable capacity to continue normal 
arrangements created with frameworks believing that exploits cooperative ener-
gies to look for numerous worldwide ecological advantages across Conventions 
while decreasing exchange offs and replication. Inside the developing scene of 
climate funding, the procedure is intended to be as corresponding as conceivable 
to different wellsprings of atmosphere account, for example, the Green Climate 
Fund (Fig. 17.4).

•	 Despite the fact that environmental change is a widespread issue, it is felt on a 
nearby scale. Regions and Cities are in this manner at the front of adjustment. 
Without global or national atmosphere strategy bearing, neighborhood networks 
and urban communities around the globe have been in regards to solving their 
own atmosphere issues. They are attempting to fabricate flood barriers, plan for 
higher temperatures and heatwaves, introduce water-penetrable asphalts for 
stormwater and floods control, and improve water use and capacity.

•	 As per the 2014 report on Climate Change Impacts, Vulnerability and Adaptation 
from the United Nations Intergovernmental Panel on Climate Change, govern-
ments at different stages are likewise showing signs of improvement at adjust-
ment. Atmosphere change has distinctive significant designs to be begun and 
plan for decline water accessibility, how to create adaptable yield assortments 
and how to keep vitality and open infrastructure.
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Abstract  Climatic changes are associated with fluctuations spanning over a period of 
three decades as a classic period of computing weather trends all around the world 
which, by studies till now, was proved to be harmful for life on earth. Natural pro-
cesses going on in this earth were observed to be impacted significantly by these 
variations in our climate that are the result of anthropogenic activities. Rapid growth 
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in population demands more resources for their survival that includes the basic ameni-
ties of livelihood, i.e., nutrition, energy, and housing. Limited resources in combina-
tion with the risk of climatic changes are in fact a big problem that must be solved 
before it results in nonreversible damage. Modeling is the advanced approach to study 
climate change. Right after the Second World War, predominantly in the USA, by the 
end of the 1960s, representatives were being presented with the model’s findings, 
which strongly supported the concept that the persistent intensification in greenhouse 
gas (GHG) emissions caused by human activities have completely changed the overall 
impact of global climate. With the passage of time, more advancement in modeling 
was observed; first of all, conceptual models were formed; those were replaced by 
analog models and then energy balance models were introduced by researchers. In 
agricultural systems, modeling as an essential tool is accomplished by scientists from 
different disciplines that has contributed for six decades in this field. Models have 
been used in ecosystem studies, hydrology, climate, crops, livestock and Hadley 
Climate model version 3 (HadCM3) is recently commonly used and several other 
Global climate models (GCMs) are in practice apart from statistical models like 
Statistical Downscaling Model (SDSM) are prominent among others for analytical 
climatic data studies. In order to study the climate changes; different climate projec-
tion scenarios have been made on the basis of previously provided data, i.e., rainfall, 
temperature, carbon dioxide and GHG emissions, and other components. On the basis 
of these scenarios, future predictions are likely to be more realistic and hopefully 
helpful for addressing the changing climatic situations across the globe and proac-
tively devising mitigation practices to save the masses.

Keywords  Food security · Climate model · Statistical model · Assessment · 
Mitigation · Adaptation · Climate change scenario · Hydrological models

18.1  �Introduction

Climate science is based on computer models. To answer the questions of common 
people who are not much familiar with climate modeling and its science may need 
to understand some basic phenomenon of nature and its trends that make the climate 
shift pattern a realistic theme to study and ponder for well-thought prediction sys-
tems. Climate change is the additional one to existing factors that will lead to sev-
eral changes as we already know it. As we know that these factors and climate 
hazards will lead to many disasters in this world (Wheeler and von Braun 2013; 
Amin et al. 2018a). When we say the climate is changing it means that there is a 
gradual increase in average temperatures, shifts in weather patterns, and slowly but 
surely rise in sea levels. The concepts that increased greenhouse gasses in the atmo-
sphere are causing the current climate change is not accepted universally and 
effected different sectors like agriculture, tourism, forestry, energy consumptions, 
etc. Climate variability is the main environmental hazard of the twenty first century. 

F. Rasul et al.



271

Sequential reports of Intergovernmental Panel on Climate Change and other differ-
ent studies (e.g., Schlenker and Lobell 2010; Thornton et al. 2011) indicated that 
climatic change is applying multidimensional consequences on the human civiliza-
tions and their surroundings. It is evidenced by scientific studies that the prevailing 
global climate change is also mainly contributed by anthropogenic activities. The 
concentrations of greenhouse gasses (GHGs) in atmosphere like methane, carbon 
dioxide (CO2), and nitrous oxide (N2O) are noted to be considerably increased with 
the passage of time. For instance, the CO2 concentrations have been raised from 280 
to 394 ppm (preindustrial level) in 2012; showing a growth of 41% (www.epa.gov/
climatechange/indicators) because of anthropological activities. In the preceding 
century, the mean temperature has been increased by 0.74 °C worldwide and now 
by the end of this century 1.1–5.8 °C increase is estimated as well as significant 
changes in rainfall patterns with an increased frequency will also be observed (IPCC 
2012; Amin et al. 2018b). Climate change has always had direct or indirect effects 
and variability of these effects depends on different trade and industry sectors but 
out of all these sectors agriculture is most susceptible and intrinsically at risk due to 
climate change (Müller et al. 2011; Wheeler and Braun 2013; Thornton et al. 2010). 
It is expected that agricultural production lands will be reduced and further pressure 
on marginal lands would be increased due to changing patterns of rainfall and rising 
temperature because of global warming. Numerous evidences (Müller et al. 2011) 
determined Sub-Saharan Africa as the most prone territory to climate change’s 
adverse effects in terms of economic outputs of agriculture which indicates that it is 
a huge challenge to manage the deleterious effects of climate change and mostly 
food apprehensive areas. As it is already recognized that agricultural operations are 
based on climatic conditions and the yield of the crops differs each year due to cli-
mate unpredictability, the agriculture zone is more in danger due to change in cli-
mate. In Europe, climate change studies indicate that the present climate change 
conditions in the northern parts of the continent may possibly effect the crop yield 
and productivity positively, whereas in the southern parts of the continent like the 
Mediterranean basin, the shortcomings will be in the majority with less economic 
yield, increased variations in yields of crops and decreased area for major crops 
production. The most critical problem caused by climate change is food security, 
providing food to the growing population and also sustaining the stressed environ-
ment. Nowadays the major concern is the effect of variability in climate change on 
food and agricultural production. Secondly, potential damages and significances are 
mainly concerned by the countries that will arise over the coming years in their ter-
ritories, because of prevailing climate change conditions and it is a natural thing. 
Besides these global effects are also under consideration as they will change the 
trading patterns, international policies, domestic regional planning, resource 
employment, and ultimately the human welfare. Modern research on the change in 
climate authorizes that under the absence of climate variation some crops will 
respond significantly to raised CO2 concentrations (supplementary effects due to 
change in precipitation frequency and intensity, increased temperatures, and prob-
ably enhanced the occurrence of life-threatening occasions, i.e., floods and droughts, 
will most likely cause the reduces yields and increased production threats in several 
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global domains, increasing the gap among poor and rich nations. According to an 
estimate, susceptibility for climate change is more in developing countries rather 
than the developed nations because the developing countries are mostly agriculture-
based countries and their economies predominate on agriculture, the lack of invest-
ment for adaptive techniques, their high temperature standard micro and macro 
environments along with sharp coverage of dangerous actions (Amin et al. 2018c).
Conclusively it is proven by several research findings that climate change, shifting, 
and variability are serious threats to human life on earth ultimately, so the question 
is how to manage, adapt, or overcome these changes for which monitoring the pres-
ent events and predicting our future in keen concern. Modeling is the subject that 
helps greatly to study the prevailing climate change events (Tariq et al. 2018).

18.1.1  �Climate Change and Food Security

A lot of challenges will be faced by future food security due to increases in demand, 
consumption pattern changes, and change in climate. Doubled demand for agricul-
tural food products is already predicted in future because of rapid population growth, 
by 2050 (Tilman et al. 2011; Kastner et al. 2012). As wheat, maize, rice, and barley 
are the main staple crops, their demands will ultimately be increased in the future. But 
at the same time during the last decade alarming situations are developed by the yield 
stagnation of these crops across the world, for example, the rice yield stagnation is 
reported in China (Ray et al. 2012) along with Triticum aestivum in some countries of 
Europe (Brisson et al. 2010; Ray et al. 2012), the reason is climate change in combina-
tion with bad agricultural management (Brisson et  al. 2010; Ray et  al. 2012). 
Furthermore, resource competition is also a limitation, for example, allocation of land 
either for biofuel or food production, reduced cropland area, and reduction in water 
resources are also constraints to agricultural crop production (Carberry et al. 2013). 
Therefore, climate changes should be tackled properly (Tester and Langridge 2010; 
Trnka et al. 2014). Additionally, due to chances of errors in climate projection chal-
lenges are posed for crop scientists. (Semenov et  al. 2014). To feed the robustly 
increasing human population on this planet the food security is of key concern while 
climate change is also a non-neglectable phenomena. Climate smart agriculture is the 
term that is famous these days that can help combat future food security challenges.

18.1.2  �Evidences for Global Change in Climate

Climate change along with the development of climatic scientific evidence shows 
that networks started exactly with industrial revolution although instrument-aided 
climate change observations were already inaugurated in some areas of Europe in 
the seventeenth century. In northern Europe piped water infrastructure was started 
for the sake of human health considerations. For controlled water reservoir manage-
ment measured data for temperature and rainfall was required. So different 
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approaches and instruments were developed to monitor the climatic parameters, that 
became standardized with time and till the mid of the nineteenth century Europe and 
North American regions were completed with their skeletal climate networks. In 
1973, the International Meteorological Organization was found and the World 
Meteorological Organization in 1953 played a key role in climate change studies. 
By time-integrated approaches and satellite observations became of major concern 
and temperature time series was formulated confidently and processed to provide 
the estimates that climate is really changing significantly (Figs. 18.1 and 18.2).

Fig. 18.1  Annual global temperature trend (difference from 1961–1990 baseline)

Fig. 18.2  Global Temperature Trend (Source: Berkeley Earth)
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18.2  �History of Modeling

18.2.1  �Climate Modeling

Less than a century ago, climate model was just bigger than a thought because fun-
damental equations were roughly outlined on papers. Right after the Second World 
War, dramatic development in modeling was observed, predominantly in the US. By 
the end of the 1960s, representatives were being presented with the model’s find-
ings, which strongly supported the concept that the persistent intensification in 
greenhouse gas emissions caused by human activities would completely change the 
global climate in thoughtful ways.

The global climate system works as the function of transporting the heat energy 
toward the poles from the equator. Thus, climatology’s key queries concern what 
amount of heat is retained by the Earth system wherever the energy inherent (in 
the oceans, atmosphere, land surfaces, etc.), the process of heat dissemination and 
its movement all over the globe. It is not possible to study the climate system by 
experimental methods because of its massive size and long time scales. Thus, 
climate models that are theory-based representations that depict or pretend impor-
tant structures and processes are developed by some scientists to discover how 
Earth’s climate is mechanized. Conceptual models were the first that started the 
history of climate modeling and simple analog models replaced models of math-
ematical systems, radiative and energy systems and shifted in the latest concep-
tual models. Meanwhile, in the 1950s, the general circulation models that are 
computer-based simulations have been primary tools of climate science globally. 
After 1990s till date, the field of the entire climate system is dominated by the 
increasing trend toward comprehensive coupled models. The intercomparison 
between different models and climate model evaluation are progressively chang-
ing the concept of modeling into a more reliable, modular process, giving away 
the capability for amalgamating research and operative features of climate studies 
(Edwards 2011). To monitor the energy flow in earth systems and different cli-
matic factors and their impact on livelihood, climate models were developed by 
the researchers that became modified, comprehensive, and more efficient with the 
passage of time.

18.2.1.1  �Conceptual Models

Conceptual models were the result of Initial efforts to recognize climatic occur-
rences. Prevalent winds around the globe were determined by conceptual models 
and the basic energy-transport role of the climate system was considered. Conceptual 
models made for the carbon cycle as well aided the climate change understanding. 
It was determined by researchers during 1861 that key causing agents for climate 
change were the geophysical cycles incorporating heat trapping gasses. With the 
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passage of time, it was claimed that high volcanic activities during some period 
released huge amounts of CO2 that warmer the earth more. During the process of 
slow weathering calcium carbonate is formed by combination of carbon dioxide 
from atmosphere and calcium from igneous rocks. The other medium for carbon 
absorption is organic matter. More CO2 is absorbed and released during low volca-
nic activity that causes the global temperature to cool (Brooks 1951). Though, the 
theory of CO2 was overruled by the early twentieth century by saying that the earth’s 
temperature is more effected by water vapors than that of CO2. That is why research-
ers assumed that changes in the concentrations of CO2 have no influence on the 
temperature of the earth. Just initially there were different concepts and theories 
about the factors instigating the rise in earth’s temperature and causing global 
warming but obviously evolution helped the most to better understand the thing.

18.2.1.2  �Analog Models

Bowls or globes occupied with hazy and viscous solutions also called the physical 
models were developed not less than from the early twentieth century. Regardless of 
their capabilities being much narrow, these analog models validated basic principles 
of fluid motion on earth and motivated the leading age band of general circulation 
Modelers. Analog models utilization for climate change progressively helped in fur-
ther studies of climate change.

18.2.1.3  �Energy Balance and Radiative–Convective Models

Far ahead “energy balance” models (EBMs) were started to use to measure and 
calculate the values for the factors such as albedo (reflectance), solar radiation, and 
atmospheric absorption to figure out the worldwide radiative temperature. These 
models can be characteristically multidimensional having both regional as well as 
longitudinal (meridional) flows of energy. The radiative–convective model that is 
another type of climate mathematical model, emphases on upright atmospheric 
transmissions of energy. Atmospheric temperature profile simulation may be two 
dimensions vertical or one dimension, or meridional and vertical, respectively is the 
distinguishing character of these models. The above described three models are of 
keen importance in climate science studies.

Till the arrival of digital computers, conceptual, mathematical, and analog mod-
els dominated and were the subject of interest in the 1940s. Since the 1960s, GCMs 
(General Circulation Models) that simulates the functions and processes of atmo-
sphere for a long time with the aid of computer have been the talk of the town in 
climate science even though simple models are still important both in their own 
function and as checks on sub-models incorporated in General Circulation Models. 
Later in 1975, after the introduction of coupled modeling, climate models 
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progressively combined atmospheric and ocean GCMs. In the 1980s with the cou-
pled AOGCMs (Atmosphere-Ocean General Circulation Models), modeling in cli-
mate has been motivated in the direction of progressively Comprehensive models. 
Coupling of Atmosphere–ocean GCMs occurred with other climate-related system 
models, i.e., vegetation, land surface, hydrology (rivers, evaporation, lakes, and 
rainfall), glaciers, sea ice, and snow cover by Earth system models (ESMs). Since 
the 1990s till now, models for substantial climatic processes have been combined 
progressively with AOGCMs. Many disciplines are brought together by these incli-
nations to seek accurate, near to reality and potentially extrapolative models for 
climate change. Subsequently from 2000, working authorities, as well as research 
agencies, started to do work in collaboration extra faithfully, looking for an inte-
grated modeling structure for climate forecasting and predictions (Edwards 2011). 
The outcome is a progressively standardized modular infrastructure for simulation 
modeling globally, which provides significant information on the World’s climate.

18.3  �Agriculture Production System Modeling (APSIM)

Agricultural science dealing with the crop and livestock production systems is multidis-
ciplinary research area which elaborates complicated agricultural mechanisms. Though 
the study of agricultural systems is beneficial by use of collected information which 
depicts how an individual system performs within a particular environment, in many 
situations it is impossible or unfeasible to do this. Agricultural system science provides 
the knowledge that enables the researchers to understand the complex problems and 
consider informed agricultural decisions. Modeling as an essential tool is accomplished 
by the scientists from different disciplines in the agricultural system that has contributed 
for six decades in this field (Jones et al. 2016). Models for agricultural systems play 
progressively significant parts in sustainable land management development through 
various and socioeconomic and agro-ecological circumstances as large amounts of 
resources are required by farm or field experiments and still enough data may not be 
provided to recognize applicable and efficient management strategies. The history of 
modeling of the agricultural system is regarded with several important happenings and 
events that motivated the researchers belonging to diverse disciplines for the develop-
ment and utilization of models for different determinations (Fig. 18.3). Firstly, farming 
system models were developed including the components of biology and economics. 
Right after the introduction of farm system models by agricultural economists, the 
International Biological Program (IBP) was produced. It directed that the ecological 
model’s development comprising grassland models the duration of 1960s and early 
1970s that were also being used for studying livestock grazing. The International 
Biological Program was encouraged and geared up by advanced ecological scientists to 
generate tools for research that will help out to learn and understand the difficult ecosys-
tem would permit them to learn the complex performance of ecosystems being affected 
by numerous climatic factors. In agricultural production systems concept for models 
came in 1960s initially. C. T. de Wit who is a physicist by profession from Wageningen 
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University was the pioneer of modeling of the agricultural system who in the middle of 
1960s, assumed the possibility of agricultural systems to be modeled by combined inte-
gration of physics and biological principles. Meanwhile G. Duncan was a chemical 
engineer, who worked in a fertilizer industry at age of 58 and then rejoined the graduate 
school and got Ph.D. degree in agronomy. He worked in the field of plant photosynthesis 
and wrote a research article on the canopy photosynthesis model; his research was a 
persistent way forward that his paper got citations several times since its publication by 
different crop modelers. He started to develop crop-specific simulation models for the 
very first time, i.e., for maize, cotton crop, and peanut crop), after his Ph.D. degree. The 
development by de Wit (1958) and his work fascinated many researchers and engineers 
who were aimed to start and develop crop models. Thus, the gradual progressive devel-
opment in this field of study was geared up.

In 1972 the work on crop model development was boosted when the US govern-
ment was amazed by the enormous wheat purchase by the Soviet Union which led 
to highly increase in prices and global wheat demands. After that funding for crop 
modeling, projects were increased and new research programs were started in com-
bination with remote sensing for the prediction of major food crops by the US 

Fig. 18.3  Key events summary and factors that impacted the agricultural production system mod-
eling development
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government. All these activities resulted in the production of CERES-Maize and 
CERES-Wheat crop models. These models continuously evolved over time and 
now a part of DSSAT (Jones et al. 2003, 2012). From that time till now there is 
remarkable progress that is observed in this field of study different research projects 
have been completed with significant findings.

18.4  �Climate Models and Climate Change Scenarios

18.4.1  �Climate Change Assessment

Several different approaches such as process-based crop simulation models, statisti-
cal models, agro-climatic indices, econometric models, and empirical field survey 
methods are used to evaluate the climate variability impacts on agriculture and ulti-
mate changes (White et al. 2011; Nasim et al. 2018). Forests and specifically forest 
health are strong indicators of the various effects of the change in climate and moni-
toring of forest health looks like a beneficial element to observe climate change 
evolution. Conventionally, step-by-step transport of data among different scientific 
branches was focused on sequential process to develop scenarios for climate models 
in this field of research. Not only the future prediction but also the better under-
standing of uncertainties to become able to make decisions that will defiantly work 
in possible future is the ultimate goal of climate scenarios.

To understand the complicated relationships going on between the ecosystem, 
anthropogenic activities, climate system, and conditions, scenarios are developed 
and utilized by researchers. The climate scenarios describe confidently the plausible 
possibilities for future that several key areas (i.e., GHG emissions, environment, 
climate, socioeconomic and technological conditions) may be unfolded like this. 
Specifically, agro-ecological zones combined with four different socioeconomic 
future scenarios developed by IPCC are utilized for climate change studies as mod-
eling database and framework. Analog variables, synthetic increasingly changing 
climate variables, and general circulation models are the three basic approaches for 
the development of climate scenarios. Out of all these approaches use of general 
circulation models is the most valid tool for climate change scenarios production 
(Ceglar and Kajfež-Bogataj 2012; Rötter et al. 2012; Cairns et al. 2013).

Climate scenarios are mainly sensible explanation for climatic conditions in 
future which are based on the assumptions of radioactive forcing and a number of 
climatic interactions. It could be envisioned by different regional climate models 
and different global environmental models, which have complex structure and are 
3D mathematical depictions to represent the processes of relations among the ocean, 
sea ice, atmospheric system, and dearth top soil layer which occasioned from 
weather conditions over a longer period of time. Using the projections of climate 
under given specific emission scenarios is assumed to be a well-organized method 
for the determination of future climatic conditions instead of a forecasting tool. 
Although General Circulation Models have been used as beneficial tools for the 
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simulation of significant features of present and future climates but chances for 
uncertainties are always present (Amin et al. 2017). There is a need to integrate dif-
ferent modeling approaches with the help of climate models to forecast climatic 
susceptibility and other climatic parameters, for example, CO2, precipitation, and 
temperature. To measure the climate vulnerability Advanced Terrestrial Ecosystem 
Analysis and Modeling (ATEAM) platform was developed using the GCM (General 
Circulation Models) and to determine the climate change projections in 2080 
HadCM3 (Hadley center Climate Model 3) was developed, studied, and used a sta-
tistics methodology for selection of 15 ideal working models to develop the sea-
sonal and annual average projection of temperature and rainfall in Australia. In 
Australia, by using historical climate data, climate variability and droughts were 
studied and some suggestions were made to deal with possible threats with future 
climate change that includes the adjustment of water allocation of ground and sur-
face water by using different prediction models, improvement in water assimilation 
through enhancing using efficiency in Agroecosystem and buildup of a legal frame-
work to manage water according to anticipated climate change. On the basis of 
Robust Decision support system, a novel analytical methodology for quantification 
of the SRES scenarios (Special Report on Emissions Scenarios) crafted employing 
the scenario-axes methodology for verdict analyzers. Elaborated NSRP (Neyman–
Scott Rectangular Pulse) stochastic simulation method is used in precipitation sce-
narios generation model to originate rainfall climate information. GCM data is 
typically low in resolution of several degrees, due to which there is a lack in spatio-
temporal precision which was complimentary for comprehensive analysis at 
regional scale and in many instances show errors in simulation in current climate 
event. In general circulation models (GCMs)’ chances of errors, are there to predict 
the future climate conditions, but they have the ability to deliver accurate informa-
tion about variation and large-scale features because of climate forcing. Since 
always uncertainties are present in models so more than one climate model should 
be dealt with for more precise results and reduced uncertainties.

18.4.2  �Climate Change Scenarios

Climate projections are based on climate model simulations that predict the possible 
changes in future climate definitely with uncertainty chances. For the previous set 
of models, Special Report on Emissions Scenarios (SRES) were employed accord-
ing to IPCC’s 4th Assessment Report. But then according to IPCC’s 5th Assessment 
Report, the emission scenarios of Representative Concentration Pathways (RCPs) 
have been used.

Special Report on Emissions Scenarios (SRES) worked with almost 40 different 
scenarios for greenhouse gas emissions but specifically in experiments of CMIP3 
only three scenarios were used that are B1 (low), A1B1 (medium), and A2 (high). 
Here B1 describes a convergent world with reduced population advances but prompt 
variation in economic structure and providing with resource-efficient technologies. 
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A1B shows all the above storyline with a balanced use of energy resources. A2 
defines a diversified world with less technological improvements with increased 
population growth (Figs. 18.4 and 18.5).

Representative Concentration Pathways (RCPs) are four and characterized 
according to radiative forcing (W/m2) in relevance to the specific pathways till the 
end of the twenty first century. RCP8.5, RCP2.6, RCP4.5, and 6.0 depicting a high 
emission scenario, low emission scenario, and intermediate emission scenarios.

18.5  �Crop Modeling and Climate Change Impact Assessment

Food production will be significantly affected globally as well as at regional level 
by different climate variables. Crop growth simulation models and experimental 
data are ways to check possible effects of change in climate on global food and crop 
production.

To estimate the effects of future climatic systems on yield, a lot of valuable 
approaches are provided by crop models. A variety of models are used for the simu-
lation to check impacts of the probable climatic changes on productivity of crop, 
mostly to evaluate climate sensitivity to crop yield by varying climatic projection 
scenarios that include Info Crop, CERES-Wheat, SWAP (soil–water–atmosphere–
plant), and CERES-Maize (Crop Environment Resource Synthesis) (Mubeen et al. 
2016). The upcoming CO2 concentration’s impacts on the production of wheat were 
studied by a number of scientists these days. By 2050s, wheat can be adaptable to 
changing climate in Indo-Gangetic Plains and global warming would be the 

Fig. 18.4  540 ppm CO2 concentration at 2100 with low (B1) scenario, 703 CO2 conc. with 
medium (A1B) scenario, and 836 ppm CO2 conc. with high (A1) scenario while the base period for 
predictions was for 20 years 1981–2000
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advantage for the production of wheat that might be the cause of reduction in yield 
in other parts with critical temperature. Now it is the need of time to develop the 
heat-tolerant germplasm for different major food crops to provide the demanding 
food for the increasing human population. Also, introduce the climate resilient 
crops to different areas for efficient use of changing climate.

18.6  �Models for Cereals and Their Interpretations

CERES-Wheat model has a great influence on agronomic practices along with 
breeding strategies, climatic, and edaphic means. CERES model is strongly capable 
to stimulate the different growth stages of wheat, i.e., stem growth, leaf, and grain. 
From different researches, it is also concluded that biomass availability directly 
depends on light interference and stresses which may result from changing climate 
and its impact on plants especially cereals.

CO2 concentrations in SRES and RCP scenarios
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Fig. 18.5  Carbon dioxide (CO2) concentrations (ppm) comparison for SRES scenarios B1, A1B, 
A2 and A1FI, and RCP2.6, RCP4.5, RCP6, and RCP8.5 (Collier et al. 2011). Base period of 20 
years from 1981 to 2000 were taken for these estimations/predictions. (Source RCP database ver-
sion 2.0.5)
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18.6.1  �Significant Impact of Models on Climate

Different wheat cultivars of wheat were calibrated through different models, 
CROPSIM-Wheat APSIM-Wheat, CERES-Wheat, and Nwheat for optimum sown 
wheat varieties. On the other hand, these models are unwell to convey the image of 
yield in relation to steep temperature throughout the grain filling stage. In associa-
tion with temperature ranges, the simulation of these models with respect to yield 
for utmost planting dates is needed to improve the veracity of these models. APSIM-
wheat shows accuracy just for maturity days for those cultivars which were sown on 
extreme earlier and late planting date. Overall, all these models need elevation in 
their function to respond to high temperatures.

18.6.2  �Model and Uncertainty of Climate

At high and low temperatures crop models show perplexity in their simulation just 
because of their incorporated assimilated structures and functions belonging to the 
equations fitted behind the interface. By decision in crop models, the estimation of 
the impact of climate change through quantities are major concerns of crop models. 
For good response of simulation with respect to higher temperatures and increased 
concentration of carbon dioxide needed an elevation so that models results could be 
more precise for observed and simulated values, for example, in reproductive stage 
rather than vegetative stage, the synchronization and impact of estimation and 
uncertainty may vary widely (Mubeen et al. 2019). Improvements by intercompari-
son of models for better simulation options and cross check of final outputs of dif-
ferent models can give a better understanding of heat stress tolerance and precision 
in computations at both reproductive and vegetative stages in the crop life cycle 
leading to robust assessment while integrating climate change impacts in mod-
el’s use.

18.6.3  �Models for Rice Production and Climate Assessment

School of De wit’ proposed a model regarding the modeling of products and it is 
known as ORYZA2000. It is specifically known as a model tailored-made for the 
simulation of rice growth and development. Water limitation and nitrogen limitation 
are also dealt by this model.

PDT was used for the development of Rice-Grow and other parameters which 
are covered by this PDT are genotypic parameters and management practices.
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•	 Rice-Grow is divided into 7 sub-models
These models generally can be understood by their simulations on

	1.	 Phonology
	2.	 Organ functionality
	3.	 Biomass production
	4.	 Photosynthesis
	5.	 Quality
	6.	 Yield formation
	7.	 Nutrient balance

Three databases are used for the calibration of this model which are cultivars, 
snowing dates, and Nitrogen rate.

Analysis and integration of Rice-Grow were developed by using rice growth and 
developmental and environmental factors. Some key factors were stimulated which 
include organ function, biomass accumulation, photosynthesis, and organ formation.

18.6.3.1  �Effect of Various Rice Models on Climate

For predication of growth and productivity of rice, this model performs as a system-
atic and quantitative tool. There are some climatic uncertainties which are dealt by 
this model such as growth as well as yield parameter. Due to this, crop adjustment 
can be made according to the maximum productivity of rice or yield.

18.6.4  �Climatic Models for Maize

•	 For maize under high yielding conditions, some of the models were analyzed and 
evaluated which are DSSAT, CSM-IXIM, and CSM-CERES.

•	 Few parameters are examined which are yield of grain and Nitrogen uptake.
•	 CERES performed in a much better way as compared to other models and there-

fore that model is most suitable and appropriate as far as biomass and yield of 
grain is concerned.

•	 IXIM was most suitable for Uptake as well as grain of Nitrogen.
•	 Improvement has been made in IXIM due to an alternative process which can 

estimate Nitrogen demand at will.
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18.7  �Models for Non-cereal Crops

18.7.1  �Sugarcane Models Interpretation

In southern Brazil, the DSSAT or CANEGRO model was simulated to conclude the 
significant effect on Brazilian sugarcane (Marin et al. 2011; Nasim et al. 2012). The 
calculation of algorithm for photosynthesis in DSSAT/CANEGRO (version 
4.5.0.047) through radiation use efficiency in addition of total biomass on daily 
basis, and to check concentration of CO2 in the process of fertilization were 
reported. In this literature, estimate the impacts of change in climate on the yield of 
sugarcane, in southern Brazil, water use efficiency, and irrigation requirements; 
moreover, it depends upon two models PRECIS and CSIRO and a sugarcane 
growth model.

18.7.2  �Models Used for Cotton

Cotton producers in the USA since 1989 have used successfully the production 
model of cotton: GOSSYM-COMAX production model. At the commute of this 
model, production strategies have emerged, due to which model is difficult to use in 
other production environments. The light interception sub-model of GOSSYM does 
not distinguish between row spacing and plant canopy structure to consider light 
interception. In addition, GOSSYM affects an average plant not all populations 
of plants.

Thus, the progress shows that it is not suitable for crop variability, which other-
wise defines the correlation between the genetic composition of the crop and its 
growing conditions. Farmers accommodate their agronomic practices on the basis 
of views derived from field observations, and crop variability is main factor 
which is get.

18.8  �Horticultural Crops and Models

18.8.1  �Model Simulations for Potato

For all inclusive study of the development and growth of potato, LINTUL-POTATO 
model is used. The mechanistic model is designed for the simulations of crop pro-
cesses like emergence and the expansion of leaf and are used for the interception of 
light through leaf layers till the elimination of leaves. The old crop growth model-
SUCROS was dependent on temperature and simulated for light use efficiency.

This model was performed by allowing endurance of leaf on daily basis and 
reducing daily dry matter accumulation to the tubers and then evaluated leaf 
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senescence at initial crop stages. For diminishing all the possible errors, certain 
modifications were taken in the LINTUL-POTATO and derived LINTUL-POTATO-
DSS with classical equations. These equations were used to evaluate environmental 
conditions throughout production, agro-ecological zone distribution, climatic 
threats, climate change, and analysis of the gap between potential and actual yield. 
These modifications were helpful to reduce the input parameters and unreliable data 
which were collected for unknown reasons.

The model worked for the development of specific temperatures from ground 
cover 0–100% at emergence. Radiation use efficiency is an activity which depends 
upon temperature. To assess crop end, fixed harvest index linearly increases and at 
tuber initiation dry matter distribution to the tubers occurs. This end of the crop is 
used as model input; it was stated that the crop cycle found out by ripening synchro-
nized the duration of frost and heat free availability of the growing season.

Hence, LINTUL-POTATO-DSS consists of novel calculations to find out potato-
tuber quality attributes like concentration of dry matter, tuber size distribution, 
which depends on crop environment during growth and development, management, 
and potential yields and initial crop development.

18.9  �Hydrological Modeling and Climate Assessment

Water is the basis of life and the importance of water resources for human prosperity 
and crop yield is well understood. The world’s water supplies, hydroelectric power, 
and water agriculture productions depend mainly on various key parts of the hydro-
logical system, that also included the normal replacement of groundwater as well as 
surface water reservoirs. Nowadays’ water scarcity and availability are an alarming 
issue that includes how much water could be diverted, utilized efficiently, and stored 
for ground and surface water reservoirs. To assess the water availability is not of 
major concern for sustainable human life, environment, and biodiversity but it is 
also helpful for farmers and water authorities for successful water management. 
Alongside growing population, increasing land use changes, and pollution, climate 
change is also among the extreme pressures on hydrological cycles.

Possible precipitation decrease due to climate change in some parts of the earth 
is threatening the water resources. The increase in water demand, uncertainties in 
climate variability, and socioeconomic environmental effects are insisting today to 
formulate the rules and regulations for the efficient use of water and produce more 
water resources. Water resources reduction in the event of more snow cover buildup 
as well as glacier melting process hydrological structure would be highly vulnerable 
to climate change. All around the world, several researchers studied the influence of 
climate change on water availability and streamflow (Hussain et  al. 2020). The 
effect of changing climate on water resources was studied with help of GIS (geo-
graphic information system) and GCMs (general circulation models) in People’s 
Republic of China (PRC) and it was concluded that variation in rainfall patterns is 
more threatening to water runoff as compared to rise in temperature. Integrated 
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water management was the solution provided for this problem. In the Shiyang River 
northwest of China, climate variability influences on yearly streamflow were 
observed that resulted in the mean annual streamflow which was reduced by 64% 
due to less precipitation in meantime and the catchment streamflow was more prone 
to precipitation than potential evapotranspiration. To investigate water reservoirs in 
the Seyhan River under the present and future climatic conditions dynamic down-
scaling of GCMs and the linked river basin hydrological models were used which 
concluded that increased water demands will cause the projected water shortage 
that will probably be due to frequent irrigation practices water shortage will occur 
only with the increased water demands, e.g., owing to increased irrigation practices 
thus to tackle the future water sufferings managed and judicial use of water is neces-
sary. A water availability modeling (WAM) system was provided by some scientists 
to judge the water supply proficiencies and investigate the impacts of climate on 
water availability and hydrological system that assessed possible reduction in mean 
streamflow due to climate. In the San Joaquin Basin, California, a system integra-
tion approach for evaluation of climate variability impact on water resources was 
developed that can provide a reference to manage the climate vulnerability effec-
tively. In the Georgia Basin, Canada, a multicriteria decision expert system was 
developed to examine the availability of water under stressful climatic conditions 
that concluded it is critical to assess the socioeconomic features and environment 
under changing climate. Food production in Russia is under threat due to extreme 
climate events, high runoff, and increase in average water availability will be the 
feature of future climate change. Frequency of floods and drought would be 
increased due to climate variation in South Africa. Bayesian approach is a beneficial 
and easily applicable approach to determine the climate change impact’s uncertain-
ties and improbability assessment on water resources. In Romania, VIDRA rainfall 
runoff model, a tool for estimation of climate change impact on hydrological 
resources in 2075 was used that concluded water will increase in future in relevant 
observed area. In Churchill–Nelson River Basin, central Canada, Mann-Kendall 
trend test and in Missouri River Basin, an ANOVA test were applied to determine 
the variation in water resources due to climate change. Different river basins possess 
climate change impact differently. The droughts and floods frequency will be prob-
ably increased under prevailing climate conditions. Evapotranspiration is less sensi-
tive to rainfall than to runoff and streamflow.

18.9.1  �Lake Modeling

In 2010, Jørgensen introduced a number of models for interpretation of all the sig-
nificant processes of the lake ecosystems and their diversified interaction. The 
model was published during the last four decades. Major task performed by these 
models is the point analysis for the interrelated ecosystem management. The eco-
logical quality of lakes and their ecological qualities are mainly in danger by a 
variety of polygenic factors that causes stress, such as eutrophication, over 

F. Rasul et al.



287

consumption, and invasive species. Moreover, changes in land utilization, pollution 
causing factors, and hydrological system in catchment and the most important cli-
mate change, all are worst disturbing the ecological quality (Mooij et al. 2010). A 
variety of models are examined and published at the same time. Two major claims 
were identified: one defines with the number of models and the second one with the 
diversification of models. If the number of models are considered, results show that 
newly established models more of the time resemble the characters of the previ-
ously found models. This situation moves toward the adaptation of already existing 
models instead of newly created models. Improvement in the existing model could 
be a better option than striving for new. The restrictions related to varieties of mod-
els are that they are working with limited concerns and do not observe at wide 
range. This matter deprives the knowledge for a vast range and lack predictions for 
significant observations.

Different models that are used for lake modeling are static type models such as 
regression, steady and state models, complex dynamic models that include 
CAEDYM, LakeWeb, MyLake, PCLake, CE-QUAL-W2, SALMO, LakeMab, 
Delft 3D-ECO, PROTECH, minimal dynamic models, and structurally dynamic 
models (Mooij et al. 2010). CE-QUAL-W2 that is 2 dimensional hydrodynamic and 
model for analysis of water quality that predicts the steep and end long changes in 
ecosystem characters. CAEDYM also called Computational Aquatic Ecosystem 
Dynamics Model works with the process that includes the sub-models for water 
quality, geochemical and biological properties of the lake system.

This model was run with the Dynamic Reservoir simulation Model (DYRESM: 
1D Lagrangian vertical stratification model) or Estuary and Lake Computer model 
(ELCOM: 3-D-structured grid hydrodynamics model) for examining water shifting, 
flow, and mix up. All these models are widely and successfully used for inflow and 
outflow dynamics of water bodies, stratification in dams, reservoirs for drinking 
water, and lakes. The CAEDYM can monitor oxygen, nutrients, i.e., Carbon, 
Nitrogen, Phosphorus, and Silicon, suspended solids, zooplankton, and fish. 
Geochemistry (ion redox, Ph, etc.), sediment’s nutrient, metal, and oxygen flux.

For reducing the effect of changing climate on resources of water, water scarcity, 
and drought, efficient use of water and management integration would be progres-
sively significant. Even though to alleviate climate change impacts, several 
approaches to manage water were practiced, but still there is a need to find out solu-
tions locally. It is the demand of time to know the efficient water use techniques for 
irrigated regions and basins of river, to keep an eye on the available water, storabil-
ity of water for water scarcity duration, and quantification of water resource dynam-
ics on long term basis.

18.9.2  �Types of Hydrological Models

Hydrological model comprises of following kinds of models.
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18.9.2.1  �Empirical Models (Metric Model)

Empirical models are distinct from others by considering information only from the 
actual data rather than focused on the hydrological systems, features, and processes. 
This is the reason that they were represented as data-driven models. The model used 
synchronal time series data for the derivation of different mathematical equations. 
To explore the relationship on function basis among all inputs and outputs, the 
model used statistical approaches of regression and correlation. Machine learning 
techniques for the hydro informatics method also included artificial neural network 
(ANN) and fuzzy regression. It clearly shows the model validation depends on the 
given boundaries and Hydrograph is one of the examples of this method.

18.9.2.2  �Conceptual Methods (Parametric Models)

Hydrological processes and their different components are defined in parametric 
models. It consists of several interconnected reservoirs. Catchment areas were 
recharged by precipitation, infiltration and percolation were imputed by drainage, 
evaporation, runoff, etc. Moreover, this method also used semi-empirical equations. 
Model factors are examined through calibration and field data. The calibration 
involves curve representation of the data that made difficult interpretation and thus 
it effects on land use land change (LULC) and weakens the prediction with much 
confidence.

For best calibrations, huge amount of meteorological and hydrological records 
are prescribed for calibrations. Many conceptual models have been worked out with 
varying the degree of difficulty. Stanford by Crawford and Linsley formed intro-
duced Watershed Model IV which is the first major conceptual model (SWM) in 
1966 having parameters 16–20.

18.9.2.3  �Idealized Physical Model

Representation of the actual phenomenon in an ideal way leads to principles of the 
physical processes simulated by these mechanistic models. State variables of time 
and space are measured and considered as functioning tools in this model. Water 
movement in hydrological processes is defined by finite difference equations. The 
model considered the evaluation of great number of physical attributes of catchment 
instead of the comprehensive data of hydrological and meteorological processes. 
The present methodology required big data like topography, soil moisture content 
(%), initial water depth (cm), topology and river flow systems, etc..

Modelers define the benefit of this physical model as that it overcomes many 
faults of the other two models because it used those traits which had physical rea-
soning. Even outside the boundary it can grant a large amount of information and 
can be used for a broad range of situations. SHE/MIKE SHE model is one of the 
examples.
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18.10  �Rainfall Pattern Models

18.10.1  �GLMMs (Generalized Linear Mixed Models)

For the single site measurements, daily time series of rainfall are used to introduce 
the use of GLMs. Coe and Stern in 1982 and 1984 have introduced the GLMs 
(Generalized Linear Models). These models are an example of the stochastic 
weather models which are widely used. Actually, GLMs are parametric models and 
used for properly quantifying the variation associated with the contributing factors 
and/or covariates in the variability of the output variable (say daily rainfall). The 
effect of observed covariates like account for seasonality, climatological variables 
like regional forecasts, surface temperature, and sea-level rise will be effectively 
incorporated by using GLMs.

Usually, model’s data for the insignificant distribution of the daily rainfall con-
sidered has a point mass at zero, also known as dry days. This feature splits the 
model into two functional parts.

	1.	 Model based on binary data, for example, two-state Markov chain model which 
works on the simulation of the rainfall at a specific day and tentative analysis 
from the previous rainfall occurrence.

	2.	 A right-skewed distribution works for the simulation of rainfall on wet days, 
such as the exponential, gamma, or mixed exponential distribution.

For the systematic modeling, functions of sine and cosine of the various periods 
can be added or deleted with respect to the results of the standard tests. It may be a 
likelihood ratio test for the given hypotheses which studied different analytical 
sources of seasonality. Seasonality further depends on the rotation of the earth 
around the sun every year, lower and higher frequency of season occurrence due to 
different rainfall patterns, such as state of ENSO (El Niño/Southern Oscillation), 
which usually occurs within 3–7 years and ranges of atmospheric situations over the 
period of 1 month.

The most prominent advantage of GLMs is that they encompass the climate 
change effect with different variables over a long period of time. Wherever likeli-
hood and Bayesian methods are implemented, here GLMs are the most fitted models.

18.10.2  �HMM Models

The Hidden Markov models (HMM) have been considered since 1960s for studying 
different aspects related to climate change (Mares et al. 2014). In HMMs, an invis-
ible chain of random states has been generated out of specific visible finite number 
of observations while having transition probabilities (a kind of conditional probabil-
ities) for each state. HMM invisibly changes throughout particular time of the first 
order Markov chain and thus interprets the distributions independently with respect 
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to invisible changes. Nonhomogeneous HMMs or NHMMs are the models run on 
the nonstationary processes and by multivariable.

The NHMMs for rainfall data were introduced by Hughes and Guttorp and allo-
cated and allowed for seasonality in the process of rainfall occurrence, on the same 
time scientists’ more recent work has included the seasonality in rainfall amounts 
process. NHMMs can use the EM algorithm or methods of Bayesian; in some cases, 
they are given a predetermined value of K, the number of hidden states. With regard 
to application, the use of K depends on the predictive error measured for out of 
sample through cross-validation method and then interpretations done with scien-
tific databases of hidden values. HMMs design for autocorrelation can be improved 
more by providing high dependency between unopened states or by losing the strict 
independence among the values.

Thus, NHMM shows that the stability of NHMMs for measurement of the data 
of rainfall lies in their capability to give real scientific phenomena, such as atmo-
spheric conditions of location, studied under the invisible values.

There is a gradual increase in comparing different statistical models (HMM, 
NHMM, and KNN) for studying rainfall at multi-sites (Ghamghami et al. 2019).

18.10.3  �Nonparametric Models

Contrasting feature of this model to parametric models is that they do not describe 
the data regarding rainfall processes and that causes the alteration in data flexibility 
against other models. This prominent characteristic of Nonparametric Models 
makes them an alternative to GLMs and HMMs. Resampling algorithm technique 
for simulation of daily time series of rainfall, resampled all observed data and give 
auto synchronize and interrelate the rainfall and weather parameters.

Thus, the distinct character of nonparametric models represents the robust-typed 
relationships between variables and often vaguely describe the effect of climate 
change with respect to rainfall processes. So, this feature restricted the model from 
working only on already observed data to regenerate the values.

18.10.4  �Semi-parametric Models

The objective of semi-parametric model is to achieve state of model’s parsimonious 
(figuring out best prediction using fewer predictors) while having the both paramet-
ric and nonparametric components. Semi-parametric models are more suitable in 
case of extreme value data, usually happened in case of rainfall (Tencaliec et al. 
2020). The advent of advanced computing facilities led researchers to consider 
more sophisticated modeling approaches: semi-parametric models. There has been 
an increasing number of publications studying climate changes through semi-
parametric models since the late 2000s. Different approaches can be considered 
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through semi-parametric models for effective rainfall forecasting. These are not 
limited to the examples such as hybrid semi-parametric regression used for rainfall 
prediction (Wu 2013), Max-stable processes have been used for modeling highest 
amount of rainfall at various durations (Tyralis and Langousis 2018), Kriging has 
been used for calibrating rainfall (Nikahd et al. 2015), and a special type of quantile 
regression used for forecasting rainfall (Nguyen-Huy et al. 2020). Bayesian semi-
parametric approaches have been also used for modeling the rainfall precipitation 
(Kottas and Fellingham 2012) and to study daily precipitation for estimating flood 
risk to all near about of “Richelieu Valley Basin in Quebec, Canada” (Jalbert 
et al. 2019).

18.10.5  �Mechanistic Models

The fourth type of model Mechanistic Models work with the radar data at high reso-
lution in time and space that provides the physical process of rainfall.

These models are especially designed to record the data regarding numbers, 
locations, and frequencies of rainfall within the given limit of area over 1000 km2. 
Thus, it divides storm into rain cells at different times at different locations. Rain 
fallen within the cells across space with random velocities. Resolution for the analy-
sis of data in models is set according to both space within the range of 2 km2 and 
time of 5-min intervals. Classic feature of mechanistic model is that they are station-
arily fitted with the objective of prediction of floods in any catchment area.

Meanwhile, with respect to this model applications, it has major drawbacks that 
these models are not well-designed to incorporating covariates that explains the 
variation in rainfall over long periods of time and they required very high-resolution 
data of radar and this data is not available in most of the developing countries in 
which index insurance is being used.

18.11  �Changing Climate Raises Earthquake Risk

When temperature increases due to change in climate its imbalanced tectonic plates 
show the Gangetic delta in South Asia is unsafe. Kolkata-based geographer, 
“SujibKar” concluded that whenever an earthquake is built up under the vast delta 
it interlinked with increase in temperature causing climate change. According to 
Kar, if you want to comprehend the dynamics of earthquakes, you must take the 
Richter scale from 2001 to 2015 and look for five or more earthquakes on prone 
areas. Thus, the increase in global temperature was phenomenal. He said that the 
relationship between the amount of temperature and number of earthquakes is 
noticeable from data adjusted for the two sets over a given period. Moreover, he also 
said that the risk of earthquake is increasing due to global warming. The recent 
threat is observed in a subduction zone where earth crust or tectonic plates slowly 
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pushing one another. This zone basically falls under the land instead of being under 
the ocean bed due to which risk of earthquakes are multiplied. Through conclusion 
of Kar’s studied Richter scale that shown in 2001 across the Globe, the earthquake 
observed was 157 whereas after a decade and half it increases ten times in 2015.

According to global data that was recorded by the National Centers for 
Environmental Information of the US government from 2001 to 2015 these were the 
warmest top 16 years where warmest ever was 2015. Now models are developed 
which can predict the hazard by calculating the size of earthquake through data.

18.11.1  �Climate Change Connection with Earthquake

According to Kar’s study with the passage of time sea water level is raising, which 
is basically misbalancing the tectonic plates which increased the number of earth-
quakes. Moreover, size of winter is getting prolong especially in the northern hemi-
sphere of the world due to climate change. This lengthening of the duration of 
winter leads toward the increase of heat evolution from the soil surface rather than 
from water bodies.

Kar said that earthquake is mainly affected by three factors movement of the sun, 
due to increase in atmospheric temperature by the globalization of thermal fluctua-
tions at plate margins, primarily at mounting sites and subduction regions. Kar’s 
study of last 200 years has shown that majority of earthquakes occurred between the 
month of November and March in the Northern hemisphere while in the southern 
hemisphere majority of earthquakes occurred between May and July.

Thus, many researchers following Kar across the world concluded that whenever 
sea level increases load related to the movement of the crust along the boundaries of 
the ocean basins might be in time enough to unclasp the coastal restrictions and the 
irregular patterns of quake show that more variation in the temperature among crust 
and mantle activates some parts of plates that will cause powerful divergence.

18.12  �Conclusion

Climate changes are proved to be harmful to life existing on earth. Anthropogenic 
activities led to disaster on earth by moving away from nature. Modeling as an 
advanced technique had been used to study climate change to avoid or minimize its 
harmful effects. To monitor the energy flow in earth systems and different climatic 
factors and their impact on livelihood, climate models were developed by the 
researchers that became modified, comprehensive, and more efficient with the pas-
sage of time. Different conceptual and analog models were developed to understand 
the basic energy-transport role of the climate system and the basic principles of fluid 
motion on earth. Modeling in agriculture as an essential tool has been contributed 
for six decades in the agricultural system that play an important role in the 
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sustainable land management and development through various socioeconomic and 
agro-ecological circumstances as the large amounts of resources are required by 
farm or field experiments and still enough data may not be provided to recognize 
applicable and efficient management strategies. Different crop models like CERES-
Maize, CERES-Wheat, DSSAT, etc., continuously developed by the times helped in 
obtaining maximum yield and sustainable agriculture. To feed the robustly increas-
ing human population on this planet the food security is of key concern while cli-
mate change is also a non-neglectable phenomenon. Different models for cereals 
and non-cereal crops also have been developed. Different crop simulation models 
are used to study the climatic variability, its impact on agriculture, and the ultimate 
changes that occur due to climate change; these are the model’s statistical model, 
economic models, agro-climatic indices, econometric models, and empirical field 
survey methods.

Effect of changing climate on water resources was studied with help of GIS 
(geographic information system) and GCMs (general circulation models) and it was 
concluded that variation in rainfall patterns is more threatening to water runoff as 
compared to rise in temperature. Different models that are used for lake modeling 
are static type models such as regression, steady and state models, complex dynamic 
models that include CAEDYM, LakeWeb, MyLake, PCLake, CE-QUAL-W2, 
SALMO, LakeMab, Delft 3D-ECO, PROTECH, minimal dynamic models, and 
structurally dynamic models. CE-QUAL-W2 that is 2 dimensional hydrodynamic 
and model for analysis of water quality that predicts the steep and end long changes 
in ecosystem characters. CAEDYM also called Computational Aquatic Ecosystem 
Dynamics Model works with the process that includes the sub-models for water 
quality, geochemical and biological properties of the lake system.

To study rainfall pattern, its location, quality, duration, and climate and rainfall 
interrelation, different models have been developed like GLMs, HMM, 
Nonparametric, semi-parametric models, and mechanistic models. How climate 
change raises earthquake risk is studied by different models. So, models are helpful 
in every field of life because with the help of models we can estimate the climatic 
variability, its effects on natural resources or other human beings, and it also gives 
future predictions.
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Chapter 19
Nutrient Dynamics and the Role 
of Modeling

Mukhtar Ahmed, Muhammad Aqeel Aslam, Fayyaz-ul-Hassan, Rifat Hayat, 
Wajid Nasim, Muhammad Akmal, Muhammad Mubeen, Sajjad Hussain, 
and Shakeel Ahmad

Abstract  Nutrients are required for plant growth and development, absence or 
shortage of this could limit crop productivity. However, the misappropriate applica-
tion of nutrients could cause environmental challenges like greenhouse gas emis-
sion, global warming, and climate change. Nutrient dynamics also seem to be 
affected by climate change as all the processes in which nutrients are taken up, 
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transferred, and cycled over time in an ecosystem are linked with climatic factors 
directly or indirectly. Many biogeochemical models including APSIM (Agricultural 
Production Systems Simulator), CropSyst, CERES-EGC, DayCent, DNDC 
(DeNitrification DeComposition), DSSAT (Decision Support System for 
Agrotechnology Transfer), EPIC (Environmental Policy Integrated Climate), 
PaSim, RothC (Rothamsted Carbon Model), and STICS (SimulateurmulTIdisciplinaire 
pour les Cultures Standard, or multidisciplinary simulator for standard crops) can 
be used to study the nutrients dynamics which includes uptake from the soil, assimi-
lation, and remobilization in plants. This chapter presents the application of differ-
ent biogeochemical models to simulate nutrients dynamics, mainly Carbon (C), 
Nitrogen (N), and Phosphorus (P). Soil organic carbon (SOC) dynamics and loss of 
N as nitrous oxide (N2O) emission is also discussed by using models like APSIM 
and DNDC. Finally, life cycle assessment (LCA) is presented as a valuable tool to 
study environmental impacts associated with all steps of nutrients distribution 
among different systems. In conclusion, process-based biogeochemical cycles are 
valuable tools that can be used to study and manage nutrients in soil-crop system 
under changing climate.

Keywords  Nutrient dynamics · Biogeochemical models · Soil organic carbon · 
Life cycle assessment

19.1  �Introduction

Nutrients are chemicals vital to biological functions. Nutrients required at higher 
than 1–150 g kg−1 (>1000 mg kg−1 dry weight) of plant dry matter are called mac-
ronutrients, and these include N, P, K, Ca, Mg, and S. However, nutrients which are 
required at the concentration of 0.1–100 mg kg−1 (<100 mg kg−1 dry weight) of 
plant dry matter are called as micronutrients (Fahad et al. 2016; Ahmed et al. 2020a). 
These include Fe, Zn, Mn, Cu, B, Mo, and Cl. Elements like Al, Si, Co, Na, and Se 
are not essential according to the criteria but widely taken up by the plants to per-
form different metabolic functions. However, it should be kept in mind that nutri-
ents applied in excess amount could cause environmental pollution like global 
warming, greenhouse gas (GHG) emission (Ahmed 2020a; Hammad et al. 2018); 
these may also cause above and underground water deterioration. Nutrient dynam-
ics is the process by which nutrients are taken up by the plants. Plants take these 
nutrients in different forms, as shown in Table 19.1. Similarly, Fig. 19.1 elaborates 
the role of these nutrients on plant growth.

Different types of biogeochemical models can be used to study the dynamics of 
nutrients, which include uptake from soil, assimilation, and remobilization in plants. 
Mostly biogeochemical modeling has been focused on the dynamics of C or its 
integration with N (Ahmed and Hassan 2011; Ahmed 2012). RothC (Rothamsted 
Carbon Model) is the well-known monthly time step model to calculate total organic 
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C (TOC) and microbial biomass C. RothC is a widely used model to predict varia-
tions in C stocks of arable soils (Hammad et al. 2020). Peltre et al. (2012) studied 
shifts in soil C stocks from long-term experiments in Denmark (31years), France 
(14 years and 11 years), and Sweden (52 years) after application of EOM. RothC 
provided a successful outcome after modification of the partition coefficients of 
TOC in EOM. Thus, suggested partitioning of EOM-TOC could allow us to predict 
soil C storage regardless of sites and composition of EOM. The RothC model was 
used by Yokozawa et  al. (2010) for arable soils in Japan to estimate carbon (C) 
sequestration potential of organic matter application. Twenty-five years’ simulation 
was conducted after creating a baseline simulation of soil organic carbon for 1990. 
They concluded that the model has the potential to simulate potential C sequestra-
tion against different treatments. The RothC model was used to develop the soil C 
calculation system by Shirato (2020). The model was evaluated from long-term 
field data in China and Thailand, and two pools of plant litter (Decomposable plant 
material (DPM) and resistant plant material (RPM)). The web-based tool they 
developed can be used to spread mitigation options widely. Similarly, RothC can be 
used to assess the potential of C storage under a wide range of agricultural practices 
(Chenu et al. 2019).

Biogeochemical models such as RothC, DAISY, DNDC, EPIC, CENTURY, and 
SPACSYS have a long history of simulating C and N in agricultural systems. These 
models can be used to estimate future changes in soil biogeochemistry as they can 

Table 19.1  Macronutrients and Micronutrients with forms in which they are absorbed by plants

Elements Symbols Form absorbed by plants

Macronutrients
Hydrogen H H2O
Carbon C CO2

Oxygen O H2O
Nitrogen N NO3

−1, NH4
+1

Phosphorus P PO4
3−, HPO4

2−, H2PO4
−

Potassium K K+

Magnesium Mg Mg2+

Sulfur S SO4
2−

Calcium Ca Ca2+

Micronutrients
Iron Fe Fe2+, Fe3+

Manganese Mn Mn2+

Zinc Zn Zn2+

Copper Cu Cu2+

Boron B BO3
2−, B4O7

2−

Molybdenum Mo MoO4
2−

Nickel Ni Ni2+

Chlorine Cl Cl−
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integrate C–N–P cycling. The International Soil Modeling Consortium (ISMC) pro-
motes the integration of soil modeling in different disciplines and facilitates to inte-
grate and advance soil systems modeling.

19.2  �Biogeochemical Models and C, N, P Dynamics

The detail of models which can be used for the soil nutrient, energy, solutes, and 
water dynamics studies are presented in Table 19.2.

19.2.1  �Modeling C Dynamics

Soil organic carbon acts as a possible C sink for C sequestering atmospheric CO2 as 
well as it improves soil quality and crop productivity (Ahmed and Ahmad, 2019). 
The soil organic matter (SOM) modules in DSSAT model are shown in Fig. 19.2. 
The SOM modules of DSSAT consist of two models (i) CENTURY and (ii) CERES-
based SOM model. The components of DSSAT-CENTURY which maintain SOM 
pools and fresh organic matter pool are illustrated in Fig. 19.3. Furthermore, the C 
flow in the Roth C model has been shown in Fig. 19.4. The Rothamsted carbon 
model (RothC) was used by Liu et al. (2019) to simulate SOC from long-term field 
experiments. Jebari et al. (2018) studied climate change impacts on SOC sequestra-
tion by using four IPCC (Intergovernmental Panel on Climate Change) scenarios 
from 2010 to 2100 using RothC model. The model predicted a general increase in 
SOC under all scenarios compared to baseline. However, the greatest loss in C 
stocks was simulated in the highest temperature rise and rainfall drop scenario, i.e., 
ECHAM4. A range of biogeochemical models (APSIM, CERES-EGC, DayCent, 
DNDC, DSSAT, EPIC, PaSim, RothC, and STICS) was used to study GHG source/
sink status and C sequestration. This work concluded that biogeochemical research 
in crops and grasslands ecosystems should be considered an essential step for future 
research (Brilli et al. 2017; Zamin et al. 2019; Ali et al. 2019). Luo et al. (2019) used 
APSIM to simulate SOC dynamics. The validated model was then used to simulate 
SOC change from 2009 to 2070, which was further used to develop surrogate models.

19.2.2  �Modeling N Dynamics

Complex soil, plant, climate, and manure management interactions impact on 
nitrous oxide (N2O) emissions could be simulated by using DeNitrification 
DeComposition (DNDC) model. The model was calibrated and evaluated using 
multi-year datasets of measured N2O fluxes and other parameters in contrasting 
climates of Canada (He et al. 2020). The DeNitrification DeComposition (DNDC) 
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Table 19.2  Biogeochemical models and their applications

S. No. Models Applications References

1. MOHID-Land Simulation of water cycle Canuto et al. 
(2019)

2. CPlantBox Modeling of water and C flows Zhou et al. (2019)
3. VISIT (Vegetation integrative 

Simulator for trace gasses)
C, Water, and N-Cycle 
Simulation

Inatomi et al. 
(2010)

4. APEX (Agricultural policy/
Environmental eXtender)

Whole farm model Ford et al. (2015)

5. Answer Application Water and salt balance modeling Ben-Gal et al. 
(2008)

6. AgroC (Extension of Soil CO2/
RothC model with the addition 
of growth module SUCROS)

Modeling fluxes of soil heat, 
water, and C in agricultural 
systems

Herbst et al. 
(2008)

7. Cop-soil Modeling dynamics of organic 
pollutant during organic matter 
decomposition

Zhang et al. 
(2014), 
Lashermes et al. 
(2013)

8. CNMM (Catchment nutrient 
management model)

Modeling of energy balance, 
hydrology, plant/crop growth, 
biogeochemistry of C, N, and P

Li et al. (2005)

9. CANDY (Carbon and N 
Dynamics)

Modeling C and N dynamics Franko et al. 
(1995)

10. BASFOR (Basic forest model) Modeling of forest 
biogeochemistry

Cameron et al. 
(2013)

11. DEMENT Prediction of OM decomposition Allison (2012)
12. DAISY Water, energy, C, and N 

simulation
13. Criteria Soil water and crop modeling Bittelli et al. 

(2010)
14. CoupModel Soil water and heat process 

modeling
Wu et al. (2012)

15. ECOSSE (Estimation of C in 
Organic soils-Sequestration and 
Emissions)

Simulation of soil C and N 
dynamics

Abdalla et al. 
(2016), Dondini 
et al. (2015)

16. EPIC (Environmental Policy 
Integrated Climate)

Modeling of the physiochemical 
process in agricultural systems

Izaurralde et al. 
(2006)

17. DNDC (DeNitrification 
DeComposition)

Modeling of C and N 
biogeochemistry in 
agroecosystems

Han et al. (2014)

18. Hydrus 2D-3D Water flow and solute transport Autovino et al. 
(2018)

19. Expert-N Simulation of N cycle Biernath et al. 
(2013)

20. ORCHIDEE Modeling C, water, and energy 
fluxes

Krinner et al. 
(2005)

21. RootBox Water, nutrient, and root 
modeling

Leitner et al. 
(2014)

(continued)
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model was used to simulate alfalfa (Medicago sativaL.) biomass and yield by con-
sidering RCP4.5 and 8.5 scenarios. This study suggests the use of winter hardy 
cultivars could mitigate the ill effects of changing climate (He et al. 2019). Jiang 
et al. (2019) compared two process-based models (DSSAT and DNDC) to simulate 
dynamics of C and N. They suggested that fertilizer use efficiency and crop produc-
tion can be improved by using multiple models. Nitrogen transformation through 
different processes in response to different environmental conditions and nitrous 
oxide (N2O) emissions were simulated by Vogeler et al. (2013) using APSIM and 
DNDC. The results showed that in APSIM, nitrification was affected by tempera-
ture while in DNDC, water played a significant role. However, denitrification in 
DNDC demonstrated a response to temperature and organic C while in APSIM, it 
was linked with water content at drain upper limit. These models depicted a differ-
ential response to N load as increasing rainfall intensity decreased APSIM-simulated 
N2O emissions while opposite was observed in the case of DNDC (Vogeler et al. 
2013). The impact of leguminous green manure treatments on SOC stocks and total 
nitrogen stocks were simulated by using the RothC model (Yao et al. 2019).

Soil hydrology, which strongly influences biogeochemical processes, was stud-
ied using the Denitrification Decomposition model (DNDC) in comparison with 
RZWQM2 (Root Zone Water Quality Model) by Smith et al. (2020). DNDC was 
able to capture water and N between conventional and controlled drainage manage-
ment with sub-irrigation losses (Hussain et al. 2020). Soil organic carbon dynamics 
was studied through CENTURY model across France in response to different agri-
cultural practices. Different initialization scenarios were used, and results depicted 
that the SOC stock can be simulated with reasonable accuracy (Dimassi et al. 2018).

Nitrogen (N) is one of the limiting elements in the production of crops. Nitrogen 
diminishes due to continuous crop production, and it is required in large quantities; 

Table 19.2  (continued)

S. No. Models Applications References

22. R-SWMS Solute transport and water flow 
modeling

Javaux et al. 
(2013)

23. OpenSimRoot Root modeling with solute 
transport

Chen et al. (2013)

24. RUSLE (Revised Universal loss 
equation) 2015

Erosion model Panagos et al. 
(2015)

25. SiSPAT (Simple soil-plant 
atmosphere transfer)-Isotope

Heat and water modeling Braud et al. 
(2005)

26. Saltirsoil-M Simulation of inorganic ions 
(Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, 
NO3

1−, and alkalinity)

Visconti et al. 
(2014)

27. SPOTPY (Statistical parameter 
optimization tool)

Calibrate, optimize, and analyze 
parameters

Houska et al. 
(2015)

28. SoilGen Pedogenesis study Finke and Hutson 
(2008)

29. SWAP Simulation of water, solutes, and 
heat transport

van Dam et al. 
(2008)
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therefore, to improve production, the addition of N fertilizer is necessary (Srivastava 
et al. 2018; Fatima et al. 2018; Abbas et al. 2020a, b; Ahmad and Hasanuzzaman 
2020). Wheat produces 68 kg of grain per kg of N while for rice it is 44 kg of grain 
per kg of N and for maize 49 kg of grain per kg of N is produced (Naz et al. 2013; 
Danish et al. 2019). Nitrogen occurs in the environment in the elemental form. In 
the presence of extreme temperature and high-pressure N, the gas reacts with oxy-
gen to produce nitrogenous oxides (NO and N2O) by oxidation reactions. If there is 
rain, nitrogen dioxide in reaction with water is converted into nitric acid (HNO3). 
Thus, nitrates produced by combining N and oxygen are used by plants as their 
food. Ammonia can also be produced synthetically by the Haber process. In this 
process, ammonia is produced by reacting hydrogen with N in the presence of a 
catalyst at high temperature and pressure. This synthetic NH3 may be applied 
directly to the plants as fertilizer, or it can be converted into nitric acid by reacting 
with oxygen. Ammonium nitrate (NH4NO3) is manufactured with the reaction of 
NH3 and nitric acid that can be directly used as N fertilizer. Another source of N for 

Fig. 19.2  Components of DSSAT-CSM showing two SOM modules (The Century and CERES-
Based Modules)
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plants is animal wastes; after decomposition of these wastes, nitrates are released 
into the soil which are directly used by crop plants (Nasim and Akram 2017). 
Nitrogen availability and unavailability pathway are shown in Fig.19.5.

Nitrogen fixing microorganisms have an enzyme called nitrogenase that is sensi-
tive to O2. It interacts with Fe of the protein, deactivated when exposed to O2. 
Aerobic spp. suffer due to this problem, while anaerobic does not have such prob-
lems of denaturing of enzymes. Rhizobium spp. has an association with legumes, 
while Brady rhizobium is present in the root nodules of chickpea and soybean. By 

Fig. 19.3  The flow structure of DSSAT-CENTURY organic matter module with carbon pool

Fig. 19.4  Carbon (C) flow in RothC model
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all these means, N is converted into nitrate and ammonium form. Plants take them 
through roots in solution form. The equation to show this mechanism:

	

N flavodoxin MgATP H O N2

2

28 16 18 2� � �� � nitrogenase
� �������������

HH OH

flavodoxin MgATP H PO H
4

2 4 2

2

8 16 16

� �

� �

�
� � � � 	

Meanwhile, within the plant, N participates in RNA, DNA, amino acids, and 
proteins biosynthesis and it could be elaborated by the following equation.

	 NH ketoglutarate glutamine Aminoacids prote4
� � � �� GDH

� ��������
/ iin	

	 DNA RNA Protein CentralDogmaof cellular Biology� � � �	
After death and decay, these nitrogenous compounds are denatured, and N is 
released into the atmosphere.
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Fig. 19.5  Nitrogen availability and unavailability pathway
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Nutrient N is exceptionally vulnerable to environmental hazards and has less 
than 50% recovery. It was found that as the plant progresses, amount in the plant 
body declines due to a rise in cell wall and a decrease in cytoplasm. Likewise, 
Harper et al. (1987) highlighted diminished N concentration as long as the wheat 
plant reaches maturity (Ahmad et al. 2017). The earth’s atmospheric temperature is 
increasing by global warming. The earth’s temperature has risen by 0.8 °C from the 
start of the last century. This increase in temperature is contributing to changes in 
global wheat production (Liu et  al. 2019). Plant growth and development may 
increase by global warming on a short-term basis, but in the long-run rise in tem-
perature would disturb N-cycle and may cause deterioration of quality (Asseng 
et al. 2019; Zahoor et al. 2019).

Nitrogen losses have been accredited to the mutual effects of denitrification, 
volatilization, and percolation. A large number of N losses to the atmosphere could 
cause serious climatic hazards like toxification of underground moisture. N leaching 
might be minimized by applying N at an adjusted level. Urea-N, undergoes transfor-
mation processes, i.e., rapid hydrolysis to NH4

+, followed by ammonia volatiliza-
tion. N could be lost by the leaching of N from higher plants, e.g., by rainfall. Many 
researchers have found that plant roots also release N into the soil, and these losses 
range from 6% to 33% total N of the plant. In northwestern Europe, experiments on 
wheat for fertilizer uptake confirmed that N uptake was considerably lower at early 
stages (germination and tillering) than application at later stages (shooting).

19.2.3  �Modeling P Dynamics

Phosphorus (P) being major macronutrients is needed to be part of the model so that 
model’s performance remains perfect under P-deficient conditions. Dzotsi et  al. 
(2010) in their work reported that DSSAT-P module could simulate P transforma-
tions between different pools. The soil-plant P model in DSSAT consists of two soil 
and one plant module (Fig. 19.6) and P exists as labile, active, and stable form.

	 P Labiletoactive K Pi LA iLabile� � � � 	

	 P Activetolabile K Pi AL iActive� � � � 	

	 P Activetostable K Pi AS iActive� � � � 	

	 P Stabletoactive K Pi SA iStable� � � � 	

Here PiLabile: Inorganic labile P pools (mg kg−1), PiActive: Inorganic active P pools (mg 
kg−1) and PiStable: Inorganic stable P pools (mg kg−1), and P transformation has units 
of mg kg−1 day−1. The coefficients KLA, KAL, KAS, and KSA are the respective transfor-
mation rate constants. The validity of DSSAT-CSM-CROPGRO-Cotton-P model 
was tested by Amin et al. (2018) to optimize P use in cotton. Their results showed 
that DSSAT-P model can be effectively used to manage P in semiarid climates 
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(Mubeen et al. 2021). APSIM-SoilP module was tested by Ahmed et al. (2018) for 
rain-fed environments to manage P for the wheat crop. The results depicted that 
APSIM-SoilP has the potential to be used for the management of P under P-deficient 
environments.

19.3  �Models as Decision Support Tools

Simulation modeling is a procedure of generating and investigating a numerical pat-
tern of a corporeal model to forecast its application in the real world (Ahmed et al. 
2013; Ahmed, 2020a, b; Ahmed et al. 2020a, b, c, d; Ahmed & Ahmad, 2020; Amin 
et al. 2018; Fahad et al. 2017; Nasim et al. 2012; Nielsen & Halvorson, 1990; Wang 
et al. 2020; Wallach et al. 2018). Simulation modeling is helpful to forecast weather 
and climate. A model can be defined as the purest demonstration of a system or the 
mathematical representation of a living system. Models are of different types. The 
most common examples are dynamic models and statistical models. Dynamic mod-
els are based upon time (Rosenberg 2010). There are varieties of models used by the 
researchers for the study of nutrients dynamics in agricultural systems. These 
include DNDC (DeNitrification DeComposition), CropSyst, DAISY, MINERVA, 
RZWQM (Root zone water Quality Model) (Ahuja et al. 2000), ANIMO, APSIM, 
and MANNER.  These models simulate mineralization, volatilization, leaching, 
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Table 19.3  Coefficients used by different models

bn: Nitrifying population
BIO: Nitrifier-biomass
BN: Total potential N need during crop growth
Cr : Nitrogen concentration at the root surface
(C/N)i: C: N ratio of pool i
(C/N)r: Crop residue C-to-N ratio
fdf: Denitrifying factor
fifre: Nitrogen fraction in root exudates
FC/N: Correction factor for C-to-N ratio
Fd(NO3): Maximum gas flux for a given nitrate concentration
FNO3: Correction factor for nitrate
FXD: Crop nitrogen demand
FXN: Soil nitrogen content effect on nitrogen demand supplied by N2 fixation
FXP: Crop development effect on nitrogen demand supplied by N2 fixation
FXW: Water stress effect on nitrogen demand supplied by N2 fixation
k0: Final crop nitrogen content
k1: Crop nitrogen content at the first development step
kmax: Maximum crop nitrogen content
Kn: Nitrification rate under aerobic conditions
N%: Nitrogen content of legume dry matter
Namend,amend_i: Nitrogen soil amendment input
NA: Nitrogen is taken up by the crop
Ndmd: Nitrogen demand for uptake
ND: Denitrified nitrogen
NF: Fixed nitrogen
NH: Nitrogen leaching during the winter period
NL: Leached nitrogen
Nm: Nitrogen content of microbial biomass
Nmax: Maximum nitrogen uptake by crop
NM: Mineralized nitrogen
NN: Nitrified nitrogen
Nr: Nitrogen content of the rhizosphere
NRO: Initial crop residue nitrogen content
NVmax: Maximum volatilized nitrogen
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nitrification, denitrification, and uptake. Different coefficients used by different 
models to study the dynamic of nutrients are listed in Table 19.3. It is challenging to 
predict temporal and spatial variation in precipitation, soil N in the form of nutrient 
contents, water in the soil profile, disease, and pest status. Only in a few studies, the 
worth of temporal variability was evaluated. Edelfeldt and Fritzson (2008) com-
pared two ecological models to simulate N in wetlands. Simulation language, 
Modelica modeling, and additional tools were used to simulate, visualize, and 
appliance models. The variations and resemblances among the MathModelica 
Model and ecological modeling tools were estimated. Their experiment findings 
depicted that MathModelica Model Editor can simulate and it can be modeled by 
modeling approaches. N declined in a fabricated treatment, so wetland should be 
defined and simulated using the nitrification/denitrification model as this model. 
Gouis et al. (2000) performed an experiment to estimate varietal differences for N 
use at two N levels. Twenty genotypes of wheat were selected for 2 years; the soil 
was deep loam, and the N rate was 0 kg and 170 kg ha−1 as ammonium nitrate. 
During both years, results were nonsignificant for genotype × year but highly sig-
nificant in terms of N × genotype. Wheat genotypes behaved differently during both 
years for N utilization and grain production.

All dynamic models simulate N and its uptake by plants, but N-fixation is not 
simulated by these models. The high input of N fertilizers and N balance is not 
dependent upon N-fixation and the difficulty of N-fixation simulation is two reasons 
not to incorporate N-fixation in the final simulation of N. Volatilization and denitri-
fication and their impacts on the climate should also be taken into account while 
simulating N balance of a crop.

19.4  �APSIM and Nutrient Dynamics

APSIM SOILN is a dynamic model that shares physical, biochemical, and physio-
logical processes taking place in the soil to precisely predict soil N. More informa-
tion is needed to predict N precisely. APSIM SOILN module is inherited from 
CERES-Maize on experience basis. There were restrictions to simulate crop and 
soil managing effects on N supply to the crop. APSIM SOILN is differentiated from 
the CERES model by distributing SOM into biom and hum pools. The first pool 
predominantly represents biotic factors like soil microbial biomass and their prod-
ucts while the second represents the rest of soil organic matter. Probert et al. (1998) 
predicted soil N with 82% accuracy, i.e., R2 = 0.82. However, for the wheat-based 
cropping system, there are four types of modules NWHEAT, SOILWAT, SOILN, 
and RESIDUE are considered in APSIM to simulate wheat crop, soil water, soil N, 
and crop residue, respectively. These NWHEAT, SOILWAT, SOILN, and RESIDUE 
were developed from CERES, soil modules, and the PERFECT model based on 
experiments. Wang et al. (2003) used APSIM-Wheat module to simulate LAI, bio-
mass, grain yield, grain N, and N uptake for the wheat crop with good accuracy.
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19.5  �Life Cycle Assessment (LCA)

Life cycle assessment is a valuable tool to limit the environmental impact of nutri-
ents from different fertilizers. It can help to have appropriate use of fertilizer for 
sustainable crop production. Life Cycle Assessment was conducted for flax cultiva-
tion using N emissions derived from the DeNitrification DeComposition (DNDC) 
method and the genericIPCC method. The DNDC model was able to give more 
reliable estimations from the agricultural life cycle phase (Deng et al. 2017). Hence, 
LCA is an excellent tool to see the impact of different agricultural activities on 
nutrient dynamics in the changing climate.

19.6  �Conclusion

This study elaborated that different biogeochemical models can be used to study the 
dynamics of nutrients (C, N, and P). These nutrients help in the different metabolic 
and physiological processes in plants. Thus, it is essential to study the dynamics of 
these nutrients under a set of different management and climate change scenarios. 
There are numerous types of models for simulating the nutrients processes in the 
plant. However, they have some limitations such as spatial heterogeneity, climate 
dependency, data limitations, over-parameterization of models and simulations 
under drier, cold, and wet soils. On the basis of the studies mentioned above, it can 
be concluded that nutrients dynamics modeling can be used to design adaptation 
strategies for improvement of the agricultural systems under climate change 
conditions.
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Abstract  Agricultural production is low in many parts of the world which is sub-
jected to limited adaptability toward adverse events. Climate change (CC) is esti-
mated to decrease productivity on even lower levels and has made production more 
inconsistent. Many countries all over the world have planned to accept climate 
smart agriculture (CSA) approach to make improvements in agriculture. The CSA 
refers to a combined set of technologies and practices that simultaneously improve 
farm productivity as well as monetary return, enhance adaptability to CC, and mini-
mize the emissions of greenhouse gas (GHG). The concept of CSA is gaining sig-
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nificance at national and international levels to cope with future challenges of the 
agricultural-related plannings. The CSA is a notion that calls for the combination of 
the need of adaptability to CC and strategies for mitigation in agriculture to ensure 
food security. For instance, strategies like the use of renewable energy for agricul-
ture, i.e., pyrolysis units, solar panels, windmills, as well as water pumps are very 
vital for food production. The concept of CSA comprehends three major stakes 
(productivity, adaptation, and mitigation), but the literature has not fully addressed 
them in an integrated way. Adaptation and productivity were of prime importance 
for poor and under developing countries, while mitigation was mainly addressed in 
developed countries. The utmost challenge for policymakers and stakeholders to 
operationalize CSA is the identification, assessment (cost-benefit ratio), as well as 
subsequent ordering of CSA options and portfolios for investment. The aims of 
CSA are to sustainably increase farmer’s resilience, improve agricultural productiv-
ity, achieve food security and sustainable development goals in addition to reduce 
emissions of GHG.

Keywords  Climate smart agriculture (CSA) · Climate change (CC) · Agricultural 
production · Food security

20.1  �Background and Introduction

Climate smart agriculture (CSA) was first introduced in an international conference on 
climate change (CC), agriculture and food security at Hague in the Netherlands by the food 
and agriculture organization (FAO) in 2010 (FAO 2013). The FAO describes CSA as “agri-
culture that sustainably raises production and incomes, in addition to adapting and promot-
ing resilience to CC and decreasing greenhouse gasses (GHG) emissions (Amin et  al. 
2015). The CSA is a new approach to upgrade technical, policy as well as investment mea-
sures for environment to improve agricultural growth for food production under CC.”

There are three important trade-offs of CSA according to FAO 2015 :

	1.	 Increasing agricultural incomes and productivity on sustained basis
	2.	 Building resilience to CC
	3.	 Decreasing GHG emissions according to IPCC standards

The CSA approach aims to support food production of farmers having small land-
holdings by implementing suitable technologies and methods for the production, 
processing as well as marketing of agriculture-related commodities, and also 
improve the agricultural income (Di Falco et al. 2011; Awais et al. 2018). Nowadays, 
the CSA approach has been developed as an agenda to apprehend the idea that agri-
culture production systems can be applied to increase the food production and rural 
livelihoods, at the same time to provide mitigation benefits and facilitate CC 
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adaptation. The CSA includes farm-based land conservation practices like crop resi-
due management, increasing livelihood, agro-forestry, and efficient water manage-
ment (Scherr et al. 2012; Fellmann 2012; Saud et al. 2017). The CSA is a novel 
technique which can guide the required modifications of Agro-based-systems and 
provided the need to equally address the CC and food production (FAO 2013).

The adoption of CSA methods has a positive effect on the agricultural profits of 
both rich as well as poor households. Conservation agriculture (CA), a mixture of 
soil management practices that includes crop rotation, improved soil cover, and 
reduced soil disturbance, is frequently labeled CSA (Jat et al. 2020). The CSA can 
also help to overcome hunger while supporting urban populations to adapt CC by 
managing natural resources sustainably and curbing rising temperatures (Rahman 
et al. 2020) (Fig. 20.1).

20.2  �Why Is Climate Smart Agriculture (CSA) Needed?

The expected population in 2050 will be 9 billion but our current crop production 
systems will not be able to feed so many humans. Out of these, two billion people 
will habitat in developing countries while most people out of this surplus population 
will be living in urban areas. According to FAO prediction, agricultural production 
will have to rise by 60% by 2050 to feed that big population. But current crop 
genetic gain is much lower than expected. Agriculture must be transforming itself if 
it wants to feed an increasing worldwide population as well as give some good 
foundation to decrease poverty and increase economic development (Gommes et al. 
2010; Nasim et al. 2017a, b). Under a business-as-usual scenario, CC will make this 

Fig. 20.1  Pattern in CC is projected to be greatest poisonous for insects in hot regions Source: 
Deutsch et al. (2008)
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task very difficult due to bad effects on agriculture, requiring spiraling adaptation. 
Lower production intensities and adaptation to CC will be essential to attain agricul-
tural growth and food production goals. Based on the natural resource these changes 
must be accomplished without reduction. Due to changing weather patterns and 
increased frequency of extreme events, CC is having an adverse impact on agricul-
ture and food production which ultimately affects food security. Smallholder farm-
ers in developing countries are being affected due to these variations. By FAO, there 
are various reasons that call for the rapid transition of the current agriculture pro-
duction system to CSA in the backdrop of increasing risks from CC and climate 
associated disasters (Scherr et al. 2012). There are five main points to improve the 
agriculture production system in CSA.

	1.	 Food demand is increasing but food has to be produced with the same amount of 
resources like water, vegetation, and land.

	2.	 Farmers are exposed to the effects of CC and there is urgency for sustainable 
adaptation to CC.

	3.	 There is a total degradation and depletion of natural resources that sustain agri-
culture production.

	4.	 In the expression of CC in agricultural production systems have to be other pro-
ductive, strong to risks, efficient, better constancy in their outputs in long-term CC.

	5.	 There is an essential need for increasing food production along with mitigating 
CC as well as protecting the natural resource (IPCC 2007).

20.3  �Strategies for Climate Smart Agriculture (CSA)

20.3.1  �Efficient Resource Management

Resource management is the most important feature of CSA and also future climate. 
In all stages of food security, food waste is found till food application. Almost, one-
third part of produced food is lost all over the world. The energy consumed in yearly 
world food losses is nearly 38% of the total energy used in the food chain (Gustavsson 
et  al. 2011). In food chains, agriculture, processing, cooking, consumption, and 
management are likely regions for improving the use of energy efficiently. In Africa, 
90% of removed wood is utilized for cooking and industrial household. Enhanced 
energy saving, as well as resource management in cooking stoves, can support to 
reduction of deforestation (FAO 2012).
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20.3.2  �Integrated Renewable Energy Technologies 
for Farming Perceptions

The proper energy tools, technologies as well as various services in agriculture 
fields are significant to make the stable variation to capable for food and energy 
smart systems. New CSA approaches can be most significant for integrated food 
and energy systems include (Khoi and Murayama 2010):

•	 bioenergy-operated water pumps,
•	 cooking stoves,
•	 distillation and fermentation processes,
•	 hydrothermal conversion exchange tools,
•	 information and communication technologies (ICT),
•	 monitoring observing systems,
•	 photovoltaic lights,
•	 power generators,
•	 pyrolysis units,
•	 renewable energy-powered vehicles,
•	 solar panels,
•	 solar-wind electricity production by solar panels,
•	 windmills.

These recently developed methods increase the value of production and the 
accessibility of raw properties. These approaches can be interrelated on a farm in 
terms of food and energy smart systems (Fig. 20.2).

20.3.3  �Soil Management in CSA

Agriculture is extremely dependent on climate, up to now, evidence of perceived 
variations related to CC and especially to water, has been difficult to find. Agriculture 
is intensely changing due to climate factors, agricultural practices, market prices, 
technological advances, and management practices. Policymaker in agriculture will 
be required to revise the way in which water, land, and soil nutrients are achieved to 
confirm that these resources are utilized most efficiently to attain the three main 
objectives of CSA. The CSA is an extension of earlier maintainable efforts which 
includes conservation , pest management, crop improvements, horticulture, soil 
management, aquaculture, fodder crops, agroforestry, and new policies. Soils are 
made up of different elements like decayed plant, variety of dead animals, and 
plants. Due to these changes in local climate, properties of soil (topography, geol-
ogy, vegetation, and variable landscapes in depth) are also changing. The abundance 
of nutrients that are available in the soil bring more diversity. A handful of soil that 
can hold various organisms can also play an important role in preserving soil health 
(Corsi et al. 2012).
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20.3.4  �Water Management in CSA

Agriculture is most exposed to vulnerable impacts of CC than other economic areas, 
it consumes 80% of freshwater in the whole world (Mundial 2012). According to 
the UN report (2014) population is estimated to reach nine billion people by 2050. 
On other hand, weather patterns have turned out to be irregular, which has led to low 
food production in different countries around the world. The CSA technology has 
been considered as a friendly method that applies a political aspect to attain sustain-
able development goals (Mundial 2012). It combines three ways of sustainable 
progress (community-based, financial, and biological) to tackle CC issues and food 
security (Zahoor et al. 2019). Water demand has been increasing in industries and 
cities as an outcome of fast economic development in developing countries (Mubeen 
et al. 2020). Pollution has been increased by industries, cities, and agriculture activi-
ties which have affected the ecosystems. Water demand was projected to increase in 
the whole world in next coming years as population will spread nine billion 
upto 2050.

20.3.5  �Land Use (LU) Management

Practices of land use (LU) management like reduced tillage and integration of soil 
biodiversity can play a significant role in accretion of carbon in the soil. Therefore, 
the issues of CC can be resolved by CSA like effective resource management and 
conservation management practices, improved weather predicting, better pest 

Biomass Crop residues
and manure

Wind Sun

Windmills

G

G

G

G

Striling motor

Heat for housing
or productive uses

Electricity to the grid
or off-grid installations

CHP station

PV panels
Solar
collectors

Control
equipment

Heat accumulatorMeters

Power

Heat

Generator

Biogas plants
and storage

Fig. 20.2  Integrated renewable energy technologies (Source: Amin et al. 2015)

S. Hussain et al.



325

control, crop variation, and crop modeling. Future LU policy procedures and 
involvement of national values of farmers will be crucial for food security. This 
method also contributes to the solution of the environmental problems as well as the 
projected sustainable growth initiatives (on LA, FAO 2015).

Several advantages of the landscape approach (LA) include the following:

•	 Economies of scale and scope: water and land users in a LA share their services 
as well as cost advantages subsequent from included food production;

•	 It needs that LU policy-making and planning are measured contrarily with 
respect to scale taking into account spatial components;

•	 It is not a “one-size-fits-all” method but rather includes a few areas, cultural, 
stakeholders as well as further geographic boundaries that generally make natu-
ral sense (Fig. 20.3).

20.3.6  �Crops Genetic Modification

Environmental stress generally influences the decay of organic matter in soil, 
and accessibility of water and nutrients to plant (Akram et al. 2018). Crop produc-
tion is projected to reduced by 2.5–10% after 2020 and by 5–30% upto 2050, with 
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maximum reduction in central and south Asia. Adjustment methods can be improved 
by the accessibility of yield assortments that are tolerant to salinity, drought as well 
as heat and therefore decrease the dangers of climate condition. Genetic variety 
with improved seed composition and structure has been observed as very effective 
protection against plant. Also, for the remuneration of the rising issues of crop cycle 
reductions as well as different ideas for the production of environment, it is essential 
to build up the assortments. Because of the genetic change in worldwide vegetable 
yield has doubled during the last few years, overall trade in vegetables is higher than 
grains (Aslam et al. 2013; McCarthy and Brubaker 2014).

20.3.7  �Crop Production and Relocation

Crop production is affected by the CC at the worldwide level and it has great con-
cern with the global food security. On the other hand, the farmer and poor communi-
ties are highly at risk due to the decline in crop production. The CC is the global 
issue for maximum population in developing countries which faces the health risk, 
food insecurity, and water shortage. Developing nations are highly at risk due to low 
income, absence of appropriate technology to adopt the CC. The few crops may get 
benefit in different areas all over the world under the CC. For example, the precipi-
tation will be affected by the change in extreme weather events such as flood and 
drought (Mubeen et al. 2013a). The increase in the temperature will lead to the rapid 
spread of the pest in crops and also favors the growth of weeds. The rapid increase 
in the sea level will limit crop production and also the long time crop failure all over 
the world. Currently, the whole world is facing great challenges like volatility, loss 
of soil fertility, increase in urbanization, CC, and water scarcity. Approximately 
86% of the rural communities are dependent on agribusiness for their livelihood. 
High-level adaptation plan will decrease the risk of CC and protects the livelihood 
of the rural communities as well as also decrease food insecurity (FAO 2012). In 
practical terms, we need first to maintain the production capacity of the agricultural 
system under the CC; it will only be possible when we apply the implementation 
actions at the national level according to country problems as well as preference of 
action to need and also quick response from vulnerable communities (McCarthy 
et al. 2011; Fahad et al. 2015, 2016).

20.3.8  �Efficient Pest Management (EPM)

Differences in rainfall and temperature suddenly affect pest, disease occurrence as 
well as extremeness on main crops. It is due to the influence of CC that will essen-
tially impact the association of the host population as well as pest/weed host rela-
tions. Various potential adaptation practices include (Lipper et al. 2014):
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	1.	 Growth of cultivars impervious to pests as well as diseases;
	2.	 The EPM selection having more reliance on organic control and change in social 

practices;
	3.	 Implementation of additional security of crops systems, and places that are 

impervious to pests as well as different dangers.

20.3.9  �GIS Mapping

Geographical information system (GIS) and remote sensing (RS) is mostly used in 
mapping as well as analysis which helped in the computation and estimation of LU 
management, land surface temperature (LST), urbanization, and food security. The 
study integrated infrastructure, urban sprawl, population allocation as well as other 
resources (Hussain et al. 2020a, b, c). These images and photographs were utilized 
in the study of the seashore because of hot cyclones as well as rising ocean levels 
(Hussain 2018). Hazard and danger maps can be made at various potential scales to 
show the risk designation crosswise over various land areas. These areas can be site 
explicit, include local governmental regions as well as small national landscapes, 
like coastlines, river basins, and lakes. Current progressions in the field of adminis-
tration in databases, as well as the computer information, made that GIS is a perfect 
instrument for investigating satellite maps in land management by utilizing a multi-
situational approach. Numerous topographic factors of elevation, coastal proximity, 
slope, water canals, and vegetation cover are integrated by the analytical hierarchy 
process (AHP) to create a weighting scheme for the geospatial variables (Suppasri 
et al. 2013).

20.3.10  �Forecasting

The forecast of climate is very supportive to decrease the dangers of climate misfor-
tunes. The ICT (information and communications technology) can proficiently sup-
port researchers as well as administrators in arranging possibility programs. In 
forecasting, a novel method MCA (multi-criteria analysis) tool has been used to 
assess CC strategy alert on mitigation and adaptation strategies (Ali et al. 2019). 
The best suitable considerations of policymakers and stakeholders are to execute in 
their policy-making, that is a different MCA actualized to discover potential varia-
tional practices.
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20.3.11  �Crop Modeling

Crop modeling is a new and creative advanced tool for dealing with hazards in agri-
culture (Abbas et al. 2020). Computer-aided simulation models can also play a sig-
nificant role to assess crop yield and crop management responses. Crop modeling 
can also use to monitor the potential threat of CC on future crop yields, CSA mitiga-
tion, and development procedures. However, two crop management systems are 
Decision Support System for Agro Technology Transfer (DSSAT) as well as 
Agricultural Production System Simulator (APSIM) frequently used all over the 
world (Mubeen et al. 2013b).

Despite the fact that several uncertainties owing to less information and crop 
production models can obviously assess the effect of explicit water stress situations 
(possible due to CC) on crop efficiency if these are well validated and calibrated in 
field experiments (Sabagh et al. 2020). The crop modeling permits the difference of 
climate factors like temperature, water regime, and simulates the crop response via 
numerous determined growth parameters. For the unpredictability of the issue, 
research improvements continue to be regularly being made to models, such as 
assessment of drought effects. Mubeen et al. (2016) associated the different models 
like Crop Environment Resource Synthesis (CERES)-Wheat and SWHEAT with 
measurements from wheat grown under drought (Mubeen et al. 2013c). CERES-
Wheat has shown to be helpful for estimating the drought impacts on different crops 
in explicit areas. CERES-Wheat is well-referenced and has been effectively verified 
in several research, particularly for CC belongings on crop growth (Ahmad et al. 
2014; Wajid et al. 2014; Fahad et al. 2017, 2018).

20.3.12  �Climate Smart Agriculture (CSA) in Livestock

There are many effects of climate change on livestock production, some may be 
direct and others may be indirect. Thes are given in Table 20.1. An effective use of 
natural resources is an important approach for decoupling development in livestock 
region from adverse ecological effects. Proficiency in the use of natural resources is 
estimated by the proportion between uses of natural resources as contribution to 
security as well as the output from security. Examples of opportunities that fall 
within this technique are greater feed productivity, water efficiency, greater yields 
per hectare, better management of fertilizers and manure as well as diminished 
damages along the food chain (Davis et al. 2012).

The actual prices of inputs, for example, feed, water, and land, utilized in live-
stock production frequently do not reflect true shortages. Any future strategies to 
secure the climate will have to present sufficient market pricing for natural resources. 
Confirming best management rules, under communal as well as private ownership 
of natural resources, is a further key strategy component for improving the 
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utilization of resources. Livestock makes an important involvement in food produc-
tion, particularly in marginal areas where it signifies a single source of micronutri-
ents, protein, and energy. The influence in livestock regions on food production 
could be supported, especially in regions where the present status of consumption 
of livestock yields are very low (Dawar et al. 2021).

20.3.13  �Resource Conserving Technologies (RCTs)

The RCTs are able to apply the inputs in a sustainable way and improve the effi-
ciency of resource management, also some remarkable economic advantages like 
improvement in the crop yield through timely crop sowing, reduce the input cost 
like water, labor, and fuel. The example of the RCT is zero tillage (ZT), growing of 
crop seeds in uncultivated fields. The main benefit of the ZT is to reduce cost of 
production. The farmer sown their crops like wheat after harvesting the cotton, the 
wheat heads appear, and the grain filled before the pre-monsoon weather. Early 
sowing is most important for the wheat crop in those regions where the average 
temperature rises rapidly (Pathak et al. 2012).

Approximately 5 million hectares of areas in Nepal, India, Bangladesh as well as 
Pakistan have practiced ZT due to the rotation of rice and wheat (Saeed et al. 2013; 
Jabran et al. 2016). The ZT reduces the emissions of CO2 because it enhances the 
retention duration of organic matter and this store in the form of carbon into the soil. 
Therefore the ZT is a good way to sequester the carbon into the soil and reduce 
GHG emissions (Zingore 2010). But in developing countries (like Pakistan) various 
studies were conducted about variations in the soil carbon under different tillage 
practices (World Bank 2015). The ZT is considered as a good carbon sequestration 
strategy because it reduces carbon from 367 to 3667 kg per hectare in one year as 
compared to the conventional tillage practices (Tebrügge and Epperlein 2011).

Table 20.1  Indirect and direct effects of CC on livestock production (Derpsch et al. 2010)

Sr. Direct effects Indirect effects

1 Frequency of dangerous climate 
events increased

Change in fodder quantity and quality

2 Increased magnitude and frequency 
of floods and droughts

Variation in host-pathogen relation ensuing in an 
improved incidence of emerging diseases

3 Productivity losses due to increase in 
temperature

Disease epidemics

4 Variation in water availability Improved prices of different resource s
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20.3.14  �Fisheries and Aquaculture

Aquaculture and the fisheries sectors have great importance in the development at 
national level and also provide livelihood supports. Furthermore, the sector is facing 
important challenges in sustaining its vital involvement to these parts (Merino 
et al. 2012).

•	 The CC leads toward the increase in sea level and acidification but aquatic food 
demands are increasing such as fishes with the passage of time. So we need to 
establish the climate smart aquaculture and fisheries sectors which will require 
efficient inputs to achieve sustainable fish production, which fulfills the fish 
demand among the communities and also contribute to national development.

•	 There is no absence of direction for the sector. Responsible fisheries as well as 
the environment approach to aquaculture and fisheries outline the values that are 
integral to guaranteeing the maintainability of the sector.

•	 The change to CSA in aquaculture and fisheries will be essential to take place at 
total levels (national, regional, community, individual, and business) as well as 
time scales. All stakeholders from the public and private areas will be associated 
with the improvement of explicit options to confirm the aquaculture as well as 
fisheries sector is CSA.

•	 To make the change to CSA in aquaculture and fisheries, it will be compulsory 
to confirm that the maximum production structures, susceptible states, stake-
holders, and communities have the possibility to develop as well as apply CSA 
methods (NHB 2011) (Fig. 20.4).

Very low
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No data

Fig. 20.4  Worldwide mapping of national economies’ susceptibility due to CC effects by fisheries 
(Sources: Allison et al. 2009)
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20.4  �Improving Climate Smart Agriculture (CSA)

20.4.1  �Climate Risk Management Through Water 
and Land Management

Strengthening the resilience of smallholding farmers is becoming an increasingly 
important political agenda as the magnitude and frequency of shocks, as well as 
tensions, increase due to important changes in socioeconomic and biophysical fac-
tors. Energy and food price unpredictability, economic downturn, CC as well as soil 
degradation is the latest main variations that have augmented the susceptibility of 
smallholders to shocks and stress (Barrett and Constas 2014; Torero 2015). The 
influence of these shocks on food production and the well-being of small farmers is 
usually huge. Maize, the area’s maximum significant crop, accounting for 13% of 
the region, is expected to decline by 22% production by 2050, with the greatest 
effect on the most important crops in the CSA (Nasim et al. 2012). Similarly, it is 
estimated that sorghum and millet production are reduced by 17% (Iqbal et  al. 
2019). Land degradation not only reduces agricultural productivity but also increases 
production risk particularly for small farmers who do not make much effort to cover 
the negative effects of land degradation.

Sustainable land and water management (SLWM) which contains a mixture of 
inorganic and organic soil fertility as well as water management more than compen-
sates for the impact of CC on crop yields under existing management methods. In 
addition, SLWM is also profitable and increases family income to combat against 
poverty (Sandhu et al. 2010). Training for agricultural advisory services providers 
on sustainable land management (SLM) and CC needs to be strengthened both are 
moderately new to much older agricultural advisory services. In addition, advisory 
services for the management and development of irrigation systems remained weak 
(Mubeen et al. 2021). This applies in particular to recommendations on irrigation 
technology, which are largely limited to large-scale irrigation systems (Nkonya 
et al. 2016). Due to these factors, water loss in irrigation systems in Africa is over 
50%. Short-term training with an operative focus on these significant topics will be 
more operative and practical than long-term trainings. Furthermore, the gender of 
advisory service sources has a significant effect on the type of advisory services 
offered to the recipients (Hussain et al. 2020a).

20.4.2  �Improving the Resilience of Agriculture

Agriculture is a vital industry and a key source of income for poor rural population 
of central Asia. Production of agriculture is sensitive to climate and weather change-
ability if adaptation measures are not taken. In general, CSA has three objectives:
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	1.	 Increase agricultural production in a sustainable and supportive in terms of fair 
increase in agricultural development, food production, and income.

	2.	 Establish the flexibility of food production and agricultural systems toward CC.
	3.	 Reduction in GHG emission in agriculture (including plants, fisheries, and 

livestock).

In their comprehensive assessment of environmentally sound and SLM technolo-
gies in different areas, Pender et al. (2009) also found the cost-benefit ratio (BCR) 
of many SLM technologies, like being positive in the region. On the other hand, the 
acceptance rates of these methods stay comparatively low. These low acceptance 
rates are frequently due to numerous barriers deliberated above, like lack of knowl-
edge, information services, and to input and output markets. Financial institutions 
are often reluctant to lend to small households with unknown risk characteristics 
and a lack of collateral to guarantee a loan. In different cases, these agricultural 
households rent their area only from the state without the legal right to use their land 
as security for a loan (Takeshima and Edeh 2013).

20.4.3  �Managing Environmental Risk in Presence of Climate 
Change (CC)

At first stage of analysis, it was emphasized that the risk related to the environmen-
tal characteristics of the company, like soil fertility and access to information, are 
important determining factors for adaptation. These results are constant on adapta-
tion to CC, food production, and adoption of irrigation technology in the event of 
production uncertainty. Mubeen et al. (2016) highlight that informed farmers value 
the opportunities which are less and therefore will use new technologies more often 
than other farmers. This means that the expectation of new and improved informa-
tion can be positive, as well as the provision of information on CC can decrease the 
value of the quasi-option related to adaptation (Nasim et al. 2017a, b). Development 
policies aimed at raising the level of education can have a positive impact on the 
adaptation and adoption of technologies (Hussain et al. 2020b).

Secondly, modification would be more beneficial for agricultural households that 
would not have formerly been adjusted. This group would reduce the risk of reduc-
tion than the group of adapters. This leads us to the third conclusion that there are 
some significant causes of heterogeneity and variances among adapters and non-
adapters so that, regardless of CC, non-adapters are at a lower risk of reduction than 
adapters. These changes signify sources of difference between the two groups, 
which may or may not be taken into account when evaluating with different models, 
counting a dummy variable for adaptation to CC. Lastly, CC adaptation is an effec-
tive risk management approach that makes adapters additional resistant to climate 
situations. Non-adapters are considered precious by the precipitation in both the 
long and short raining periods while the adapters are less precious by CC (Gbetibouo 
et al. 2010; Westhoek et al. 2011).
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20.4.4  �Role of Institutions for CSA Improvement

Institutions are important which needed to create useful information and its sharing, 
and also to help people interpret, understand, and work on new technologies like 
CSA Institutions, e.g, farmer schools that educate and support farmers in practicing 
new techniques. Agricultural radio programs provide information to rural people 
related to weather and agriculture; exhibitions of agricultural parcels for the com-
munity; and discussion of ideas among farmers. Profits made using management 
methods that are sustainable for the country should first become visible. During this 
time, the farmers must bear the general costs, including labor, cash, and land. Then 
poor farmers do not have the resources to approach credit and markets and cannot 
adapt to these new methods to make CSA successful. So, there is a vital need that 
strong institutions must support agricultural markets and financing mechanisms. 
Using the most effective technologies, private sector investors, policymakers, stake-
holders, community members, and researchers can jointly describe the problems 
that are expected to be addressed and resolved.

Programs and policies are also effective if their application is supported by reli-
able institutions. Therefore, it is important to increase the institutional capacity to 
apply and replicate CSA strategies. Institutions are also crucial for the development 
of agriculture and the creation of sustainable livelihoods. They are not only a tool 
for decision-makers and farmers but also the most important way to improve and 
maintain climate-friendly growing methods (FAO 2013). Other significant formal 
institutions may include national and regional institutions in various perspectives. 
Nontraditional actors may also contain private sector and market-like insurance 
companies as well as agro-consulting companies.

20.5  �Benefits of CSA Technologies

•	 By using CSA method, Improving food security by moderate CC, sustainable 
use of all products and natural resource, have greater constancy as well as less in 
consistency in their outputs.

•	 Computer-aided crop simulation models can monitor to find out the imaginable 
risk of CC on future crop yields, CSA mitigation, and development procedures. 
The crop models permit different ecological factors like temperature and water 
system as well as simulate the crop response through various projected growth 
parameters, for example, crop yield.

•	 Therefore CSA is a practice to increase the scientific rule and investment setting 
to achieve the maintainable agriculture progress to confirm the food production 
under CC (FAO 2012). The CSA is a way to get green economy objectives and 
sustainable developments (Braimoh and Osaki 2010).

•	 One of the most significant uses of GIS is the presentation as well as analysis of 
information for ecological decision-making. The GIS-based transforms and 
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combines spatial information (input) into a resultant decision (output) (Akinci 
et al. 2013).

•	 The various models for example AHP consists of criteria, sub-criteria, and objec-
tives. To assess the criteria, scoring was created with preference scale, and a 
PWCM (pair wise comparison matrix) was made, for which consistency should 
be below 0.10.

•	 The MCE (multicriteria evaluation) model discovers solutions to decision-
making issues characterized by various factors, and WLC (weighted linear com-
bination) cumulative them into a final land suitability index (Schlenker and 
Lobell 2010).

20.6  �Conclusion

FAO estimated that agricultural and food production should increase 60% by 2050 
if the current consumption and production rates continue, to meet the requirements 
of food of world’s population. Food security is highly dependent on the CSA 
because this system provides the opportunity to mitigate and adopt the CC. Crop 
modeling can also use to monitor the potential threat of CC on future crop yields, 
CSA mitigation, and development procedures. To attain agricultural development 
and food security goals with adaptation to CC will be necessary to lower emission 
intensities per output. Further flexible as well as fruitful agriculture needs a maxi-
mum significant variation in the way of use in resources management, land, water, 
and soil nutrients by using CSA practices. The CSA technologies can help to 
increase the resilience of agricultural producers in different areas and increase cli-
mate variability lead by CC. The CSA is a new method to transforming agricultural 
systems and supporting food production in CC, offering concrete and flexible solu-
tions. Under a business-as-usual scenario, CC will make this task very difficult due 
to bad effects on agriculture, requiring spiraling adaptation. Lower production 
intensities and adaptation to CC will be essential to attain agricultural growth and 
food production goals.
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Abstract  For sustainable agricultural production and timely preparations to miti-
gate the climate change impacts, innovative modern technologies can be used. 
These technologies have great potential for monitoring agricultural systems and 
valuable solutions to combat climate change in order to offset the adverse impacts 
on agricultural production. Farmers need continuous information throughout the 
crop life cycle for implementing profitable farming decisions. Internet of things 
(IoT) is one of the advanced technologies in smart agriculture. IoT is the network of 
Internet connected devices to obtain and transfer real-time data. Now, the manual 
and conventional procedures are being replaced with automated technologies glob-
ally. IoT is becoming popular in agriculture sector as compared to conventional 
agriculture due to its distinguishing features such as less energy requirement, good 
global connectivity, and real-time data collection. On the other hand, device com-
patibility is the major limitation in IoT but now the solutions are being developed 
with technological advancements. This chapter focuses on the role of information 
communication technology (ICT) and IoT in agriculture domain and proposes the 
benefits of these wireless technologies. Use of IoT technology in smart farming can 
serve as a solution for several management and decision-making for building cli-
mate resilience in agriculture.

Keywords  Climate change · Smart agriculture · Internet of things · Sensors · 
Precision agriculture · E-Agriculture

21.1  �Introduction

Nowadays, climate change is becoming one of the most important barriers for agri-
culture production and sustainability globally. Climate variability has an impact on 
the number of natural events involved in agriculture such as increased erratic rain-
fall, temperature rise, more invasive pathogens, heat waves, and floods. (Puranik 
et al. 2019; Amin et al. 2018; Ashraf et al. 2017; van Ogtrop et al. 2014). Hence, the 
changing patterns in the trends of environment are compromising the overall suc-
cess of agriculture along with its sustainability. This global climatic change is pre-
dicted to affect global food security by disrupting food production, availability, and 
quality. For instance, temperature extremes and more erratic rainfalls are domi-
nantly minimizing agricultural production (Malavade and Akulwar 2016; Ali et al. 
2019; Ahmed et al. 2014). Increase in the severity and frequency of these climatic 
events is predicted in the upcoming future. Hence, it indicates more vulnerability to 
sustainable agriculture (Fig. 21.1). These scenarios lead to the evolution of climate 
smart agriculture based on smart climate monitoring methods and technologies to 
increase preparation and sustainability in agriculture (Lipper et al. 2014; Rahman 
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et al. 2020; Jabeen et al. 2017; Ijaz et al. 2017). Therefore, to boost agricultural 
productivity and sustainability, more innovative techniques and technologies are 
needed to be utilized in agriculture (Ahmed, 2012, 2020a, b, Ahmed and Ahmad, 
2019, 2020; Ahmad and Hasanuzzaman, 2020; Ahmed et al. 2013, 2018, 2020a, b, 
c, d, e; Ahmed and Stockle, 2016; Ahmed and Hassan, 2011). One of these innova-
tive technologies, the Internet of things (IoT) is rapidly developing as an applied 
technology in wireless environments. Internet of things technologies have great 
application potential in the climate, food, and agriculture domain especially in the 
context of climatic challenges faced in these sectors (Patil and Kale 2016). The IoT 
technologies can transform the agriculture sector by contributing to food security, 
monitoring farm environments, increasing preparation, and optimizing the agricul-
tural inputs to reduce wastes. However, the success of these technologies is linked 
with the remarkable change in the culture (Brewster et al. 2017).

Agriculture informatics is referred to as the use of innovative techniques, ideas, 
and scientific knowledge to expand the use of computer science in agriculture. 
Information communication technology (ICT) and IoT are used for management, 
land use, and analysis of agricultural data. Use of IoT and ICT in agriculture is also 
known as E-agriculture (Gakuru et al. 2009). E-agriculture focuses on enhancing 
agricultural development by using advanced information and communication tech-
nology. It involves development, application, and evaluation of innovative means to 
use ICT in agriculture (Dlodlo and Kalezhi 2015; Aslam et al. 2017b). IoT is the 
framework for connecting physical things (like sensor, devices, etc.) to the Internet 

Fig. 21.1  Impacts of climate change on agriculture
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that enables the monitoring and controlling of the physical world from remote loca-
tions (Kopetz 2011). IoT provides an ICT infrastructure to facilitate exchange of 
things and the main function is to minimize the gap among things in physical world 
and their representation in information system technology (Weber and Weber 2010).

IoT consists of software, networks, devices, and different types of sensors. There 
are many reasons that IoT is an efficient technology including (i) Global connectiv-
ity (ii) Less human involvement (iii) Communication (iv) Quick access, and (v) 
Less time consumption.

In developed countries, representation of real-world in ICT systems has been in 
practice for the last two decades, but the last decade has shown an unprecedented 
growth of ICT usage in developing countries. In 2015, there were 13.4 billion 
devices that were connected to the Internet, and there is an expected increase of up 
to 38.5 billion by 2020 (Research 2015). Now, public services and information are 
readily available in remote areas. Use of wireless technology has eradicated the 
waiting periods to undertake vital decisions. Recent advances in technologies have 
resulted in easy access to networks and more sophisticated, smaller, and economical 
sensors. Smart agriculture can serve as a solution for agricultural sector problems; 
farmers can monitor their agriculture sector individually with the help of IoT devices 
and networks (Abbasi et al. 2014).

The ICT and IoT drivers in agriculture have the advantage of (i) Connectivity 
and low cost, (ii) Adaptability and affordability of tools, (iii) Data exchange and 
storage advances, (iv) Innovative models for business, and (v) Demand of informa-
tion services in agriculture (Nlerum and Onowu 2014). However, in rural areas, 
there are some barriers that should be addressed by ICTs broadband. These barriers 
include (i) Distance barriers, (ii) Economic barriers, and (iii) Social barriers 
(Stratigea 2011).

IoT in agriculture can be used in various scenarios and can enhance agricultural 
processes. Cloud enabled systems can be used for agriculture data and its uses in 
simulated systems. By using IoT technology, farmers can get timely knowledge 
about the recent trends in agriculture. IoT devices can monitor the soil properties, 
weather variables, plant characteristics, etc. Therefore, it can play a vital role in 
timely management of agricultural systems under swiftly occurring climate chang-
ing scenarios and boosting agriculture production.

21.2  �IoT System

This section delineates several components of the IoT system, classification, and 
development trends (Fig. 21.2).
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21.2.1  �IoT Platforms, Standards, and Protocols

IoT has the potential to grow in the future and many companies (The Yield, 
Agrosmart, Fieldin, Cowlar, HerdDogg, etc.) are focusing on this technology that is 
leading to the emergence of solutions and new platforms. Device compatibility is 
the main challenge that needs to develop solutions for general use. Single board 
computer device is the main concept for most IoT devices that have sufficient com-
puting power, use open source solution, and have low energy needs. Advanced 
Reduced instruction set computing Machine (ARM) processor is commonly used in 
IoT devices. These devices have operating system for both MS Windows and Linux 
platforms (Dusadeerungsikul et al. 2020; Bacenetti et al. 2020).

21.2.2  �IoT Networks

For proper operation of IoT devices, Internet connection is a basic need; mostly this 
connection is wireless. These connection technologies have different standards and 
parameters. The common characteristics of wireless connections depend on (i) 
Energy consumption, (ii) Downlink and uplink data rate, (iii) Size of package, (iv) 
Range, and (v) Frequency. IoT comprises of many technologies and networks pri-
marily designed for IoT (such as SigFox and LoRaWAN), while on the other hand, 
it also uses technologies that are developed for other purposes (such as Wi-Fi, GSM, 
and LTE). Lower energy use is the main feature of IoT designed networks. It is 
assumed that with the advancement in technology, IoT devices will be enabled to 

Fig. 21.2  IoT structure
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operate for years or decades with only a simple battery (Dusadeerungsikul et al. 
2020; Bacenetti et al. 2020).

21.2.3  �Classification of IoT Devices

Any Internet connected device falls in the IoT device category. However, there are 
some other features that are used for further classification of devices, such as (i) 
Usage purpose, (ii) Internet connection type, (iii) Device or sensor type, and (iv) 
Energy use (Dusadeerungsikul et al. 2020; Bacenetti et al. 2020).

21.2.4  �Trends in IoT Development

IoT has the potential to be used in each area of human activity. Current trends in IoT 
development are (i) Specific IoT network development, (ii) Reliable security, (iii) 
Minimal energy use, (iv) Miniature devices, and (v) User-friendly controls, solu-
tions, and settings (Dusadeerungsikul et al. 2020; Bacenetti et al. 2020).

21.3  �Wireless Technologies in Smart Agriculture

In smart agriculture, several kinds of IoT devices are used (such as wireless sensors) 
for the purpose of data collection of environmental and physical attributes 
(Fig. 21.3). In the agriculture domain, sensors are used for the following reasons:

	 (i)	 Weather, crop, and soil monitoring and data collection.
	(ii)	 Fertilizer and irrigation management.
	(iii)	 Increased preparedness to respond to abrupt climatic changes.

However, these sensors or IoT devices utilize some network protocols to transmit 
the data remotely. In this section, common wireless technologies used for data 
acquisition and transmission in smart agriculture are presented and compared for 
distinctive features. Weather monitoring and prediction is becoming more challeng-
ing under the current climate changing scenarios. Moreover, these extreme climatic 
events are severely impacting the agricultural environments and making farming 
practices harder and vulnerable. Therefore, there is a need to put in place the more 
effective strategies to combat the increasing food demands and climate variability 
(Ahmed et al. 2017). Several cellular and wireless technologies have been devel-
oped to play a vital role in smart agriculture (Andreev et al. 2015). A new IoT sys-
tem has been developed on the basis of Long-Term Evolution (LTE) features and is 
known as Narrowband IoT (NB-IoT). The main functions of this system are to 
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Fig. 21.3  Data chain 
in IoT

Table 21.1  Comparison of all the wireless technologies

Range Cost Power Consumption

LoRa 5 km Low Low
SigFox 10 km Low Low
ZigBee 100 m Low Low
4G/3G/GPRS 10 km Medium Medium
Wi-Fi 100 m High High
GPS and BT 10 m Low Medium

increase the coverage area and reduce power consumption (Ratasuk et al. 2016). In 
the future, NB-IoT technologies like Long Range Radio (LoRa) will be used in 
agriculture on a larger scale due to its lower energy use and enhanced coverage 
(Table 21.1).
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21.3.1  �Long Range Radio (LoRa)

This protocol was introduced by the LoRa Alliance. It is a system with wide area 
coverage and less power consumption as compared to other wireless technologies 
(Pitì et al. 2017). It consists of LoRa end device, gateway device, and a network 
server. This protocol is used for moisture, humidity, temperature, and light monitor-
ing in greenhouses and fields as well (Ilie-Ablachim et al. 2016).

21.3.2  �SigFox Protocol

SigFox is a narrow band cellular network (Pitì et al. 2017). This protocol was used 
in a system that was developed for locating animals in pastures and grazing lands. 
This system is also used for animal tracking in mountains and pastures.

21.3.3  �ZigBee Protocol

ZigBee is a wireless, low-cost IoT network technology (Sarode and Chaudhari 
2018). Low cost of this technology allows it to be widely adopted in wireless 
monitoring applications. As an advanced technology, it has gradually become 
popular and considered as the best choice for agriculture. This technology  
identifies and obtains real-time data for crops pests, moisture and drought, and 
transfers data to remote monitoring centers. With real-time information of field 
data, automated devices can be used for controlling irrigation, fertilization, and pes-
ticide (Cancela et al. 2015). ZigBee can be used up to 100 m effectively (Jawad 
et al. 2017).

21.3.4  �4G/3G/GPRS

These are packet data services used for cellular phones. These modules can be cou-
pled with sensors to control the irrigation to crops depending on weather and soil 
monitoring (Gutiérrez et al. 2014). It is a cost-effective method for monitoring agri-
cultural information.
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21.3.5  �Wi-Fi

It is one of the most commonly used wireless technologies in portable devices. 
Mobile phone applications are connected and used by utilizing Wi-Fi and 3G tech-
nologies to monitor and regulate agricultural operations (Chung et  al. 2015). 
However, it requires high cost and power (Mohapatra and Lenka 2016). It can be 
used up to 20–100 m. This technology can be used in agriculture for weather and 
soil monitoring in fields and greenhouses.

21.3.6  �GPS and Bluetooth (BT)

BT is used for connection and communication between devices like mobiles, lap-
tops, etc. It is used to satisfy various agricultural operations (Ojha et al. 2015). A 
system was developed to monitor weather, moisture, and temperature by utilizing 
Global Positioning System (GPS) and BT technologies. The purpose of this system 
is to conserve water and increase productivity by controlling irrigation (Kim and 
Evans 2009; Mubeen et al. 2013). BT can be used up to 10 m only. It has been used 
in agriculture for its lower energy requirements and ease of use (Vellidis et al. 2016). 
Using this technology, fertilizer and pesticide use and weather and soil conditions 
can be monitored while irrigation can be controlled.

21.3.7  �Crop Simulation Modeling

Modeling is the representation of real systems using equations or sets of equations. 
Crop simulation models mimic the plant growth and development (Oteng-Darko 
et al. 2013; Mahmood et al. 2017; Aslam et al. 2017a; Mehmood et al. 2017, 2020). 
These models simulate plants and environment relationship for yield prediction, 
decision-making, crop management, and studying the climate change impacts on 
global food security (Kasampalis et al. 2018; Asseng et al. 2019; Liu et al. 2019). 
The basic purpose of agricultural model development is to increase the scientific 
understanding of underlying process in crop production and to improve the decision-
making based on scientific understanding (Ahmed, 2012, 2020a, b; Ahmed et al. 
2013, 2018, 2020a, b, c, d; Ahmed and Stockle, 2016; Ahmed and Ahmad, 2019, 
2020). Crop simulation models predict on the basis of weather, soil, fertilizer, 
genetic, and environment information as well as their interactions (Wallach et al. 
2018). Recent advances in crop simulation models have enabled the insects, pests, 
and diseases prediction as well. Decision Support System for Agrotechnology 
Transfer (DSSAT) (Hoogenboom et  al. 2019; Jones et  al. 2003), Agricultural 
Production Systems Simulator (APSIM) (Keating et al. 2003) and Environmental 
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Policy Integrated Climate (EPIC) are very well-known crop simulation models 
worldwide.

21.3.8  �Remote Sensing

It is an art as well as a science to acquire knowledge and information about the 
object from distance. Information is remotely sensed by sensors through several 
platforms like satellites, UAVs (Un-manned Aerial Vehicles), airplane, and hand-
held devices (Bregaglio et al. 2015). Remotely sensed satellite images have very 
useful application over the last few years (Kasampalis et al. 2018). Remotely sensed 
data is used to monitor the crops, vegetation type, vegetation indices, vegetation 
vigor (Silleos et  al. 2006), canopy, leaf area index, absorbed photosynthetically 
active radiations, evapotranspiration, biomass, and yield (Franch et al. 2019; Leroux 
et al. 2019; Campoy et al. 2020). This data is used to develop primary productivity 
models and simulation of productivity (Han et al. 2020; Zhang et al. 2020; Chen and 
Tao 2020). Remote sensing in combination with crop simulation models can help in 
yield assessment. Remote sensing can provide the enhanced spatial information and 
actual field condition that can improve the growth and yield assessment under the 
anticipated climate change (Kasampalis et al. 2018; Nasim et al. 2011).

21.3.9  �UAVs (Un-manned Aerial Vehicles) and Drones

UAVs and drones are aerial vehicles equipped with multispectral cameras, sensors, 
and microcontrollers to facilitate the daily work in the fields. In recent years preci-
sion agriculture is the main focus of community research (Hassan-Esfahani et al. 
2014; Pederi and Cheporniuk 2015). Monitoring the health of crop is essential for 
yield increase in agriculture (Carbone et al. 2018). For agricultural monitoring use 
of drones and UAVs are now becoming very common. These are used to monitor the 
growth and development of crops as well as plant height, soil moisture, pest popula-
tion, and variations occurring in the field (Potrino et al. 2018). These drones and 
UAVs help in remote sensing of agricultural crops by taking images of crops and 
fields. These images are used for analysis by using different kinds of software to 
improve the understanding. Drones and UAVs have the advantage of providing 
high-resolution images than satellite images (Carbone et al. 2018). These drones 
and UAVs are also used for spraying of chemicals like insecticides, pesticides, etc. 
(Pederi and Cheporniuk 2015).
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21.4  �Potential Applications, Opportunities, and Current 
Usage Trends of IoT System in Agriculture

IoT system has numerous applications in the agriculture sector. It is used for moni-
toring and management of several processes with the help of modern technology 
(Fig. 21.4).

For decision support, raw sensor data is processed. Then, information is used for 
decision-making and performing different farm operations. A variety of sensors 
used for monitoring and data acquisition in agriculture are described in Table 21.2.

21.4.1  �Weather Forecasting

To reduce agricultural risks associated with climate change, previous weather data 
can be used for weather forecasting through big data analysis. Environmental condi-
tions can be monitored with the help of different environmental sensors. Depending 
on the collected data, timely decision-making, and farm management can be done.

Fig. 21.4  IoT in smart agriculture
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21.4.2  �Pest Control

Along with the weather and climate data, pest life cycle can also be monitored. It 
can play an important role in predicting pest outbreaks. For pest management, data 
of environmental variables (like humidity, precipitation, leaf wetness, etc.) are col-
lected using different kinds of sensors. A disease known as Phytophthora was moni-
tored and reduced with the help of sensor (TNOdes) in potato production 
(Baggio 2005).

21.4.3  �On-farm Water Management

Irrigation and water management play a key role in agriculture (Zia et al. 2017). 
Climate change has resulted in erratic rainfall, water shortage, and health problems 
(Rasool et al. 2018). Remotely controlled irrigation systems such as drip irrigation 

Table 21.2  Sensors used in smart agriculture

Weather sensors
Met station one (MSO) Detection of wind speed and direction, temperature, humidity, and 

barometric pressure
Compact weather 
(CM-100)

Detection of wind speed and direction, temperature, humidity, and 
barometric pressure

T and R.H sensor 
(HMP45C)

Measurement of air relative humidity (0–100%) and temperature 
(−40 to +60 °C)

T and R.H sensor 
(SHT71)

Measurement of the relative humidity and temperature

Temperature sensor 
(107-L)

Measurement of air, water, and soil temperature

Soil sensors
Moisture sensor (ECH2O) Detection of soil water content
Soil moisture sensor 
(MP406)

Monitoring of volumetric moisture content of soils

EC sensor (EC250) Measurement of the electrical conductivity of soil
Hydra probe II soil 
sensor

Detection of moisture, conductivity, salinity, and temperature

Pogo portable soil sensor Detection of soil temperature, conductivity, moisture, etc.
Plants/leaves sensors
Photosynthesis (TPS-2) Monitoring of leaf photosynthesis
Leaf wetness sensor 
(LW100)

Detection of leaf surface wetness and rainfall

Chlorophyll sensor 
(YSI6025)

Estimation of phytoplankton concentrations by detecting the 
fluorescence from chlorophyll

Temperature sensor 
(LT-2M)

Monitoring of absolute leaves temperature
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and sprinkler irrigation can be opted in water-stressed areas. Linking the data of 
various variables (like radiation, humidity, temperature, etc.) from different types of 
sensors can control the amount and placement of water depending on the needs. 
Website real-time presentation of a river basin can be done. Sensors are used that 
feed the information into the websites. It enables users to monitor the river basin 
and react to changing patterns. As flooding is the main problem in river basins, it 
can be used as risk management strategy in agricultural communities.

21.4.4  �Greenhouse Management

Monitoring the environment in the greenhouse is very critical (Ahmed 2017). 
Sensors are used in greenhouses for controlling and monitoring the moisture, tem-
perature, humidity, etc. These sensors can be linked to a system, and Internet and 
can lead to smart agriculture that would help in effective management (Fig. 21.5).

Fig. 21.5  Different sensors-based gas measurements techniques (Source: Hill et  al. 2016 with 
permission from Elsevier)
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21.4.5  �Forest Management

Forest management can also be done effectively using IoT technology. Forest fires 
and illegal cuttings are the major issues in forest management. Fire can be detected 
by satellite technology using photos and heat sensors. Scannable plastic barcodes 
can be inserted in trees, to prevent illegal cutting. In this way, trees can be tracked 
from forests to the consumers.

21.4.6  �Pollution Detection

IoT can play a vital role in pollution detection. In massive water bodies, satellite 
light radiations are used to detect water pollution. This technique would become 
convenient in aquaculture. By using the radiation wavelength, the type of pollutants 
can also be identified (Mubarak et al. 2016).

21.4.7  �Livestock Monitoring

Radio frequency identifiers (RFIDs) are attached to animals for tracking animals 
and preventing theft. The position of animals can be seen in control or data centers 
where RFID readers are placed. It is helpful in communal grazing systems where 
animals get lost. GPS is used for location tracking. Similarly, measurements of 
enteric methane (CH4) emissions from ruminants could be easily monitored by dif-
ferent sensors-based devices (Hammond et al. 2016; Huhtanen et al. 2015; Hill et al. 
2016). This could help to design strategies to minimize emission of enteric CH4 
which is a significant source of greenhouse gas (Figs. 21.5 and 21.6).

21.4.8  �Marketing

For market prices, data from national markets are filtered out and disseminated 
through small information centers having Internet access. In more remote areas, 
radio broadcast can be used. IoT can be used for branchless banking services. 
Especially in rural communities where farmers have no access to banks within rea-
sonable distance, they can make money transactions and bill payments at retail 
outlets.

Precision agriculture and smart agriculture are aimed to maximize the net returns 
on investment. IoT technology can play a vital role in precision agriculture. Decision 
support systems running on smart devices can assist in better farming management. 
Mobile applications can help farmers in decision-making in farming operations 
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(irrigation, disease and pest management, etc.) and diagnosing the diseases. IoT 
technology systems track and monitor animals. Similarly, farm product delivery can 
also be facilitated by IoT technology. Sensors and mobile Internet cut out the role of 
middleman and enable farmers to directly contact with consumers. Near Field 
Communication (NFC) systems can facilitate the purchasing and buying of farm 
inputs and farm products without using cash. Electronic transactions are replaced 
with cash and enable branchless banking in remote areas far from banks (Dlodlo 
and Kalezhi 2015).

Precision agriculture has become a prime focus worldwide (Jiang 2014) and use 
of modern IoT technologies in smart agriculture has gained importance in recent 
years (Table 21.3).

21.5  �Scope and Future of IoT

By using smart agriculture technologies, more area can be brought under cultivation 
to meet the increased demands. Livestock management can be done more effec-
tively with the help of IoT and other modern technologies to improve the quality 
and cleanliness. However, on the other hand, affordability, sustainability, and scal-
ability are the major obstacles for adoption of these technologies. Farmer literacy 
and technical education are vital to use modern advanced technologies.

Developing countries are lagging behind the developed countries in the agricul-
ture sector. Therefore, it is a prime necessity to take serious initiatives to promote 
modern technology to make agriculture more efficient and profitable. Hence, smart 
agriculture will result in optimizing resources, improving product quality, reducing 
production losses as well as improving the farmers’ and country’s economic 
conditions.

Airflow Outlet

Airflow Meter

Fan

Air Collection Pipe

Feed Bin

Primary Air Filter

Head Position Sensor

RFID Reader

Intake Manifold

Airflow

CH4 and CO2 Sample Inlet

CH4 and CO2 Sensors,
Electronics

Sample Flow

Fig. 21.6  Layout of GreenFeed system (Source: Huhtanen et  al. 2015 with permission from 
Elsevier)
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Table 21.3  Applications of IoT and ICT in smart agriculture

Region Crop Purpose Findings Reference

USA Floriculture 
crops

Plant tissue 
nitrogen 
detection

Development of low-cost image 
analysis technique for determination 
of tissue nitrogen content

Adhikari et al. 
(2020)

USA Soybean Monitoring of 
nitrogen 
fertilization 
responses

OptRxTM sensor has the potential to 
detect nitrogen responses under 
varied nitrogen application rates in 
soybean

Sivarajan 
et al. (2020)

Malaysia Rice Monitoring soil 
Electrical 
Conductivity 
(EC).

Designing and development of 
IoT-based system to assess the 
nutrients availability by measuring 
soil EC in rice

Othaman 
et al. (2020)

India Banana Temperature 
responses 
detection

Development of SQLite local web 
database to monitor and track the 
banana growth and generate alerts on 
the basis of weather detection

Geethanjali 
and 
Muralidhara 
(2020)

China Grasses Monitoring of 
grasslands

Implementation of dynamic threshold 
method to construct a time series of 
Satellite Pour l'Observation de la 
Terre Vegetation (SPOT Vegetation) 
and Normalized Difference 
Vegetation Index (NDVI) data from 
1999 to 2012 to monitor the green-up 
date

Guo et al. 
(2019)

USA Cotton Plants 
phenotyping

Development of terrestrial LiDAR-
based high throughput phenotyping 
system for cotton

Sun et al. 
(2018)

Japan Tomato Leaf area 
detection

3D depth sensor (Microsoft Kinect) 
can be used to measure the light 
interception characteristics and leaf 
area nondestructively

Umeda et al. 
(2017)

Malaysia Multiple 
crops

Plants nutrients 
stress

Spectral reflection pattern 
measurements in visible and infrared 
ranges can be used to detect plant 
stresses

Me et al. 
(2017)

UK Wheat Plants 
phenotyping 
and growth 
detection

Results indicate that multi-temporal, 
very high spatial resolution, 3D 
digital surface models via Structure 
from Motion (SfM) photogrammetry 
can be used successfully to monitor 
crop height and growth rate

Holman et al. 
(2016)

China Potato Shape and size 
detection

Ellipse axis method can be used to 
detect the shape of potato, with 
98.8% accuracy level

Liao et al. 
(2015)

Israel Apple Mature apple 
detection

Apple detection can be done with 
shape analysis of using by implying 
the convexity test

Kelman and 
Linker (2014)

(continued)
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21.6  �Benefits of IoT Technology in Agriculture

IoT technology can improve living standards and alleviate the poverty of farmers. 
For example, a wide range of crops can be grown in organic greenhouses that results 
in extra income and contribute to country’s gross domestic product (GDP) (Akram 
et al. 2018). The role of the middleman is lessened with mobile Internet because 
farmers can directly contact consumers.

Agriculture surveillance programs can be run with IoT that enable farmers to 
take preventive measures before the economic threshold level is reached. Therefore, 
even in droughts, bumper harvests can be obtained through precision agriculture. 
Smart health cards for crops and livestock can facilitate effective and efficient diag-
nosis and treatment with historic information of affected crops and livestock (Alonso 
et al. 2020).

IoT facilitates farm product tracking. Buyer can know where the product is and 
when it will be delivered. It can also empower transporters by providing informa-
tion about farmers who require transport. Near Field Communication (NFC) system 
use facilitates the seller and buyer in paperless transactions and minimizes theft and 
fraud. It is also beneficial for rural area people who do not have bank access. Satellite 
transmissions can serve as means to obtain information in remote areas about mar-
kets, prices, government services, facilities, etc. The major advantages of IoT in 
agriculture are (i) Efficient water management without water wastage (Kumari and 

Table 21.3  (continued)

Region Crop Purpose Findings Reference

China Cotton Foreign fiber 
detection

Image analysis segmentation method 
can be used with great accuracy and 
speed than the other methods to 
remove the foreign fibers

Wu et al. 
(2014)

Spain Maize Crop stand 
detection

Development and verification of 
automatic expert image system to 
assess the maize cropping geometry 
and aid in different treatment 
applications in field

Guerrero et al. 
(2013)

Germany Multiple 
crops

Leaf detection Ellipse approximation method in 
combination with active shape 
models can be used for individual 
plant identification under overlapping 
conditions

Pastrana and 
Rath (2013)

USA Apple Apple grading Automatic adjustable algorithm 
method for segmentation of color 
images, using linear support vector 
machine (SVM) and Otsu’s 
thresholding method can be robustly 
used for apple sorting and grading

Mizushima 
and Lu (2013)

Portugal Grape Grapes color 
detection

The proposed image analysis method 
can be used for the detection and 
location of crops in fields

Reis et al. 
(2012)
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Iqbal 2020), (ii) Continuous monitoring and timely management (Shafi et al. 2020), 
(iii) Minimal labor and time requirements (Panda and Bhatnagar 2020), (iv) Soil 
and plant management (Othaman et al. 2020), (v) Disease diagnosis in plants and 
animals (Nayak et  al. 2020), and (vi) Global marketing access (Panda and 
Bhatnagar 2020).

21.7  �Challenges in Wireless Technologies

There are a number of challenges in observing different agricultural climates. 
Challenges and recommendations are listed below:

21.7.1  �Communication Range

Communication range is a major challenge in wireless technologies. This range is 
short in agricultural applications. In ZigBee technology, it can be extended up to 
100 m. In a farm field, this range can be extended using UAVs and drones.

21.7.2  �Cost

Cost of sensors and monitoring equipment is important. The equipment should have 
low cost and robust performance. Cost reduction can make these technologies avail-
able to be adopted in poor countries.

21.7.3  �Power Consumption

Power consumption of these systems should be minimal. On the other hand, this 
challenge can be overcome by introducing alternative energy harvesting ways like 
solar, wind, etc.

21.7.4  �Reliability

Information collected from sensors are directed to farmers and organizations there-
fore information reliability is essential to deal immediately with dangerous 
information.
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21.7.5  �Real-Time Data

In precision agriculture real-time data is critical. Crops are vulnerable to changing 
climatic conditions. Therefore, real-time data is required to avoid crop failures and 
disasters.

21.7.6  �Fault Tolerance

Sensors and systems should be fault tolerant. Communication or sensor fault can 
lead to serious crop damage. For example, if the sensor controlling irrigation is not 
working correctly or communicating, it can cause water stress damage to plants.

21.8  �Conclusion

This chapter has reviewed the IoT applications in agriculture for sustainable devel-
opments and management of agricultural systems. IoT can benefit agriculture in 
several domains under the changing climate like weather forecasting, drought, crop, 
livestock, water and disease management, etc. Agricultural and rural development 
policies influence IoT technology adoption. Regions and sites specific IoT tech-
nologies should be developed to target poverty alleviation and economic uplift of 
farmers. Large number of IoT devices can be classified on the basis of type, usage, 
connection, place, etc. Instead of developing greater amount and variety of IoT 
structures, focus must be directed towards the development of reliable, more secure, 
minimal energy using, and more user-friendly devices. Agriculture is a more suit-
able area for IoT implementation, and there is room for development. IoT standards, 
platforms, and protocols should be open source software and evolving solutions for 
device compatibility issues. These solutions can decrease implementation costs and 
broaden the implementation of IoT as well.

Markets grow and collapse, disruptive business ideas emerge and die, but the 
people on the planet always need food for living. Therefore, developments and 
advancements in food and agriculture will always be a top priority, particularly 
under the current observed and predicted dynamics of climate extremes on the earth. 
Hence, application of IoT in agriculture has a promising future in terms of enhanced 
sustainability, efficiency, and scalability of agricultural systems.
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Abstract  The present food system (including production, transportation, process-
ing, packaging, storing, retail, and consumption) is a source of nutrition for the great 
majority of the world population in addition to supporting the livelihoods of about 
200 million people. Food supply per capita has increased by more than 30% since 
1961, this is accompanied by more use of nitrogen fertilizers (showing an increase 
of about 800%) and water resources for irrigation (with an increase of more than 
100%). Global food security will continue to be an international concern for the 
coming 50 years and even beyond. Crop yield has fallen in many areas recently due 
to decreasing investments in infrastructure and research, as well as due to growing 
water scarcity. Climate change is a global concern irrespective of borders. The poor 
nations are highly vulnerable to climate change and are at high risk. Food security 
is directly dependant on the food chain and the associated food system process. All 
dimensions of food security could be affected by climate change in complex ways. 
Approximately, 15 countries are highly vulnerable to food insecurity due to climate 
change, from Asia and Africa. Most of these nations are not able to cope with or 
counter the impact of climate change on an urgent basis. However, some countries 
have developed their national strategies and adaptation plans to alleviate the nega-
tive impacts of climate change.

Keywords  Climate change · Food security pillars · Nations at risk · Management 
of risk · Climate resilient agriculture

22.1  �Introduction

Food is considered a basic element for human development and human well-being 
as well as to achieve food security. Millions of people do not have enough food for 
better survival, facing malnutrition and global food demand is increased over the 
last few decades at global level. In the future, the condition will be very severe due 
to climate change. In the next five decades, the growing population will raise the 
food demand at a global level (Godfray et al. 2010; Senker 2011). It is very difficult 
to fulfill the global food demand due to climate change. All of these changes affect 
partially the overall food system (Ingram 2011). Land use land cover changes 
(LULCC) are also a major limiting factor that affect food security at a global level 
(Ramaswamy and Feed 2015; Hussain et al. 2019, 2020b). Food insecurity increased 
due to climate change (CC) because CC affects agriculture and declines crop pro-
duction due to extreme weather events such as a change in temperature, rainfall 
patterns, and an increase in carbon dioxide. Also, climate change negatively affects 
the profitability and sustainability of animal agriculture enterprises as well as the 
quality of animal products, which play a major role in ensuring food security 
(Nardone et al. 2010; Sabagh et al. 2020). Vice versa, animal agriculture operations 
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are a source of greenhouse gas emissions (methane and nitric oxide) that contribute 
to global warming (Grossi et al. 2019).

In the future, food security will be a great concern for all researchers and scien-
tists at a global level. Water shortage is a major issue and agricultural production 
decreases due to limited water availability for irrigation. According to Stocker 
(2014) at the end of this century, the temperature will be increased to 2.4–6.4 °C if 
we could not mitigate the active carbon. It was reported that African food and agri-
culture are highly at risk due to climate change and extreme weather events in the 
review of historical perspective (Muller et al. 2011a, b). Projected impacts relative 
to current production levels range from −100% to +168% in econometric, from 
−84% to +62% in process-based, and from −57% to +30% in statistical assess-
ments (Muller et al. 2011a, b). South Asia is considered as most vulnerable region 
due to climate change in the world. A decline in agricultural yield is a major prob-
lem that is induced by climate change (Ali et  al. 2019). Climate variability also 
influences the economics of the countries such as the price of food products 
increased in Pakistan, Nepal, Bangladesh, India, and Siri Lanka which was exam-
ined by a global dynamic computable general equilibrium model (Bandara et al. 
2014). Therefore, climate variability threatens food prices, food production sys-
tems, and especially food security. In 2080, food demand will be increased by 300% 
due to high population growth; higher demands of resources for food production 
system will affect the food supply without any environmental changes. Food secu-
rity and food prices are influenced by changing global environment due to its con-
tinuous effects on food production system (Hussain et  al. 2020a). The models 
relevant to climate change predicted that the probability of extreme weather events 
such as floods send droughts will be increased in the next few decades. Global 
warming also decreases the average cereal production over the entire globe.

22.2  �Food Security

The situation in which people have access to safe, sufficient, and nutritious food for 
a healthy life as well as to fulfill their dietary needs is known as food security 
(Barrett 2010). This definition needs several improvements like access and avail-
ability of the food to be culturally appropriate. Significantly the access to food dif-
fers across the regions but the huge difference lies between developing nations and 
developed ones. The major difference is due to the variation in the source and 
amount of income among these nations. The good health and nutrition level of 
humans is directly linked with food security (Havas et al. 2011).

Improvements in the agriculture and food production system are considered as 
main stream to ensure food security (USDA 2019). Access to good quality and 
quantity of food has positive impacts on societies as well as among the nations, 
including:

•	 The creation of jobs and growth of economics
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•	 Reduction in the poverty level
•	 Maximum trade opportunities
•	 Increase in global stability and security
•	 Improved healthcare

22.2.1  �Pillars of Food Security

The WHO (World Health Organization) described that food security has three major 
pillars including the availability of food, access to safe food, and utilization of the 
food. Recently FAO (Food and Agriculture Organization) incorporates the fourth 
pillar: stability of the above three pillars. Now food security has four pillars avail-
ability, access, utilization, and stability (Farsund et al. 2015).

	1.	 Food Availability: Sufficient food is available for every individual all of the time 
from commercial imports or donors and domestic food production within the 
available resources.

	2.	 Food Access: To maintain the nutritional level individual has sufficient resources 
or income to purchase the food is known as food access.

	3.	 Food Utilization: The proper biological use of food and a diet that provides suf-
ficient energy is known as food utilization. Productive food utilization is based 
on the processing techniques for food, the principle for basic nutrition, and 
knowledge for food storage at the household level.

	4.	 Food Stability: The ability to achieve food all over time is known as food stabil-
ity. Food security may be chronic, transitory, and seasonal. Instability of mar-
kets, natural disasters, and civil conflicts can affect food stability in different 
regions of the world (Fan and Brzeska 2016; Henegedara and Management 2015).

22.2.2  �Food Security Challenges

•	 Climate change
•	 Poverty
•	 Rising population
•	 Rising incomes, changing diets
•	 Falling water tables
•	 Slowing irrigation
•	 More foodless days
•	 Increasing soil erosion
•	 Melting water reserves
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22.3  �Relationships Between Food Security 
and Climate Change

The link between food security and climate change has been studied while discuss-
ing the decline in crop productivity and the failure of the agricultural system. The 
experimental findings of Gregory show that 5% of rice yield is declined and the 
duration of the wheat is decreased due to the heat stress. The rapid increase of CO2 
in the atmosphere is considered detrimental because due to this, the temperature 
increased which limits agricultural productivity especially cereal crop yield. Some 
other reviews which assessed the further impacts of climate variability on the yield 
and growth of the crops (Fig. 22.1).

22.4  �Food Insecurity Level Across the Regions of the World

Approximately 2 billion peoples are facing food insecurity all over the world: 9% 
(188 million) peoples in America, 34% (676 million) peoples in Africa, and 52% 
(1.04 billion) peoples in Asia. Figure 22.2 also described population food insecurity 
level across the different regions of the world (FAO 2019).

Fig. 22.1  Importance of global food security 
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Fig. 22.2  Interlink of Climate Change and Food Security
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22.5  �Nations at Risk and Priorities to Manage the Risk

In 2050 worldwide food demand will be increased by 60% as compared to the cur-
rent food consumption level. It is very difficult to achieve food security without 
climate change adaptations for reduction of poverty, hunger, and malnutrition 
because the rapid growth of the population increased the vulnerability in those 
regions of the world which are already facing undernourishment and also highly 
affected by climate change (Delaporte and Maurel 2018). Extreme weather events, 
rise in sea level, drought, and heat stress are considered as the impact of climate 
change. These variations in climate are very severe and have already declined agri-
cultural production and increased food insecurity across the globe (Zahoor et al. 
2019). Like food security, the livelihood of communities and households from 
developing tropical areas are affected by climate change. Nearly about 15 countries 
in the world are most vulnerable to climate change and also these developed some 
institutional frameworks to respond the climate change.

22.5.1  �South and Central Asia

Bangladesh
Bangladesh is considered a populated and poor country in the world. Particularly 
Bangladesh is one of the most vulnerable countries to climate change due to maxi-
mum reliance on natural resources and minimum institutional framework as well as 
capacity (USDA 2019). The situation is very alarming because extreme weather 
events such as intense cyclones, variation or shift in rainfall, and droughts are 
increasing with time. Agriculture of Bangladesh is highly at risk increasing difficul-
ties for local farmers. Tea, vegetables, rice, jute, and maize are the major crops of 
this country (Delaporte and Maurel 2018) (Fig. 22.3).

Priorities to Manage Risk:
•	 Reduced 40% carbon emissions by modern cooking stoves as compared to tradi-

tional stoves.
•	 To minimize the salinity problem and to save freshwater for agriculture pur-

poses, ten dams have been built in Bangladesh.
•	 To reduce the food insecurity, the government have started fruit trees plantation 

on the roadsides which also have enhanced the household income.
•	 To reduce the risk of climate change in the flood, coastal, and drought areas gov-

ernment implements the safe drinking water plants.
•	 To ensure food security, improving the livestock, fisheries, and developing a 

cropping system which resilient to climate change (salinity, drought, and flood-
tolerant variety of crops).
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India
India is a big country in the world that covers an area of 3.28 Million Square kilo-
meters. In the world, India is considered the 2nd most populous country. The econ-
omy of this country is diversified but 64% economy depends on agriculture. Forestry 
and agriculture are highly at risk due to climate change (Dev and Sharma 2010). 
Water availability is decreasing due to glacier melting, food security is at risk due to 
an increase in flash floods and decreases in rainfall, rural livelihood disturbed by 
variations in the natural ecosystem due to climate change, and coastal areas are 
highly affected by the rise in sea level (Fig. 22.4).

Priorities to Manage Risk:
•	 Government of India is introducing new plans for climate change adaptions to 

ensure food security and also for development.
•	 Government is spending more than 2% of GDP to support adaptations such as 

improvement of agriculture system, disaster, water, and coastal area manage-
ment system.

•	 Some new projects have been launched in India by the Special Climate Change 
Fund (SCCF), (Asian Development Bank, Global Environment Facility (GEF), 
and Special Climate Change Fund (SCCF); the purpose of these projects is to 
enhance the adaptation level.

Nepal
Nepal is one of the least developing countries and highly vulnerable to climate 
change within small-distance micro-climates, very complex topography, and agri-
culture contribute to 31% of total GDP.  More than 70% of people’s livelihood 
depends on forestry and agriculture (Joshi et al. 2017). Approximately two-third of 
the agricultural area is rain-fed and farmers have an average landholding size of 
0.8 ha (Shrestha et al. 2014). Nepal has become more vulnerable because of lack of 
infrastructure, lack of adaptation tools, severe weather, weak production systems, 
and lack of awareness (Aryal et al. 2014, 2016; Islam et al. 2016) (Fig. 22.5).

Fig. 22.3  Demographic information of Bangladesh
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Priorities to Manage Risk:
•	 Nepal government has introduced NAPA (National Adaptation Program of 

Action) to address the people about climate change.
•	 Also, the government approved the LAPA (Local Adaptation Plans for Action) in 

2011 to ensure food security and implement the village development committees 
and municipalities for districts that are most vulnerable to climate change.

•	 Recently Nepal Climate Change Support Program (NCCSP) helps to implement 
LAPA actions for the capacity building of peoples from climate-vulnerable 
communities.

•	 Purpose of these actions to build a climate smart agriculture and urban settlement 
system, and management of water resources under changing climate.

•	 To enhance the efficiency of the food production system now farmers are using 
technology and also some changes in practices related to agricultural management.

Pakistan
Pakistan is diverse in topography like coastal areas, temperate regions, subtropical, 
and tropical ecosystems. The economy of Pakistan depends on agriculture and most 
affected country by climate change. Additionally, farmer communities are highly 
vulnerable due to climate change. The maximum agriculture system of Pakistan is 
irrigated by water that comes from snowmelt from northern areas. Water availability 
is decreasing over time due to climate change and lack of water management system 
(Abid et al. 2015; Ashraf et al. 2019; Iqbal and Arif, 2010). Now the change in mon-
soon rainfall is a great concern of Pakistan (Abid et  al. 2015). Climate change 
increases the risk for the nation of Pakistan such as in the form of natural ecosystem 

Fig. 22.4  Demographic information of India (https://gadm.org/maps/IND.html)

Fig. 22.5  Demographic information of Nepal (https://gadm.org/maps/NPL.html)
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degradation, more insect and pest attacks, food security at risk due to a decrease in 
livestock and agricultural production (Mustafa 2014) (Fig. 22.6).

Priorities to Manage Risk:
Pakistan started participation in the regional and national projects which recently 
developed, as given below:

•	 Developed an information-sharing system with farmer communities to cope with 
climate change.

•	 Building the climate smart agribusiness and irrigation system.
•	 Pakistan government developed a National Climate Change Policy in 2012 

which focused on all of the problems Pakistan facing due to climate change.
•	 The great trend of hydropower generation and reforestation founded in the prov-

ince Khyber Pakhtunkhwa and built solar energy plants in the Punjab province.
•	 Government ensuring food security by Implementation of National Climate 

Change Strategies.

Tajikistan
Tajikistan is situated in Central Asia and land lock country in the mountains 
(Barbone et al. 2010) which is the biggest country in cotton production and also rich 
in water resources (Barbone et al. 2010). Recently reported that country facing the 
Extreme Hydro-meteorological Hazards (Xenarios et al. 2019). The current climate 
of Tajikistan is semiarid, continental, and subtropical extent with few desert areas. 
However, the climate varies with respect to elevation drastically. The instant increase 
in temperature will affect the glaciers’ bodies already the country has lost 2.5% (20 
Billion Cubic Meter volume) of the glacier due to temperature variations throughout 
the twentieth century. Forests have great importance for Tajikistan because they 
provide raw material and also regulate the climate. The country has harsh climate 
conditions such as cold winter with a continental climate, expansion of desertifica-
tion and erosion, scarcity of resources for livelihood due to mountain areas 
(Fig. 22.7).

Priorities to Manage Risk:
•	 Tajikistan has developed strategies and legislative documents for disaster man-

agement and risk reduction.

Fig. 22.6  Demographic information of Pakistan
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•	 The government established a mechanism for coordination adaptations to miti-
gate climate change.

•	 Environmental Protection State Committee plays a major role in implementing 
and facilitating the project related to the adaption of climate change.

•	 The country has set a goal to reduce greenhouse gas emissions to 65–75% until 
2030 as compared to 1990.

•	 In Tajikistan Green Climate Fund helps to ensure the food production system, 
resilient agriculture, protect the forest areas, and sustainable management of 
water resources.

22.5.2 African countries 

Burkina Faso
Burkina Faso’s characterized as the long dry season, short rainy season, and dry 
tropical climate. The country’s climate instance varies annually and seasonally 
because the area lies within the hinterland desert. The probability of extreme 
weather events (intense rainfall, floods, and droughts) is increased due to climate 
change in this region. The food production system of many areas in Burkina Faso 
already affected by climate variability in the form of a decline in crop production. 
The evapotranspiration rate will increase due to the increase in temperature which 
leads to dry soil conditions and not good for agriculture. In Burkina Faso, the sec-
tors of forestry, agriculture, water, and pastoralism are highly at risk due to climate 
change (Fig. 22.8).

Priorities to Manage Risk:
•	 In 2007 the government of Burkina Faso introduced the NAPA. NAPA aims to 

access the current and future vulnerability level due to climate change
•	 NAPA has played a significant role in adaptation strategies to change in cropping 

practices, integrated water resource management, and the development of new 
institutes to cope with climate change.

•	 The government starts to give subsidies, help local farmers to dig wells, and 
build the water reservoir at a small scale for efficient water use in the agricul-
ture system.

•	 After setting the national development strategies Burkina Faso reduced the pov-
erty level and increased economic growth.

Fig. 22.7  Demographic information of Tajikistan (https://gadm.org/maps/TJK.html)
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•	 Maximum peoples of Burkina Faso have adapted to climate change by using the 
products of the forest as a supplement in agriculture and livelihood.

Ghana
In Ghana, climate change is expected to affect food security, crop production, water 
resources, and energy supplies. The country is most vulnerable to climate change 
due to a lack of adaptation strategies and also not have sufficient about the economic 
costs of climate variability. The peoples of Ghana already facing flooding in coastal 
areas which is a major reason behind the soil erosion, decrease in the agricultural 
production system due to problems induced by climate change. Ghana has five 
major rivers that flow into the sea, the north area of Ghana continuously facing 
floods and droughts (Fig. 22.9).

Priorities to Manage Risk:
•	 Ghana of Ghana developing the framework for national policy and National 

Determined Contributions (NDC) give full support and guidance to implement 
the strategies to respond to the climate change.

•	 In 2016, Ghana submitted the first NDC to UNFCCC. The NDC contains infor-
mation about the Master Plan for National Climate Change (2015–2020). 
Ghana’s priority sectors are:

	(a)	 Sustainable land use, including food security;
	(b)	 Climate-proof infrastructure and equitable social development;
	(c)	 Sustainable mass transportation and sustainable energy security;
	(d)	 Sustainable forest management and alternative urban waste management.

Mali
Mali is the West African country straddling the Sahel of the subtropical band. The 
country is facing variations in rainfall and frequent droughts. The south part of Mali 
has a tropical climate and wetter conditions as compared to the north part of Mali 
which has dry conditions like the Sahara Desert. Drought and rainfall variability are 
considered the main extreme weather event in Mali. More than 80% of the people 
of Mali livelihood depend on agriculture which is rain-fed and highly vulnerable to 
climate change (Fig. 22.10).

Fig. 22.8  Demographic information of Burkina Faso
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Priorities to Manage Risk:
•	 There are two main bodies for implementation of the protective measures in Mali 

to overcome the climate risk; (a) Agency for Environment and Sustainable 
Development (AEDD) and (b) National Climate Change Committee (CNCC)

•	 With the support of USAID MCCAA (Mali Climate Change Adaptation Activity) 
building resilience in vulnerable farmer communities and providing sufficient 
information about climate change for timely decisions.

•	 MCCAA also helps at the local household level to adapt better solutions to cope 
with climate change.

•	 The main focus of all these projects to attain sustainability in agriculture, develop 
and adopt drought-resistant seeds, ensure food security, and use of advanced 
technologies for the capacity building of farmers.

Ethiopia
Ethiopia is situated in Africa and covered an area of 1.2 Million Square Kilometers. 
In the Horn of Africa, Ethiopia is considered a land lock country. Flash floods and 
droughts imposed heavy costs in recent decades. In the future, climate change may 

Fig. 22.9  Demographic information of Ghana

Fig. 22.10  Demographic information of Mali (https://gadm.org/maps/MLI.html)
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affect the management of water resources, increase food insecurity, as well as eco-
nomic growth which limits development. The government has started the projects to 
access the vulnerability level and appropriate adaptations to cope the climate change 
(Elala 2011) (Fig. 22.11).

Priorities to Manage Risk:
The government approved NAPA (National Adaptation Program of Action) in 2007 
the purpose of NAPA is given below:

•	 Ensure food security through the development of drought-resistant crop varieties 
and promoting crop insurance programs.

•	 To develop the flood and drought early warning system.
•	 To establish the water harvesting and small-scale irrigation systems in the dry 

sub-humid, arid, and semiarid areas.
•	 To ensure the sustainable utilization of resources in pastoral and wetland areas of 

the country.
•	 To establish the programs for adaptation and capacity building of people in 

respect of climate change.
•	 Management of water resources at Genale Sawa Basin to enhance the water 

availability for the food production system
•	 To launch projects in the Rift Valley for carbon sequestration among all of the 

communities.

Tanzania
Tanzania is situated in south of the equator on the East African coast. Like many 
other countries in this region, about 80% of population of Tanzania depends on 
agriculture for their employment, livelihoods, and income. Harsh weather events, 
including droughts, storms, and floods have previously imposed heavy costs in 
Tanzania. Recurrent droughts in most part of the country are being experienced; 
these have associated consequences on food production and water scarcity. The lat-
est severe droughts have hit most parts of the country leading to severe food insecu-
rity, food shortages, hunger,water scarcity, and acute shortage of power; this signifies 
the vulnerability of the country to the impacts of climate change (Fig. 22.12).

Fig. 22.11  Demographic information of Ethiopia
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Priorities to Manage Risk:
Tanzania is obliged to the UNFCCC for developing a National Adaptation Program 
of Action (NAPA). Tanzania fulfilled this obligation in 2007.

•	 Climate change-related vulnerabilities in many sectors which are important to 
the Tanzania economy.

•	 It takes measures to tackle climate change, predominantly the impacts of climate 
change and associated adaptation measures

•	 The main objective of NAPA is to recognize the most crucial measures. Majority 
of the projects in Tanzania are concerned about agriculture and water resource 
management (including irrigation, water-saving, and rainwater collection).

•	 Overall, 72 projects have been evaluated, 14 of which were selected to start the 
implementation phase. Two of these selected activities of the project are:

	(a)	 Irrigation efficiency for crop production to increase production as well as 
conserve water in all areas.

	(b)	 Alternative farming systems and water harvesting.

22.6  �Steps to be Taken by Local Government to Ensure 
Food Security

The local government is actively concerned with the social, economic, and environ-
mental needs of their communities. In addition, local government is increasingly 
aiming to build strong, self-reliant, and resilient communities. As illustrated above, 
food security can have a significant impact on the health and well-being of individu-
als and the community as a whole. This means that improving food security is a 
significant local issue for local government. Nonetheless, looking at the major con-
tributors to food security in Fig. 22.13, it is clear that local government is active in 
many of these areas. Within this wide scope, local government can influence key 
supply and access factors to improve food security. Local government needs to take 
the following steps on the priority basis:

Fig. 22.12  Demographic information of Tanzania (https://gadm.org/maps/TZA.html)
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22.7  �Role of Research and Technologies to Ensure 
Food Security

The planet is becoming food-insecure due to climate change, population growth, 
unpredictable food prices, ineffective supply chains, and unequal food access. In the 
current global scenario, it is the prime objective to apply new technology to agricul-
tural development in order to increase food production for at least equal, if not sur-
pass, the population growth. Enhanced agricultural production in the Third World 
can best be achieved through science and technology. This process comprises the 
growing involvement of farmers in the country’s broader economic life. Advanced 
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seed varieties, improved fertilizer efficiency, enhanced mechanization, more credit, 
and better plant protection are the main elements for the technological change in 
agriculture.

22.8  �Recommendations and Future Needs for Meeting 
the Challenges

Food security is based on the agricultural production system. Climate change is 
closely linked with the agriculture and food sectors. Food security will be a great 
challenge in the future for developing countries as discussed above. The expected 
extreme weather events like hurricanes, floods, an increase in storm frequency, 
extreme drought, rise in sea level, variations in rainfall patterns, and heat waves all 
of these changes will decline the capacity of the agricultural production system 
which is the main pillar of food security. We already observed that climate change 
affected crop production at the global level. In 2050, the demand for agricultural 
products at the global level will be increased by 50% according to FAO observa-
tions. Approximately the world population will be 9.7 Billion in 2050, food demand 
will be high in Asia and Africa due to loss in soil fertility, high population growth, 
and lack of funds to adopt climate change. The demand for fruits, meat, vegetables, 
and milk lead to an increase in expected incomes especially in middle-income and 
low-income countries. So, we need

•	 To develop a better understanding of the challenges which limit agricultural and 
food production.

•	 To manage the resources and agricultural inputs according to the size of the field.

Fig. 22.13  Steps taken by local government to ensure food security
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•	 To develop the institutional framework to improve the management practices in 
the agricultural sector.

•	 To establish the strategies and policies to minimize the crises and conflicts at the 
global and regional level because conflict affects the availability of food, disrupts 
the food care, threatens the social systems of protection, and leads communities 
towards hunger and poverty.

•	 Climate change is one of the global issues and global issues do not care about the 
boundaries of national borders that are why we need to improve the collaboration 
to adapt the climate change and ensure food security.

•	 Scientific research projects play a significant role to devise sensible solutions to 
tackle all of the challenges discussed above with the help of policymakers and 
practitioners as well as the need to learn from previous experiences.

•	 Need to start the projects and prioritization of the actions to improve the capacity 
of communities and countries to cope the climate change, after this all of the 
solutions will be context-specific. The direct engagement of the stakeholders will 
be a great achievement for better solutions. The third is to ensure participation of 
the focused vulnerable people to climate change.

22.9  �Conclusion

Food security is a phenomenon having multiple dimensions. Food security, food 
production, and climate change are all interwoven. Changes in one element would 
have negative influences on other elements. Climate change changes agricultural 
production and food systems, and hence it alters the approach for transforming agri-
cultural systems to support global food security and poverty alleviation. Climate 
change is a cause of greater uncertainty and risk for farmers and policymakers. An 
evidence-based, integrated and transformative approach for addressing food and 
climate security at all levels involve coordinated activities from the global to local 
stages, from research to investments and policies , and across private, public, and 
civil society sectors for achieving the rate and scale of change required. With the 
right policies, practices, and investments, the agriculture sector can transform to 
climate smart agriculture pathways, for reduced food insecurity and poverty in the 
short term. Food security will be a serious problem under the changing climate so 
we need to plan advance research and implement the actions to deal with the world’s 
emerging issue of food security. Need collaboration at the global level because in 
the next decades the food system improvement will demand transformative actions. 
Such collaborations will make developing countries self-sufficient and less reliant 
on assistance from developed countries. Especially focus on the outcomes from the 
food production system first need to improve the research culture and involve the 
stakeholders. The final is in the food security context needs to address the mitigation 
plans and adaptation strategies at the global, national, and farm levels. The develop-
ing nations must channelize their proportion efforts and resources towards the pro-
tection of the environment as well as to cope with climate change.
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Chapter 23
Importance of Carbon Sequestration 
in the Context of Climate Change

Khurram Shahzad, Henry Sintim, Fiaz Ahmad, Muhammad Abid, 
and Wajid Nasim

Abstract  Terrestrial carbon (C), the main reservoir of soil C, is continuously 
depleting due to easily decomposable C sources and improper agricultural prac-
tices. The continuous depletion of soil C has implications on climate change effects, 
which is a major global issue. In this chapter, we discussed the importance of C 
sequestration in the context of climate change, and proposed management practices 
to curtail the depletion of terrestrial C. Soil C sequestration is routinely defined as 
the persistent increase in C contents in the soil, and this can be achieved through two 
major pathways: (a) practices that reduce soil C depletion and (b) the addition of C 
sources to the soil. Therefore, stable C sources like biochar and improved agricul-
tural practices, such as conservation tillage, could help to reduce CO2 emission into 
the atmosphere. In addition to biochar and conservation tillage, increased biomass 
production, agroforestry, deep-rooted crops, improved pastures, residue manage-
ment, optimal fertilizer application, and crop rotation could help maintain a high C 
balance in soils and induce negative efflux of CO2. The accurate measurement of 
soil C change over time is important to determine the effectiveness of different man-
agement practices on soil C sequestration. Despite the countless benefits of C 
sequestration, there are some limitations, especially the economic feasibility of cer-
tain management practices, water and nutrient requirements, as well as climate and 
site-specific conditions. Moreover, the effectiveness of different C sequestration 
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practices varies with soil type and ecosystems. Carbon sequestration holds promise 
to mitigate global warming and prevent the adverse impacts of climate change, but 
the implementation of management practices must be tailored to different ecosys-
tems and it must not be cost-prohibitive.

Keywords  Climate impact on sequestration · Soil organic carbon (SOC) · Biochar 
· Conservation tillage · Biomass production

23.1  �Introduction

It is of paramount importance to reduce the emission of greenhouse gasses to meet 
global climate challenges. Carbon dioxide (CO2) level has risen to an alarming level 
of 400 ppm from 280 ppm in 1970, which is primarily due to increases in anthropo-
genic activities on earth (Hashimoto 2019; Hussain et al. 2020). Atmospheric CO2 
concentration is approximately increasing at 2.2 ppm/year, which has raised the 
temperature of this planet by 0.8 °C since 1980, and it is expected to increase to 
3–7 °C by 2100. The increase in temperature has caused many drastic changes in the 
earth’s environment, such as the reduction in snow cover in terrestrial and arctic 
regions, lower crop yields, increased frequency and severity of hurricanes in differ-
ent parts of the world, reduced biodiversity, and frequent occurrence of drought 
events (Amin et al. 2018; Zhang and Li 2019). These undesirable changes as the 
result of climate change are great threats to food security. However, there is a need 
to ensure food security, especially for the ever-increasing population of this planet, 
which may reach 9.5 billion before 2050 (Lal 2015).

Soil C sequestration has implications on mitigating climate change impact and 
enhancing food security (Lal 2016). For instance, cultural practices to increase soil 
C (Fig.  23.1) will improve soil quality and mitigate climate change impact, and 
these conditions are critical to promoting food security (Fig. 23.2). The objective of 
this chapter is to discuss the importance of C sequestration in mitigating climate 
change impact. We also highlight the need for continuous measurement of C change 
over time and the adaptation of tailored strategies to increase C sequestration and 
achieve a net negative efflux of CO2.

23.2  �Soil C Pools

Terrestrial C is the main source of C, which is approximately 2500 billion tons to a 
depth of 2 m in soil (Lal 2011) (Fig. 23.3). However, this huge reservoir of C pool 
is continuously depleting by anthropogenic activities and soil degradation processes 
like erosion, acidification, nutrient depletion, salinization, deforestation, residue 
removal, and biomass burning (Lal 2015). Most soils have also lost their natural 
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balance of C due to the transformation of natural ecosystems into intensive agricul-
tural ecosystems. These anthropogenic activities have depleted the soil organic C 
pool by up to 78 ± 12 billion tons C due to intensive agriculture production and soil 
degradation processes (Lal 2011). Agricultural land use contributes approximately 
20% of global CO2 emission. Average soil organic carbon (SOC) in the top 30 cm 
soil layer amounts to 15 Mg ha−1, but 20–30% SOC was lost after the first 20 years 
of cultivation (Stockmann et al. 2013). However, the depletion of soil C depends on 
many factors, which include the composition of organic matter, cropping history, 
soil type, the intensity of cultivation, moisture content, and socioeconomic condi-
tions of a farming community.

Fig. 23.1  Cultural practices that could be adopted to improve soil carbon

Fig. 23.2  Schematic indicating cultural practices to improve soil carbon will increase soil quality, 
mitigate climate change impact, and ultimately enhance food security
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23.3  �Definition of C Sequestration

Carbon sequestration can be defined as the persistent increase in C contents in soil, 
plant, or sea. Some schools of thought only consider recalcitrant C as sequestered 
C, but soil C residence time varies in degree of performance which may extend up 
to 1000 years. Thus, a proper definition of C sequestration does not exist, and pre-
vailing definitions are arbitrary, which depend upon the residence time. Management 
practices and climate change are important variables that determine C residence 
time (Schmidt et al. 2015). If both variables remain unchanged for a longer period, 
the C residence time would also be extended.

23.4  �Carbon Sequestration, Soil Health, and Food Security

Soil organic carbon is continuously being depleted due to intensive agricultural pro-
duction. The recommended SOC concentration for cropland soils of the tropics is 
1.1%, and for temperate regions, SOC concentration should be ~2% (Lal 2011). 
Nevertheless, the SOC levels in some regions declined to <0.5%, and it even dropped 
down to 0.1% in some cases (Lal 2011). Owing to the low levels of SOC in these 
soils, the health of these soils has also declined. The main reasons for the decrease 
in SOC are (1) poor aggregation of soil particles, (2) low soil porosity or high bulk 
density, (3) low water holding capacity, (4) limited soil biodiversity, (5) low cation 
exchange capacity, (6) high losses of applied fertilizers, and (7) low soil buffering 
capacity (Lal 2015).

For sustainable crop production, improvement in the SOC of farmland is very 
important. Increasing the SOC status of degraded soils will improve crop productiv-
ity. It was found that an increase of SOC pool at 1 ton C/ha/year could increase grain 

Fig. 23.3  Role of soil in the C cycle
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production by 32 ± 11 million tons per year in developing countries (Lal 2011). 
Therefore, an increase in the SOC pool at an equivalent rate could feed large popu-
lations in areas that are prone to food security threats.

23.5  �Measurement of Soil C Change Over Time

It is important to measure the actual change in soil C over time to determine the 
effective agricultural practices in the context of soil C sequestration. The methods 
of soil C change measurement are direct soil C change measurement, indirect mea-
surement (Flux and spectral method), repeated soil surveys at national and interna-
tional levels, long-term experiments on soil C changes, and the use of models. In the 
direct measurement of SOC stock changes, soil samples are collected from the 
fields, processed, and SOC contents are measured by the dry combustion method. 
To overcome the soil spatial variability, special study design, and sampling protocol 
are required (Minasny and McBratney 2016). However, on large-scale measure-
ment, this method can be expensive in terms of the total cost of sample collection, 
storage, processing, and C measurement. The indirect methods for SOC change 
measurements are flux and spectral methods. The C flux is measured by the differ-
ence in C uptake through photosynthesis and C loss through respiration (soil, plant, 
and litter) by using a chamber method (Baldocchi et al. 2018). The spectral method 
relies on the reflectance of light on the soil in the infrared region. The organic bonds 
and minerals in the soil absorb light at a specific wavelength, enabling the measure-
ment of soil C (Nayak et  al. 2019). Repeated soil sampling schemes are getting 
popular in different countries of the world like New Zealand, England, and Wales 
(Schipper et al. 2014). These countries resample and measure soil C after a specific 
period. The main advantage of this resampling scheme is that it measures actual 
SOC contents over a large spatial scale and a long period. Long-term experiments 
on soil C change are also getting importance because soil C changes take time to 
occur. The long-term experiments on SOC exist in various parts of the world, some 
even from the nineteenthcentury. In 1990, there were efforts to bring the isolated 
long-term experiment in two networks: soil organic matter network (SOMNET) and 
EuroSOMNET. The different C models are also used to estimate the change in soil 
C like the full carbon accounting models (FullCAM) in Australia, the CENTURY 
model in Canada, Yasso07  in Finland (Palosuo et  al. 2016), Soil carbon model 
ICBM-region in Sweden, CARBINE soil carbon accounting model in the United 
Kingdom (Matthews et  al. 2014), and DAYCENT biogeochemical model in the 
USA. The calibrated model, supported by measurement, can be helpful to establish 
the relationship between soil C and management change in soil, climate, and land 
use including the estimation of uncertainty.
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23.6  �Impact of Climate on C Sequestration

Soil organic carbon stock generally increases with a decrease in temperature world-
wide. Cold and humid climates are characterized by high soil C contents as com-
pared to semiarid and arid climates. The climate and type of organic input to the soil 
are important factors that influence the efflux of CO2 (Qi et al. 2016). High tempera-
tures cause additional efflux of CO2 from the soil. The global rise in temperature is 
causing a reduction in the SOC pool by increasing the decomposition rate and ulti-
mately reducing the C residence time in the soil (Hammad et al. 2020). Therefore, 
it is considered that soils would be a major source of CO2 emission in the future.

Soil organic matter is derived from plant and animal residues after decomposi-
tion (Akram et  al. 2018). A continuous decomposition of these plant materials 
results in more stable forms called humus. Generally, the humus can stay in the soil 
for up to about 27 years. Now it is widely admitted that the decomposition of soil 
organic matter is ecosystem property instead of composition alone (Schmidt et al. 
2015). In a given ecosystem, the decomposition of organic materials depends upon 
environmental and biological conditions. The decomposition process also affects 
the biodiversity in the soil. An increased decomposition process in soil favors the 
buildup of microbial communities. Variables such as moisture, temperature, mate-
rial decomposability, and microbial community composition impact the residence 
time of added C source in the soil. Therefore, these factors must be taken into con-
sideration during soil C management programs.

23.7  �Soil C Pool Management

Increasing soil C pool is important to maintain the quality of water, soil, and vital 
natural resources. Efforts to increase soil C pool could include afforestation, conser-
vation tillage, stable C sources, and improved agricultural practices. The implemen-
tation of such practices will enhance the absorption of CO2 from the atmosphere and 
the long-term retention of C in the soil and thus will offset anthropogenic C emis-
sions (Conant et al. 2017). Increased C sequestration will result in increased biodi-
versity and food security. The improved management practices could include 
shifting from conventional tillage to conservation agriculture, use of organic and 
inorganic mulches to lower nutrient losses by leaching and volatilization, cover 
crops, balanced use of macro and micronutrients, application of compost, plant 
growth-promoting rhizobacteria, biofertilizers, and adaption of diversified cropping 
system (Hammad and Elbagory 2019; Paustian et al. 2019). However, the adoption 
of different practices may vary, partly or wholly, across different regions, soil types, 
and environmental conditions. Losses of terrestrial C, as CO2 emissions, vary among 
humid and dry regions. The addition of biochar and the adoption of conservation 
tillage and modified cultural practices are viable options to overcome the problem 
of continuously decreasing the SOC pool.
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23.8  �Biochar Role in C Sequestration

The capture of CO2 from the atmosphere ought to be long-term with minimum 
chances of its leakage back to the atmosphere. One possible technology to achieve 
these goals is the use of biochar for C sequestration. Trees, crop residues, grass 
clips, leaves, and poultry waste are converted through pyrolysis into biochar under 
a limited supply of oxygen. Biochar contains twofold more C contents as compared 
to original materials. Biochar prepared under low temperatures can be used as an 
effective tool to increase the soil C pool. Biochar has the potential to increase the 
soil C sequestration at the approximate level of 1 billion tons C/year or even more. 
The use of long-term application of biochar could be more productive to increase C 
sequestration, in addition to crop residue retention in the soil. Carbon in the form of 
biochar is locked for a long duration with a low decomposition rate. Wang et al. 
(2016) estimated the retention time of biochar to be between 108 and 556 years; a 
clear indication of biochar’s long-term residence in the soil. However, the actual 
residence time of biochar is under debate. It is difficult to estimate any sudden 
change in the loss of biochar after incorporation into the soil. Nonetheless, in com-
parison to fresh plant residues, biochar stays in the soil much longer. Therefore, a 
certain amount of C can be taken out from the C cycle by converting biomass into 
biochar, which would otherwise be returned to the atmosphere after plant biomass 
decomposition. Through this intervention we can possibly have two C cycles: a) 
plant biomass to atmosphere C cycle and b) biochar to atmosphere C cycle 
(Hammond et al. 2011). Therefore, by increasing the biochar-environment cycle, 
more C in the soil may be retained by making it act as a sink instead of a source of 
CO2 emission. Thus, a negative C flux can be created by C sequestration (Zhao et al. 
2019). An increase in soil C will cause a reduction in the atmospheric CO2 levels 
from increased plant biomass produced through photosynthesis. However, the 
increase in soil C will depend upon the type of biochar used (Table 23.1). The wide 

Table 23.1  Impact of different biochar types on soil organic carbon content

Type of 
biochar

Pyrolysis 
temperature 
(°C)

Study 
type

Rate of 
application

Soil carbon 
(g kg−1) Reference

Oak wood 
biochar

350–600 Incubation 0.5, 1.0, and 
2%

5.7, 5.3, and 
4.1

Demisie et al. (2014)

Bamboo 
biochar

350–600 Incubation 0.5, 1.0, and 
2%

5.7, 5.6, and 
5.4

Demisie et al. (2014)

Prosopis 
wood

350 Incubation 1, 2, 3, 4, 
and 5%

6.3, 9.5, 11.2, 
13.2, and 16.1

Shenbagavalli and 
Mahimairaja (2012)

Rice hull 500 Pot 1, 2, and 3% 18.9, 19.2, 
and 20.5%

Kim et al. (2016)

Poultry 
litter

450 Pot 0, 10, 25 Mg 
ha−1

20.0, 23.8, 
28.0, and 36.0

Chan et al. (2008)

Poultry 
litter

550 Pot 0, 10, 25 Mg 
ha−1

19.5, 22.7, 
24.8, and32.0

Chan et al. (2008)
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application of biochar in agricultural systems can however be cost-prohibitive 
(Shahzad et al. 2019).

23.9  �Role of Conservation Tillage in C Sequestration

Tillage has a direct impact on soil C contents. Tillage could affect the soil C pool in 
both negative and positive ways. The negative aspects of tillage include erosion, 
leaching, and mineralization, while the positive aspects include the humification of 
plant residues, aggregation of minerals, and the formation of organic compounds, as 
well as the deep placement of C in soil horizons. Conservation tillage is the general 
term, which aims to conserve moisture and reduce runoff losses. Conservation till-
age may comprise of no-tillage, reduced tillage, ridge tillage, and mulch tillage. 
However, all these tillage practices have the same basic principles i) minimum dis-
turbance of soil, ii) retention of crop residues on the soil surface, and iii) no or mini-
mum traffic on the farm (Busari et al. 2015).

The retention of crop residues on the surface acts as organic mulch and provides 
great protection against raindrop impact on soil aggregates, which otherwise would 
have disintegrated and promoted soil erosion. The results of many experiments with 
conservation tillage showed promising results on SOC sequestration. Studies have 
shown that the adoption of conservation tillage caused an 8% increase in SOC in a 
Ultisol.

Conservation tillage also has great impact on the diversity and activities of soil 
fauna. The diversity and activities of soil fauna because of conservation tillage 
could improve SOC pool through the mixing of soil and borrowing activity that 
could place SOC in deep soil horizons. The borrowing activities of soil fauna 
develop channels in the soil, which help to translocate the C from the active degrad-
able topsoil to lower soil depths, which are less prone to degradation (Sintim et al. 
2020). The process will retain C for the long-term due to less exposure to the atmo-
sphere (Filser et al. 2016). Further, higher activity of soil fauna produces soil muci-
lage, which could increase the aggregates of soil particles.

Conservation tillage is also directly helpful in the formation of soil aggregates 
and their stability (Blanco-Canqui and Ruis 2018). Tillage practices also determine 
the turnover time of soil C (Table 23.2). The direct advantage of conservation tillage 
is the conservation of soil water. The availability of ample soil water in the plant 
root zone promotes more biomass production and thus ultimately increases the SOC 
pool, cultural practices, and C sequestration.

The residence of SOC in soil depends upon natural ecological factors, which 
include rainfall, atmospheric temperature, and soil textural class (Willaarts et  al. 
2016). In addition to climatic and soil class, the residence of SOC depends upon soil 
and crop management practices (Schmidt et al. 2015). Cultural practices that could 
improve SOC include crop residue management, cultivation of deep-rooted crops, 
promotion of agroforestry system, and the inclusion of cover crops in crop cycle 
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(Fig. 23.1). These cultural practices can increase biomass production and enhance 
the humification of organic compounds present in the soil system.

23.9.1  �Biomass Production

A system that promotes biomass production has great potential to increase the SOC 
pool. Biomass production can be enhanced by converting natural ecosystems to 
well-managed agricultural ecosystems. An increase of 21% SOC pool was observed 
in a study after 2 years of conversion of the natural ecosystem to an agricultural 

Table 23.2  Impact of different tillage practices on soil organic carbon content

Location
Soil texture/ Soil 
type

Cropping 
system Tillage system

Soil organic 
matter (g 
kg−1) Location

Nebraska, 
USA

Loam Winter wheat 
fallow

No-till 17.0 Blanco-Canqui 
et al. (2009)

Reduced tillage 12.0
Colorado, 
USA

Loam Winter wheat 
fallow

No-till 10.5 Blanco-Canqui 
et al. (2009)

Reduced tillage 9.0
Conventional 
tillage

9.0

Kansas, 
USA

Silt loam Winter wheat 
sorghum

No-till 17.0 Blanco-Canqui 
et al. (2009)

Reduced tillage 13.0
Conventional 
tillage

14.2

Kentucky, 
USA

Silt loam Corn No-till 21.6 Thomas et al. 
(1995)

Conventional 
tillage

13.75

USA Subtropical soils Corn Conventional 
Tillage

10.1 Six et al. 
(2002)

No-tillage 22.7
Spain Sandy loam to 

silty clay loam
Variable Conventional 

tillage
10.6 Blanco-Moure 

et al. (2016)
Silt loam soil No-till 10.2

USA Wheat-pea 
rotation

Conventional 
tillage

17.2 Awale et al. 
(2017)

No-till 17.9
USA iSlty clay loam corn–soybean Conventional 

tillage
18.5 Kibet et al. 

(2016)
No-tillage 19.5
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ecosystem. A model was proposed by Nye and Green land (1960) and Young (1976) 
to predict or estimate net change in SOC during a fallow period:

	 I A p� �� �1 	

Where I is the change in SOC, A is the addition of SOC to the soil, and p is the 
SOC in a natural ecosystem.

23.9.2  �Cover Crop

Fallow land causes high decomposition of residence SOC due to high exposure to 
climatic factors, whereas the growing of cover crops could conserve the soil from 
these adverse environmental factors. In addition, the residues of cover crops are a 
source of SOC when incorporated into the soil (Poeplau and Don 2015). Lal et al. 
(1978) found an increase in SOC contents after a 2 years experiment in an Alfisol 
when the fallow land was cultivated with grasses and leguminous cover crops. The 
data presented in Table 23.3 shows that cover crops could increase the SOC contents 
from 1.91 to 31.44%. However, the increase in SOC contents depends on the soil 
depth and the type of cover crop (Table 23.3).

23.9.3  �Agroforestry

The promotion of an agroforestry system could increase SOC contents. A monocul-
ture system often results in a low level of soil C. Forest trees continuously shed their 
leaves in autumn seasons, which are a rich source of SOC (De Stefano and Jacobson 
2018). The deep roots of trees, after decomposition, also become a source of SOC 
in the subsoil horizons. Nevertheless, the removal of intensive biomass (cutting of 
trees) in this system could result in lower SOC contents in the soils. Further, the 
potential of C sequestration in agroforestry depends on climatic, soil, and site-
specific biological and management practices. The world area under agroforestry is 
about 1.02 billion hectares, which is about 10% of agricultural land (Agevi et al. 
2017). Agroforestry systems are believed to have more potential to sequester C as 
compared to field crops and pastures. Therefore, the inclusion of forest in a crop and 
pasture system could result in increased C sequestration in both deep and shallow 
soil depths. The C sequestration potential of agroforestry could range from 0.29 to 
15.21 Mg ha−1 y−1.
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23.9.4  �Deep-Rooted Crop

The production of deep-rooted crops with higher production of biomass could result 
in an increase in SOC in the subsoil horizon where the C contents reside for a longer 
duration. In deeper horizons, the processes of mineralization and decomposition are 
slow due to less exposure of residues to environmental effects. Deep and prolific 
root systems generally provide a favorable condition for C sequestration in the sub-
soil. The decomposition of root decreases with depth due to limited microbial activ-
ities as found in the study of Pries et al. (2018). Roots have longer turnover times 
and more storage times in deeper depths. In another study, it was found that soil 
edaphic delayed the decomposition of plant litter by a factor of 1.5 in deeper soils 
as compared to surface soils (Newey 2005). The delay in decomposition was mainly 
due to a deficiency of nitrogen in deep soils. In addition, bulk density and oxygen 
deficiency could be a factor of low decomposition in lower subsoils. Moisture and 
temperature also influence root decomposition with depth. Sala et al. (1992) reported 
that water potential > −1 MPa occurs mostly in soils between 5 and 15 cm which is 
a low frequency of plant-available water in the deepest soil layers. Therefore, by 

Table 23.3  Impact of cover crop on the soil organic matter at different depths

Country
Soil depth 
(cm)

Soil organic matter 
(g kg−1)

Increased over 
fallow land (%)

Cover crop 
name Reference

Fallow 
land

Cover 
crop

USA 0–15 15.7 16.6 5.73 Rye Kuo et al. 
(1997)

USA 0–15 15.7 16.0 1.91 Austrian 
Winter Pea

Kuo et al. 
(1997)

USA 0–15 15.7 16.6 5.73 Rye grass Kuo et al. 
(1997)

USA 0–15 15.7 15.8 0.64 Vetch Kuo et al. 
(1997)

USA 0–15 15.7 15.4 −1.91 Canola Kuo et al. 
(1997)

Argentina 0–5 19.4 25.5 31.44 Wheat Duval et al. 
(2016)

Argentina 0–5 19.4 24.3 25.26 Oat Duval et al. 
(2016)

Argentina 0–5 19.4 24.5 26.29 Oat+ vetch Duval et al. 
(2016)

Argentina 0–5 19.4 22.5 15.98 vetch Duval et al. 
(2016)

Japan 0–15 39.41 44.40 12.66 Hairy Vetch Higashi et al. 
(2014)

Japan 0–15 39.41 43.10 9.36 Rye Higashi et al. 
(2014)
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promoting deep-rooted crops, the decomposition of plant litter could be prolonged 
thereby reducing CO2 emission.

23.9.5  �Improvement of Pastures

Controlled grazing can increase SOC contents with minimum chances of losses. 
Overgrazing results in the losses of soil vegetative cover that leads to the mineral-
ization of C present on the surface layer of soil as noted in different studies (Naeth 
et al. 1991; Sanjari et al. 2008; Zhou et al. 2010). Moreover, the continuous move-
ment of livestock on grazed land increases soil bulk density and compaction (Drewry 
et al. 2008). Therefore, time-controlled grazing, a grazing system of short intensive 
grazing followed by a long period of rest, is becoming popular in the world. The 
time-controlled grazing system promotes ground litter accumulation and reduces 
soil compaction over time. Sanjari et al. (2008) found higher total organic C in time-
controlled grazing as compared to continuous grazing  and no grazing fields. In 
another study, Zhou et al. (2010) found a significant increase in SOC contents in the 
top 30 cm depth with 26 years of controlled grazing. The soil C stock increased 
from 2.05 Mg ha−1 in 1981 to 27.98 Mg ha−1 in 2006.

23.9.6  �Residue Management

Burning and poor management of residues result in the loss of SOC and causes high 
emission of CO2 to the atmosphere. The burning of rice residues in the northwest 
region of India caused an estimated loss of 9.2 million tons of C per year (Sing 
2018). Proper management and incorporation of residues could result in the accu-
mulation of SOC and lower the emission of CO2 to the atmosphere. Farming sys-
tems with the capability of producing high biomass could return the biomass to the 
soil to enhance SOC. These residues will over time be converted into humus com-
pounds, which have more residence time as compared to the original residue con-
tents. Humic substances are also helpful in increasing soil aggregation and the 
retention of moisture contents in the soil (Šimanský 2016).

23.9.7  �Fertilizer Application

Agricultural production systems depend mainly upon nitrogenous fertilizers. The 
application of nitrogenous fertilizers results in the production of higher biomass and 
increases SOC contents. One kg N fertilizer can cause 1 kg C emission from the 
soil; therefore, any C balance in soil depends upon N fertilizer application. However, 
in general, C sequestration increases with the application of N fertilizers, especially 
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when the 4Rs of nutrient stewardship are properly implemented. The application of 
fertilizers increases SOC significantly in soils with initially low SOC levels as com-
pared to soils initially enriched with C. Qin et al. (2014) found a significant positive 
correlation between nitrogen and SOC.

23.9.8  �Crop Rotation

Crop rotation has an important role in the increase of SOC. Monoculture systems 
are not much effective in increasing C contents of soil as compared to diversified 
cropping systems. The addition of legume crops in the rotation was found to help 
increase C contents in the soil as compared to where no legume crop was included 
(Becker et al. 2017). Bolinder et al. (2012) evaluated different crop rotations for 6 
years. Rotation A (under sown barely and forage) showed higher soil C [31.18 g kg−1], 
as compared to rotation B (under sown barely, forage, green fodder, and fodder 
rape) [27.0 g kg−1 ], rotation C (under sown Barely, forage, winter rye, green fodder, 
and root crop) [23.8 g kg−1], and rotation D (under sown barely, green manure, win-
ter rye, peas, and root crop [21.9 g kg−1].

23.10  �Conclusion

The benefits of SOC sequestrations are countless to mitigate climate change effects, 
but there are some hurdles to cross to achieving the full potential of C sequestra-
tions. There is a need to standardize best agronomic management practices accord-
ing to on-site soil type and climatic conditions. It is also important to understand the 
additional requirements of essential nutrients and water for SOC sequestration in 
soils. Further, stable C sources such as biochar are helpful to increase the soil C 
pool, but the energy input in the preparation, as well as application costs, may 
undermine its wide adoption. There is also a need to standardize soil C change mea-
surement to better understand the effectiveness of different management practices. 
Recommended management practices for C sequestration must be effective by 
being tailored to unique ecosystems and it must not be cost-prohibitive.
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