
Smart Farming 
Integrating Conservation Agriculture, 

Information Technology, and Advanced 
Techniques for Sustainable Crop Production

Edited by Subhan Danish,  
Hakoomat Ali and Rahul Datta

Edited by Subhan Danish,  
Hakoomat Ali and Rahul Datta

Smart Farming - Integrating Conservation Agriculture, Information Technology, and 
Advanced Techniques for Sustainable Crop Production is a timely and comprehensive 

volume that explores the latest advances and opportunities in an emerging field. 
The book brings together experts from various disciplines to discuss the principles, 

practices, and technologies of smart farming, and their potential for sustainable 
agriculture. Topics include the adoption of conservation agriculture, information 

technology drivers in smart farming management systems, physiological breeding, and 
nanotechnology applications in smart farming. This book is intended for researchers, 

policymakers, and practitioners in the field of agriculture who are interested in 
exploring the latest developments in smart farming and its potential for enhancing crop 

production, reducing environmental impact, and increasing farmers’ profits.

Published in London, UK 

©  2023 IntechOpen 
©  Evgeny Shaplov / iStock

ISBN 978-1-80356-689-4

Sm
art Farm

ing - Integrating C
onservation A

griculture, Inform
ation Technology,  

and A
dvanced Techniques for Sustainable C

rop Production





Smart Farming - 
Integrating Conservation 
Agriculture, Information 

Technology, and Advanced 
Techniques for Sustainable 

Crop Production
Edited by Subhan Danish,  

Hakoomat Ali and Rahul Datta

Published in London, United Kingdom



Smart Farming - Integrating Conservation Agriculture, Information Technology, and Advanced 
Techniques for Sustainable Crop Production
http://dx.doi.org/10.5772/intechopen.102141
Edited by Subhan Danish, Hakoomat Ali and Rahul Datta

Contributors
Pomi Shahbaz, Shamsheer ul Haq, Ismet Boz, Alexy Márta, András Jung, Bálint Molnár, Raja Shankar, 
Panamanna Mahadevan Govindakrishnan, Shashi Rawat, Joseph Sherly, Mohammed Nagib Abd El-Ghany 
Hasaneen, Subhan Danish, Hakoomat Ali, Rahul Datta

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Smart Farming - Integrating Conservation Agriculture, Information Technology, and Advanced 
Techniques for Sustainable Crop Production
Edited by Subhan Danish, Hakoomat Ali and Rahul Datta
p. cm.
Print ISBN 978-1-80356-689-4
Online ISBN 978-1-80356-690-0
eBook (PDF) ISBN 978-1-80356-691-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,400+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

173,000+
International  authors and editors

190M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Dr. Subhan Danish is a guest lecturer at Bahauddin Zakariya 
University, Pakistan. He has a bachelor’s degree in agriculture, 
a master’s degree and a Ph.D. in agriculture (soil science). Dr. 
Danish teaches at undergraduate and graduate levels, focusing 
on soil science and plant nutrition. His current research interests 
include soil microbial and nutrient dynamics, their regulation 
pattern with non-coding and their role in plant growth, abiotic 

stress alleviation, nanoparticles in agriculture, and climate-smart agriculture with 
artificial intelligence. His papers have been published in a variety of peer-reviewed 
journals, including Scientific Report, Journal of Environmental Management, Science 
of the Total Environment, Cleaner Production, and Chemosphere. His work has been 
cited over 3980 times by researchers from all over the world and has an H-index 
of 32 and i10-index of 98. He is a reviewer for a number of international journals: 
Archives of Agronomy and Soil Science, Environmental Science and Pollution Research, 
Journal of Environmental Management, Remote Sensing, Scientific Report, Environmen-
tal Technology, and Innovation and Frontiers in Plant Science.

Dr. Hakoomat Ali is a Professor of Agronomy and is currently 
the Dean of the Faculty of Agricultural Sciences and Technology, 
Bahauddin Zakariya University, Pakistan, where he established 
the Advanced Crop Nutrition Laboratory. He obtained his Ph.D. 
in crop nutrition and physiology from the University of Wales, 
Aberystwyth, UK, having received a Merit Scholarship for a 
Ph.D. undertaken abroad from Pakistan’s Ministry of Education 

in 1994. He has supervised over 100 MPhil and Ph.D. students and received the 
National Best Teacher Award for the year 2014 from the Islamabad Higher Education 
Commission. His current research focuses on nutrient management of arable crops 
and he is working to devise production technologies for different crops against the 
background of worldwide climate change. He has won many valuable research proj-
ects from national and international funding agencies. He has published about 127 
articles in peer-reviewed journals and eight book chapters. According to Scopus®, 
his publications have received roughly 2200+ citations with an H-index of 31 and 
i10-index of 52. He is an editor and reviewer for more than 100 peer-reviewed 
international journals as well as editor-in-chief of the Journal of Arable Crops and 
Marketing. He has been honored by different authorities for his outstanding perfor-
mance in research and education and received a Research Productivity Award from 
the Pakistan Higher Education Commission in 2011 and 2014.  

Dr. Rahul Datta is an assistant professor at Mendel University, 
Czech Republic, where he obtained his MSc and Ph.D. He is a 
soil microbiologist and enzymologist. His research is focused on 
sustainable agriculture and food security, with specific reference 
to the application of biochar, soil molecular and microbiological 
techniques to improve soil quality and crop productivity. He has 
published about 75 research articles and review papers and two 

books with Springer and IntechOpen, and has reviewed more than 300 papers in 
peer-reviewed journals. At present, he is an Honorary International Advisor at the 
Asian PGPR Society. 





Preface XI

Section 1
Introduction 1

Chapter 1 3
Introductory Chapter: Smart Farming
by Subhan Danish, Hakoomat Ali and Rahul Datta

Section 2
Sustainable Farming 9

Chapter 2 11
Adoption of Conservation Agriculture as a Driver of Sustainable Farming: 
Opportunities, Constraints, and Policy Issues
by Pomi Shahbaz, Shamsheer ul Haq and Ismet Boz

Section 3
Information Technology Use in Smart Farming 29

Chapter 3 31
Information Technology Drivers in Smart Farming Management Systems
by Alexy Márta, András Jung and Bálint Molnár

Section 4
Smart Farming Approach 57

Chapter 4 59
Perspective Chapter: Physiological Breeding Approach for Sustainable Smart 
Farming
by Raja Shankar, Panamanna Mahadevan Govindakrishnan, Shashi Rawat  
and Joseph Sherly

Chapter 5 87
Perspective Chapter: Recent Advances in Nanotechnology, Nanomaterials, 
Nanofertilizers and Smart Farming
by Mohammed Nagib Hasaneen

Contents



Preface

Agriculture is a fundamental sector in the development of any nation. With growing 
populations, the demand for food has increased, and so has the need for efficient and 
sustainable agricultural practices. Smart farming is an emerging field that integrates 
modern technologies and sustainable practices to enhance crop production, reduce 
environmental impact, and increase farmers’ profits. This book explores the latest 
developments and opportunities in this field.

The introductory chapter provides an overview of smart farming and its significance 
in the context of sustainable agriculture. It discusses the principles and practices of 
smart farming and highlights the benefits and challenges of adopting this approach.

Chapter 2 focuses on the adoption of conservation agriculture as a driver of sustain-
able farming. It examines the opportunities, constraints, and policy issues related to 
conservation agriculture and how it can contribute to sustainable farming practices.

Chapter 3 explores the role of information technology drivers in smart farming man-
agement systems. It discusses the use of sensors, data analytics, and machine learning 
in precision farming, which can optimize crop yield, reduce resource wastage, and 
improve sustainability.

Physiological breeding as a smart farming approach is the subject of Chapter 4, which 
discusses the latest advances in plant breeding techniques that can improve plant resis-
tance to biotic and abiotic stresses, enhance nutrient uptake, and boost productivity.

Chapter 5 focuses on recent advances in nanotechnology, nanomaterials, nanofertil-
izers, and their applications in smart farming. It discusses the potential benefits of 
using nanotechnology in agriculture, including improved nutrient uptake, enhanced 
crop growth, and reduced environmental impact.

Overall, this book provides a comprehensive overview of the latest developments in 
smart farming and how it can contribute to sustainable agriculture. It is intended 
for researchers, policymakers, and practitioners in the field of agriculture who are 
interested in exploring the latest advances in smart farming.

Dr. Subhan Danish
Guest Lecturer,

Faculty of Agricultural Sciences and Technology,
Bahauddin Zakariya University,

Multan, Pakistan
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Chapter 1

Introductory Chapter: Smart 
Farming
Subhan Danish, Hakoomat Ali and Rahul Datta

1. Introduction

Farming has always been an essential human activity that has sustained civilization 
for thousands of years. With the rapid growth in population and the consequent demand 
for food, it has become increasingly important to optimize farming practices to meet 
the needs of the world’s growing population [1]. In recent years, technological advance-
ments have revolutionized the way we approach farming, leading to the emergence of a 
new approach known as “smart farming” [2]. Smart farming is an innovative approach 
to agriculture that integrates technology into farming practices, enabling farmers to 
optimize crop yields, reduce waste, and improve efficiency [3]. This approach uses a 
range of technologies, including sensors, drones, artificial intelligence, and the internet 
of things (IoT), to collect data and provide real-time insights into crop health, soil qual-
ity, and other key indicators [4]. Smart farming also offers numerous benefits, includ-
ing increased productivity, reduced labor costs, improved crop quality, and a more 

Figure 1. 
Smart farming using artificial intelligence on farm for the improvement in agriculture production.
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sustainable approach to farming. This approach also offers greater precision, enabling 
farmers to target specific areas of their farms that require attention and reduce the use of 
chemicals and fertilizers (Figure 1) [5].

2. The evolution of farming: from traditional to smart farming

The evolution from traditional to smart farming can be traced back to the early 1990s 
when precision agriculture (PA) was first introduced. PA is a farming approach that 
involves using technology to target specific areas of the farm that require attention, such 
as soil moisture levels or nutrient deficiencies. This approach uses data analysis tools to 
optimize inputs and minimize waste, resulting in higher crop yields and reduced costs [1].

Over the years, smart farming has evolved to include a range of advanced technol-
ogies. For example, drones equipped with cameras and sensors can provide detailed 
images and data on crop health and yield. Soil sensors can measure soil moisture, 
temperature, and nutrient levels, providing insights into the health of the soil and 
enabling farmers to make informed decisions about fertilization and irrigation [6]. 
Another technology that has revolutionized smart farming is the IoT. IoT-enabled 
sensors and devices can be placed throughout the farm to monitor environmental 
conditions, track crop growth, and optimize irrigation and fertilizer applications. 
This data is transmitted to a central platform, where it is analyzed and used to 
 generate insights that can help farmers make informed decisions [7].

3. The benefits of smart farming

3.1 Increased productivity

Smart farming allows farmers to collect data on crop health, soil quality, and 
other key indicators in real time. This data can be analyzed to optimize inputs such as 
fertilizers, water, and pesticides, resulting in higher crop yields. By targeting specific 
areas of the farm that require attention, farmers can also reduce waste and ensure that 
resources are used efficiently [8].

3.2 Sustainability

Smart farming promotes sustainable farming practices by minimizing the use 
of resources such as water, fertilizers, and pesticides. By using precision agriculture 
techniques, farmers can reduce the amount of chemicals used on crops, resulting in a 
more environmentally friendly approach to farming. In addition, smart farming can 
help farmers adapt to climate change by providing insights into weather patterns and 
enabling them to adjust farming practices accordingly [9].

3.3 Cost savings

By optimizing inputs and reducing waste, smart farming can lead to significant 
cost savings for farmers. For example, by using sensors to monitor soil moisture 
levels, farmers can reduce water usage and save money on irrigation costs. By reduc-
ing the use of pesticides and fertilizers, farmers can also save money on these inputs, 
while also reducing the environmental impact of their farming practices [10].
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3.4 Improved crop quality

Smart farming can help farmers improve the quality of their crops by providing 
insights into crop health and identifying potential issues early on. By using data to 
optimize inputs and target specific areas of the farm that require attention, farmers 
can produce higher-quality crops that are more resistant to pests and disease [11].

3.5 Better decision-making

Smart farming provides farmers with real-time data and insights into their 
farming practices. This data can be used to make informed decisions about inputs, 
planting schedules, and other factors that can impact crop yields. By using data 
analysis tools, farmers can also identify trends and patterns that can inform long-term 
decision-making [12].

4.  Challenges to adopting smart farming: costs, training,  
and infrastructure

While smart farming offers numerous benefits, there are also several challenges 
that farmers face when adopting this innovative approach to agriculture. Here are 
some of the main challenges to adopting smart farming:

4.1 Costs

One of the main challenges to adopting smart farming is the cost. Investing in 
technology such as sensors, drones, and IoT devices can be expensive, particularly for 
small farmers who may not have the financial resources to invest in this technology. In 
addition to the initial cost of the technology, there may also be ongoing maintenance 
and repair costs to consider [13].

4.2 Training

Another challenge to adopting smart farming is the need for specialized training. 
Farmers need to be trained on how to use the technology, collect and analyze data, 
and interpret insights. This can be a time-consuming process and may require farmers 
to take time away from their daily farming activities [12].

4.3 Infrastructure

Smart farming relies on a robust infrastructure to collect and transmit data. This 
can be a challenge in rural areas where there may be limited access to high-speed 
internet and other necessary infrastructure. Farmers may need to invest in infrastruc-
ture upgrades to support the use of smart farming technology [8].

4.4 Data management

Smart farming generates a large amount of data, and farmers need to have the 
necessary tools and skills to manage and analyze this data effectively. This can be a 
challenge for farmers who may not have experience with data analysis or may not have 
access to the necessary software tools [10].



Smart Farming - Integrating Conservation Agriculture, Information Technology, and Advanced...

6

Author details

Subhan Danish1*, Hakoomat Ali2 and Rahul Datta3

1 Faculty of Agricultural Sciences and Technology, Department of Soil Science, 
Bahauddin Zakariya University, Multan, Punjab, Pakistan

2 Faculty of Agricultural Sciences and Technology, Department of Agronomy, 
Bahauddin Zakariya University, Multan, Punjab, Pakistan

3 Faculty of Forestry and Wood Technology, Department of Geology and Pedology, 
Mendel University in Brno, Brno, Czech Republic

*Address all correspondence to: sd96850@gmail.com

4.5 Security and privacy

The use of technology in farming raises concerns about data security and privacy. 
Farmers need to ensure that their data is protected from unauthorized access and that 
they are complying with relevant data privacy regulations [14].

Despite these challenges, the benefits of smart farming make it an attractive 
option for farmers looking to increase productivity, reduce waste, and promote sus-
tainability. As technology continues to evolve and become more affordable, it is likely 
that the adoption of smart farming will continue to grow, enabling farmers to achieve 
greater efficiency and sustainability.

Keeping in mind the importance of smart farming in our future, this book was 
planned to provide a comprehensive overview of smart farming, covering topics such 
as the technologies involved, their applications, and the benefits they offer. We have 
examined some of the challenges that farmers face when adopting smart farming 
practices and explore the potential of smart farming to transform the agriculture 
industry. In this book, we also explore the various aspects of smart farming in greater 
detail, providing a practical guide for farmers and agricultural professionals seeking 
to adopt this approach. We hope that the book will inspire more farmers to embrace 
smart farming and realize its potential to revolutionize the way we produce food.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Adoption of Conservation 
Agriculture as a Driver of 
Sustainable Farming: Opportunities, 
Constraints, and Policy Issues
Pomi Shahbaz, Shamsheer ul Haq and Ismet Boz

Abstract

Sustainable farming is critical for rural development and global food security, but 
it is threatened by intensive agriculture and climate change. Conservation agriculture 
(CA) is a sustainable farming system developed in response to intensive agriculture, 
environmental degradation, and climate change caused by traditional agriculture 
systems. This chapter discusses the role of CA in sustainable farming and examines 
the factors influencing CA adoption globally through a review of previous studies. The 
review results indicated that CA assists farmers increase farm sustainability by influ-
encing economic, social, and environmental dimensions through minimum mechani-
cal soil disturbance, permanent soil cover, and diversification. CA adoption aims at 
maintaining soil fertility, improving farm yield, and reducing the use of external inputs 
necessary for sustainable farming. Therefore, the number of CA-adopting countries has 
grown significantly over the last decade but its adoption is constrained by a variety of 
factors such as farmers’ demographic characteristics, farm characteristics, institutional 
factors, capital ownership, cognitive factors, and farm manager entrepreneurial ability. 
Moreover, abundance of small-scale farming and a lack of awareness about the role of 
CA in sustainable farming also pose a challenge to the global adoption of CA. Farmers’ 
entrepreneurial abilities and awareness of CA benefits should be improved to increase 
adoption of CA and sustainable farming.

Keywords: conservation agriculture, farm sustainability, sustainable farming, 
sustainable land management, sustainable agriculture

1. Introduction

Farming systems play a critical role in ensuring food security worldwide, and 
healthy soils are necessary for sustainable food production. Farming systems are under 
huge pressure to meet the increasing demands of agricultural commodities due to an 
increasing global population and climate change. Farming systems try to meet grow-
ing demands through intensified agriculture. Intensified agriculture poses a threat 
to sustainable farming as it affects the quality of natural resources [1]. Monoculture 
farming, heavy use of off-farm inputs, and machinery have multifaceted negative 
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impacts on the environment and soil health [2]. The intensive nature of conventional 
farming raises the risk of soil degradation. Moreover, land and soil degradation have 
increased dramatically because farming systems have transitioned from high man-
power and low input production to low manpower, high use of external inputs, and 
a highly mechanized system. Machines with more horsepower that move faster than 
required speed harm the quality and health of the soil. This also increases the loss of 
soil organic matter, slows water infiltration, and lowers the soil’s ability to hold water, 
all of which are prerequisite for sustainable production [3]. Thus, degradation of land 
and ecological system services due to intensified agriculture should be avoided, and 
previous degradation of land must be remedied for sustainable farming [4].

In addition to intensified agriculture, climate change also poses a serious threat 
to global farming sustainability. Agriculture accounts for nearly one-fourth of total 
global greenhouse gas emissions and is also directly affected by the effects of climate 
change [5]. Thus, agriculture is both a cause and an affectee of climate change [6]. 
Moreover, extreme climatic events are occurring more frequently and are having a 
severe impact on agriculture by degrading soil and land health [7].

Climate change and land degradation necessitate a more sound and sustainable 
farming production paradigm that is both environmentally sustainable and economi-
cally profitable without compromising yield and productivity [5]. Furthermore, the 
production system’s flexibility and strength must be increased in response to shocks 
and stress caused by climate change. Similarly, increasing biodiversity above and 
below ground in the crop production system has numerous important benefits that 
improve soil health and enable farmers to produce in a way that is supported by soci-
ety [8]. All of these measures result in sustainable farming, which includes increased 
production (economic sustainability), a healthier environment, and high resilience 
to climatic shocks and stress (environmental sustainability) [9]. To conserve and 
enhance the natural habitats and resources of the environment, “sustainable produc-
tion intensification” is a new production paradigm [10], which acknowledges the 
prerequisite for productive and remunerative farming [4, 11]. So, all of these goals 
can be reached with a no-till method, which is also called Conservation Agriculture 
(CA). Tillage has a significant impact on soil health because it disrupts the soil’s water 
retention capacity, temperature, and evapotranspiration process [1]. Furthermore, 
tillage results in a significant loss of soil organic carbon [12].

CA is a sophisticated modern production system that enables farmers to perform 
sustainable production, which leads to the achievement of sustainable farming goals 
[13]. Somasundaram et al. [14] define “CA” as “a set of management practices for 
sustainable agricultural production that avoids excessive soil disturbance in order to 
protect it from soil degradation processes such as erosion, compaction, structural/
aggregate breakdown, loss of soil organic matter, and nutrient leaching. FAO [15] 
defines CA as a farming system that promotes minimum soil disturbance, the mainte-
nance of a permanent soil cover, and the diversification of plant species. Thus, CA has 
three principles, which are as follows: 1) low mechanical soil disturbance; 2) perma-
nent soil cover; and 3) diversification (Figure 1).

No-tillage, minimal disturbance, and direct seeding without tilling the soil are all 
examples of minimal mechanical soil disturbance. It explains how to cause the least 
amount of soil disturbance through cultural farm practices or mechanical opera-
tions. Direct seeding into soil is encouraged for sustainable farming [16]. FAO [15] 
also suggested that the disturbed area should be 15 cm wide or less than 25% of the 
total cropped area. Minimal or no-tillage is an effective erosion control measure that 
increases fertilizer and water use efficiency and crop yield [17].
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Permanent organic soil cover refers to the ground surface’s permanent biomass 
soil mulch cover. It is particularly encouraged when there is a long gap between 
harvesting and planting the next crop [15]. Crop biomass, cover crops, and root-
stocks can all be preserved. Microbes decompose the cover crop naturally in the 
soil [18]. When the field is empty, it protects the soil and mobilizes and accelerates 
the nutrient recycling process. Soil cover also preserves the soil structure and 
reduces hardpans and compacted layers. Moreover, it also reduces weed growth 
and pest attacks.

Diversification refers to the preservation of soil nutrients through crop rotation, 
which entails the proper sequence and association of annual and perennial crops, as 
well as a balanced mix of legume and nonlegume crops [5]. Crop rotation feeds the 
soil because many nutrients leach down to the deeper layers of soil and are no longer 
available for better crop growth. These nutrients are naturally recycled through 
proper and balanced crop rotation [15].

As a result, CA is critical for sustainable farming, and this chapter will discuss 
CA’s brief history and current global situation. Furthermore, the chapter will discuss 
the role of CA in sustainable farming and list the CA practices that are being imple-
mented on farms around the world. The chapter also aims to provide information on 
the challenges that farmers face when implementing different farm practices on their 
farms and concludes with policy recommendations for improving the CA situation, 
especially in developing countries.

2. History and global status of CA adoption

2.1 Historical background of CA

Tillage is the use of farm machinery to manipulate soil. Tillage has a long 
history, dating back a million years, when men transitioned from hunting to 
sedentary and conventional farming, particularly in the Nile, Euphrates, Tigris, 

Figure 1. 
Principles of conservation agriculture.
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Indus Valley, and Yangtse valleys [19]. Tillage was traditionally used to soften 
the soil layers for seedbed preparation, control and manage weeds, and improve 
the oxidation mineralization process [13]. In the years following the industrial 
revolution in the 1990s, the invention of the engine made machinery available for 
performing farm activities, such as plowing, planking, seed drilling, and so on. In 
the Midwestern United States, dust bowls destroyed large areas, and tillage-based 
farming was called into question for the first time in history in the 1930s [20]. As 
a result, for the first time, CA practices such as reducing tillage and covering the 
soil for soil protection were adopted on farms. The seedling machine was invented 
in the 1990s, allowing seeds to be planted without disturbing the soil. CA was 
first theoretically proposed in 1943 by Edward H. Faulkner in the manuscript 
“Plowman’s Folly” [21]. The CA idea has become more and more popular over time 
and is used a lot in sustainable farming.

No-tillage was first used in farming in Brazil in the early 1970s, and agriculture 
has been transformed by incorporating no-tillage practices into the farming system 
known as CA today. Furthermore, in the 1970s, no-tillage was practiced in West 
Africa [22, 23]. Before CA reached a significant adoption level in South America and 
the rest of the world, significant improvements in farm equipment and agronomic 
practices regarding CA were made and developed to enhance crop growth and 
machine efficiency. Also, as fuel prices went up in the 1970s, farmers switched to a 
system that farming resources. Commercial farmers used the CA to avoid soil erosion 
caused by drought, along with the fuel-saving system [24].

Since the early 1990s, the CA has become well known and has spread rapidly, 
and agricultural systems in Brazil, Paraguay, and Argentina have been transformed 
into CA. The development of the CA system drew the attention of the rest of the 
world, and international organizations such as FAO, CGIAR, IFAD, EU, ACT, CIRAD 
centers, and many others began to take an interest in the CA system’s promotion. 
Following that, a study tour to Brazil, research projects, and workshops were orga-
nized all over the world to raise awareness and increase CA adoption. After that, CA 
adaptation has been observed in African countries such as Tanzania, Zambia, and 
Kenya, as well as in Asia, particularly in China, Pakistan, India, and Kazakhstan. The 
CA was also significantly adapted in developed countries such as Australia, Spain, 
Canada, and Finland at the end of the millennium [25]. The CA adaptation is not 
restricted to specific geographical and ecological environments. Farmers practice it 
from the Arctic Circle (e.g., Finland) to the tropics (e.g., Uganda, Kenya). CA has also 
been adopted at 3000 m altitude and under severe environmental conditions with 
250 mm of rain a year (e.g., Morocco, Western Australia), as well as in countries such 
as Brazil and Chile where heavy rainfall occurs during the whole year. No-tillage is 
also used in sandy and clay soil types. It is used in soils ranging from 90% sand (as in 
Australia) to 80% clay (as in Brazil’s Oxisols and Alisols). Similarly, the CA system 
can grow any crop [20, 26].

2.2 Global situation of CA adoption

CA is currently practiced in over 79 countries worldwide [5], and the number of 
farmers adopting CA practices on farms is increasing in both developed and develop-
ing countries due to its beneficial effects on farm resources and crop production. CA 
is practiced on every continent, but Europe has the most countries that have adopted 
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CA (Figure 2). CA has also begun to gain traction in Asia and Africa, with the 
number of countries adopting CA on these two continents increasing significantly 
over the last decade.

Despite the fact that the number of countries adopting CA has increased signifi-
cantly, the area under CA remains minimal in comparison to the total world cropped 
area. In 2015/16, the total area under CA in the world was 180.44 million hectares. 
Europe has a large majority of CA-adopting countries, but its share of the total global 
CA area is negligible. Similarly, Asia and Africa contain significant world agricultural 
land as well as habitats for the world’s large population, which is more vulnerable to cli-
mate change and food insecurity, but their share of total CA world area is also minute. 

Figure 2. 
Area under CA and number of adopting countries on each continent.

Continent/country CA area share (%)

America and the Caribbean

United States 32.47

Brazil 24.05

Australia and Oceania

Australia 98.39

New Zealand 1.61

Asia

China 64.61

Kazakhstan 17.95

Europe

Russia 54.01

Spain 9.72

Africa

South Africa 29.09

Zambia 20.94

Table 1. 
Countries with the highest share in area under CA in their continents.
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The United States and the Caribbean countries that practice CA have the largest share 
of the total CA area in the world, followed by Australia and Oceania. Table 1 depicts 
the major CA adopting countries by area on each continent. The United States accounts 
for nearly one-third, with Brazil accounting for nearly one-fourth of the total area 
under CA in America and the Caribbean countries. Australia is the largest CA adopter 
on the Australian continent. CA was widely practiced in Asia, with China accounting 
for nearly two-thirds of the total area covered, followed by Kazakhstan. Russia and 
Spain were major contributors to the CA area in Europe. South Africa alone accounts 
for nearly one-third of the total area under CA on the African continent.

3. Conservation agriculture and sustainable farming

Sustainable development is defined as “the ability of the current generation to meet 
their needs without jeopardizing future generations’ ability to meet their own needs” 
[27]. In order to apply the concept of sustainable development to farming, farming must 
be socially acceptable, economically viable, and environmentally friendly. Farming will 
therefore be sustainable if it is socially, economically, and environmentally sustainable 
[28]. Hobbs et al. [13] described CA as a modern way of farming that helps farmers 
achieve their goals of sustainable development through sustainable farming.

The impact of CA on crop yield can be used to explain CA’s role in achieving 
economic sustainability [29, 30]. A high crop yield is one of the farmer’s primary 
goals in order to enjoy a good economic return. Crop yield is affected by numerous 
management (timely and proper application of off-farm inputs) and ecological fac-
tors (uneven rains, harsh weather, water deficiency, etc.). CA is critical in reducing 
the negative impact of these factors on crop yield. No-tillage, for example, improves 
soil fertility and structure while also softening the soil, which improves seed germi-
nation and crop growth [31]. A well-grown crop with good germination results in a 
good crop yield, which increases the crop surplus. Farmers make a good profit from 
the high crop surplus, which lets farmers keep their high standard of living. CA also 
boosts crop yield and economic returns, which makes farming socially and economi-
cally more sustainable. Thus, the CA improves farmers’ long-term welfare by increas-
ing crop yield, high economic returns, and food security [32–35].

Zheng et al. [36] discovered that adoption of CA practices has a positive impact 
on crop yield in China. The study showed that adoption of CA on farms significantly 
increases crop yields. However, the impact of CA on crop yields is dependent on 
geographical location, climatic conditions, and the type of adopted CA practice. The 
study also found that conventional tillage with straw retention produced better crop 
yields than no-tillage with straw retention. Moreover, the study also reported that CA 
practices produce better results in geographical locations with annual precipitation of 
less than 600 mm and a mean temperature of greater than 5°C. The potential for high 
crop yields with CA is greater in rain-fed areas than in conventional tillage systems [37]. 
The CA is more effective in terms of yield and farm productivity effects when all three 
CA principles are implemented in combination than when they are implemented alone 
on farms. Even sometimes, CA principles implemented separately can have a negative 
impact on farm productivity. Pittelkow et al. [29] stated that no-tillage has a negative 
impact on crop yield, but when combined with the other two principles (cover crops 
and crop rotation); it generates an equal or greater crop yield than conventional agricul-
ture. Therefore, no-tillage, cover crop, and diversification (crop rotation) produce high 
crop yields ensuring the CA system’s economic sustainability [38–40].
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The widespread adoption of three CA principles around the world has ushered 
in a new era of environmental control and mitigation for damages associated with 
conventional agriculture. No-tillage leaves the soil untouched, improving its physi-
cal properties, which is a major component of the environment. The organic carbon 
stock is three times more concentrated in the soil than in the atmosphere [31, 41]. 
Increased soil carbon level is highly associated with increased soil carbon level 
through improved mineralization processes, which reduces the negative effects of 
climate change on crop yield [42, 43]. CA provides climate-smart sustainable farming 
systems that enable farmers to cope with the adverse impacts of climate change [44]. 
Similarly, growing cover crops on fallow lands lowers the risk of soil erosion [45]. By 
covering the field where no primary crop is grown, it can control weed germination 
and enhance N-input leaching [46]. It also increases the soil’s water-holding capac-
ity, promotes microbial activity, maintains soil structure and porosity, and balances 
the nutrient cycle [47–50]. Similarly, crop rotation reduces climate vulnerability and 
improves soil health by reducing herbivores, increasing yields, and generating high 
economic benefits. It also provides a more stable planting system in extreme weather 
conditions [51–53]. Likewise, CA improves soil fertility [54], reduces soil erosion [55], 
improves water filtration and retention, and reduces greenhouse gas emissions [56], 
all of which contribute to the farming system’s high environmental sustainability.

Therefore, the CA is an ideal solution for resolving the environmental problem in 
agriculture. CA’s associated environmental benefit improves agriculture’s environ-
mental sustainability.

Moreover, CA also contributes to social sustainability by increasing gender 
equality, labor participation, and farmer welfare, and it is expected that promoting 
the CA farming system will increase the participation of women in farming [57]. 

Figure 3. 
Conservation Agriculture (CA) and Sustainable Farming (SF).
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For example, women’s participation in Zimbabwe increased grain yield and improved 
food diversity and security. Furthermore, the use of CA has altered intra-household 
decision-making between males and females. Women’s participation in decision-mak-
ing, crop management, and improved agency were observed in Zimbabwe [58, 59]. 
Furthermore, crop residue retention can be used to describe the labor requirements 
of CA [60]. Women practicing CA are good time managers because they start clearing 
land on time to prepare it for early planting [61].

Based on the preceding discussion, it is clear that CA adoption helps farmers cope 
with climate change while also increasing farm-level sustainability (social, economic, 
and environmental). Thus, adoption of CA works as a driver of sustainable farming, 
as depicted in Figure 3. CA principles provide multifaceted benefits that lead to sus-
tainable farming. Improving soil fertility, for example, improves farmers’ economic 
conditions, which in turn affects farms’ economic and social sustainability. Similarly, 
reducing the use of machinery for tillage reduces greenhouse gas emissions while also 
reducing costs, which helps to improve environmental, economic, and social sustain-
ability. As an outcome, CA’s minimal soil mechanical disturbance principle influences 
all three dimensions of sustainability. Similarly, the other two CA principles help 
farmers improve their farms’ economic, social, and environmental sustainability. As a 
result, CA adoption can play a critical role in global farming sustainability.

4. Globally adopted CA practices and constraints

4.1 CA practices and factors influencing CA adoption on farms

CA practices aim to improve farm resource utilization by integrating natural 
resource management such as soil, water, and biological resources with the few-
est external farm inputs [62]. Therefore, CA is being adopted all over the world in 
response to the growing concerns of national and international institutions related to 
farm sustainability, and CA is one of the most important and rapidly expanding adop-
tion systems in all regions of the world. Different types of CA practices are preferred 
on different farms and in different regions depending on the climate, the land type, 
the farmer’s skills, and the farm’s resources. Moreover, the CA practices adoption on 
farms is also majorly dependent on the purpose of adoption CA. Moreover, the CA 
practices adoption on farms is also majorly dependent on the purpose of adoption. As 
a result, CA practices used in one country or farm may be different from those used in 
another country due to the difference in intended objectives of CA adoption.

Table 2 shows the CA practices adopted around the world, as well as the factors that 
influence the adoption of these CA practices on farms. Different types of CA practices 
are preferred on different farms and in different regions depending on the climate, the 
land type, the farmer’s skills, and the farm’s resources. According to the literature, farm-
ers in different countries adopted different CA practices on their farms, but zero tillage/
no-tillage was one of the most widely adopted CA practices on farms. The minimum or 
zero-tillage CA practice is widely used around the world, but crop residuals retention 
in the field is more complicated [74]. Moreover, cover crops and crop rotation are also 
commonly practiced CA strategies in the world. Crop rotation is underutilized in terms 
of pest control, disease cycle disruption, income risk reduction, and soil fertility [74].

Farmers’ demographic characteristics, farm characteristics, institutional and 
social inclusion, capital ownership, and cognitive factors (farmer attitude, CA 
perception, and farming behavior) were identified as major influencing factors in 
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Country/Region CA practices Influencing factors Objective/s

Nigeria [63] Zero tillage, minimum 
tillage, contour stripping, not 
burning field, tree planting, 
cover crops, dead tree trunks, 
mulching

Age, education, innovativeness, 
attitude toward conservation, risk 
bearing, credit, farm income, input-
output prices, off-farm occupation

Soil erosion 
controlling

Rwanda [64] Organic inputs Monetary and physical factors, 
human capital, investment risk, 
wealth, and liquidity sources

Land conservation 
investment and 
organic inputs use

United States [65] Conservation tillage, contour 
farming, strip-cropping, 
grass waterways

Farm size, age, college education, 
program participation, land tenure, 
annual precipitation.

Adoption of CA 
practices and land 
tenure

Zimbabwe [66] Zero tillage, crop rotation, 
contour ridging technologies

Farm and farmer characteristics, 
institutional factors

Analyzing the 
adoption of CA by 
small farmers

Spain [67] Not burning olive-de 
suckering debris, using 
shredded olive-pruning 
debris as soil cover, cover 
crops under mower control

Socio-economic characteristics of a 
farmer, social capital indicators, farm 
characteristics, farm management

Assessing the 
soil conservation 
practice as CA in 
olive groves

Zimbabwe [68] Winter weeding, digging 
planting basins, crop 
residues, manuring, basal 
fertilizer, topdressing, Timely 
weeding, crop rotation

Age, Education, own land, 
draught power, Extension services, 
labor, conservation agricultural 
experiences.

Assessing the 
adoption of CA 
among different 
clusters of farmers.

Australia [69] No-tillage, crop stubble, 
legumes rotation, controlled 
traffic farming,

Various socio-economic factors Assessing the 
adoption of CA 
as climate change 
mitigation activity

Bangladesh [70] Conservation agriculture 
principles

Farm size, family size, farming 
experience, age and education of 
head, extension services, farm and 
off-farm income

Impact of CA 
adoption farms’ 
economic viability

Kenya [71] Mulching, direct planting, 
shallow weeding, spraying 
herbicides

Attitudes, perceived norms and 
perceived behavioral control, farmer’s 
perception
Of the social norms towards CA, 
farmer’s perceived behavioral control

Assessing the 
farmer’s decision 
of selecting the CA 
over conventional 
agriculture.

South Africa [72] No-till conservation 
agriculture

Age, gender, education, experience, 
training, extension, credit access, 
land size, income

Assessing the 
adoption of no-till 
conservation by 
small-scale farmers

Malawi [35] Zero tillage, mulching of crop 
residual, and intercropping 
with legumes

Landholding, education, neighbor’s 
adaption of CA, gender, no. of male 
and females in family

Decision-making 
analysis regarding 
CA adaptation

United States [73] Conservation tillage, cover 
crops, diverse crop rotation

Location and spatial variable, 
age, college education, area under 
operation, family network index, 
organization network index, 
perception of environmental benefits 
of the practices.

Assessing the 
adaption of CA 
practices

Table 2. 
CA practices around the world and the factor influencing its adoption.
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the adoption of CA practices worldwide. Age, education, farming experience, and 
family size were among the socio-demographic factors influencing the adoption of 
CA practices on farms. Farm size, farm income, and land tenure status were the farm 
characteristics that influenced CA adoption in various countries. Credit utilization 
and the availability of extension services were institutional determinants of CA 
adoption. Furthermore, famers’ attitudes and perceptions were influential factors in 
the global adoption of CA practices. Giller et al. [75] also stated that socioeconomic 
factors play an important role in CA practice adaptation.

4.2 Challenges in adoption of CA practices on farms

Although CA is a driving force in achieving sustainable farming, there are 
numerous challenges and constraints that affect CA adoption on farms around the 
world, in addition to the factors discussed above. The first and most prominent 
challenge that limits the adoption of CA cited in previous literature is small-scale 
farming. Small farmers lack social inclusion, institutional support, capital, and 
other resources, and they are less likely to implement CA on their farms. Moreover, 
farmers with owned animal traction are also less likely to adopt CA practices such as 
minimum tillage/zero tillage on their farms due to readily available tillage sources. 
Framers with animal traction typically replace mechanized soil management with 
animal-driven plowing [76].

Crop residual retention is also used as a CA practice in the fields by the farmers. Crop 
cultivation and livestock rearing are complementary to each other for farmers, especially 
small farmers in developing countries, but farmers with crop and livestock interaction 
tend to have low crop residual retention on their farms. Furthermore, livestock is a 
more important source of traction and income security in an emergency [76], and crop 
residuals are a vital source of animal feed [77]. Furthermore, managing crop residuals is 
more expensive than simply burning crop residuals. The cost of managing crop residuals 
is more than one-third higher than the cost of burning the residuals [78, 79].

Another major impediment to the adoption of CA practices such as crop rotation 
is a lack of timely seed availability, as well as dysfunctional markets for final farm 
outputs [80]. The other challenge faced by farmers in the adoption of CA practices 
on farms is the unavailability of advanced equipment required for CA adoption. The 
equipment is either unavailable or its financial costs are high, especially in develop-
ing countries. Other than the above challenges, lack of awareness about different CA 
practices and their associated benefits among farmers in developing countries limits 
the adoption of CA on farms.

5. Conclusion

Agriculture is one of the largest consumers of natural resources, and adopting 
sustainable farming systems is necessary not only to preserve natural resources but 
also to meet the food needs of the world’s ever-increasing population under climatic 
change scenarios. A sustainable farming system is one that is socially acceptable, eco-
nomically viable, and environmentally friendly. CA is a sustainable system that helps 
farmers improve farm sustainability by influencing economic, social, and environ-
mental dimensions through its three basic principles. These three principles of CA are 
as follows 1) minimal mechanical soil disturbance; 2) permanent soil cover; and 3) 
diversification. The CA system is intended to improve and maintain soil fertility while 
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reducing the use of external farm inputs. Thus, the CA system increases crop yields 
while decreasing input costs, affecting farmers’ economic and social sustainability. 
Similarly, CA practices aid in mitigating the effects of climate change on farms and 
also reduce the use of machinery and chemicals in the fields. All of this contributes to 
the farmers’ environmental sustainability. As a result, implementing CA practices on 
farms is critical not only for the sustainable management of agricultural land but also 
for the overall sustainability of the farming system.

The European continent has the most CA-adopting countries, and the United 
States is the world’s largest CA adopter in terms of area. Despite the fact that CA is 
being adopted in many countries around the world, the area under CA remains very 
small in comparison to the world’s total cultivable area. Farmers’ demographics, farm 
characteristics, institutional and social inclusion, capital ownership, and cognitive 
factors (farmer attitude, CA perception, and farming behavior) were identified as 
major influencing factors in the global adoption of CA practices. Furthermore, small-
scale farming as well as a lack of awareness about the benefits of CA is regarded as 
major barriers to CA adoption worldwide.

CA can also play an important role in achieving the Sustainable Development 
Goals in developing countries, as agriculture is a major driver of their economies. The 
continuous degradation of natural resources, particularly land, is the primary cause 
of unsustainable farming systems all over the world. As a result, developing countries 
should increase the adoption of CA practices in order to transition from unsustain-
able to sustainable farming systems. The following suggestions are recommended for 
increasing CA adoption in developing countries:

In order for CA to be adopted in developing countries, farms must be treated 
as enterprises like any other business. So, farmer entrepreneurship and a culture 
of entrepreneurship in farming should be encouraged to enhance the adoption of 
CA and sustainable farming by involving all agricultural socio-economic networks 
(farmers and their associations, farmer cooperatives, research and advisory organiza-
tions, market and chain parties, and government and social agencies).

Increasing farmer awareness about the benefits of the CA farming system is criti-
cal to the adoption of CA practices on farms in developing countries. The agricultural 
extension system remains an important source of information for farmers. As a result, 
agriculture extension systems can play an important role in the adoption of CA and 
sustainable farming in developing countries by creating awareness among the farm-
ing community. Through their agricultural extension network, policymakers need to 
develop a comprehensive plan for educating farmers, particularly small-scale farmers, 
about various CA practices and the benefits associated with them. Before providing 
information to farmers, the first step should be to train extension workers who are 
directly involved with farmers to improve their own knowledge of CA. Furthermore, 
in order to achieve sustainable farming goals, the agricultural extension network must 
be expanded in terms of capacity and outreach to the larger farming community, 
particularly small farmers and those living far from city centers. Modern information 
and communication channels should also be used to raise farmers’ awareness of the 
benefits of CA practices and sustainable agriculture along with traditional informa-
tion systems.

Furthermore, small farmers must be provided with CA equipment for the adop-
tion of CA practices such as zero tillage machines, as the majority of farmers in the 
developing world have subsistence land sizes.

Finally, engaging the younger generation in agriculture is critical to sustainable 
farming in both the developing and developed worlds, as youth interest in agriculture 
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Abstract

The chapter describes the possibilities of collecting digital data on crop and 
 livestock production and their use in “smart farming” systems. Earth drone and spec-
tral mobile mapping technologies can provide plant production-related measures with 
high temporal and spatial resolution. Remote sensing helps better understand farm-
ing patterns and crop management. Improving understanding of the link between 
remotely sensed data and risk assessment and management in “smart farming” is 
very important. Controlled-environment agriculture takes advantage of light recipes, 
related to spectral light-emitting diode (LEDs) and sensors. In livestock farming, ana-
lyzing a database of digital data on the environment and livestock individuals can help 
farmers make decisions better. The heterogeneous digital data from plant and livestock 
production are collected into a Data Lake. Then the data are processed to transform the 
data into the proper format for data analytics. Data Warehouse should be integrated 
into an ERP system that is dedicated to the agricultural environment.

Keywords: smart farming, remote sensing, drone application, precision livestock 
farming, IoT, data science, ERP, Data Warehouse, Data Lake

1. Introduction

The transition from experience-driven to data-driven decisions in agriculture 
production is unthinkable without the use of digital tools and solutions. Given the 
traditional nature of agriculture production and its custom-based practices, this is not 
a quick process. During the last decades, farming has been forced to implement mea-
sures to increase efficiency and productivity at the expense of resilience in the face 
of climate change and environmental variability. Intensification in agriculture has 
been causing a serious impact on environmental sustainability. The industry is facing 
a reduction in the workforce, and consumer demand is growing for more transpar-
ent, sustainable, ecological, and high-quality products. Moreover, the new common 
agricultural policy of the EU aligned with the European Green Deal is focused on 
environmental protection in rural areas. The use of precision methods – i.e. informa-
tion and communication technologies (ICT )tools, processes, and methods – in the 
production of agricultural products is becoming increasingly important in production 
practice. In the two major sectors of agriculture, crop production and large-scale 
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livestock farming, precision technologies are enabling the creation of “smart farm-
ing” systems. In data-driven farming, the expertise of the farmer is becoming more 
valuable. The results of data analysis that exploits large-scale databases can be 
incorporated into decision support systems. This data analytics will enable actors in 
the agricultural sector to rely on accurate, traceable, and credible production results 
to make decisions that will help them manage cost-effectively and optimize the 
environmental impact of production.

Digital tools and analytical methods are ready for use in agriculture. It will take 
time for them to become widespread in farming practices and part of farmers’ animal 
and crop production procedures. The application of data analytics will validate 
the added value of precision practices and their added value for farmers in real-life 
farming environments through lots of good practices. This chapter reviews the most 
relevant precision methods in crop production, large-scale livestock production, and 
their usability in the decision support process. The latter leads to “smart farming” 
technology.

2. Precision plant production

The real benefit of proximal and remote sensing is the capability to characterize 
spatial or field variability that cannot be parameterized more effectively by any other 
way. This function has great potential for all land-use practices to increase informa-
tion availability in everyday farming using proximal and remote sensing technologies. 
Generally, remote sensing performs nondestructive chemical measurements without 
intrusion into the material, while providing the possibility of a broad spatial overview 
and high temporal flexibility.

When spatial thematic information is requested for large-scale areas at regular 
times, satellite remote sensing is often applied in agriculture. Nowadays, many 
traditional remote sensing tools are available for both large- and small-scale farming 
entities as well. Spectral imaging and non-imaging sensors are powerful bio- and 
geochemical data acquisition tools that can play a crucial role in the early detection of 
crop management risk factors, such as soil nutrition supply, pests, and diseases.

From a practical point of view, those research studies in the paper are considered 
that are using field spectrometers and/or spectral cameras and attempt to understand 
the agricultural values, biophysical and biochemical properties, or reactions of culti-
vated plants. Only outdoor or field-related applications are included in this discussion 
of the paper.

2.1 Remote sensing data acquisition

The fineness of the spatially distributed data depends on the sensor and platform. 
There is a technical limitation to the spectral and spatial resolutions of the satel-
lite platforms. This constraint causes that high spectral resolution and high spatial 
resolution cannot be achieved at the same time from the same satellite altitude. It has 
technical aspects, one of them being a justifiable signal-to-noise ratio. The signal-to-
noise ratio (SNR) compares preferred signal levels to unpreferred ones. It is complex 
to give an average SNR for a sensor or multispectral data because it depends on 
wavelengths, radiance levels, and other technical parameters. Generally, non-imaging 
spectrometers provide higher SNR values compared to imaging ones. Satellites with 
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less than 1-m pixel size have less than 10 broad bands in the spectrum typically, while 
satellite images with more than 10 spectral bands have larger pixel sizes than 10 m 
on the ground typically. One way to increase the spatial and spectral resolution is to 
change the sensor and reduce the altitude of the data capturing. This demand initi-
ated many different forms of terrestrial and near-ground imaging and non-imaging 
spectroscopy.

The spectral resolution describes the electromagnetic spectrum to sense material 
properties and characterizes the number and width of the spectral channels available 
for spectroscopic sampling. The spectral resolution could be also interpreted as the 
“chemical resolution,” since the spectral resolution resolves the apparent spectral 
material properties and links chemistry to spectroscopy. Accordingly, the higher 
spectral resolution provides more detailed chemical insights [1].

Temporal resolution is a factor in agricultural remote sensing that controls flex-
ibility and data availability. The periodical returns of satellites are typically not 
demand-driven, and the airborne campaigns with the high-temporal resolution are 
very cost-intensive and complex.

Radiometric resolution is a technical term that characterizes the sensitivity of the 
detector or the wavelength-dependent energy resolving power of a sensor. It is quan-
tified by bits, typically. Accuracy and stability are essential in radiometric calibrations 
to calculate radiance and/or reflectance that are the derivatives and representative 
outputs (information carriers) of the remotely sensed data and the primary inputs for 
further statistical analyses.

In color imaging, three broad bands (blue, green, and red) are used to reproduce 
real-life object properties in a virtual form the best. The RGB (red, green, and blue) 
bands are broad spectral channels.

When the number of spectral channels is increased (over 100) and the spectral 
range is extended (400–1000 nm or more), imaging spectroscopy or hyperspectral 
imaging is applied.

2.2 Characteristics of data sources

Spatial scales of field phenomena are not absolute and are customized to specific 
needs and applications. From a global (earth-observing) point of view, scales smaller 
than 104 km2 could be referred to as local scales, which are higher by several magni-
tudes than the common agricultural management scales in Europe. For site-specific 
observations, further downscaling is needed. For crop management, the variability 
on the field and subfield scale are of interest, and the variability at distances of 50 m 
or less is mainly related to management practices [2].

Considering options for the remote sensing application in agriculture is one of the 
most time-critical. The entire crop sector and production are based on time-critical 
processes that contain sowing, plant protection, fertilizing, irrigating, and all man-
agement decisions.

In spatial downscaling when the measurement height drops down to 100, 10, and 
1 m, the temporal, spatial, and spectral resolution can be significantly increased and 
new demands or application needs such as mobility (e.g. on the fly) and flexibility 
(e.g. vehicle-based) can be considered.

The temporal resolution affects not only the process accuracy but also the imaging 
process. Recent developments show that a novel kind of imaging technique (e.g. snap-
shot spectroscopy) enables high-rate spectral images to generate spectral videos that 
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are an obvious advantage in online process monitoring and controlling of agricultural 
conditions both in field and indoor.

Ref [3] accentuated that characterizing vegetation, soil, or environmental param-
eters through spectrometers would offer new opportunities. Meantime, many new 
opportunities for application were found in science and research, primarily. Remote 
sensing research topics often focused on stress caused by pest or disease incidences, 
yield and biomass estimation, nutrition deficiencies, drought, frost, etc. Vegetation 
stress may cause anomalies in the cellular or leaf structure affecting the pigment 
system or the moisture content in canopy, which could be detected and mapped by 
optical sensors as can be seen in Table 1.

2.3 High-resolution crop remote sensing

Remote sensing of biophysical parameters such as phytomass, leaf area index 
(LAI) and canopy structure have intensively been analyzed, [4–7]. Behind the 
biophysical parameters, numerous papers have been devoted to biochemical compo-
nents such as foliar constituents, chlorophyll a and b, carotenoids, lignin, cellulose, 
protein, water, and other elements [8, 9]. Many of the studies used high-resolution 
full-range (FR) spectra (400–2500 nm), because some foliar chemistry components 
give indications only over 2000 nm (e.g. lignin and cellulose) [10, 11]. Our study 
focuses on narrowband indications in the range of 400 to 1100 nm. Our study focuses 
on narrowband indications in the range of 400 to 1100 nm.

Multispectral, satellite remote sensing used broad (50–100 nm) spectral bands 
initially, which have been narrowed by scientific high-resolution sensors over the 
last decades [12]. The VNIR (400–1100 nm) spectral range will remain significant 
in future crop sensor developments as well, but it will be spectrally enhanced likely, 
to produce high-resolution crop or soil sensors. Band comparisons highlight the best 

Passive remote sensing Active remote sensing

Multi-/Hyperspectral Thermal Radar Lidar

Plants:

• Leaf pigments

• Phenology

• Cell and tissue structure

• Water content

• Biochemical processes 
and products (lignin and 
cellulose)

• Diseases

Soil:

• Clay minerals

• Humus content

• TNC

• CEC

Plants:

• Water stress

• ET stress

• Pathogens

• Harvesting

• Yield estimation

Soil:

• Moisture

• Texture

Plants:

• Canopy height

• Canopy density

• Plant height

• Canopy structure

• Biomass

Soil:

• Soil roughness

• Soil moisture

• DEM

Plants:

• 3D plant model

• Volumetric parameters

• Plant morphology

• Canopy structure

Soil:

• High res. DEM

• Erosion

• Geomorphology

Table 1. 
Passive and active remote sensing tools used to characterize plant and soil parameters.
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benefits of the narrowband indices such as non-saturating behavior or high sensitiv-
ity in vegetation dynamics (e.g. phenology) [13]. The narrowbands can be classified 
as very narrowbands (1 nm to 15 nm), narrow bands (16 nm to 30 nm), intermediate 
bands (31 nm to 45 nm), and broadbands (greater than 45 nm) [13]. For future VNIR 
crop sensor developments, the following spectral narrow bands could be of interest 
(Table 2).

Narrowband studies showed that classification accuracies have increased. 
Generally, the hyperspectral narrowbands explain about 10–30% greater variabil-
ity in quantitative biophysical models in comparison with broadband and are not 
sensible to saturation problems in biophysical estimations [31]. These benefits are to 
be considered in future high-resolution imaging or non-imaging crop sensors. There 
are known important parts of the VNIR spectrum: the so-called red-edge region, 
which is likely becoming increasingly important for novel optical field sensors as 
well (Table 2).

An auspicious tool to detect vegetation conditions is to study the sharp rise of 
the reflectance curve between 670 and 780 nm. This segment is called the red-edge 
region. Both the position and the slope of the red-edge point (REP) change due to 
physiological conditions and can result in a blue- or redshift of the inflection point. 
The red-edge index is defined as the position of the inflection point of the red-NIR 
slope of a vegetation reflectance curve. The reliable detection of this index requires 
high-resolution spectral measurements [27]. The well-known methods are to define 
red-edge position (REP) [32]. The reflectance curve’s numeric derivation and inter-
polation techniques are also widely used. The REP is correlated strongly with foliar 

Wavelength (nm) Parameter Indications References

375 Biochemical Leaf water content [13, 14]

466 Biochemical Leaf chlorophyll

515 Biochemical Leaf nitrogen [14]

520 Biochemical Pigment content [15, 16]

525 Biochemical Leaf nitrogen [17, 18]

575 Biochemical Leaf nitrogen [19, 20]

675 Biochemical Leaf chlorophyll [14, 21]

700 biochemical Nitrogen stress [14, 22]

720 biochemical Nitrogen stress [13, 23, 24]

740 biochemical Leaf nitrogen [14, 25]

490 biophysical Crop yield [14]

550 biophysical Biomass [23, 26]

682 biophysical Crop yield [14]

845 biophysical Biomass [27]

915 biophysical Crop yield [14, 24]

975 biophysical Leaf moisture [28]

1100 biophysical Biomass [29, 30]

Table 2. 
Narrowband sensor wavelengths for measuring crop parameters.
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chlorophyll content which is a sensitive indicator for various environmental factors. A 
comprehensive spectral analysis has been conducted on fruits and other agricultural 
products in scientific studies [33]. Recent developments in REP offer new perspectives 
and approaches for spectral mobile mapping services.

2.4 New demands and tendencies

The demand for out-of-the-lab devices initiated the early field spectroscopy 
and sensor with non-imaging measurements, which originated from laboratory 
spectroscopy and required respective developments in optics and portable platform 
techniques. From the beginning, portable or handheld field spectroradiometers were 
very popular in geology, soil, and vegetation spectroscopy as they provide flexible 
and rapid field data acquisition [34]. Thus, the spectroscopy in the visible (VIS) and 
near-infrared (NIR) has been widely used either in the laboratory [35] or for in situ 
monitoring [36].

There is an apparent gap between integrative point measurements and airborne 
or even space-borne image data. Field imaging line scanners are less widespread in 
ground-truthing than portable point spectroradiometers. Non-scanning or snapshot 
hyperspectral imaging is one possible solution to overcome this limitation of in-field 
usability [37]. Snapshot hyperspectral imaging enables rapid data acquisition as 
the entire image with all spectra is captured, at once, within a few milliseconds by a 
handheld or portable mode [38].

Optical field data acquisition has been reshaped and extended by new platforms in 
the last few years. This kind of platform liberalization changes our ground-truthing 
attitudes and fieldwork traditions. Traditionally, field spectroscopy was used to sup-
port airborne and space-borne campaigns (Figure 1).

The proximal and remote sensing spectral detectors are either imaging or non-
imaging sensors. Until recently, light-weighted spectral scanners were not used 
widely because of technical limitations. One of the first successful fix-wing miniature 
spectral scanning measurements was achieved by [39]. The light-weighed scanners 
(< 1–2 kg) mainly work in the spectral range from 400 to 1100 nm. These typically 
utilize push-broom spectral imaging. Hyperspectral cameras with the scanning 
principle cannot capture random moving objects. Mobile imaging field spectroscopy 
requires sensors that are flexible and easy to operate. Non-scanning hyperspectral 
imaging has been recently introduced for many outdoor applications. Non-scanning 
spectral imaging is called “snapshot imaging spectroscopy” [37], and it has a different 
principle from the push- and whiskbroom sensors (Figure 2).

A snapshot light-splitting architecture integrated on a sensing sensor chip with 
appropriate spatial resolution captures the full-frame image with a high spectral 
(> 100 bands) and radiometric resolution (> 14 bit). The image capturing process 
benefits from a powerful light collection capacity [37]. For a hyperspectral snapshot 
camera, in a sunlight situation, the integration time of taking one hyperspectral data 
cube is about 1 ms. Such a camera can capture more than 10 spectral image data cubes 
per second, which facilitates hyperspectral video recording. The commercially avail-
able snapshot imaging spectrometers record hyperspectral full-frame images with 
more than 20–100 bands in a spectral range of 400 and 1000 nm.

The snapshot advantage prefers time-critical applications either in the laboratory 
or in the field. This fact is significant for vegetation studies and crop management, 
especially because of physiological and phenotypical changes [31]. Knowing more 
about temporally resolved spectral crop information is of high importance for 
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agriculture among others because of timely and targeted nutrition supply, and pre-
ventive and precision pest control. Beyond the temporal aspect, there is a general and 
global demand for high-resolution data in agricultural process control. The technical 
paradigm change in imaging field spectroscopy will enhance the effectiveness and 
availability of commercial sensors in smart farming.

The real-time image capturing capability of the proximal snapshot imaging spec-
troscopy is essential for capturing moving objects (i.e. leaves and canopy) or being 
on a moving platform (i.e. vehicle, unmanned aerial vehicle (UAV), robot, or human 
being) at high-resolution scales. Smart farming applications could offer individual 
detection and treatments of species or canopies that are of interest in the viewpoint 

Figure 1. 
A non-imaging (A) and an imaging spectrometer (B) in field use. Source: A. Jung.

Figure 2. 
Working principles of hyperspectral imaging, colors represent different wavelengths. Source: Courtesy of Cubert 
GmbH, Germany.
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of economic, environmental, and professional. Reference [40] used a snapshot 
hyperspectral imaging camera in a farming experiment to study its usability on a UAV 
platform to monitor crops. This study concluded that the combination of 3D imag-
ing techniques and snapshot hyperspectral imaging enables the precise and accurate 
monitoring of dynamic crop growth through phenological changes. A multi-temporal 
crop surface analysis enables the precise monitoring of plant height and plant growth, 
while hyperspectral analysis derives physiological vegetation parameters like chloro-
phyll or nitrogen content and others. To monitor crop growth behavior, crop vitality, 
and crop stress snapshot hyperspectral imaging may be an ideal sensor [40].

3. Precision livestock farming

In all farm animal species, farmers have the same goal: to produce animal products 
profitably. The scope of inputs is similar: feed, water, livestock, medicine, infra-
structure, and human resources. The big difference is that the animal species have 
different external and internal characteristics, the farms have different technological 
standards, and the management requirements are different. These factors determine 
the structure, quality, and use of the resources listed earlier. The digital technologies 
ought to fit into the operational framework of a given livestock farm and create a 
well-defined added value for farmers. This is not an easy task under the conditions in 
which livestock products are produced, the often difficult to predict market environ-
ment affecting profitability, and changing social and regulatory factors.

The driving force behind the demand for precision technologies in large-scale 
livestock farming is the possibility of early detection of diseases primarily [41]. In the 
case of breeding animals, this offers the opportunity to reduce the additional costs 
of culling due to the late detection of disease. In these groups of animals, the farmer 
wants to keep the farm animal in breeding and reproduction as long as possible. The 
objective of rearing animal products for human consumption (fattening and/or laying 
flocks) is to produce the animal product of the quality required by the market in the 
time available, using the optimum quantity of inputs (feed, drinking water, etc.) to 
reduce the negative environmental impact.

The early detection of diseases and their electronic alerting to the farmer through 
the analysis of digital data collection tools and the database they produce is just one 
of the possibilities offered by precision livestock technologies. Achieving this goal 
also provides the producer with a range of other useful information: the appearance 
of the disease is indicated by changes in animal behavior. While the digital devices 
collect data on individuals and send a signal when they change, analysis of the data in 
the database can reveal several important facts. These include the time spent eating, 
drinking, and resting, which is typical of all our farm animals. Species specificities 
can be observed, such as scratching in poultry, wallowing in pigs, or ruminating in 
cattle. In addition to studying individual behaviors, the observation of social behavior 
also provides the farmer with useful information about certain farm animals (e.g. 
fighting or playing patterns in pigs).

These observations have been made by farmers in the past and present without 
digital tools. The difference is that the use of precision technologies reduces the need 
for personal presence and allows continuous monitoring of individual and group 
animal behavior instead of periodic observations [42]. An additional advantage is 
that farmers can gain practical knowledge and experience not at the time of data 
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collection, but also at a later point in time. The data can be saved and examined in 
other using methods that were not previously available.

The central issue of precision livestock farming (PLF, smart livestock farming, 
and smart animal agriculture) is how to increase food production sustainably. While, 
the farmers should care about animal welfare and reduce the environmental burden. 
This goal can be achieved by merging data that originated from data acquisition 
(sensors) and Internet of Things (IoTs). The data transformation along with predic-
tive analytics can be applied by using artificial intelligence (AI) tools. Ref [43, 44] 
indicated that PLF uses principles and technology of process engineering to manage 
livestock production through smart sensors to monitor animal growth, milk and egg 
production, endemic diseases, animal behavior, and components of the microenvi-
ronment within the production unit (in Ref [44]). Precision livestock technologies 
are playing an increasingly important role in response to the factors that hamper the 
production of animal products. These include reducing the environmental impact 
of intensive livestock production systems, reducing the cost of inputs by optimizing 
their quantity (including human labor), and keeping up-to-date knowledge of animal 
health by studying individual and group animal behavior [42, 45]. A more detailed 
in-depth analysis of data from the farming environment will help livestock keepers 
make decisions and indirectly improve their ability to generate income. These tech-
nologies consist of digital data collection, the creation of databases from that data, the 
analysis of the data, and the presentation and visualization of the patterns found in 
the data. The big difference with traditional methods is that databases containing data 
on animals or environmental parameters collected by digital means cannot be suc-
cessfully analyzed using traditional statistical methods. This requires the use of data 
science methods to identify internal patterns in the data sets that are not possible with 
traditional analysis methods.

It is important to note that precision technologies, i.e. the use of informatics in the 
collection and processing of data from livestock, cannot be generalized in practice. 
There is no universally applicable device or procedure that answers the questions of 
livestock farmers. The simplest, most reliable, and least costly IT solution must be 
tailored to the circumstances of the farm. Digital data collection tools can be catego-
rized according to the type of data they collect, and the most appropriate analysis 
methods should be selected from those already available. This requires knowledge of 
the specificities of the farm. In practice, these precision solutions will only be widely 
used if they are validated in on-farm projects.

This section describes the framework for precision farming technologies.

3.1 Data acquisition

Recently, there are several publications on precision livestock farming [46–51]. 
Several authors have concluded that although the IT solution that are used works 
well, its practical uptake remains to be seen. In [52], the major limitation of practical 
applications includes high installation and maintenance cost, difficulties in using the 
new technologies due to lack of knowledge or skill of farmers, lack of confidence in 
the manufacturing companies, etc. How can this be changed, and how could this be 
improved? (Figure 3).

The use of precision livestock farming technologies would contribute to consistent 
objective and regular welfare monitoring of livestock in real time, allowing farmers 
expeditiously to identify problems and implement preventative measures to avoid 
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critical failures [53]. In large-scale livestock farming, the data that come into the 
earlier-mentioned database can be divided into two broad categories: direct (i.e. 
digital data coming in via IT tools) and indirect (digital data recorded by the farmer). 
Digital data must be collected from all possible sources to have an accurate database 
of the production activities of a given livestock holding. This database is necessary 
to achieve the objective. The so-called analog and historical data that are collected 
traditionally should also be incorporated into the database.

Another equally important aspect of data collection is the environment-oriented 
(i.e. data collected directly on the farming environment) and animal-oriented 
(data collected on livestock individuals) data sets. The use of both animal- and 
environment-oriented data supports easy and proper monitoring of health, welfare, 
production, and risks [54]. Farmers have been collecting these data with varying 
degrees of attention for years. After all, a careful farmer wants to know exactly how 
much it costs to produce the animal product and where there are points for improve-
ment. However, we can only talk about precision livestock farming if the database 
also contains digital data on the individuals in the livestock.

3.1.1 Housing system

Table 3 lists the input data that can be measured and analyzed to provide the 
farmer with information on the farming environment. There are three main types 
of farming in large-scale livestock production: confined, semi-confined, and free-
range. The more enclosed and controlled housing is (poultry and pigs), the easier 
it is to collect data on the microenvironment of the barn using sensors. These data 
were collected by farmers for decades, especially in confined housing, because it is 
the basis for automatic ventilation, cooling, heating, feeding, and water technologies. 
This approach represents an opportunity for precision livestock farming because 
farmers do not use this large amount of data for data analysis purposes in most cases. 
In semi-confined systems, animals are affected by the external environment, and 

Figure 3. 
Farm with precision livestock farming technology [52].
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human influence is minor (dairy cattle). In free-range conditions (beef cattle and pigs), 
the role of humans is even reduced, with external weather factors fully determining the 
environmental conditions around the animals. In this type of farming, it is also possible 
to collect environmental data, e.g. by placing weather stations in the pasture.

The way how animals are kept also has a big influence on the individual data that 
can be collected about them. Table 4 lists and groups the most popular digital data 
collection tools according to their practical application in different housing systems.

Table 4 shows that not all digital devices are suitable for all types of housing 
systems. The usability of the tools, the cost of acquisition and operation, and the 
quality and quantity of data that can be collected are of important considerations. The 
matching and integration of data in different formats into a common database is of 
particular importance. Ensuring data transmission is one of the most difficult tasks 
(interoperability) because local data storage must be implemented if there is insuf-
ficient bandwidth. These are practical problems that can only be solved, tested, and 
developed, in the context of pilot experiments.

Sensors Housing system

Closed Semi-closed Free-range

Temperature xxx x x

Humidity xxx x x

Air speed xxx x x

Ammonia xxx x —

Carbon dioxide xxx x —

Air pressure xxx x x

Feed level xxx x —

Drinking water flow xxx x —

Table 3. 
Data in the farming environment, Alexy M.’s own research.

Device (based on [55]) Housing system

Closed Semi-closed Free-range

RFID (passive or active) xxx xx xx

Rumen bolus — xxx xx

Walk over weigher xxx xx x

Cameras xxx xx —

UAV — x xxx

GPS — x xxx

Accelerometer xx xxx xx

Pedometer x xxx xx

Microphones xxx xx —

Table 4. 
Applicability of PLF tools in different housing systems, Alexy M.’s own research.
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3.1.2 Livestock characteristics

A key element of precision livestock technologies is to acquire data on individuals 
of livestock. The data acquisition requires either placing a digital device on the animal 
or inside a part of the animal or collecting data on the stock. In the latter case, it is 
necessary to segment the images during data analysis after data collection, by labeling 
every animal. In all cases, the behavioral and body characteristics of the animal must 
be known.

Table 5 presents the digital data collection tools that can be considered for three 
farm animal species (cattle, pigs, and poultry) and assesses their applicability. The 
digital tools presented are those included in Table 4.

In cattle farming, the milk and meat production directions are indicated sepa-
rately. The reason for this is the different production purposes of the cattle and the 
different farming environments. In the case of pigs (although almost 95% of the 
world’s pig population is kept in confined, intensive conditions), free-range farming 
is also observed (the purpose is the same, here free-range means organic farming 
and meeting the needs of other target groups of customers). All digital data col-
lection tools can be used in cattle farming. The possibility to collect individual data 
from poultry flocks that are kept in completely enclosed conditions is hampered by 
the body structure of the birds. Namely, birds have no external ears to which, e.g. 
radio-frequency identification (RFID), tags can be attached and their fast growth rate 
causes problems since devices that can be placed on the neck or limbs cannot be used 
because the animals’ body size changes so rapidly that it may damage the animals’ 
physical integrity. In their case, the use of cameras and microphones is an option. 
Attempts have been made to use RFID technology on the wingtip, but in practice, this 
is not a feasible and worthwhile investment.

Device Species of livestock

dairy and 
beef cattle 
(semi-closed)

Dairy and 
beef cattle 
(free-range)

Pig 
(closed)

Pig (free-
range)

Poultry 
(deep litter)

RFID (passive) xxx xxx xxx xxx x

RFID (active) xxx xxx — — —

Rumen bolus xxx xxx — — —

Walk over 
weigher

x x xxx x xx

Cameras xx — xxx x xxx

UAV — xxx — xxx —

GPS — xxx — xxx —

Accelerometer xxx xxx — — —

Pedometer xxx xxx — — —

Microphones xx — xxx — xxx

Table 5. 
Applicability of digital devices in cattle, pig, and poultry, Alexy M.’s research.
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In livestock farming practice, the specificities of the farming environment largely 
determine the quality of the data that can be collected. A good example of this is 
our experience in one of our pilot projects, in which we analyzed camera images of 
poultry flocks to estimate individual weights and detect behavioral anomalies. In this 
case, the issue was not with the application of the model (artificial neural network), 
because the results were surprisingly good, but with devices for the data collection 
and storage. The metal parts of the computer in the enclosure, which collected the 
camera images, were so corroded after only two fattening cycles that the device was 
unusable. The camera lenses had dust on them, a spider had woven a web in front 
of the lens (only whiteness was visible), and the high temperatures and humidity 
required to capture the day chicks had fogged the lenses. Consequently, we were able 
to use only some images for analysis. It was not possible to store the images taken 
by the cameras on a remote computer (Cloud storage), because the site did not have 
strong reception (edge storage).

3.2 Data storage and preprocessing

At this stage, the skills of data scientists are needed. In the first two steps, the 
experts sit at the same table, and in this phase, the domain expert leaves the table but 
stays in the room. Data preparation consists of several steps: cleaning the data, sorting 
data in different formats, performing anonymization, reconciling data in different 
tables, etc. Then the most appropriate data analysis model can be selected. One of 
the cornerstones to select a data model is the type of data collected (image, sound, 
number, etc.). By analyzing the aggregated database, data scientists can build a data 
analysis model by identifying the internal patterns in the data series. The data must 
have the characteristics that allow a credible and correct analysis to be performed. 
Data science defines at least six important characteristics (6 V’s, Figure 4), each of 
which must be present in the data for the database on which the data analysis is based 
to be usable.

Although this process may seem simple, practical experience shows that it is not. 
We have experienced this in one of our pilot experiments by ourselves, in which 
we collected individual data on the daily activity of Mangalica breeding sows kept 
outdoor. Passive RFID tags were inserted in the ears of 20 sows and readers were 
installed in an area of the pasture, at the wallowing area. Data were collected on three 

Figure 4. 
6 V data characteristics. Source: https://nix-united.com/blog/how-big-data-is-transforming-the-education- 
process/.
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weather parameters at hourly intervals. The database included the time of arrival and 
departure of the sows (from which the duration of presence can be calculated) and 
the data of the three weather parameters (temperature, humidity, and air pressure). 
After cleaning the database, the frequent item sets method from data mining (apriori 
algorithm) was chosen to obtain information on the daily activity and social behavior 
of the sows [56]. However, during the evaluation of this model, we found that it was 
not suitable to evaluate the database over time and to determine the activity trends of 
sows. After several months of work, a new model was set up and is currently under 
analysis. Although the business and data understanding was formulated and the 
database preparation was successful, the use of an inappropriate model could not 
answer the practical question.

However, the artificial neural network algorithm used to evaluate images of 
poultry flocks successfully recognized the birds. This is illustrated in Figure 5.

3.3 Evaluation and deployment

In this step, the domain expert returns to the table: s/he evaluates the patterns 
established by the model and determines whether the question asked has been 
answered correctly. The data scientist may have found correlations that are flawed 
or irrelevant from an expert’s point of view in a livestock domain. If the evaluation 
shows that the result has added value for the domain expert, the practical application 
of the solution in the field can begin. This solution will be presented to farmers, then 
the results are validated whether it has value to farmers. As the practical example 
aforementioned shows, in the peer review process, it is possible that the desired result 
is not achieved by applying the wrong model. A livestock professional knows the 
farming and breeding characteristics of the livestock and understands the complexi-
ties involved in producing animal products. They know whether the data science 
answer to the question asked at the start of the project is appropriate. If so, the results 
obtained can be applied in practice and disseminated to livestock farmers.

The results of the precision method, validated in a real farming environment, 
can be successfully integrated into the decision support system of the agricultural 
enterprise. The outputs of precision methods provide real-time and reliable input 

Figure 5. 
Poultry is detected by the neural network algorithm on images. Source: Alexy, M.’s own research.
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information to information systems, which can be used as the basis for complex, 
strategically important economic decisions. This is presented in the next section.

4.  Architecture solution for the problems of smart farming  
and information supply chain

Recently, agriculture became one of the primary sources of data through the 
applications of various sensors and IoTs (Internet of Things). In the ecosystem of 
agriculture, horticulture, and farming, the efficient and effective utilization of data 
has gained momentum and become an essential issue. Transformation of data collec-
tion from the simple substantiated financial data to data that originate from large-
scale monitoring and controls of operation led to the requirement of disciplined data 
analytics. There are data that can be listed as traditional data of company operation 
and operational data of farming originated from different devices, IoTs. These latter 
types of data are unstructured and heterogeneous; either we consider their structure 
or their content. Some pieces of data are accompanied by metadata that may describe 
the essential information about the content and can be utilized to categorize them and 
organize them into a data catalog to exploit them for advanced data analytics.

4.1 Agriculture and information management

The development of past decades transformed agriculture and farming regarding 
digitization and data processing profoundly. Some data sources are available and can 
be utilized as social media. Web information systems, Internet of Things/sensors, 
and management information systems of the agricultural enterprises, and electronic 
images, which were generated by various equipments, have an important role in the 
assessment of several relevant factors within the production process of farming.

The application of Data Warehouses is apt to structured data that originated 
from structured databases [57, 58]. The processing of unstructured data by advanced 
algorithms machine learning and data science, e.g. images, audio, and text, requires 
cleaned data, a so-called single source of trust that encompasses reliable and trustable 
data for prediction and prescription. The aforementioned, different types of data can 
be gathered into an appropriate data architecture that would provide step-by-step 
transformation (Figure 6).

4.2 Data Lake for information management

We suppose that the data originating from the disparate source system are of good 
quality; if this is not the case, the data preparation process has a built-in procedure 
for quality improvement and data cleansing. The typical life cycle of data related to 
farming is showcased in Figure 6. The left-hand side of the diagram contains the 
potential sources of data that can play an essential role in farming, either agriculture, 
horticulture, livestock management, or any other modern branches.

A hybrid data warehouse that includes a robust Data Warehouse, as a consequence, 
leads to a data life cycle that begins with transformation, cleansing, and integra-
tion. The purpose of constructing a Data Lake is to have day-to-day operations that 
separate transactional data from data collection devoted to reporting and retrieving. 
The original goal of the services of Data Warehouse was to query historical data 
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and to carry out complex data analysis. In the data preparation stage, the data are 
cleansed and sieved according to the data structure of the target Data Warehouse, and 
the major constituents of this general structure are the fact table and the associated 
dimension tables. The next phase includes activities as follows: data migration, data 
integration, the transformation of the codes that are used in the succinct description 
of the data, and conversion to transport data between database management systems. 
The primary objective of the development of the Data Warehouse was to lay a sound 
foundation of data analysis in a separate system from the production system to avoid 
performance problems that may have been caused by complex queries. The ETL 
(Extract, Transform, Load) process is used to load data into a Data Warehouse. In this 
step, the general data cleaning and transformation took place, e.g. removal of the last 
and introductory spaces of data items, removal of redundant zeros, standardization 
of identifiers/identification numbers, making effective restrictions of data fields; and 
e.g. conversion of imperial units into metric units of measure or vice versa.

While the aforementioned data manipulation is performed, relationships among 
data items, tables, and schemas may be violated or lost. Analogously, integrating and 
combining the data from multiple resources can lead to defects that are transferred 
into the Data Warehouse. To prevail over the data quality restrictions that were 
caused by the transformations in the Data Warehouse, the idea of the Data Lake was 
brought into existence. The idea advertised by the notion of Data Lake is to place the 
data in its original form in storage areas, i.e. in the Transitive and/or Raw Data Zone 
after the aggregation phase (Figure 7; [59]). Thus, Data Lake can store and obtain 
data from RDBMS (Relational Data Base Management Systems), semi-structured 
data (XML, binary XML, JSON, BSON, etc.), and unstructured data (e.g. images), 
moreover metadata, which are usually displayed in the semi-structured form and 
characterize the data fed into the Data Lake too. The data entry and preprocessing 
phase can involve loading, batch, and stream processing for source data while per-
forming the necessary quality checks with the Map-Reduce capability [60]. A vital 

Figure 6. 
Data sources and their utilization in smart farming.
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feature of the Raw Data Zone is that it can be regarded as the “single source of truth” 
because it retains the data in its original form; however, the data can be anonymized, 
masked, and tokenized in this zone. Data scientists and business/data analysts can 
come back to this zone when seeking original connections and relationships among 
data items that may have become absent during data transformation, conversion, 
encryption, and encoding. The Trusted Zone implements functions for data process-
ing to ensure quality assurance and to guarantee compliance with standards, data 
cleansing, and data validation. In this zone, plenty of data alterations take place by 
the predefined local and global standards, through which the data can be considered 
“the only version of the truth.” This zone encompasses master data and fact data that 
are registered and tracked by a data catalog that is automatically or semi-automat-
ically populated with metadata. The data in the Refined Zone endure several addi-
tional alterations that are designed to make the data usable in data science algorithms. 
These data manipulations include structuring of the data format, possible detokeni-
zation, a quality check of data to meet the yearnings of the algorithms when models 
of the subject area (e.g. agriculture and smart farming), and data analysis are devel-
oped. In this way, procedures for knowledge acquisition through data exploration 
and analytics can be performed, and comprehension of the data sets can be achieved. 
Within each zone, user access rights must be rigorously controlled through adequate 
methods, e.g. role-based access control or other combined ensemble methods that 
fit the specific environment. In the event of temporary and ad hoc requirements to 
deviate from the basic settings, attribute-based access rights or any other adequate 
approaches can be used. For researchers, executives, authorized employees, and other 
experts who want to conduct exploratory data analytics, sandbox makes it possible to 
create models for data analytics and discover associations and relationships between 

Figure 7. 
Data Lake architecture for agriculture.
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attributes, without involving external or internal experts, without other additional 
costs [61]. The researcher can feed data from any other zone into the sandbox in a 
controlled way. Interesting results that came into existence can be sent back to the 
Raw Data Zone for reuse.

4.3 Agriculture and information system architecture

Zachman’s framework contains various viewpoints of business stakeholders and 
a set of models describing the essential facets of overarching information systems. In 
Table 6, the perspectives represent the various layers of the enterprise architecture in 
the sense of modeling tools, software, and operational infrastructure. The aspects can 
be perceived as a line of models, in that the lower-level model is a refinement of the 
upper-level model. The claimed advantage of the Data Lake is that the data extracted 
from the source systems are transformed before the actual use of the data for analysis. 
This approach permits more adaptability to requirements than the controlled, struc-
tured environment of Data Warehouses.

The purpose of the Data Lake and Data Warehouse dedicated to research within 
agriculture informatics is to lay the foundation of data analytics workflows. The 
architecture should support several requirements as follows: (1) achieving processing 
speed through adjusting configuration parameters; (2) exploitation of the distribu-
tion of data among cluster nodes; (3) usage of provenance data; and (4) data place-
ment and scheduling algorithm for input data to prepare the efficient data processing.

The contextual perspective describes the goal to which the system is dedicated. 
In the case of data analytics workflow in e-agriculture, the objective is to assist the 
management to formulate the research questions in terms of business processes. 
At the conceptual level, the disparate models that are devoted to specific research 
questions and associated with various approaches to data analytics appear. In the 
logical layer, the specification of the data analytics workflows is exhibited using 
business process description languages, algorithms of data analytics, and services for 
data access. The logical level should contain the explicit specification of access rights 
taken into account of the different regulations, especially GDPR and sector-specific 
prescriptions. The physical layer contains the technology-specific arrangements and 
solutions. Besides the actual programs containing algorithms of Data Science, and 
data preparation activities, the physical level should contain the number of physical-
level data processes (executors) that carry out the particular workflow, the number 
of concurrent tasks, the allocable memory, etc. The implementation and operational 
layer (the detailed level) depicts the scientific workflows on an infrastructure that 
contains nodes of data processing that are realized as commodity hardware and the 
decomposed models into details, respectively (Table 6).

4.4  Enterprise resource planning systems, Data Warehouse/Lake for information 
management in agriculture

In large and small- and medium-sized enterprises (SMEs), the data is transmit-
ted from disparate systems. The essential constituents of the data sources are the 
Enterprise Resource Planning Systems (ERP), Customer Relationships Management 
(CRM), and Supply Chain Management (SCM) as the elements of information 
systems architecture in a company (Figure 8). Nowadays, SMEs and even microen-
terprises apply ERP systems, although open source or open access solutions through 
Clouds. The requirement is that the data that is produced by ERP systems is to be 
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stored and archived for later data analytics. Generally, in various industry sectors, 
Data Warehouses play a significant role in administering data.

The Data Warehouse along with Data Lake in agriculture make it possible to sup-
port decision-making, and ground in durable, reliable, and trustable data analytics 
for the huge size of data both in real time and batch processing (see [63, 64] in other 
sectors of the economy). The primary role of Data Lake in an enterprise environment 
is to yield the chance for data integration and reconciliation; the decisive role of Data 
Warehouse is to provide the opportunity to integrate data in a structured manner and 
format; moreover, it stores persistently and efficiently the original data in the fact 
table from the disparate modules of ERP.

Data Analytics and Business Intelligence tools can use DW as the major source of 
structured data and provide insights [65–67]. The structured organization of DW 
serves as a sound foundation to acquire a holistic perspective of business process per-
formance by senior managers, business workgroups, and data scientists. Generally, 
the Key Performance Indicators (KPI) can be monitored and tracked. The application 
of dashboards gives a cleaner, precise, reliable, trustable, and easy-to-access picture 
of the actual state of the enterprise. The dashboard lays the foundation for effec-
tive decision-making. The data feeding or ingestion framework should be built up 
in the case of Data Lake. In a Data Lake, structured and unstructured data should 
be handled in a secure environment, considering the data protection requirements. 
Adequate libraries and workbenches are needed for data analytics tools and machine 
learning. The data provenance and metadata management can be realized through 
an advanced machine learning tool set and data catalog in the Data Lake (Figure 8). 
The disciplined and strict access rights should be implemented through sophisticated 
single sign-on and multi-factor authorization and authentication methods.

Data Quality should be achieved through the application of combined tools in 
both cases, in DW and Data Lake. The processes of data quality should deal with the 
erroneous data and pass it to the data quality team for human interaction whether 
what format can be accepted and inputted.

Integrating Data is an essential function of DW and the operational teams. The 
goal is to transform the data into the standard structure and format and to create 
consistent, interpretable, and meaningful data. This process is realized by a data 
transportation tool that conveys the data from different systems into DW and into the 

Figure 8. 
Enterprise resource planning (ERP) system and Data Warehouse (DWH) and Data Lake architecture for data 
analytics in agriculture.
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appropriate zone of the Data Lake. This process applies heterogeneous standardiza-
tion and data cleaning methods that are related to the domain.

5. Conclusion

After showcasing research in agriculture for precision farming in Chapters 2, and 
3, we have proposed the application of contemporary, modern information architec-
ture that is capable to process data efficiently and effectively. The focus point is to 
support decision-making for enterprises including large, SMEs, and even microenter-
prises. Since there are available solutions in the IT market that can be scaled to the size 
of the enterprise. Especially, the Cloud-based solutions can be regarded as viable for 
SMEs and microenterprises.
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Abstract

Smart farming is referred as managing farm efficiently using information and 
communication techniques to increase the quantity and quality of the product. The 
basic and fundamental concept of smart farming in agriculture is to exploit yield 
determinants efficiently so as to attain genotype x environment interaction zero by 
introgression of trait of interest demanded by the environments. Accordingly, the 
physiological breeding approach coupled with mega environment concept could 
be a sustainable smart farming, which could be exploited to fulfill the future food 
demand. This chapter is conceptualized with scientific information available on 
potato under India such as low land tropic scenario.

Keywords: trait driven breeding, mega-environment, yield determinants, sustainable 
smart farming, physiological breeding

1. Introduction

The projection shows that feeding the world population of 9.1 billion by 2050 would 
require raising overall food production by 70%. Considering the future food demand, 
the trait-driven breeding approach is essential to exploit natural resources to obtain high 
yield/quality potential of a region in smart manner. The currently developed varieties 
under conventional approaches seldom express its high genetic potential in every mega 
environments due to lack of identification of mega environments and its demanding 
trait of interest for improved yield. Presently, the improved varieties are developed 
in an environment and tested them at across the environments and selected the best-
performed locations for recommendation. Due to which, testing of varieties developed at 
across locations frequently exhibits low to moderate yield potential as it lacks the specific 
traits of interest for high potential. Hence, physiological/ideotype breeding for mega 
environments could result with high potential varieties. Thus, this chapter deals about 
potato as test crop, present growing scenario and future strategies for yield enhancement 
considering trait-driven breeding approach for mega-environments concept.

Potato is the fourth most important food crop in the world and is also the most 
consumed food crop grown in >125 countries. It is top ranked food crop, which 
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supplies 80% edible dry matter. According to Statistics, 52% of crop area lies in 
the temperate region (Europe), 34% in Asia, and 14% in Africa. Asian and African 
countries had low productivity as against Europe where it is quite high. However, 
the estimated potential yield of potato ranged between 40 and 140 t/ha under 
optimal growing environments [1] depending upon the length of growing season 
and temperature. India is the second largest producer of potato in the world by 
producing 53.11 million tons from 12.247 million hectares during 2020–2021. This 
has been possible due to the adaptation of the crop to different agro ecological 
conditions in India. Due to which, it has now been spread from hills and plateau 
(>800 M msl) to the plains (<300 M msl.). The plains presently account for more 
than 80% of the Indian potato acreage (Figure 1), and the hills and plateaus account 
about 15%. Under plains, about 90% of total production is restricted in subtropical 
plains, mainly Indo-Gangetic belt (76%), 6% in the hills, and about 4% in plateau 
region of peninsular India.

Considering the future potato demand of the world, Bradshaw [2] clearly predicted 
that the leading production primarily happened not only through area expansion 
in potato, but also accompanied by increased productivity. These trends cannot be 
continued as such, as the demand gap should be primarily reduced through by increase 
in productivity as new land will not be so readily available for area expansion under 
potato in future. Although, India contributes significantly in terms of production, 
the yield potential realized among the growing zone was very wider due to ecological 
diversity. An encouraging finding on the similar line, the modern potatoes had high 
harvest index (0.80) and tuber fresh-weight yields of 120 t/ha achieved in Western 
Australia prevailed with a long growing season, absence of pests and pathogens with 
adequate inputs of water and fertilizers [3]. Although these yields are not achieved in 
practice presently, it supports that the long growing season (hills and plateau) would 
contribute significantly to meet the future demand of potato in India provided the 
genetic potential of genotypes is enhanced. Secondly, attaining the yield potential 
of temperate countries by the tropics and sub-tropics is not easily possible due to 
shorter growing season with lower efficiency per unit of intercepted radiation due to 
prevalence of high temperature in Subtropics. However, the countries with long crop 
season (England) had achieved yield potential from 22 t to 45 t/ha despite the area 
of cultivation reduced to half during the period from 1993 to 2006 (British Potato 
Council Statistics) due to the intervention of superior yielding varieties. Hence, the 
limited area having long growing season (hills and plateaus) and larger area having 

Figure 1. 
Potato growing districts in India and their elevation.
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short growing season (plains) should be exploited systematically using smart farming 
for productivity enhancement to meet the future demand of potato in India.

Physiologically, the potato productivity is influenced by environments that include 
the internal (genetic) and external factors (climatic, edaphic, biotic, physiographic, 
and also socioeconomic factors). Although, potatoes have been adapted to warm 
climate and grown successfully in tropics, tuber yields remain lesser [4] due to an 
unfavorable allocation of assimilates within the plant. Yield is the outcome of the 
product of incident radiation, radiation use efficiency, and harvest index.

Haverkort and Harris [5] reported that temperatures above 23°C favor allocation of 
dry matter to the foliage at the cost of tuber growth. The pictorial diagram given below 
indicates the dissecting the potato yield into different components (daily total dry matter 
increment, light interception, leaf area growth, and daily growth of organ vary from 
growth phase and thermal region of growth phase. Hence, the genotypes utilizing the 
available resources efficiently are better yielder. Rawat et al. [6] reported that potato 
relative yield index estimated across locations in India had ranged from less than 25% to 
more than 125% indicating wider variability (Figure 2). Harvest index is a measure of the 
proportion assimilates partitioned into harvested organs. Plant physiologist and breeders 
adapted harvest index as a selection index for breeding high-yielding cultivars; however, 
Gawronska et al. [7] opined that high harvest index may not necessarily correlate with 
high yield. A cultivar is able to produce high rate of carbon assimilates and maintain 
active growth later in the season, thereby giving high yield in spite of the harvest index 
value, which implied that in addition to climate and edaphic factors (environment), the 
genotype interaction for the maximum resource use efficiency is also very much essential.

2. Understanding the climate diversity

The above-ground environments (temperature, humidity, rainfall, photoperiod, and 
solar radiation) and below-ground environments (soil type, nutrient and moisture, pH, 
etc.) determine the yield potential. In order to exploit the growing environment, there 
is need for testing of genotypes at multilocations (MLT) in the hills, plateaus, and plains 
across the country to recommend the best variety to its most adapted domain. The 
figure of climatic normals estimated had the mean maximum temperature of growing 
period of 90 days ranged from 21.1°C to 32.6°C at 25 locations, where the minimum 
temperature was recorded between 8.0°C and 20.9°C. This diversity can be exploited 
to evaluate the hybrids for their performance under different stress levels. Considering 
the above fact, the process of photosynthesis is very sensitive to high temperature 
where the optimum temperature for photosynthesis in potato is reported to be about 

Figure 2. 
Potato relative yield index estimates across India.
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20°C, and at an increment of 5°C above, the optimum is expected to decrease photo-
synthetic rate by 25% [8]. The optimum canopy net photosynthetic rates in potato have 
been reported at 24°C, while the maximum biomass accumulation has been reported 
between 18 and 20°C [9, 10]. Accordingly, the 25 centers can be classified according to 
mean temperature of the growing season, where in Pantnagar, Srinagar, and Jalandhar, 
the mean temperature of the growing season is expected to be quite low, and hence, 
the growth and development of the crop would be slow, and hence, at these centers, the 
crop could experience low temperature stress. This is also reflected in the thermal time 
accumulated for 90 days <1600 at these centers. The optimum temperatures of 18–20°C 
would be prevalent in Kanpur, Shillong, Shimla, Patna, Hissar, Dholi, Chinwara, Kota, 
and Modipuram. Hence, these centers are ideal for evaluating genotypes for their yield 
potential under optimal temperature condition. This is also reflected in the accumulated 
GDD at these locations, which ranged from 1600 to 1800 degree days. Mild stress is 
characterized with mean temperature of 20–22°C, which prevailed in Gwalior, Kalyani, 
Jorhat, and Raipur, while high stress (with mean temperature > 22°C) recorded in 
Bhubanewswar, Pune, Deesa, and Darwad. This finding clearly proved that these four 
centers are the target locations for evaluating genotypic performance against heat stress 
conditions. Additionally, the mean temperature of these four locations was reflected 
high as corresponding to high-growing degree days accumulated (>20000Cd). A 
wider variability in mean night temperature of the growing season ranges from 11.3°C 
(Pantnagar) to 22.9°C (Dharwad). Similar variability also exists for incident solar 
radiation. The yielding ability of a genotype is an outcome between the reactions of the 
genotype interaction with different agro-ecological conditions. Knowledge on G x E is 
very important for choosing varieties to realize high yields and stable production [11]. 
Small genotypic reactions due to changed environmental condition are desirable in agri-
cultural production [11], since the genotypes with a minimum yield variation at varied 
environments are considered stable [12, 13]. It has also been proven from the multilo-
cational trials (MLTs) that the genotypes did not follow the similar trend at across the 
locations tested due to their interaction pressure against the environment pressure.

In physiological sense, the life cycle of potato can be divided into two stages 
(growth stage and tuber stage). The growth stage begins immediately after break-
ing the dormancy of tuber results with sprouting. However, in agronomical sense, 
the growth stage starts after planting of tuber in the field and continues till tuber 
mature. The tuber stage begins from tuber attaining maturity to subsequent its plant-
ing as seed. According to Pushkarnath [14], there is an extended time required for 

Figure 3. 
Growth stage specific duration differential in mid/late genotypes of potato at hills and plains.
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the same genotype of potato grown under hills for germination (10 days), vegetative 
(30 days), and tuberization (10 days) as compared with growing in plains (Figure 3).  
So, the same genotype grown under hills required 40–50 days extra period to 
complete its life cycle than that grown in plains. This extra period encounters with 
all other environment components’ pressure to result in better yield. Hence, clear 
dissecting of environmental components contribution of a location needs to be 
determined to extrapolate in the climate similarity areas to recommend the genotype.

3. Identification of mega environments

A huge environmental variation and varied genotypic behavior necessitated to use 
specialized technique for Genotype x Environment and its interactions. A common 
way of screening genotypic reaction to environmental factor is “multi-environment 
trials” (METs). In MET, a number of genotypes while evaluated at a number of geo-
graphical locations for a number years encounter different pattern of stresses, which 
predicts the response of genotype for future growing environments as their stress 
tolerance level differs from each other. In order to study a Genotype x Environment 
interaction, different kinds of trials are being adopted and regional yield trials with 
a kind of network of experiments having a set of cultivars performances assessed to 
make a genotype recommendations [15]. The test location within the target region 
should adequately represent [16], having major cropping areas and farm practices in 
order to reflect the variation in climate, soil, biotic, and crop management factors. The 
test site should not be lower than 6–7, and the trials time should be about 2–3 years to 
distinguish repeatable from non-repeatable GxE interaction effects.

A recent concept for identifying target domain of genotype with minimum field tri-
als is the mega environment concept [17]. The basic principle behind mega environment 
concept is the interaction pattern between the genotype and environments. Griffith 
et al. [18] proposed four types of interaction between genotype and environments, 
where additive (A), divergence (B), and convergence (C) interaction showed a parallel 
or non-parallel relation between genotype and environment due to which one genotype 
(either G1 or G2) showed superior yield consistently at both environments with slight 
differences in its yield level. Whereas the crossing-over (D) interaction is the most 
useful model, where the reaction norms are non-parallel, and there is a strong Genotype 
x Environment Interaction (GEI), and the relative difference between the yield level of 
G1 and G2 varies among the environments, and the low-yielding genotype in E1 may be 
superior-yielding genotype in E2. Hence, a mega environment is defined as a group of 
locations that consistently share the same best cultivar(s) [19], and mega environment 
could divide the target environments into meaningful mega environments to deploy 
different cultivars for different mega environments for utilization of positive GEI and 
to avoid negative GEI [20]. Due to which, the cultivar-location interaction pattern can 
be repeatable across the years. Based on the adaptability of cultivar selection, the target 
environments are classified into three groups, such as single simple ME, multiple ME, 
and single complex ME, which have unique feature as given in Table 1.

In order to assess the crossing-over interaction, both AMMI and GGE biplots are 
the data visualization tool, which graphically displays GEI in a two-way table [17] to 
identify mega environment and candidate genotypes. According to Kroonenberg [21], 
the GGE biplot analysis is based on environment-centered PCA, while AMMI analysis 
is double-centered PCA where AMMI stands for the additive main effect and multipli-
cative interaction [22], and GGE biplot stands for genotype main effect plus GEI [23]. 
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Hence, the GGE biplot has many visual interpretations of any crossover GEI [17]. 
GGE biplot technique explains the relation among the environments, discriminating 
ability of an environment, stability of genotypes, and comparison of genotypes with 
ideal genotypes. Hence, these factors explore the relationships between genotypes 
and environments. The genotypes with more similarity to each other are very closer 
to each other positioned in the same plot than genotypes are less similar. The same is 
true for environments too. Genotypes x Environments that are alike tend to cluster 
together and the angle between environmental axes is related to the correlation 
between the environments (Figure 4).

4. Environmental determinants of yield

Yield of edible or economical part of a plant is an ultimate goal of any improve-
ment, which relied heavily on modifying the phenotype of crops and finding its 

Figure 4. 
Types of Mega environments and its genotypes selection approach.

Sl.No Parameters Single simple mega 
environment

Multiple mega 
environment

Single complex mega 
environment

1 Number of mega 
environment in a 
location

Single Many Single

2 Objective To select single best 
variety

To select specifically 
adapted genotype 
for each mega 
environment

To select generally 
adapted genotype across 
the whole region

3 Genotype and 
Environment 
interaction

No crossover 
interaction

Crossing-over 
interaction exists

Crossing-over 
interaction exists

4 Repeatability of 
crossover interaction 
over the year

Non-repeatable Repeatable Non-repeatable

5 Need of multi-year/ 
location testing

Not required Required Required

Table 1. 
Classification of mega environments with unique feature.
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genetic basis for its adaptation. Hence, a very successful intervention is to modify the 
phenological pattern of crop so as to avoid stress [24], to minimize the occurrence of 
stress through the modified traits (root system) that permits accessing water from 
deeper in the soil during drought conditions [25], and to match the transpiration 
rate and evaporative demand [26]. Because, improving the genetic potential of crop 
for yield depends on introducing the right adaptive traits into broadly adapted, 
high-yielding agronomic backgrounds. Mega environment and physiological breed-
ing would exploit the environment as well as genetic potential of a plant better than 
conventional breeding. The following three environment determinants influence 
yield, and manipulating them according to the need is the priority of the hour.

4.1 Incident solar radiation

The tissue temperature is altered by the rate of radiant energy absorbed by plants, 
which consequently changes the metabolic process due to energy exchange and 
results in transpiration. Secondly, the visible fraction of the incident solar radiation 
can be utilized in the synthesis of reduced carbon compounds (photosynthesis). 
Thirdly, the energy of specific wave lengths in the solar spectrum can be used by 
plants as cues for growth strategies. As an example, the red: far red ratio that can 
influence plant form and dry matter distribution among plant components and the 
diurnal duration (photoperiod) of incident solar radiation, which can influence the 
rate of development.

 ( )−= − k
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Photosynthetically active radiation incident is equal to half of the solar radiation [27].

4.2 Radiation use efficiency

Under optimum growing conditions, the biomass productivity of different species 
is defined by the amount of solar radiation intercepted by the green foliage and the 
efficiency with which such intercepted radiation is converted into plant dry matter. 
Hence, for most crop species, which grow in the absence of biotic and abiotic stress, 
the amount of dry matter produced is almost linearly related to the amount photo-
synthetically active radiation (PAR) intercepted by its green leaf area [28, 29]. Hence, 
the regression line of cumulative crop biomass versus accumulated intercepted PAR is 
defined as radiation-use efficiency (RUE) [30]. RUE is referred to above-ground dry 
matter produced per unit of intercepted PAR (gMJ−1).
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4.3 Harvest index

Harvest index (HI) is defined as the ratio of harvested edible produced to total 
shoot dry matter. In potato, cultivars grown in temperate climates with favorable 
agrometeorological conditions reach the high HI values (0.75–0.85), for the final crop 
[1, 31–33]. According to reports, it is possible to reach HI of about 90% (HI = 0.90) 
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biomass distribution to tubers [1]. However, the yield has almost doubled in cereal 
crops as the result of genetic manipulation by plant breeding, despite no change in 
the rate of photosynthesis per unit leaf area. Alternately, the total photosynthesis 
has increased as a result of an increase in leaf area, daily duration of photosynthesis, 
or leaf area duration. Hence, there are opportunities to alter crop duration and the 
time of crop development to match it to better to radiation, temperature, and vapor 
pressure during crop growth and to increase the rate of development of early leaf area 
to achieve rapid canopy closure. Hence, identification of selectable traits in a breeding 
program to improve crop photosynthesis is helpful to consider the components of 
biomass production. Assuming there is no water limitation, biomass production is the 
product of the solar radiation over the duration of the crop period (Q ), corrected for 
the amount intercepted by the crop canopy (I), and the conversion of this chemical 
energy (E) into plant dry matter. Hence, to increase the duration of crop photosyn-
thesis, there should be an increase in total solar radiation received.

5. Exploitation of yield dveterminants for greater productivity

5.1 Enhanced duration of crop photosynthesis

Considering potato under subtropical low lands, enhancing crop duration is not 
possible as it has very short crop duration due to short winters. Alternately, hills and 
plateaus have longer suitable crop duration; however, there is lack of late maturing 
genotypes. Extending crop duration is the simplest genetic way to increase total pho-
tosynthesis, crop biomass, and yield because longer crop duration simply increases 
the solar radiation interception (Q ). The duration of growth that can not only be 
manipulated to increase biomass and yield, but also its timing should be taken care 
off. Full light interception should be achieved by the time daily solar radiation is at its 
maximum when the manipulation for crop phenology better matches to the periods of 
high radiation with critical growth stages. A high photo-thermal quotient is favorable 
since high radiation results in increased photosynthesis, whereas low temperature 
results in slower development during the critical period of high radiation, adjusting 
phenology by genetically manipulating development time so that the tuber develop-
ment stage coincides with a high photo-thermal quotient. However, the period of 
higher solar radiation with water is a limiting factor, then maximizing growth when 
conditions are cool and vapor pressure deficit is low will increase water use efficiency 
and biomass production. This can be applicable for kharif potato genotypes develop-
ment program.

5.2  Enhanced interception of solar radiation and rate of photosynthesis through 
leaf traits

Early growth of leaf area: In cereals, larger and bold-seeded genotypes give prob-
ably larger seedlings and thereby more vigorous and larger plants. Also, larger leafier 
young plants establish more quickly. In potato too, larger tuber size may influence vig-
orous seedling. Selection for both these traits would result in more competitive crop 
with greater early radiation interception and faster crop growth rates for which leaf 
dimension also should be prioritized [34]. Numerous opportunities exist to increase 
light interception genetically during the early development period of crops; however, 
lodging is the phenomenon in potato that where the solar radiation interception 
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is hindered. Hence, non-lodging would help more in exploiting solar radiation and 
higher yield needs attention in the breeding program.

Specific leaf area: SLA is the ratio of leaf area to leaf weight, and the speed of 
emergence is also found to be important [35]. The lodging resistance genes allow 
the cultivars to grow with more fertilizer under adequate rainfall or irrigation water 
(higher inputs) results in substantially greater crop yields. In wheat, the non-lodging 
genes (Rht1 and Rht2) increased the harvest index without reducing above-ground 
biomass, thereby resulting in greater yields. Similarly, the slower leaf area growth 
associated with these dwarfing genes comes about from a delay in emergence [36] 
and from the reduced cell size in wheat [37]. Although there is a higher SLA, a lower 
assimilation rate is resulted due to reduction in the amount of photosynthetic machin-
ery per unit leaf area. Hence, the increase in leaf area compensating for the reduction 
in photosynthesis through greater light interception early in crop development is 
advocated.

Leaf Area Index: Longer the green leaf area enhances the photosynthesis duration. 
In Potato, the leaf area index starts declining after 40–50 days of emergence, which is 
the stage when sink strength would be more due to tuber formation and its develop-
ment, which require more assimilation for higher yields. LAI is another important 
means to increase total crop photosynthesis and hence, biomass production through 
increased or extended light interception. Longer duration of leaf photosynthetic 
activity has contributed to increased yield in most of our major crops. It is difficult 
to separate the effects of genetics to increase photosynthetic duration due to better 
nutrition, genetic resistance to foliar diseases such as late blight, and differences 
among genotypes in nitrogen allocation to tuber or increased demand for photosyn-
thates due to sink strength and its interaction on late blight incidence. A little change 
in the rate of leaf photosynthesis per unit area accompanies the substantial genetic 
increase in yields of wheat, rice, sorghum, soybean, sugarcane, cotton, brassica, 
and sunflower. However, the higher yields have been associated with a decline in the 
rate of photosynthesis per unit leaf area relative to that of their progenitors. At early 
growth stage, a high SLA resulted with a higher NAR on a per unit leaf weight basis 
as against the later growth stages at which the SLA declined, thereby providing an 
important means for increased photosynthesis per unit leaf area canopy closure [38].

6. Genetic approach for exploitation of mega environments

6.1 Conventional breeding approach

In traditional breeding, exchange of genes between two plants to produce 
offspring that have desired traits is done, which also takes a long time to achieve 
desired results and frequently, traits of interest do not exist in any related species. 
The development of new cultivars is acyclical process, whereby each cycle consists of 
three major phases [39–41] such as (i) generating genetic variability through making 
crosses, inducing mutation, introducing exotic germplasm, and using genetic engi-
neering techniques; (ii) selection and testing of identified superior recombinants; 
and (iii) release, distribution, and adoption of new cultivars: the yield testing in 
multi-environment trials (METs). However, the efficiency of a traditional breeding 
program is less commonly measured in terms of selection gain (or response to selec-
tion) obtained in a particular cycle or as the average of a number of cycles, and as 
benefit/cost ratio, which has been used mostly by economists in impact studies.
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6.2 Physiological breeding approach

Although, mega environment concept identifies the homogeneous environments, 
the yield realization depends on the traits of cultivars, which would enable full 
utilization of the environment. Donald [42] stated that too little attention had been 
paid to the basic process governing dry matter production and its transformation 
into economic yield. Therefore, Donald [43] developed a breeding approach for small 
grain cereals based on the design of model plants (or) ideotype rather than by the 
traditional breeding. This approach gained momentum with the finding of a linear 
relationship between accumulated biomass and intercepted radiation as proposed 
by Monteith [28, 29]. He introduced the concept of radiation use efficiency (RUE), 
which represents the efficiency of conversion of radiation energy into biomass. Based 
on this principle, yield is determined as the product of intercepted radiation, radia-
tion use efficiency, and partitioning of total assimilates. In addition to identifying a 
genotype, the methodology of physiological breeding aims to identify critical traits 
of the genotype associated with three drivers of yield and breeding to introgress 
them into genotypes (Ideotype approach). Fischer [44] has proposed a black box 
approach, which begins with evaluating a set of genotypes in the presence of a known 
constraint of interest (e.g., moisture stress/heat stress) and concurrently measuring 
putatively useful traits in the same genotypes so that the critical traits that have a high 
genetic correlation with economic performance are identified. This approach has been 
adopted for identifying genetic variability in water use efficiency [45] and its role in 
adaptation to drought. Contrarily, the ideotype approach aimed at the physiological 
understanding to predict what features of an ideal genotype for the target environ-
ments might be. This approach is extended by use of crop growth models to simulate 
the expected consequences of traits in target environments [46, 47]. Rasmusson [48] 
developed an ideotype for barley consisting of 14 traits, in which two were phenologi-
cal, and the remaining were morphological. The physiological breeding approach is 
being adopted in many crops [49] including potato. In potato, Haverkort and Kooman 
[50] developed a method to define an ideotype of potato for a given situation, which 
involved accounting for yield defining, limiting, and reducing factors on crop growth 
parameters and their influence on the length of the growth cycle. In the Indian 
context, the effect of growing season temperature is expected to reduce the length 
of the crop cycle from 90 days (Jalandhar) in the North-West Indo-Gangetic Plains 
to 73 days (Bhubaneswar) in the Eastern Plains with corresponding yield reduction 
from 5.07 t/ha (Jalandhar) to 3.7 t/ha (Bhubaneswar) on dry weight basis due to 
higher mean seasonal temperatures prevailed in the Eastern plains. Hence, to develop 
well-adapted varieties, the variability in drivers of yield in different genotypes has to 
be studied in the light of the protocol developed by Haverkort and Kooman [50] to 
develop adapted varieties to the widely different environments prevailing in India. 
Hence, the physiological understanding for assisting plant breeding has to be priori-
tized [51].

A critical issue in establishing and conducting a breeding program is determined 
by resources and choice of breeding strategies to breed and select varieties to meet 
stakeholder needs. The core breeding as mentioned in the diagram indicated that the 
generalized sequence of activities, which involves recurrent process of selection and 
crossing, which aimed to achieve an improvement in overall breeding value of the 
breeding population with time by increasing the frequency of favorable alleles. The 
criteria for selection of genotypes vary with the phase of genetic improvement in  
the breeding program (Figure 5).
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The most common, crossing and selection are done to directly develop varieties 
for commercial release by selecting both parents and their progeny based on either 
direct estimates of overall economic worth in targeted environments (e.g., based 
on measurements of economic value per hectare in multi-environment trials) or on 
measurements of characters correlated with this economic worthiness (selection 
program @ box 3).

However, in a more strategic phase of genetic improvement (conduct introgression 
program @ box 5), is to select genotype for use as parents on the basis of a specific 
character (e.g., resistance to a disease, tolerance to a stress), which is to be introgressed 
[52] into locally adapted breeding stocks. The donor genotype(s) of the character 
being introduced may be inferior from an overall agronomic point of view; however, 
several generations of crossing and selection are required to combine adequate expres-
sion of the introduced trait(s) with a satisfactory agronomic background. Hence, the 
products of an introgression program found to be desirable to enter the “core” program 
where selection is based on estimates of total economic performance.

Correlated response to selection for yield gain: Usually a particular environment is 
chosen for various reasons (e.g., an experiment station) because of its convenience 
or representing particular feature of the general region being targeted and also often 
selected for particular characters (e.g., disease resistance). Gain in the character of 
economic interest (e.g., mean yield across the targeted environments) from selec-
tion for any other character (e.g., yield measured in particular environment, disease 
resistance rating, a physiological trait) may be considered using the following formula 
for indirect selection [53]:

 ,CR x g gy ih r , σ=  (3)

where CR is the correlated response of character y, the character of economic 
interest, from selection for the character x, the character on which selection is based; i 
is the standardized selection differential (as hx is the square root of the heritability for 
character x, r ~ is the genetic correlation between character y and character x, and σgy, 
is the genetic standard deviation for character y.

Figure 5. 
Core vs. physiological breeding pattern for special traits to be introgressed for specific domain. Schematic diagram 
of core breeding (left) and physiological understanding (right) [51].
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In all physiological research aimed at an outcome involving genetic improvement, 
some knowledge of the environmental factors and/or associated physiological pro-
cesses limiting performance of relevant genotypes in targeted environments (resolu-
tion of factor limiting better performance in the target environment @ box 6) such 
as moisture stress at different phenological periods, low soil fertility, partitioning of 
assimilate to economically important organs, and radiation interception during repro-
ductive growth (Figure 4). The use of crop growth models to quantitatively assess 
constraints has been advocated [47], which may have value where highly variable 
seasonal conditions exist.

Determining genetic variation for major limiting factors: There are two factors 
involved in determining genetic variation. The factor having large effect on the 
economic performance of significant proportion of genetic population under evalua-
tion at single or multi-environments. There is significant genetic variation in response 
to the limiting factor for genetic populations being used within or available to the 
breeding program.

Common procedure to demonstrate genetic variation for a particular constraint is 
to compare performance of relevant genotypes in one or more environments where 
performance is markedly affected by that factor, with performance in other “control” 
environments where the constraint is removed [54]. An alternate approach to identify 
similarities (or dissimilarities) among trial environments for environmental factors 
that may cause variation in response among genotypes (e.g., moisture stress at particu-
lar phenological stages, soil characteristics, presence of diseases). These similarities are 
related to relationships among environments for trends in genotype responses. Pattern 
analysis methodology (e.g., principal component analysis, cluster analysis) may be a 
useful tool. Identification of environmental factors that vary among selection environ-
ments in a similar way as patterns of genotypic response will lead to testable hypoth-
eses about the role of those environmental factors in causing GE interactions.

A selection program in core breeding, GxE interaction is significant, as it typically 
is, gain from selection will be affected by the choice of environments for selection tri-
als [55]. Ideally, the ranking of genotypes based on results from selection trials should 
have a high correlation with what would theoretically be obtained if the genotypes 
were evaluated across all the targeted environments [56]. Therefore, identification 
of key constraints for which genetic variation in response exists can provide guid-
ance for choosing types of environments for selection trials (identification of target 
environments for selection trails @box 8). Where GE interaction is insignificant, any 
small random sample of environments for selection trials may be near optimal, and 
gains through more deliberate choice may be difficult to obtain. However, where the 
GE interaction is large, identification of casual factors is expected and one or a couple 
of factors account for much variation. In a small number of selection trials, which are 
carefully sited or managed to ensure appropriate levels of the relevant factors, may 
lead to, on average, significantly greater gains than if a similar number of random 
environments were used.

Identification of major physiological or environmental factors limiting perfor-
mance of existing cultivars, coupled with background physiological understanding 
of plant response to those limiting factors, has led to many suggestions of physiologi-
cal characters that may be selected by breeders [24, 43, 48]. It has been proposed 
that first is to use physiological traits as indirect selection criteria in core breeding 
programs (determine candidate traits for indirect selection @ boxes 7 @ boxes 7 and 
Asses worth of trait for selection @ boxes 9). The second is to provide objectives of 
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focused introgression programs (determine candidate traits for indirect selection @ 
boxes 7 and conduct introgression program @ box 5). Both approaches rely firstly on 
identifying a trait that affects performance for the character of direct interest (e.g., 
yield) in targeted environments using black box and ideotype approach [44]. The 
ideotype model was first advocated by Donald [43], which aimed at the physiological 
understanding to predict the features of an ideal genotype in the target environments. 
This approach is extended by use of crop growth models to simulate the expected 
consequences of traits in target environments [46, 47].

Both the ideotype and black box approaches have some advantages and disadvan-
tages. The ideotype approach (including the use of crop growth models) suffers a 
major limitation in that it does not, by itself, consider the key genetic parameters such 
as the traits identified in an ideotype may have little genetic variation or have adverse 
genetic correlations with other useful traits. The ideoype approach therefore may not 
identify those traits that could be changed for which gains via breeding may be easi-
est. Whereas the black box approach partly addresses such issues and it suffers in that 
the results are relevant only to the genetic population represented by those genotypes 
being examined. In most physiological studies, the genotypic range is very limited 
and not representative of breeding populations of relevance to breeding programs. 
However, the ideotype approach may identify traits of value from outside the germ-
plasm pool being used by breeder [48].

To assess the value of a trait for indirect selection in core breeding programs, the 
parameters of heritability and genetic correlation with economic characters need to 
be estimated. These parameters together determine the gain from indirect selection 
and allow comparison with other selection method. Where GE interaction for the 
character of economic interest is large, care needs to be taken in determining genetic 
correlations with putative traits. As per example, osmotic adjustment and early 
flowering have both been shown to improve yield performance in dry environments 
[57]. For such traits, it is appropriated to determine the genetic correlation between 
these characters and economic performance in the full range of target environments. 
A negative correlation with performance in some environments (e.g., in high rainfall 
or irrigated environments) may impact on how the traits should be used in selection. 
In some situations, a negative correlation with yield in some environments and a 
positive correlation with yield in other environments may justify breeding for specific 
adaptation if the different types of environments are repeatable and if the effect of 
the character on economic performance is large.

Physiological breeding approach has been showing increasing impact in countries 
such as Australia [58] as well as in CYMMYT’s maize and wheat breeding programs. 
Selection for reduced anthesis-silking interval in tropical maize has significantly 
boosted yields under drought conditions. In wheat, a new generation of drought 
adapted lines developed by combining stress adaptive traits (reduce radiation load-
wax, pigment composition, leaf angle, and rolling) have been released as part of 
CIMMYT’s 27th Semi-Arid Wheat Screening Nursery in 2010. The efficient screening 
has allowed elite genetic resources to be identified in large collections of landraces 
and using them in strategic crossing [59]. Fine-tuning of phenotyping approaches has 
also facilitated gene discovery through developing experimental populations in which 
phenology is controlled, as well as through implementation of rapid screening (e.g., 
measuring canopy temperature) that permit precision phenotyping of large numbers 
of genotypes within a time frame that does not confound measurement with environ-
mental fluxes [60].
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7. Identification of mega environments for sustainable productivity

The genotype productivity is significantly reduced when the genotype is unable 
to use the full capacity of favorable environmental conditions. All the varieties are 
selected for specific agro-ecological conditions and only in such conditions they 
utilize their maximum genetic potential (with the use of optimal agrotechnology). 
Jovovic et al. [61] reported the results of 3-year study of productivity for the five lead-
ing potato varieties in Montenegro: Riviera and Tresor (early), Kennebec (medium-
early), Aladin, and Agria (medium-late). The highest yield of all investigated 
varieties and localities was measured at variety Agria (30.0 t ha-1), while the lowest 
at Riviera (24.6 t ha−1). In this investigation, Agria variety was favorable for yield of 
potato tuber. Similarly, the productivity variation in each state belonging to different 
ecological zone showed significant variation, which indicates that there is scope to 
increase productivity in the poor yielding zone by introducing high-yielding varieties 
(AICRIP, 2008), the average productivity differential of the country is wider (18.33 t/
ha as against the lowest yield 4.21 t/ha).

Hence, to maximize yield throughout crops in heterogeneous growing regions, 
despite differences in cultivar rankings from place to place due to GEI, frequently it 
is necessary to subdivide a growing region into several relatively homogeneous mega 
environments and to breed and target adapted genotypes for each mega environ-
ment. However, the identifying mega environments should fulfill four criteria such as 
flexibility in handling yield trials with various designs, focus on that fraction of the 
total variation that is relevant for identifying mega environments, duality in giving 
integrated information on both genotypes and environments, and relevance for the 
primary objective of showing which genotypes win where. The AMMI model meets 
these criteria effectively when the usual biplots are supplemented with several new 
types of graphs designed to address questions about mega environments. The prelimi-
nary results indicated that a small and workable number of mega environments often 
suffice to exploit interactions and increase yields. Accordingly, the identification of 
mega environments for the following factors would enhance productivity in any crop, 
in particular the case study crop potato demands the following criteria to enhance 
productivity in low land tropics.

7.1 Mega environments for high yield

The spatial and temporal changes in potato cultivation in India have extended its 
cultivation to stressed conditions or situations, which are not fully conducive for high 
production efficiency. Hence, there is need to address the sustainability of potato pro-
duction systems under climate change scenario in view of the expected changes in CO2 
and temperature levels. The increased productivity has to be brought by deployment of 
varieties matching to its most suitable environment using the concept of mega environ-
ments. For which, identification of mega environment for high yield ware, seed, and 
processing potatoes is essential. Because, the major production constraint is seed mate-
rial production. Presently, Himachal seed potatoes harvested during October–November 
cannot be used as seed for plains in the same year, and it can be used only in the next year 
as the freshly harvested tuber needs at least 60 days to break its dormancy by the time 
the planting season in plains is over (November). Hence, the mega environment for sup-
plying potato seed tubers during August–September needs to be identified so as to plant 
them in November in plains. Further, using larger seed tuber for planting consumes 
lot more investment for seed cost to the farmers, due to which the seed tubers are cut 
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into pieces for planting, which causes disease incidence to growing tuber resulting with 
higher mortality. Hence, the mega environments in which smaller tubers are produced at 
higher number and can be used for seed tubers so as to avoid cutting of tubers.

7.2 Screening of germplasm for pest and diseases

Being a tropical country, there has been wider variation on climate; yield level, 
pest and disease prevalence (11–61%) [62]. Improving yield potential combined with 
biotic and abiotic tolerance is necessitated. In the last five decades, the collection of 
genetic resources has not acclimatized to varied ecological zone through recurrent 
mass selection. Study showed that aphid prevalence in the plains is found severe 
during December–March, during the peak period of potato cultivation at plains in 
India. This causes severe virus transmission and poor yield in potato. Hence, the seed 
production program is restricted only at higher hills (>2000 m) where the potato 
infestation by aphid is very low due to low temperature, but demands long maturity 
genotypes. For plains, early maturing genotypes are required to raise due to short 
winter period, which needs to identify an aphid-free mega environment in plains for 
rising short duration seed potato and supply to plains and vice versa.

7.3 Developing homomorphic floral genotype for high TPS production

The genetic base of Tuberosum has also been widened through creation of broad 
based populations of long day adapted S.tuberosum subsp. andeigena, and long day 
adapted S.phureja/S.stenotomum [63]. The cultivated potato (tetraploid) is self-
incompatible, has very narrow genetic base causing crop susceptible to several diseases. 
Multiplication through seed is carrier of virus as it happens through tuber multiplica-
tion. Hence, identification of mega environment for self-compatible lines selection 
where homomorphic flower with having early bulking ensures self seeds under natural 
condition. Although, true potato seed has added advantage of non-transfer of virus to 
the next generation, low mass, and easy transport and saving of 30–35% input cost in 
using tubers as planting material. Developing short-duration TPS families, early foliage 
maturity, and early tuber bulking would be ideal for TPS production. According to 
Gopal [64], out of 133 accessions tested for possibility of producing hybrid seed and 
open pollinated seeds, only five accessions, namely CP1330, Hibinskyrany, I-1039, yy6, 
and yy12, were promising for production of open pollinated seeds as these genotypes 
produced more than five berries/plants with more than 200 seeds/berries. The acces-
sions showed profuse flowering genotypes (female) used in hybrid seed production 
found and were late foliage maturing and presumed to be unsuitable for plains for TPS 
production. In India, S.tuberosum sub sp. andigena was mainly used as parent to generate 
genetic variation for short day condition. However, it also tends to impart late maturity 
in the progeny due to which 11 out of 21 cultivars released for subtropical condition are 
medium to late maturing type. Though the ssp. andigena has been used to some extent 
in the Indian potato breeding, all the improved varieties produced true potato seeds in 
only hills and majority of them do not set flowers at plains under natural condition.

7.4 Heat and drought-tolerant genotypes

All over the world, using wild species in potato crop improvement is relatively 
slow and conservative [65] might be due to differences in ploidy, sterility barriers, 
etc. Sterility and tetraploidy in conjunction with a high level of heterozygosity greatly 
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reduce the ability to use traditional methods of breeding, specifically hybridiza-
tion and selection, for potato improvement. Joseph et al. [66] screened the same 
set of potato genotypes at three locations varying in altitudes (Kufri, Modipuram, 
and Jalandar), temperate and subtropical plains of India. The magnitude of genetic 
parameters was found similar at Modipuram and Jalandar and higher than the loca-
tion Kufri, which indicates either one location can be used for screening of germ-
plasm or separate screening is needed for higher altitude location. Further, the tuber 
yield did not have significant correlation with plant height or number of leaves per 
plant in subtropical plains (Modipuram and Jaladhar) as against the location Kufri, 
where the higher number of shoots had positive correlation with tuber yield (r = 0.55) 
at hill conditions [66]. Raj et al. [67] evaluated heat-tolerant genotypes and varieties 
of potato against leaf hopper and mite at one location Modhipuram and found that 
genotype HT/92–621, the most efficient against hopper burn. Patel et al. [68] evalu-
ated eight potato varieties assessing their suitability for very early and late harvest for 
premium market price in Gujarat condition, the results revealed that there was sig-
nificant effect for genotype and environment interaction for both harvest. K. Phukraj 
had wide adaptability, as against K. Badsha, which was ideal stable genotype for late 
harvest, and K. Badsha and K. Jawahar were adapted to favorable environments only. 
For long time, there was few photo-insensitive genotypes of potato recommended for 
commercial cultivation, large part of peninsular region of India unfits for potato cul-
tivation. Minhas et al. [69] recommended K. Surya for early maturing, heat-tolerant 
potato for North Western plains and Peninsular India. The tuberization ability of K. 
Surya was found higher at 24°C over 27°C [69] due to high rate of photosynthesis [70] 
under multi-location trials.

7.5 Processing genotypes

Considering processing genotypes, the relationship between specific gravity and 
dry matter content of potato is vital traits, and the relationship has been found to 
vary with the variety, location, season, and the year of cultivation [71]. Kumar et al. 
[70] reported that under water weight basis for conversion of specific gravity, dry 
matter content, and starch content in potato grown in North Indian plains. The dry 
matter content and the amount and kind of sugar in particular cultivars are inherited 
characteristic and influenced by cultural or environments [72]. The influence of 
short day condition on dry matter distribution of tuber at Modhipuram was found 
the highest distribution at stem end as compared with pith region in K. Chipsona and 
Atlantic with the highest dry matter content (17%). Patel et al. [73] reported varietal 
variation for yield, French fry grade tuber at three locations in Gujarat, and it was 
due to genotype and environment interaction and none of the genotypes performed 
better at three locations. Pandey et al. [74] screened processing quality potato 
genotypes under different hilly locations and found that K. Himasona recorded the 
highest tuber yield and processing grade tubers with field resistance to late blight at 
all locations in India.

7.6 Nutrient use-efficient genotypes

In potato, the classification of early, mid, and late maturing genotypes characterized 
to subtropical and temperate climate suited respectively based on the early dry matter 
accumulation for early harvest of tubers. Singh et al. [75] assessed the performance of 
early, medium, and late maturing genotypes of potato under subtropical plains, the 
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results revealed that the dry matter accumulation in early genotype (K.Asoka) was at 
par with medium (K. Giriraj, K. Sherpa and K. Phukraj) and late maturing genotype 
(K.Sinduri) at 28 days after planting. At 39 days, the early maturing genotype at par 
performed with medium (K.Sherpa and K.Phukraj) and late maturing genotype 
(K.Sindhuri), where K. Giriraj, K. Lauvkar performed below par with early maturing 
type. Up to 71 days growth, the trend was similar as that of 39 days except that the 
genotype K. Giriraj pickup its dry matter accumulation and at par with early maturing 
genotype (K.Ashoka) and the late maturing genotype exhibited exorbitant level of 
accumulation over early and medium maturity group. From 81 to 91 days growth, the 
accumulation of dry matter in early maturing genotypes was found lower than medium 
maturing (except K.Lauvkar) and late maturing genotypes. At 115 days, there was no 
accumulation of total dry matter in the early and medium maturing genotypes except 
late maturing in which dry matter accumulation process continued. This indicates that 
dry matter accumulation is genotype-specific but not in early and medium maturing 
group. According to environment, few genotypes of medium maturity can also suit 
for early maturing group, for which mega environment concept facilitates screening 
of genotypes for different maturity group at different environments. The genotype-
specific variation in dry matter accumulation has been reported for rain-fed condition, 
heat stress area [66], frost stress areas, disease stress, and nutrient use efficiency [76], 
which vary from location to location of potato growing regions, as the uptake of soil 
nutrients or water is done by contact between the root cells with soil nutrients. Because 
the nutrient uptake efficiency of plant increases when the root grows to the area where 
nutrient or water is available, i.e., root interception. The contact also occurs due to the 
movement of nutrients from the soil to root surface for which the soil must have more 
nutrient content. The movement of nutrients from soil to roots occurs in both mass 
flow and diffusion method [77]. In the former, the nutrients flow from the soil toward 
the roots in solution form, whereas in the latter, the nutrients flow to the adjacent areas 
where its concentration is lower. At low as well as optimum soil nutrient levels, the soil 
diffusion supplies much higher ion quantities from soil to roots than mass flow. Hence, 
diffusion is therefore fundamental importance for the availability of nutrients of 
nutrients to plants growing in soil [78]. Hence, not only soil water and nutrients but also 
biotic stress and heat-related stress cause changes in plant system and which alter the 
uptake of nutrients for dry matter accumulation in potato, ultimately deciding the yield 
potential. Hence, mega environment for crossover interaction with different maturity 
of potato is to be identified.

8. Strategy for exploitation of physiological breeding in Indian potato

In addition to identification of mega environments, development of improved 
varieties with high yield potential is determined by the canopy cover, radiations use 
efficiency, and partitioning ratio of genotypes [5]. Under unstressed condition, the 
radiation use efficiency remains constant in time both for total [5] and tuber dry 
matter production in potato. Even the two high-yielding genotypes follow differ-
ent strategy among them to result into high tuber yield [31], as the potato cultivar 
“Moemoe” had better yield primarily through an increase in tuber numbers as 
against “Moonlight,” which had produced more tubers and increased tuber weight in 
response to irrigation. The estimated mean water use efficiency (WUE) ranged from 
13.1 g/lit (Agria) to 6.4 g/lit (Tutaekuri), which equates to 7.6 and 15.6 lit, respectively, 
to produce a 100 g tuber. This value is much lower than an estimate of the mean global 
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virtual water content of 25lit for a 100 g potato tuber [79]. Hence, the physiological 
traits of the cultivar Agria would be an index for screening genotypes for drought 
environments and for WUE efficiency enhancement in Indian potatoes. Ninety-eight 
germplasm lines were screened for water use efficiency and transpiration rate and 
found wider variation water use efficiency in Indian potato [69].

Leaf character: The amount of total radiation intercepted by green active foliage 
depends on the amount of solar radiation and on the proportion that intercepted 
(based on leaf area index, leaf angle, and scattering nature of leaf). Hence, the need of 
selection for several traits into one genotype is must to attain higher yield. Considering 
critical traits, optimum leaf temperature for photosynthesis in potato has been 
reported to range between 16°C and 25°C, and the increase in leaf temperature beyond 
this level drastically reduces the photosynthetic rate [80]. There has been wider varia-
tion in leaf number per plant, which ranges from 30.3 (Granola) to 93.3 (Agria) [81], 
and progeny selection for greater leaf photosynthetic rate and leaf shape [82] indicated 
that they are heritable in nature. Larger surface area in leaves has been associated with 
increasing light absorption and shown reduced or almost zero expression of lobes and 
edges in potato [83]. The presence of complex edges and lobes in larger leaves will 
enable them to disperse absorbed heat very rapidly, which emphasize that the presence 
of lobes and edges on margin of leaves of potato would help in heat release mechanism 
at heat stress area. Similarly, waxy surface is usually observed in younger leaves func-
tioning to prevent (or) minimize the transpiration rate of the plant. On the contrary, 
the smaller leaf area under stress in a range of species is reported to be associated with 
greater vein density that may contribute to increased abiotic stress tolerance [84]. In 
several species, the vein density is correlated with hydraulic conductivity of water and 
maximum photosynthetic rate in leaves [85]. Broader leaves are stabilized by a set of 
major parallel veins, narrow and mid-sized leaves are stabilized by a central midrib 
with rectangular branching laterals [86]. The venation systems of leaves are indepen-
dent of size and which also reveal the water transport system in the plant.

Leaf area index: A high value of LAI has been suggested to indicate a denser or 
healthier crop canopy; while a low value represents sparse and or drier canopy. The 
LAI ranged from 1.40 (Dakchip) to 6.60 (Pungo) and have been observed among the 
potato genotypes. Atlantic, Chipbelle, and DTO-33 showed no decline in their LAI 
up to 73 days after planting under abiotic stress environment, indicating its tolerance 
ability [87, 88]. Crop growth rate increases with leaf area index, particularly at early 
growth stages. Because the relative increases in the interception of photosynthetically 
active radiation (IPAR) are largest when leaf is small [89]. The relative rate of leaf 
area expansion of potato decreased with thermal time, but the reduction was nearly 
linear up to a leaf area index (L) of 1.0; however, single leaf area of potato increased 
nearly linearly with thermal time from 5 to 15 m2kg−1 at 50% emergence, from 20 to 
25 m2kg−1at 155oCd, and then decreased slightly [90]. Potato genotypes with warmer 
canopies under irrigated conditions are predicted to be less susceptible to drought 
than genotypes with cooler canopies indicating the rate of transpiration-driven cool-
ing of the leaves.

Canopy photosynthesis (CA): CA on ground cover basis differed significantly 
among the genotypes, and Pungo had higher values than other genotypes, which 
ranged between 1.72 and 4.34 g CO2 m−2 hr.−1 during 1984 and 1985, respectively [87]. 
Mean adaxial and abaxial stomatal conductance was 0.86 and 1.46 cm sec−1. Stomatal 
conductance did not appear to limit gas exchange in potato leaves. Dry matter 
partitioning to tubers ranged from 8.9% (Pungo) to 55.5% (Atlantic) 67 DAPS and 
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the tuber yield ranged from 9.6 to 27.8 MT/ha, indicating the suitability of cultivar 
Atlantic for growing in a warm climate. Under stress environment, the leaf area index 
(LAI) of early cultivars had increased from a value of 3.9 to 5.3 accounting 7% greater 
cumulative light interception, which consequently enhanced the transpiration rate 
under moisture stress condition declines light use efficiency and low harvest index in 
potato. In cv. Dasiree, the dry matter partitioning pattern exhibited earlier and faster 
tuber filling than the cultivars of same maturity group, where a greater proportion of 
assimilates diverted toward leaf growth [91].

Root traits: Wishart et al. [92] observed wider variation in rooting traits of a 
range of potato genotypes including the European tetraploid potato, diploid, and 
Neotuberosum lines The total root length per plant varied from 38 m (Tuberosum vari-
ety Pentland Dell) to >100 m (Phureja variety Mayan Twilight). Root thickness and 
distribution also varied significantly among cultivars with the Phureja line (Mayan 
Gold) having the longest and thinnest roots (based on ratio of stolon root number 
with stolon root weight). Number of stolon roots and basal roots among the cultivars 
(Phureja lines, Mayan Gold) indicated them having significantly more of both these 
root groups. Further, a significant difference in the relative proportions of basal to 
stolon root was apparent with Phureja line and Mayan Gold. The largest proportion 
of basal roots of these genotypes as compared with the other cultivars tested sug-
gested the existence of potential genetic difference in resources partitioning. Hence, 
improvement in root traits such as root depth and root length density [93] is impor-
tant for developing cultivars for rain-fed condition. Studying root system in potato 
is complicated, root-pulling resistance has been proposed as a practical measure to 
quantify root development. A positive correlation was found between root pulling 
resistance and tuber yield was noted [94]. Root mass correlates well with leaf mass 
and tuber yield [95] and justifies that the errectophile, smaller but greater in number 
of leaves per plant, suits good for rain-fed crop.

Photosynthesis factors: Bhagsari [87] compared the single leaf net photosynthesis 
determined at 30 ± 2°C by enclosing attached fully mature leaves of sweet potato, 
cassava, and yam and found the 1.10, 0.70, and 0, 30 mg CO2 m−2 s−1, respectively. The 
mean canopy photosynthesis rates, expressed on leaf area basis, for sweet potato, cas-
sava, and yam, were 0.18, 0.38, and 0.17 mg CO2 m−2s − 2, respectively. With increase 
in leaf age from 20 to 60 days, the single leaf photosynthetic rate increased in all these 
crops; however, partitioning of assimilates to root was found higher in cassava. The 
photosynthetic rate can be improved through breeding [96], and progress could be 
achieved for high photosynthetic CO2 exchange rate [97]. Cieply [98] concluded that 
assimilation rates can be used as a physiological criterion for rapid selection in potato 
breeding. Mol and Henniger [99] measured rates of “4CO2 uptake by 18 clones of potato 
under standard conditions. The stomatal number per leaf at upper surface was found to 
range from 4 (A6948) to 50 (A66107–51) among the four genotypes evaluated and 130 
and 204 at lower surface of the respective genotypes. Similarly, the stomatal apparatus 
area also showed variation ranging from 0.1 to 2.2 at upper surface and 6.8 and 9.6 at 
lower surface of respective potato clones. However, the CO2 uptake was found higher in 
clone A-6948 (9.2) as compared with A-66107-51 (7.6 mg CO2mg−1 chl h−1), which gives 
a surprising contribution to total carbon assimilation that cv. Lemhi had an unusually 
high rate of CO2 assimilation through the upper leaf surface, and A6948–4 an unusually 
high rate through the lower leaf surface. Hence, with proper breeding approach, these 
two traits can be combined for enhancing high carbon assimilation rates of Lemhi’s 
through upper leaf surface and A6948–4’s through lower leaf surface.
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9. Conclusion

Every crop encounters several production constraints from seed to harvest, 
which is tactfully manipulated by researcher by developing genotype and suitable 
production technology for varied environments, which frequently reflect wider yield 
variations. Because, the genotype by environment interaction reduces the association 
between the phenotypic and genotypic values and leads to bias in the estimation of 
gene effects and combining ability for various characters that are sensitive to envi-
ronmental fluctuations less reliable for selection. In maize, commercial grain yields 
have improved nearly sixfold and the genetic component of the improvement has 
been estimated as approximately 60%. The changes in leaf canopy size and archi-
tecture account for only a minor portion of the improvement. The majority of the 
improvement in source capacity is due to visual and functional stay-green. Functional 
stay-green and the sink establishment dynamics still represent opportunities for yield 
improvements [100]. The 2.13-fold increase in ERA hybrid grain yield represents a 
113% improvement in dry matter accumulation (DMA). The increase in DMA (i.e., 
the “source”) can be attributed, in part, to quantifiable changes in light interception 
due to increased leaf area index (LAI) and changes in light utilization due to more 
erect upper leaves. These improvements on the source side were accompanied by 
improvements in sink establishment dynamics permitted plants to maintain harvest 
index (HI) of ~50% even when grown under stress conditions.

In potato, a hypothetical attainable yield estimated for different kharif growing 
region of India with existing growing period by changing canopy cover (100%) dura-
tion extended for 10–40 days, the GDD accumulation during the growing season could 
be enhanced up to 800 (Dharwad), 585 (Hassan), 406 (Ooty), 602 (Shimla), and 886 
(Srinagar) additionally. Under the condition of harvesting of the additional heat units 
and converted in terms of dry matter, the attainable yield (25.4, 28.7, 31.7 and 34.7 t/ha, 
respectively) at Dharwad, Shimla (31.9, 34.9, 38.3. and 42.0 t ha−1) could be obtained. 
Hence, identification mega environments facilitates the genotypic effect stable and 
environment effect zero for different production aspects. As physiological breeding 
coupled with mega environments identification would result in both genotypic and 
phenotypic effect stable, it can be considered as a sustainable smart farming.

10. Future prospective

In order to exploit yield determinants, the future perspective is to identify mega 
environments for trait of interest, breed varieties with identified traits, testing of 
developed varieties specifically for single, multiple, and mega environments based on 
the traits segregation pattern rather than testing them across environments without 
targeting the traits of interest in the beginning of breeding program.
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Chapter 5

Perspective Chapter: Recent 
Advances in Nanotechnology, 
Nanomaterials, Nanofertilizers  
and Smart Farming
Mohammed Nagib Hasaneen

Abstract

From survey of literature showing a traditional farm practicing which leads to 
loses in all field crops, it was thought of interest to study novel and new nanotech-
nologies in farming of field crops to increase yield quantity and quality, to reduce the 
use of chemical fertilizers, to reduce water irrigation, to exclude the use of pesticides 
for control of plant diseases, to produce a biosafety crops and finally to produce a safe 
crops. All these can easily take place by introducing smart farming, the nanofertilizer 
and nanodrug delivery systems for treatment and control of all plant diseases.

Keywords: antibiotics, carbon nanotubes, chitosan nanoparticles, field crops, 
Nanofertilizers, Nanodrug delivery strategies, smart farming, plant diseases

1. Introduction

1.1 NPK-nanofertilizers

Nanotechnology has evolved over the last few decades to occupy everyday life, and 
agriculture is one of the areas where nano-applications have recently reached.

The massive increase in human populations all over the globe means that we need to 
provide more food from the same area of cultivated lands. This means that we need to 
produce better crops and increase supplies with the same resources present. For this 
reason, new methods to increase crop productivity and lower fertilizer consumption are 
now being researched.

Artificial fertilizers are identified as inorganic fertilizers which are formed in 
appropriate concentrations to supply three chief elements: nitrogen, phosphorus and 
potassium (N, P and K) for different crops and growing conditions. NPK-inorganic 
fertilizers are vital for plant growth and development. N (nitrogen) stimulates leaf 
growth and is found in proteins and chlorophyll, P (phosphorus) improves root, 
flower and fruit development, and K (potassium) enhances stem and root growth 
and the production of proteins. However, plants utilized only about 30–60%, 10–20% 
and 30–50% the applied dose of N, P and K, respectively, and the rest is lost to the 
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environment causing serious contamination to soil and water as well as substantial 
economic and resource losses. To minimize these conventional fertilizer demerits 
and utilize the major proportion of the applied dose of the chemical, nanotechnology 
can be applied by encapsulating the nutrients in nanomaterials, coated with a thin 
 protective film or delivered as emulsions or nanoparticles.

1.2 What is a nanofertilizer?

Nanofertilizers are nutrient carriers in the dimension of 1–100 nm. “Nano” refers 
to one-billionth of a meter or one-millionth of a millimeter. When the size gets 
reduced, the surface area has tremendously increased. Nanofertilizers are a nano-
structured formulation of fertilizers that release nutrients into the soil gradually 
and in a controlled way. The nutrient uptake efficiency can be increased by using 
nano-based slow-release or controlled release fertilizers which can lead to signifi-
cantly reduce the wastage of nutrients. The nanomaterials may be applied either in 
the soil nutrition or by foliar application by developing the formulations, i.e., coated, 
 encapsulated or buried in the nanomaterials.

1.3 NPK-fertilizers coated or encapsulated with nanoparticles

In our research work, we used chitosan nanoparticles loaded with NPK as foliar 
fertilizer for wheat plants. We used three concentrations of the nanofertilizer which are 
10, 25 and 100%. During foliar application, all pots were covered to prevent the entry 
of nanofertilizers to the soil. The results showed that nanofertilizers induced significant 
increases in all growth and yield variables determined when compared with the control 
(water) or normal-fertilized wheat plants. To our surprise, nanofertilizers decreased 
the life span of the crop from 170 days for control and normal fertilized plants to just 
130 days (a decrease of 23.5%). In addition, these results enabled wheat plants to grow 
in pure sandy soil with efficient crop productivity. When we studied the uptake of the 
nanoparticles by the plant through transmission electron microscopy, nanoparticles 
were found to accumulate in sieve tubes of phloem tissue, while xylem vessels appeared 
with zero nanoparticles. The lowest concentration (10%) produced the best results as 
a nanofertilizer for wheat plants. Foliar application of nanofertilizers showed a signifi-
cant increase in total saccharide content of wheat grains. The magnitude of increase 
was most pronounced in the nanofertilized wheat plants grains, particularly at 10% 
nanofertilizer than in normal fertilized ones. Significant decrease in each protein and 
nitrogen content of the wheat grains was induced when wheat plants were with increas-
ing levels of either normal or nanofertilizer as compared with the control ones. On the 
other hand, the element content of wheat grains especially potassium and phosphorus 
contents was significantly increased in nanofertilized wheat plants.

1.4 Foliar application

In another trial, we used carbon nanotubes loaded with NPK and compared 
them with chitosan nanoparticles loaded with NPK and used both of these types as 
fertilizers for French bean. In this trial, we tried three different application methods 
of the nanofertilizers used: soil incorporation, seed priming and foliar application. 
For soil incorporation, nanoparticles were mixed with the soil. For seed priming, 
the seeds were soaked in nanosolutions for 30 minutes prior to planting. For foliar 
application, nanofertilizers were foliary sprayed on the sixteenth day after planting. 
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The results showed that foliar application gave the best results for growth and yield of 
the plants. Also, foliar application of both nanofertilizers reduced the life span of the 
plant to 80 days when compared with 110 days for soil and seed priming treatments. 
For uptake and translocation studies, chitosan nanoparticles appeared in the phloem 
tissue only and were absent from the xylem vessels. However, carbon nanotubes 
appeared in both xylem and phloem tissues. Foliar application of nanofertilizers 
resulted in progressive significant increases in total carbohydrate, protein and vitamin 
C contents of the yielded French bean seeds, when compared with the control seeds 
and with the seeds of French bean plants treated by seed priming and soil incorpora-
tion. The best nanofertilizer in this trial appeared to be chitosan nanoparticles loaded 
with NPK (10%), compared with carbon nanotubes NPK (20 μg/L) (Figure 1).

1.5 Pros and cons

NPK-nanofertilizers promise to be a revolution in the fertilizer industry. The high effi-
ciency of crop production, better seed quality, better yield attributes and productivity are 
key elements when we consider the application of NPK-nanofertilizers. But, until now, 
few studies have dealt with the possible phytotoxic effects of nanofertilizers to plants. 
The major threat here is that plants, especially food crops, enter the food chain and the 
bioaccumulation of nanoparticles may reach animals or humans or may reside in the envi-
ronment. Possible ways to study the phytotoxic effects of nanofertilizers are now under 

Figure 1. 
A: Effects of normal NPK fertilizer and nanoengineered chitosan NPK fertilizer on the life span of wheat plants 
grown in sandy soil. B: Effects of different methods of application of NPK nanofertilizers on the life span of 
French bean plants grown in clay-sandy soil.
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research. Also, the safety of long-term nanofertilizer consumption is yet to be confirmed. 
Possible measures and safety levels must be defined for each nanofertilizer used.

1.6 Current research

Up-to-date studies have found that either negative, insignificant or positive effects 
of nanoparticles on plant may depend on the type of nanoparticles, plant and soil. 
Depending on their physical and chemical properties, nanoparticle bioaccumulation 
in plants is specific. While some studies report beneficial effects on some plant spe-
cies, the overall negative effect of the accumulation of these nanoparticles in the soil 
and plants might exceed the minor beneficial temporary effects. The main negative 
effects may involve the inhibition of growth, oxidative stress and genetic alteration 
due to the interactions between the plants and nanoparticles. For plant morphology, 
nanoparticles were found to alter morphological features of plants in vital organs 
such as the roots and leaves in addition to their effect on seed germination. Many 
nanoparticles can be translocated within plants and enter the food chain, be available 
for trophic transfer and become available in food for humans and animals. Many 
nanoparticles are shown to be toxic to humans, and uptake of nanoparticles in plants 
poses major safety concerns. Nanomaterials can become an environmental pollutant 
that might be conducive to irreversible or undesirable modifications with potentially 
harmful consequences on plants, animals and humans alike (Figure 2).

2. Experimental methodologies

2.1 Preparation of nanomaterials

2.1.1 Preparation of chitosan nanoparticles (Cs)

Chitosan nanoparticles (CS-nanoparticles or CS-PMAA nanoparticles) were 
prepared according to DeMoura et al. [1] and Hasaneen et al. [2] method by polymer-
ization of methacrylic acid (MAA) in chitosan (CS) solution.

For 12 hours, about 0.2 g of chitosan powder was dissolved in a (0.5 v/v) meth-
acrylic acid aqueous solution under magnetic stirring. Then, about 5 mg of K2S2O8 

Figure 2. 
Effects of different methods of application of NPK nanofertilizers on total carbohydrates (mg glucose equivalent/g 
dry weight), total protein (mg/g dry weight) and vitamin C (mmole/g dry weight) contents of French bean 
yielded seeds. (Data from experiments in 2016 in the plant physiology laboratory, Faculty of Science, Mansoura 
University, Egypt).
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was added to the solution with continued stirring till the solution became clear. 
After that, the mixture was heated up at 70°C for one hour under magnetic stirring 
to ensure the formation of chitosan nanoparticles. Finally, to stop the reaction, the 
solution was cooled in an ice bath.

2.1.2 Preparation of carbon nanotubes (CNTs)

In the present study, CNTs were prepared by using the method of Lee and Seo [3]. 
To a mixture of sulfuric acid and nitric acid (2:1 v/v), five grams of graphite powder 
was added slowly and stirred for 30 minutes, then cooled at 4°C. After that, about 
25 g of potassium chlorate was slowly added to the solution and stirred for 30 min-
utes, and then, the mixture was heated for 24 hours at 70°C. The mixture then was left 
for 3 days, and the floating solution was collected and rinsed with distilled water to 
1000 cm3, stirred for l hour and filtered, and finally, the sample was dried.

2.1.3 Preparation of solid lipid nanoparticles (SLN)

Solid lipid nanoparticles were prepared via hot homogenization method at a 
temperature above the melting point of lipid using the solid lipid, Tween 80 as the 
hydrophilic surfactant and soya lecithin as the lipophilic surfactant [4].

2.1.4 Loading of fertilizers NPK on sequences of nanoparticles

According to Corradini et al. [2, 5], the loading of CS-nanoparticles surface with 
NPK fertilizers was obtained by dissolving about 0.1 g of urea, 0.02 g of calcium phos-
phate and 0.06 g of potassium chloride as sources of N, P and K fertilizers into 100 cm3 
of CS-nanoparticle solution for 6 hours under magnetic stirring at room temperature. 
The pH of resulting solution was between 4.2 and 4.7. Meanwhile, the loading carbon 
nanotubes surface with NPK fertilizers was achieved by adding about 0.4 g of N, 0.1 g 
of P and 0.4 g of K into 100 cm3 of CNTs solution and stirring at 25°C for 6 hours.

2.1.5  Impact of engineered nanomaterials either alone or loaded with NPK on 
growth and productivity of plants

Abdel-Aziz et al. [6] reported that nanotechnology has become a solution to 
several problems facing humans nowadays. In agriculture, nanofertilizers play a vital 
role to minimize environmental pollution problems and enrich crop productivity. 
In this paper, we study the possible effects of using two different nanoengineered 
materials chitosan nanoparticles (nano-Cs) and carbon nanotubes (CNTs) either 
alone or loaded with NPK as fertilizers on French bean plants using two different 
methods of application, namely foliar application and seed priming. It is apparent 
from the obtained results that foliar application is the better method for application 
than seed priming. This is obvious from the improvement of growth, yield, antioxi-
dant system and biochemical content of the yielded seeds of foliary applied plants 
than in plants treated with seed priming technique as compared with control ones. 
In addition, foliar treatment shortened the days to harvest without reducing yield by 
37.5% (80 days) as compared with control and seed priming treatment (110 days). 
Of interest, nanochitosan either alone or loaded with NPK improved the growth and 
yield of the foliary treated plants more than CNTs. In conclusion, nanofertilizers 
foliar application holds tremendous potential to improve crop productivity.
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The key focus areas for nanotechnology agricultural research are drug delivery, 
nano-biofarming, nanopesticides and nanoherbicides and controlled release of 
nanofertilizers [7]. Nanofertilizers are nutrient carriers on which nutrient ions can be 
able to be loaded due to their high surface area and able to release these ions in a mini-
mal dose to the soil according to the needs of the cultivated plant which can reduce 
environmental pollution problems related with excess release of ions which is apparent 
such in the case of incorporation of essential elements (NPK) on the surface of chito-
san nanoparticles as described by Golbashy et al. [8] and AbdelAziz et al. [9]. There are 
slow-release and super sorbent nitrogenous and phosphatic fertilizers [10, 11].

Nanofertilizers increase the absorption capacity of plant roots which leads to 
increased photosynthesis and improved crop production [12]. Benzon et al. [13] 
showed that the application of nanofertilizer to rice plants led to an increment in 
both total phenolics content and antioxidants which increased plant nutrition and 
enhanced crop productivity.

Chitosan nanoparticles (nanochitosan or Cs nanoparticles) are engineered nano-
materials produced from chitosan (a linear hydrophilic polysaccharide) which has 
been used as a functional biopolymer in pharmaceutics and food [14]. Due to physi-
cochemical properties such as size, surface area and cationic nature, the new form of 
Cs-nanoparticles provides a variety of possible biological activities [15]. Furthermore, 
Cs and its derivatives have the ability to stimulate both physiological and biochemi-
cal activities in plants from single cells and tissues to molecular level changes at gene 
expression [16], also play a main role in seed germination and plant growth enhance-
ment [17], increase nutrient uptake by plants [18], increase the content of chlorophyll 
and chloroplast development which enhances photosynthetic activity and increase 
crop productivity [19, 20].

Carbon nanotubes (CNTs) are defined as cylinders of carbon atoms at nanoscale 
diameters and microscale lengths [21] and may be categorized to either single-walled 
CNTs (SWCNTs) or multi-walled CNTs (MWCNTs) depending on the carbon shells 
number present in the nanotube [22]. The nanoscale of CNTs provide them with unique 
properties different from carbon and graphite such as physicochemical characteristics 
like diameter, length and functionality which gives them varied chemical reactivity 
[23, 24]. Mondal et al. [25] reported positive effects of low CNTs doses in seed germina-
tion, water transport and root development in mustard plants, but negative effects were 
recorded at high concentrations due to the production of reactive oxygen species (ROS) 
in cells which caused membrane and cell injury which might lead to cell death [26].

Zheng et al. [27] and Klaine et al. [28] reported that nano-TiO2 at low doses were 
able to increase nitrogen metabolism and improve photosynthesis which improves 
plant growth of spinach plants. Farnia and Ghorbani [29] reported that foliary appli-
cation of K-nanofertilizer to red bean plants increased the 1000 grain weight, number 
of grains per pod, biomass yield and grain yield as compared to control ones.

In seed priming technique, seeds are soaked in a specific solution for a period of 
time (no radicle emergence or breaks in seed coat) and then are used for germination 
[30]. Priming the seeds with nanoparticles solutions can produce highly resistant 
seeds and improve its germination and consequently improve seedling growth 
especially under stressful conditions [31]. Zayed et al. [32] reported that priming of 
bean seeds with (0.1%, 0.2% and 0.3%) nanochitosan for three hours and germinated 
under salt stress (100 mM NaCl) enhanced seed germination and radicle length. Also, 
the content of both proline and chlorophyll a as well as antioxidant enzyme activities 
of bean seedlings treated with 0.1% nanochitosan showed significant improvement as 
compared with salt-stressed untreated bean seedlings.
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2.1.6  Carbon nanotubes NPK and chitosan nanoparticles NPK fertilizer on 
productivity of plants

Froggett [33] and Hasaneen et al. [34] stated that nanotechnology has proved 
its place in agriculture and related industries and the using of nanomaterial has 
the potential to revolutionize the agriculture with novel tools to enhancing the 
plant ability to absorb nutrients. The ability of plants to uptake nanomaterials 
has shown a very recent field of nanoagriculture. Several studies reported that 
nanomaterials were able to penetrate the plant cell by endocytosis. As mentioned 
above, we designed this work to investigate the effects of different concentrations 
of two different types of engineered nanofertilizer specifically carbon nanotubes 
(CNTs) and chitosan nanoparticles (nano-Cs) coated with NPK on the different 
growth criteria French bean plants. Herein, the results of the both morphological 
and anatomical analysis indicate that after about 30 days from the date of planting 
our experimental conditions, nanofertilizers either alone or in combination with 
conventional fertilizers significantly improved the growth and biomass of plant 
compared to unfertilized plants. Transmission electron microscopy images (TEM) 
of the plant leaves indicated the presence of engineered nanomaterials in vascular 
bundles specifically in sieve tubes of phloem elements in case of nanochitosan-
NPK and in both xylem vessels and sieve tubes in case of CNTs- NPK. Overall, 
after investigation, we conclude that low nanofertilizers doses have seen to be 
beneficial, improving water absorption and nutrients uptake, found to enhance the 
plant growth.

Chitosan is a linear hydrophilic polysaccharide that is biocompatible, biodegrad-
able, non-toxic nature biopolymer and reacts with bioactive molecules [14, 35, 36]. 
Chitosan nanoparticles with a size about 78 nm can be used for controlled release of 
NPK fertilizer sources such as urea, calcium phosphate and potassium chloride [5]. 
Carbon nanotubes have an important position due to their unique physicochemi-
cal properties such as length, diameter, atomic configuration, defects, impurities 
and functionality, which allow them to have wide-ranging conductivity, flexibility, 
tension strength and chemical reactivity properties [23]. CNTs have positive effects 
on seed germination, root development and water transport within the plant or no 
evidence of phytotoxicity when plants treated with low doses. On the other hand, 
the negative effects can be produced at high concentrations due to the generation 
of harmful reactive oxygen species (ROS) [25]. The uptake of nanofertilizers into 
plant cell can occur via various ways such as binding to carrier proteins through 
aquaporin, ion channels or endocytosis [37], and also, they may diffuse apoplecti-
cally in the space between the cell wall and plasma membrane and can merge into the 
simplest then penetrate into vascular system [38]. Engineered nanofertilizers can be 
transported through the phloem elements when applied foliary. For foliar uptake of 
nanoparticles, there are two possible pathways, namely cuticular and stomatal path-
ways [39]. In cuticular pathway, nanoparticles with sizes below 5 nm can be uptaken 
due to extremely small sizes of cuticular pores [40]. While, in stomatal pathways, 
larger nanoparticles can be penetrated since the typical stomatal size is in micrometer 
size range [39].

2.1.7 Nano-drug delivery systems and plant diseases

Hasaneen et al. [41] stated that due to the development of antibiotic resistant 
strains in pathogenic microbes, there is an increasing in microbial diseases yearly 
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which represents a great challenge to the public health, and this considered as an 
alarming issue worldwide [42]. It is well known that the current medicinal regime 
delivers drugs to the site of action or inflammation with unavoidable side effects 
[43]. With nanodrug delivery system, antimicrobial compounds can be accessed to 
the targeting site of the microbial pathogens [41]. We concluded from our study that 
antimicrobial compounds extracted from the local isolate namely Streptomyces rimo-
sus and loaded on either chitosan nanoparticles or calcium phosphate nanoparticles 
were found to be facilitate drug delivery to some bacterial species (Escherichia coli 
ATCC25922, Staphylococcus aureus ATCC25923 and Bacillus cereus ATCC66331 and 
the yeast Candida albicans ATCC10231. The best incubation period for the produc-
tion of antifungal and antibacterial compounds, pH, temperature, carbon sources 
and nitrogen sources was around the third day, 70, 30°C, starch and potassium 
nitrate, respectively. Gas chromatography–mass spectrometry (GC–MS) analysis 
was used for the identification of the extracted compounds which revealed to the 
identification of nine antimicrobial organic acids. The prepared NPs were character-
ized using transmission electron microscopy (TEM) and Zeta potential analyzer. The 
tested strains were resistant to solo nanoparticles, but the extracted antimicrobial 
compounds, especially CaP-NPs, improved the isolated antimicrobial compounds 
potency causing differential antimicrobial activity. The activity of nanoparticles 
loaded with antimicrobial compounds was more obvious against bacteria than fungi, 
against, Gram-positive than Gram-negative bacteria and against B. cereus than 
S. aureus.

Nanotechnology offers an effective mean of sustained drug delivery and release 
with avoidance of the problems of the current delivery systems. For proper manipula-
tion, drugs must have a size such that they can be injected without blocking needles 
and capillaries [44]. This can be achieved by using either nano-liposomes, nano-gels 
or micelles. By the aid of nanotechnology, drugs can be either loaded on the surface of 
nanoparticles or encapsulated and cared within then to the drug destination. By this 
way, the effective dose of the drug can be lowered several orders of magnitude, which 
led to the minimization of the drug side effects [45].

Chitosan (CS) itself and its derivatives or in the form of nanoparticles have 
attracted great attention due to their antifungal and antibacterial activity [46, 47]. 
The safe CS can interact with polyanions to form complexes and gels [48, 49]. 
While, CaP are the most important component of human teeth, bone and the bio-
logical hard tissues in the form of carbonated hydroxyapatite, which afford stabil-
ity, hardness and proper function [50, 51]. CaP-NPs were manipulated as successful 
adjuvant with DNA vaccines [52]. New and aggressive antibiotic-resistant bacteria 
and parasites call for the development of new therapeutic strategies to overcome 
the inefficiency of conventional antibiotics and to bypass treatment imitations 
related to these pathologies. Therefore, the present work focuses on the develop-
ment and combination of CSNPs and CaPNPs with potent antimicrobial com-
pounds that can aid in delivery of antibiotics to the target sites of drug-resistant 
microorganisms.

3. Conclusion

In smart farming, summarizing the obtained results, using nanochitosan and 
carbon nanotubes either singly or loaded with NPK as nanofertilizers, throughout the 
entire period of the cultivation led to:
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a. The best technique used for application of nanofertilizers to plant was foliar 
application [53, 54].

b. The best nanofertilizer used to field crops was nanochitosan-NPK followed by 
CNTs-NPK.

c. Giving a percent improvement in the quantity and quality of the yielded 
crops seeds treated foliary with Cs-NPK and CNTs-NPK was 82% and 84%, 
respectively.

d. A novel technique, treatment and control of plant disease by nanodrug delivery 
strategies showed a high percent of recovery from disease with 100% in case of 
using solid lipid nanoparticles loaded with antibiotic and 80% recovery from 
disease in case of using chitosan nanoparticles loaded with antibiotic and finally 
60% recovery from disease in case of using carbon nanotubes loaded with 
antibiotic [41, 55].

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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