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Foreword

The term “sustainable agriculture” implies multidimensional approach to managing 
agroecosystems encompassing (i) environmental, (ii) economic, and (iii) social 
components of sustainability. This book edited by Prof. Muhammad Farooq and 
Prof. Michele Pisante is a comprehensive treaty on this timely theme of global sig-
nificance. In addition, this book also addresses several related and pertinent issues 
such as resource-use efficiency, water and nutrient management, pest management, 
genetic resources and biodiversity, and climate change. It is indeed a comprehensive 
treatise of the subject, based on synthesis of the existing knowledge by authors who 
are extremely about this important topic.

The “sustainability” issue has been a popular theme ever since publication of the 
1987 report by the World Commission on Environment and Development chaired 
by Gro Harlem Brundtland (former Prime Minister of Norway): Our Common 
Future. This report was also the basis of the Agenda 21 and of the “Rio Declaration 
on Environment and Development.” The thematic focus has attracted attention of 
the scientists, policy makers, civic societies, and general public toward an attempt 
to addressing the emerging global issues. It is in this context that the theme of 
“Sustainable Agriculture” of the present volume is timely and crucial. It is also per-
tinent to addressing the Agenda 2030 or the “Sustainable Development Goals” of 
the UN adopted in 2015.

Major questions related to agricultural sustainability have been raised ever since 
the dawn of settled agriculture about ten millennia ago when the world population 
was merely 10–20 million and even more strongly in 1798 by Thomas Malthus who 
wrote the “Principle of Population: As it Affects The Future Improvement of 
Society.” Whereas the questions (i.e., resource availability, use efficiency, food and 
nutritional security, environment quality) have more or less remained the same over 
millennia, the answers and strategies to address these questions have changed with 
every generation depending on the population size, lifestyle, and the technical 
knowledge available at the specific time.

The human population of 7.7 billion in 2019 is destined to reach 9.8 billion by 
2050 and 11.2 billion by 2100. Furthermore, the growing affluence of the expanding 
middle class in emerging economics is increasing demands on the finite and 
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 nonrenewable resources that are also prone to degradation and pollution because of 
misuse and mismanagement. Therefore, the need to meet the food and other 
demands of the growing and richer population must be reconciled with the absolute 
necessity of improving and restoring the environment. These two must go hand in 
hand.

Therefore, the concept of multidimensional sustainability deliberated in this 
book (i.e., environmental, economic, and social dimensions) must also encompass 
the focus on “institutional sustainability.”. It is the weak, poor, and unsustainable 
institutions throughout the developing world that have led to the widespread prob-
lems of soil degradation and desertification, water pollution and scarcity, air pollu-
tion and gaseous emissions, malnourishment and undernourishment, extinction of 
biodiversity and weakening of ecosystem services, etc. Strong institutional sustain-
ability is also essential to translating “science into action.” A related but somewhat 
different issue is that of “political will,” which is also essential to implementation of 
pertinent programs which protect, restore, and use the finite resources so that 
demands of the present society are met without jeopardizing those of the future 
generations.

The Ohio University,  Rattan Lal 
Columbus, OH, USA

Foreword
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Preface

Over the millennia, agriculture has evolved over time between the growing demand 
for food and the progressive decline of natural resources to meet the needs of a 
society that do not stop, increase rapidly and with new lifestyles, as never first reg-
istered. And new challenges are facing the transition from agriculture to production, 
from migration from rural to urban areas, and from the need to recognize the value 
and conservation of various aspects such as economic, social, and productive effi-
ciency and soil quality, water quality, greenhouse gas emissions, and biodiversity.

There is no future without agriculture, there cannot be agriculture without inno-
vation, and there can be no innovation without the knowledge that can improve our 
lives, thanks to the ever-present alliance between plants and people who, through 
agriculture, use them. This demands pragmetic solutions to manage the agroecosys-
tems rationally and to guarantee, with the current limits of the biosphere, sufficient 
food for the world population that will exceed 9 billion people by 2050.

Based on these considerations in this book, we have brought together researchers 
specializing in different disciplines and working in different regions of the world, 
united by the rigor method of scientific approach to tackle together many of the cur-
rent and emerging aspects of the sustainability of agricultural production. For an 
ordered reading and for the accurate thematic analysis, the book is divided into 7 
sections and 20 chapters as detailed below.

Part I Introduction

• Chapter “Sustainable Agriculture and Food Security” describes the basic and 
evolved concepts of sustainable agriculture and food security.

Part II Ecological Sustainability

• Chapter “Integrating Conservation into Agriculture” elaborates and integrates 
conservation with agriculture for sustainable agriculture.

• Chapter “Microbial Applications for Sustainable Agriculture” describes the 
new scientific evidence of microbial applications for sustainable agriculture.
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• Chapter “Innovation System Approach for Urban Agriculture: Case Study of 
Mexico City” discusses the innovation system approach for urban agriculture 
with focus on Mexico City.

Part III Resources Use Efficiency for Sustainable Agriculture

• Chapter “Sustainable Soil Management” illustrates the agronomic principles 
and practices of sustainable soil management.

• Chapter “Sustainable Water Management” aims to answer five questions on 
sustainable water management.

• Chapter “Sustainable Nutrient Management” covers the principles and appli-
cations of sustainable nutrient management.

• Chapter “Alternative Fertilizers and Sustainable Agriculture” analyses the 
experiences and issues and proposes options for the alternative fertilizers and 
sustainable agriculture.

Part IV Sustainable Pest Management

• Chapter “Sustainable Weed Management” describes sustainable weed man-
agement between climate change and agronomic and environmental issues.

• Chapter “Sustainable Management of Insect-Pests” discusses sustainable 
management of insect pests.

• Chapter “Sustainable Management of Plant Diseases” analyzes management 
strategies as an important contribution to the sustainable management of 
pathogens and diseases.

Part V Genetic Resources and Crop Improvement for Sustainable Agriculture

• Chapter “Conservation of Biodiversity and Genetic Resources for Sustainable 
Agriculture” covers the challenges on conservation of biodiversity and genetic 
resources.

• Chapter “New Breeding Techniques for Sustainable Agriculture” describes 
the innovative breeding techniques for sustainable agriculture.

Part VI Agricultural Sustainability in Changing Climate

• Chapter “Sustainable Agriculture and Climate Change” illustrates the climate 
change challenges for the sustainability of agriculture.

• Chapter “Carbon Sequestration for Sustainable Agriculture” describes the 
experiences on carbon sequestration and sustainable agriculture.

• Chapter “Use of Biochar in Sustainable Agriculture” covers the use of biochar 
for sustainable agriculture.

• Chapter “Managing Drylands for Sustainable Agriculture” highlights strate-
gies for the management of dry lands for sustainable agriculture.

• Chapter “Crop-Livestock Interaction for Sustainable Agriculture” discusses 
for crop-livestock interaction for sustainable agriculture.

Preface
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Part VII Use of IT Tools and Modeling for Sustainable Agriculture

• Chapter “Information Technology for Sustainable Agriculture” provides an 
overview of potential applications of information technology tools in sustain-
able crop production systems.

• Chapter “Spatializing Crop Models for Sustainable Agriculture” introduces 
the application and case studies of spatializing crop models for sustainable 
agriculture.

Our heartfelt thanks is addressed to all the authors who with infinite generosity 
of their time, proposals, and active participation have contributed to the realization 
of this book, the result of a harmonious teamwork. A special thanks to the reviewers, 
for the importance of the contribution offered from the scientific point of view, in 
the validation of concepts, objectives, interpretation of results, and evidence on the 
different topics covered and finally, detail not negligible, for having read and reread 
the different drafts of the manuscript. Of course, if there were still errors, they would 
be only ours.

We are grateful to Professor Rattan Lal for the clarity of the foreword, full of 
experience and illuminating wisdom, and for his trust. We also thank Ms Melanie 
van Overbeek, Assistant Editor, Agronomy, Springer Dordrecht, the Netherlands, 
for her patience and trust in us during this book project.

We thank the Sultan Qaboos University, Muscat, Oman, and the University of 
Teramo, Italy, for their continued support.

Muscat, Oman  Muhammad Farooq
Teramo, Italy  Michele Pisante 
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Abstract Demand of increase in food production to feed the rapidly growing 
global population has pose serious threat to the agricultural sustainability. Climate 
change also offers serious challenge to global food security situation as it will nega-
tively affect agricultural yields, particularly in low income countries. The increased 
agricultural intensification to produce more food from the existing cropland has put 
the environmental sustainability at stake due to increased emissions, loss of biodi-
versity, soil health due to increase use of chemical fertilizers and pesticides. 
Therefore, there is need to develop a multidimensional approach for agriculture 
sustainability without damaging social, economic and environmental integrity. This 
chapter highlights the role of social, economic and environmental sustainability in 
agricultural sustainability and food security. It further describes current food secu-
rity status and proposes how sustainable intensification can help reduce the adverse 
effect of intensification on social, environment and economical components of agri-
culture. It also highlights the mitigation strategies to achieve the food security and 
safety in changing climate.
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1  Introduction

The world population according to UN organization estimates will be expected 
between 8.3 and 109 billion by 2050; however, the existing trend point to the latter 
figure. This population growth rate will need increase food supply from 50% to 75% 
depending upon the region (Prosekov and Ivanova 2018). Furthermore, the global 
climate change will also affect the food production in many parts of the world. Global 
climate change during the last century lead to heat waves due to rising temperature, 
atmospheric CO2 level, frequent spells of drought in some places while higher pre-
cipitation on others (OECD 2016). Climate changes and anthropogenic activities 
have created serious challenges to agriculture sustainability due to natural resource 
depletion. Furthermore, this situation will lead to lower agricultural yields (Waggoner 
1983; Adams et al. 1998; Nelson et al. 2009; Gliessman 2015), threat to the food 
security and food and feed safety (Miraglia et al. 2009). Food security is physical, 
social and economic accessibility of healthy, safe and nutritious food to the people at 
all times, which can fulfill their dietary requirements and food preference for healthy 
and active life (Fig. 1; FAO 2001). However, to achieve this situation agricultural 
sustainability is very important as first component of food security is food supply 
which is linked to agriculture system to meet the food demand which depends on 
agro-climatic condition of crop and pasture production (Tubiello et al. 2007).

In order to fulfill the increasing food demand, agriculture extension and intensi-
fication has helped in increasing food production to achieve the food security (FAO 
2009; Tilman et al. 2011; Stevenson et al. 2013). Agriculture intensification without 
sustainability will result at major environmental costs, as many scientists are 
 expecting stagnant or yield reduction owing to low land expansion and degradation 

Fig. 1 Components of food security

M. Farooq et al.
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of land and natural resources due to climate change (FAO 2009; Ray et al. 2012; 
Stevenson et al. 2013; Eitelberg et al. 2015). Sustainable agriculture holds the key 
to global food security in view of the oscillating climate, social and market situa-
tion. Sustainable agriculture uses integrated animal and plant production system 
practices that are aimed to improve the farmer income with environmental integrity 
and social sustainability (Fig. 2). In recent years, the sustainability of agriculture 
has got ground among academics, policy makers and practitioners due to growing 
awareness about social and environmental concerns among stakeholders.

This chapter encompasses the work done on agricultural sustainability including 
social, economic and environmental sustainability, global food security situation 
and role of sustainable intensification in agriculture sustainability and food security. 
Furthermore, how climate change mitigation can help in achieving food security 
will also be discussed.

2  Sustainability in Agriculture

Sustainability is a broader term and pillars of sustainability approach which repre-
sent individual indicators linked with a metrics to represent different domains of 
sustainability (Smith et al. 2017). Sustainability in Agriculture is measured as eco-
nomic stability, social stability and ecological/environmental sustainability (Smith 
et al. 2017). In the last several decades, many developing countries have been facing 
robust population growth, reduced arable land, urban expansion, change in food 

Fig. 2 Components of sustainable agriculture

Sustainable Agriculture and Food Security
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habits and oscillating global food market pressure (Huang et al. 2009; Qiang et al. 
2013; Huang and Yang 2017), which influence the agriculture sustainability 
(Table 2). The enhanced agriculture production has resulted a conflict between envi-
ronmental sustainability, food security and safety (Miraglia et al. 2009). The green 
revolution has resulted in improved economic sustainability of farmers. However, 
the increased cost of production due to high prices of seed, fertilizer, labor and 
machinery and yield stagnation has also led to economic unsustainability. The 
increasing risk of agro-environment from grain production in future can threaten the 
sustainability of agricultural land use (Qi et al. 2018). To maintain the sustainability 
of agriculture, a multidimensional approach should be optimized considering the 
social, environmental and economic sustainability approaches for agricultural pro-
duction system.

2.1  Economic Sustainability

Economic sustainability is vital component of sustainable agriculture. Green revo-
lution in Asia has substantially enhanced the agriculture production through 
improved provision and use of inputs (new cultivars, chemical fertilizers and pesti-
cides) (Hazell 2009). The advancement of agriculture technology boosted the grain 
yield in Asia by 3.57% annually during 1965–1982 (Rosegrant and Hazell 2000). 
The yield of rice and wheat has increased from 150% to 250% respectively in sub-
continent and Indonesia (FAO 2014). This rise in agricultural crop yields lead to 
many fold increase in per capita income of farmers. For instance, in two provinces 
of India (Haryana and Punjab) the poverty declined from 35.2% to 8.1% and 
28.1–8.4% in 2004/2005. In Pakistan, post green revolution has improved the food 
security situation as per capita caloric intake has increased from 2462 in 2000 to 
1748  in early 1960s (Evenson 2005). Moreover, population density, agriculture 
credit facilities, market situation, food habits are also key determinants of economic 
sustainability (Table 2).

The green revolution has resulted in improved economic sustainability of agri-
culture production system in South Asia. During past few decades, the increase cost 
of production due to high prices of seed, fertilizer, labor and machinery and yield 
stagnation has led to economic unsustainability. Recently, Zulfiqar and Thapa 
(2017) studied the economic, environmental and social sustainability of Agriculture 
of Pakistan. To study the economic sustainability, they used overall crop production 
and stability of crop production as indicators, while environmental indicators were 
crop diversification, soil salinization, fertilizer use (organic and inorganic) and pes-
ticide usage. Moreover, food security and employment of rural labor force were 
social sustainability indicators. They found regional differences for agriculture sus-
tainability across Pakistan. Their findings revealed the tendency of unsustainable 
production in all provinces (Punjab, Sindh, Balouchistan and KPK) as the farmers 
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in Sindh and Punjab are using more chemical fertilizers, pesticide and pumping 
ground water for irrigation purposes. The lack of sustainability in Balochistan and 
KPK was due to low use of fertilizer and pesticides and even no application in some 
areas. Furthermore, groundwater pumping for irrigation in coastal areas further 
increases the unsustainability of agriculture.

Arable landholding and soil fertility also influence the economic sustainability of 
agriculture. In a study, Wasąg and Parafiniuk (2015) assessed the ecological and 
social sustainability in Roztocze Region of Poland. They found that bigger holdings 
70 ha UAA (utilized agricultural area) have ecological stability due to high organic 
matter in soil. Although these holdings have high organic matter decomposition but 
the balance remained positive due to increased addition of manure as these holdings 
have large scale of animal production. Similarly, social sustainability was also 
observed in holding >30 ha UAA due to increased mechanization which reduced the 
workload i.e. <100 man hours per ha UAA (Table 1). Niemmanee et al. (2015) stud-
ied the existing agricultural systems cover on the environmental, economic andso-
cialcondition of Samut Sakhonn Province, Thailand and suggested suitable pattern 
for sustainable agriculture. The major characteristics of this sustainable agriculture 
system were use of mixed cropping systems with string bean (most supplementary 
plants) and chili, less use of pesticides and chemical fertilizers and more use of 
manures, crop residues and application of knowledge gained through training and 
its dissemination.

In conclusion; the higher use of chemical fertilizers, pesticides and other inputs 
along with fluctuating agricultural markets has resulted in increased agricultural 
production over the years however, there is also indication of economic unsustain-
ability due to increased use of inputs and its high input costs.

2.2  Environmental Sustainability

The global population will rise increase to 9.7 billion by mid of this century, which 
will result in increased food demand and environmental degradation due to agricul-
ture intensification. The biggest challenge in this situation is achieving food security 
with agriculture sustainability worldwide. Food security ensures the healthy and 
continuous food availability over time; whereas, sustainable agriculture ensures the 
maintenance of agro ecosystem resilience (Table 2; Skaf et al. 2019). Increase in 
food demand associated with agriculture intensification to achieve food security is 
posing threat to environmental sustainability. The environmental integrity is at stake 
due to intensive agriculture which resulted in fertilizer driven eutrophication 
(Scherer and Pfister 2015), acidification (Tian and Niu 2015) and water scarcity due 
high use of water for irrigation (Scherer and Pfister 2016).

The rise in food demand has increased the competition for water, land and inputs 
for food production. Moreover, this competition has resulted in the use of high 
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Table 1 Effect of sustainable intensification on environmental, economic and social sustainability

Country
Cropping 
system

Fertilizer use/
crop residue Description Reference

India CA in 
maize-wheat- 
mungbean

29.8 t ha−1 
residue 
incorporation

↓soil bulk density Choudhary 
et al. 
(2018)

↑organic matter (72%),↑MBC (213), 
↑MBN (293), ↑DHA (210%),↑ APA 
(49%), ↑bacteria (28%), ↑fungi (68%), 
↑actinomycetes (98%),↑ system yield 
(39%)

India CA in 
rice-wheat- 
mungbean

30.95 t ha−1 
residue 
incorporation

↑organic matter (83%), ↑MBC 
(117%), ↑MBN (171%), ↑DHA (140), 
↑APA (42), bacteria (26%), fungi 
(61%), actinomycetes (92%), ↑ system 
yield (39%)

Choudhary 
et al. 
(2018)

India Rice-wheat- 
legume crop 
rotation with 
CA

Improved carbon sequestration, soil 
health, with higher grain yield and 
food security

Samal et al. 
(2017)

Malawi Sole maize No fertilizer One food crop per year with 12% food 
sufficiency and profit of USD 188

Snapp et al. 
(2018)

Malawi Sole maize 69 kg N/ha One food crop per year with 96% food 
sufficiency and profit of USD 935

Snapp et al. 
(2018)9 kg P/ha

Malawi Pigeonpea- 
maize intercrop

34.5 kg N/ha Two food crop per year with 92% food 
sufficiency and profit of USD 1054

Snapp et al. 
(2018)4.5 kg P/ha

Malawi Doubled up 
legume/Maize 
rotation

17.3 kg N/ha Three food crop per year with 100% 
food sufficiency and profit of USD 637

Snapp et al. 
(2018)2.3 kg P/ha

Pakistan Mungbean- 
chickpea

Cost effective and sustainable 
intensification crop rotation for 
dryland areas of Pakistan

Hassan 
et al. 
(2015)

China Monocropped 
maize systems

Monocropped maize is effective 
alternative to wheat-maize system for 
economic and environmental 
sustainability in North China plain

Cui et al. 
(2018)

Europe Multiple 
cropping

Multiple cropping by replacing luxury 
crops with food crops and using zero 
tillage and water deficit irrigation can 
help in utilization of 16 M ha land 
with conservation of 11 m ton soil and 
17 billion m3 H2O and will ensure the 
food security of 229 M more people

Scherer 
et al. 
(2018)

Spain Olive oil 
cropping system

SI increased the olive production from 
36.8% to 64.4% with a 40–60% 
increase in revenue/unit of energy 
invested with maintained energy 
consumption

Sánchez- 
Escobar 
et al. 
(2018)

↑ = increase; ↓ = decrease; CA conservation agriculture, MBC microbial biomass carbon, MBN 
microbial biomass nitrogen, DHA Dehydrogenase activity, APA alkaline phosphatase activity
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Table 2 Factors affecting socio-economic and environmental sustainability

Country Approaches Description Reference

Kenya Population 
density

The areas with population density below 600 
persons/km2 showed improved organic matter, 
better crop residue management with better 
nutrient use efficiency and availability (N and P), 
increased crop yield and food security

Willy et al. 
(2019)

Kenya Population 
density below 
600 persons/km2

The areas with population density above 600 
persons/km2 showed high fertilizer and manure 
use, increased labor and capital cost, soil fertility 
and low nutrient use efficiencies

Willy et al. 
(2019)

Finland Meat 
replacement with 
bean

Plant proteins replace with meat due to socio- 
economic and cultural aspects. Moreover, high 
bean production and consumptions ensures social 
and economic sustainability with better food 
security

Jallinoja 
et al. (2016)

Ecuador Improving the 
ecosystem water 
management

Improved water management through changing in 
crop pattern, reduction in virtual water use with 
high crop water productivity will ensure water and 
food security

Salmoral 
et al. (2018)

Sustainable 
branding

Creating awareness about food products e.g. 
organic production, ethical features will encourage 
consumer to pay for organic produce which will 
improve the environmental and economic 
sustainability

Franco and 
Cicatiello 
(2019)

Poland Land holding Farmers with more arable land (>70 ha UAA) 
better economic and social sustainability due to 
increased animal production, mechanization and 
better soil fertility owing to increase animal 
manure, relative to farmers with small land 
holdings (<30 ha UAA)

Wasąg and 
Parafiniuk 
(2015)

Mexico Urban agriculture Restoration of historic agriculture practices 
(floating gardens, Aztecs etc.). Improved food 
production with sound and balanced social, 
ecological and environmental dimensions

Dieleman 
(2017)

Brazil Botanical 
pesticides

Nano formulations (18%) of essential oil of Lippia 
sidoides (thymol −68.5%) effectively control the 
population of S. zeamais populations

Oliveira 
et al. (2017)

Pakistan Allelopathic 
plant water 
extracts

Application of crop water extracts of sorghum, 
mustard, rice and brassica in combination with 
low doses of Pendimethalin help in weed 
management with higher yield and environment 
safety

Jabran et al. 
(2008), 
(2010)

England 
and Wales

Integrated farm 
management

Use of traditional and modern farming method in 
integrated manner improves the productivity, with 
better social and environmental sustainability

Rose et al. 
(2019)

Lebanon Cropping system 
selection

Olive production system is eco-friendly due to 
energy and agricultural input requirement, while 
citrus is harmful for economic and environment 
sustainability due high fuel, energy, water and 
fertilizer cost

Skaf et al. 
(2019)

UAA utilized agricultural area
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inputs and some farming practices which are damaging the environment and major 
contributor of anthropogenic GHG emissions (Reilly et al. 1996). Post green revolu-
tion intensification of agriculture has resulted in soil degradation in the form of 
compaction, erosion, loss of organic matter, pesticide contamination, low biodiver-
sity and increased soil salinization and waterlogging etc. (Kibblewhite et al. 2008; 
Schiefer et  al. 2016; Turpin et  al. 2017; Shah et  al. 2017; Shahzad et  al. 2018). 
Therefore, sustainable agriculture should be able to restore soil quality by use of 
non-chemical fertilizer and pesticides (organic fertilizers, bio-fertilizers and bio- 
pesticides), crop rotation with increased diversity to meet the global food produc-
tion with sustainable environment and soil health (Verma et al. 2015; Zhang et al. 
2016). Skaf et al. (2019) studied the environmental sustainability in nine different 
cropping systems of Lebanon by following the environmental accounting methods 
i.e. material flow accounting (MFA) (emission and energy accounting and their 
impact) and gross energy requirement (GER). They found that at farm level, citrus 
had the highest environmental cost due to high inputs use (fertilizers, water and 
diesel), whereas, olive production resulted in lowest MFA and labor resulted in less 
harmful for environment and use of mass is lowest environmental cost (Table 2).

Increasing use of chemical fertilizers and intensive use of arable land has sub-
stantially increased the grain production but has seriously deteriorated the upstream 
of environment of agriculture, farmland and downstream communities (Vitousek 
et al. 2009; Gomiero et al. 2011; Schreinemachers and Tipraqsa 2012). The use of 
pesticide has resulted substantial increase in yield globally to meet the food demand 
of human population growing at rapid pace. Nevertheless, this has resulted in accu-
mulation of harmful substances in food and decline in environmental health with 
development of pest resistance. For sustainable food security, it is necessary to pro-
duce more food which is safe and nutritious, in the era of decreasing arable land and 
limiting water resources. However, use of alternative substance to synthetic chemi-
cals has got attention due to rapid deterioration and harmful effects of pesticides on 
human health with increase in food safety. Use of allele chemicals from plant orien-
tation has been effective in controlling the pest in agriculture (Campos et al. 2018; 
Rehman et al. 2018). Most of the botanical pesticides are developed from the essen-
tial oils produced by plants, these oils play many vital role in plant biology as they 
help in defense against biotic and abiotic stresses, attract pollinators and seed dis-
semination (Table 2: Isman 2000, 2006; Regnault-Roger et  al. 2012; Pavela and 
Benelli 2016). These plant based compounds can be used as insecticides, fungicides 
or replants (Isman 2006). Use of traditional and modern farming method in inte-
grated manner improves the productivity, with better social and environmental sus-
tainability (Table 2: Rose et al. 2019)

In conclusion: agriculture intensification associated with high use of chemical 
inputs is deteriorating environment, soil health, microbial diversity in rhizosphere. 
However, use of organic fertilizers, botanical pesticides and natural predators can 
help in environmental sustainability with sustainable agricultural yields.
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3  Is Global Food Security Situation Sustainable?

Agriculture faces some serious challenges as it has to address the issue of ~1 billion 
people who sleep hungry daily, with around an expected addition of ~2 billion peo-
ple in world population by mid of this century (Rosenzweig and Parry 1994). 
Globally around 821 million people are suffering from malnutrition in 2017, which 
make around 10.9% of global population (Fig. 3; FAO 2018). In spite of all efforts 
the number of hungry and malnourished people is rising. In a recent survey of World 
Bank around 83 million people in 45 countries were starving. The undernourished 
population is below 5% in developed countries while it goes upto 13% and 20% in 
Asia and Africa respectively (Prosekov and Ivanova 2018). The number of 
 unnourished population increased from 218.7 in 2015 to 243.2 million in Africa, 
while it is 519.6 million (19.7%) in 2016 compared to 508.3  in 2015 (18.3%) 
(Fig. 3; Prosekov and Ivanova 2018). This number is further escalated in 2017 as 
20.4% of the African population is undernourished (Figs. 3 and 4). In 2013, around 
19.8% of the African population is undernourished with the rate is alarmingly high 
in Eastern (31.9%) and Central Africa (40.9%); whereas, in Asia around 12.4% 
population is undernourished with highest number of undernourished population 
lives in Southern Asia (15.9%). Likewise, 6.1% population of Latin America and 
Caribbean is undernourished (FAO 2018). Moreover, the food consumption pattern 
is changing as the people with high income eat more and nutritious food while the 
situation is opposite in the developing countries.

According to FAO (2009), with stable population growth, the possibility of hun-
ger eradication by mid of this century is questionable. The major cause of malnutri-
tion and hunger are natural calamities, wars, poverty and high population growth 
rate. In a recent study, Prosekov and Ivanova (2018) selected the five countries with 
a decrease or increase in food security index by the end of 2017. They found an 
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improvement in food security index in Nicaragua/Bangladesh (+1.3), Ecuador 
(+1.4), Paraguay (+2.0) and Sierra Leone (+2.6); whereas a decrease in food secu-
rity index was observed in Venezuela (−7.1), Qatar (−6.0), Madagascar (−4.7), 
Congo (Dem. Rep.) (−3.8) and Yemen (−3.4). The decline in food supply in war 
affected countries is obvious but the decline in some peaceful countries is due to 
financial crisis globally.

In order to feed the global population, food production has kept pace by increased 
agricultural intensification and expansion (FAO 2009; Stevenson et  al. 2013). 
However, in future, some estimates an increase in food production (Ewert et  al. 
2005), while, others expect decrease or stagnant agricultural yields due to rapidly 
depleting natural resources, land degradation and climate change impact on natural 
resource base (FAO 2009; Stevenson et al. 2013; Eitelberg et al. 2015).

Target of global food security has become challenging as on consumer side pop-
ulation increase and change of food consumption pattern, while on the production 
aspect food production is limited due to less availability of arable land for agricul-
ture expansion and hence resulted in intensification (Scherer et al. 2018). According 
to UN organization the expected population of world will be between 8.3 and 10.9 
billion people at the current population growth rate, which will put pressure for 
almost 50% and 75% increase in food supply according to some estimates (reviewed 
by Prosekov and Ivanova 2018). They further stated that the food supply demand 
will be doubled by 50% in low income countries, while the expected food demand 
will grow by 60% and 250% in rice consuming and Sub-Saharan African countries.

The projected food demand in terms of calories will increase more than the 
expected arable land (Tilman et al. 2011). Moreover, the available arable land also 
provides feed, fuel, fiber, timber, helping in regulating ecosystem through flood 
control, water purification, carbon sequestration and providing habitat to fauna and 
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flora (Scherer et al. 2018). The potential arable land is expected to be less productive 
in future compared to current agricultural land as the recent enhancement in food 
production was attained at the cost of intensification rather than expansion (Foley 
et al. 2011). There are still some yield gaps in many parts of globe in spite of agri-
culture intensification (crop cycle) (Mueller et al. 2012) and harvest gaps (cropping 
frequency) (Ray and Foley 2013; Yu et al. 2017) that could be narrowed.

4  The Sustainable Intensification of Agriculture

The green revolution in 1960s has led to humongous increase in yield of staple 
crops due to development of input responsive crop cultivars which have come at 
cost of environmental integrity. In order to minimize the effect of agriculture prac-
tices on the environment, many alternative approaches have been put (e.g. organic 
agriculture, conservation agriculture, agroecology, ecological intensification, sus-
tainable farming systems and sustainable intensification) (Petersen and Snapp 
2015). Among these approaches sustainable Intensification (SI) is a relatively new 
addition and was proposed by Jules Pretty (Pretty 1997). The earlier on SI focused 
on approaches which can help in improving agricultural yields to meet rising food 
demand and also ensures environmental integrity (Pretty 1997, 1999).

Sustainable intensification is needed to handle the problem of global food secu-
rity and environmental change. Local climatic conditions define the potential and 
need for sustainability of agricultural practices. Nevertheless, the application of 
these practices depends on social and economic factors, as farmers need to adopt 
new farming practices while consumer demand affect the economic viability of 
these adaptation (Scherer et al. 2018). The SI approach deems imperative in low 
income countries to meet the increasing global food demand (Table 1; Tilman et al. 
2011). The SI can increase food and economic sustainability, especially in areas 
which have more and fertile agricultural land but have lower yields (Drechsel et al. 
2001; Pisante et al. 2012; Vanlauwe et al. 2014).

A large number of scholars conceptualize ‘sustainable intensification’ as 
approached aiming at increasing the food production from the existing cultivated 
land in such a way with lower environmental impact and sustainable food produc-
tion in future (Garnett et al. 2013). SI approach is complementary to climate smart 
agriculture (CSA) as SI it focuses on adaptability to climate change with lower 
emissions per unit of output. The CSA emphasizes the improvement of risk man-
agement, information flows and local organizations/institutes to support adaptation 
(Campbell et al. 2014). Moreover, CSA serves as basis for encouraging and enabling 
intensification. However, for adaptation instead of narrow intensification, there is 
need to include diverse cropping systems along with local planning for adaptation, 
development of efficient governess system with more asset diversity. Both SI and 
CSA agriculture are critical for global food security as they are part of multi-deft 
approach aimed at lowering waste and consumption, development and facilitating 
social safety net and trade and improving availability of healthy and nutritious diet 
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(Campbell et al. 2014). Schut et al. 2016 studied the sustainable intensification in 
African highlands and found that sustainable intensification faces constraints of 
economic and institutional nature. They further reported that institutional con-
straints include poor functioning or absence of markets, policies, low capabilities 
and finance resources and interaction between stakeholders.

In developing countries agriculture intensification is aimed at producing more 
food and income from existing agricultural resources. In order to attain this target, 
agriculture intensification can help in improving the sustainable agriculture yields 
with profit and social sustainability. However, SI requires better and improved agri-
culture technology and inputs (crop management practices, improved seed and fer-
tilizer etc.), natural resource management (soil fertility, erosion control, reforestation, 
increase biodiversity etc.) and institutional reforms and innovation (policy, social 
infrastructure, easy access to finance, inputs, market and services) (Pretty et  al. 
2011; Vanlauwe et al. 2014). The integrated emergence of these innovations make 
smart and efficient use of existing agro-ecological, financial and human resource 
use across levels of different systems in a specific context (Robinson et al. 2015).

Snapp et al. (2018) conducted a participatory action research using four tech-
nologies i.e. sole maize with no and recommended fertilizer, pigeon pea –maize 
intercrop, doubled up legume rotation (pigeoneer intercropping in groundnut) fol-
lowed by maize with half of recommended fertilizer and visualized the SI perfor-
mance and tradeoffs using radar charts. They found that pigeon pea-based 
technologies have more environmental gains than sole maize plantation due to more 
biomass production, nitrogen fixation and cover duration. The domain for human 
and social capacity building were better for legume intergradation particularly due 
to diversity in diet, farmer preference (especially females) and food security over 
sole maize (Table 1). Furthermore, legume system was more beneficial on marginal 
soils due to less risk of crop failure than unfertilized maize. Niemmanee et al. (2015) 
studied the impact of existing agricultural systems cover on the social, economic 
and environmental condition of Thailand and suggested mixed cropping system 
with chilli as secondary and string bean as supplementary crop. They further sug-
gested increasing use of manures and crop residues as fertilizer source and reducing 
the use of synthetic fertilizers and pesticides. Moreover, application of knowledge 
gained through trainings to the production system management and by sharing it 
with the farming community can help in sustainable agriculture system.

The crop yield of cereals and oil crops saw a humongous increase of 135% 
between during last five decades while an increase of only 27% was reported in 
arable land (arable land expansion varies across region) (Burney et  al. 2010). 
Intensification without sustainability has led to numerous problems globally 
(Bennett et al. 2014). Furthermore, SI is a pervasive reorganizing of food systems to 
not only limit the environmental impact but also increase the human nutrition, ani-
mal welfare and rural economies with sustainable development (Garnett et al. 2013). 
In conclusion, food demand should be met through existing farmland as cultivation 
of new lands will have major environmental effects and costs. Therefore, intensifi-
cation combined with prices and policies will have positive impact on land sparing.
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5  Mitigating Impact of Climate Change in Agriculture 
for Food Security

Global average temperature has increased by 0.13 °C per decade since 1950s, and a 
faster increase (0.2 °C) is expected for next two to three decades which will have 
larger impact on cultivated land area (IPCC 2007). Agriculture production system 
contributes substantially towards global warming and accounts for 19–29% of total 
global greenhouse gases (GHGs) emissions, and most of these are directly coming 
from agricultural activities directly in the form of CH4 and N2O and indirectly 
through agricultural driven change in soil cover (Vermeulen et  al. 2012). For 
instance, Yue et al. (2017) studied the GHGs emission from 26 crops and 6 livestock 
products in China and found that meat had the highest carbon footprints (CF), while 
lowest CFs value were observed for vegetables. Furthermore, methane emission 
from fertilizer and paddy were the major contributor of CFs from crop production. 
Climate change will have more and in general negative impact on agriculture in 
areas with lower latitude (Vermeulen et al. 2012; IPCC 2013). It is expected that 
climatic variation in future will increase the intensity and frequency of droughts, 
floods and will increase the risk for livestock and crop producers (Thornton and 
Gerber 2010). Furthermore, climate change will limit the food access to both urban 
and rural population due to low income, high risk and disrupted markets (Vermeulen 
2014). Climatic variation is major contributor towards land degradation and change 
in soil cover particularly in drylands causing rapid soil deterioration.

Climate change will significantly affect the crop yield and future food availabil-
ity (Table 2). For instance, Lobell et al. (2011) studied the climate trends with global 
crop production over three decades and found that climate change has reduced the 
yield of wheat and maize by 5.5% and 3.8% respectively, whereas the yield gains or 
losses for rice and soybean balanced out due to losses in some countries while gain 
in others. Al-Amin and Ahmed (2016) studied the effect of climate change on food 
security of Malaysia and potential climate change adaptations over 50 year time 
span. They predicted a 30–35% food sustainability gap below the national baseline 
in 2015 and the gap widens over time due to climatic change influence on agricul-
tural yields. Nevertheless, application of certain adaptation strategies can narrow 
the food security gap from 5% to 20% over time. Recently, Agovino et al. (2018) 
constructed index of sustainable agriculture (ISA) over the period of 2005–2014 
according to 16 variables and studied the climate change impact on agricultural 
production in 28 European Union countries. They ISA provide the ranking of EU 
countries based on social, economic and environmental sustainability. They found 
(a) negative bidirectional relationship between agricultural yield and climate change 
(b) negative bidirectional relationship between SA and climate change and lastly (3) 
conventional agriculture have negative impact on SA.  A decade ago, Ravi et  al. 
(2010) reported that extreme climatic eve-n would increase the incidence of wind 
and water erosion, which will shift the soil cover at faster rate in dryland areas. 
Farmers with poor resources, small landholdings are more vulnerable to climate 
change. Nevertheless, the negative effect of climate change on agriculture produc-
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tion and food security can be ameliorated through sustainable agriculture approaches 
through minor modifications in crop and livestock production practices, changing 
the cropping and food systems to ensure socio-economic and environmental sus-
tainability (Table 3).

Agriculture is one of the principal factors affecting climate change by directly 
contributing GHGs emission through anthropogenic activities (14%) and land use 
(17%). Moreover, it is expected that low and middle-income countries will be the 
major contributors of agriculture emission in the future (Smith et al. 2007). Although 
the industrialized countries have substantially reduced the GHGs emissions, never-
theless developing countries face the problem of high carbon emissions. Climate 
smart agriculture is a pragmatic option to improve the food security with better cli-
mate change adaptations and mitigations. Furthermore, in developing countries, 
climate change mitigation is a co benefit as priority remains with adaptation and 
food security (Campbell et al. 2014). Parihar et al. (2018) in a 5 year study observed 
the diversified crop rotations and conservation agriculture (CA) impact on soil 
health, GHGs emission and food security in north-western Indo-Gangetic plains 
and found that CA practices in maize based cropping systems can help in reducing 
the GHGs emission and reduced the soil degradation. They further reported that CA 
in maize based cropping systems (maize-wheat-mungbean, maize-chickpea- 
sesbania and maize-maize-sesbania) improved the carbon sequestration, soil min-
eral N, with reduced N2O emission and soil degradation.

In dryland areas, rainwater harvesting can help in mitigating the issue of climate 
change induced soil degradation in agro-ecosystem (Lal 2001). Maintaining the soil 
fertility can help in mitigating the problem of food security through increased food 
production under climatic variations (Wagstaff and Harty 2010). Adoption of eco- 
friendly sustainable agricultural approach can help in maintaining soil fertility and 
limit land degradation (Lovo 2016). Several practices such as use of cover crops, 
intercropping, crop diversification, and agroforestry can help in maintaining the 
agricultural production and soil conservation (Mensah 2015). Crop diversification 
can help in mitigating the climate change by providing options of increased diver-
sity of marketable produce, development of innovative approaches and better func-
tioning of agricultural system (McCord et  al. 2015). Intercropping with legumes 
and trees can help in root proliferation which will help in improving water and 
nutrient uptake (Lithourgidis et al. 2011). Soil fertility holds the key for sustainable 
management of agricultural systems for improved biodiversity and agricultural pro-
duction (Ponisio et al. 2015; Garbach et al. 2016). Furthermore, balance crop rota-
tions can also help in improving the soil health, soil organic matter buildup and 
carbon sequestration (Omonode et al. 2007). Crop rotation also helps in breaking 
the pest cycle, improve disease resistance and crop yield (Katsvairo and Cox 2000; 
Krupinsky et al. 2006). Furthermore, integrated livestock and crop production sys-
tems help in reducing the land degradation with improved soil health, fertility and 
better land utilization helping in increased economic benefit and thus can contribute 
towards social and environmental sustainability by lowering poverty and reduced 
use of chemical fertilizer and pesticides (Gupta et al. 2012). For instance, Devendra 
and Thomas (2002) reported that nutrient transfer from pasture to crop land through 
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Table 3 Climate change mitigation strategies

Region Strategy Description Reference

Andean 
regions

Biodiversity Quinoa It is highly nutritious and can grow on 
diverse climatic conditions and marginal 
lands with high economic returns

Ruiz et al. 
(2014)

Tanzania Soil conservation 
(Mulching, bund making 
and terracing) and 
agroforestry

A large number of farmers use terracing 
(28%), bund making (46%) and mulching 
(57%) to enhance soil productivity and 
replacing coffee with agroforestry to 
mitigate global warming effect

Mulangu and 
Kraybill 
(2013) and 
Kajembe et al. 
(2016)

Malaysia Irrigation scheduling, 
crop diversification, 
IPM, Conservation 
agriculture, better 
weather and climate 
information system

These adaptation strategies can help in 
reducing the negative effective of climate 
change on agriculture yield and will help 
in ensuring sustainable food production

Al-Amin and 
Ahmed (2016)

Ecuador Conservation payments 
to international C price

Reduce deforestation and GHG 
emissions

Ortega- 
Pacheco et al. 
(2019)

Sustainable 
intensification

Increased yield with reduction in 
emission of 161 GtC annually

Burney et al. 
(2010)

India Sustainable 
intensification (Rice- 
wheat- legume) and CA

Increased carbon sequestration, better 
soil health with higher food production

Samal et al. 
(2017)

India Diversified maize 
rotations

The higher SOC and mineral-N, with 
lower N2O fluxes and lower global 
warming potential with high food 
security and soil health were found in 
maize–wheat–mungbean and maize–
chickpea–Sesbania than in maize–maize–
Sesbania cropping system

Parihar et al. 
(2018)

Italy Precision Agriculture 
(PA) and conservation 
tillage (CT)

Minimum tillage and no-tillage reduced 
the soil carbon losses by 17% and 63% 
respectively than conventional tillage 
with reduced carbon emission. In 
addition, PA practices optimized the 
fertilizer and fossil fuel consumption. 
Adoption of PA and CT reduced the CO2 
emission by 56%

Cillis et al. 
(2018)

China Change of crop cultivar 
(13%), crop type (9%), 
soil management (16%) 
and planting dates (5%)

Crop diversification, crop variety, 
planting date and soil management were 
best suited adaption to climate change for 
better crop production and economic 
return

Kibue et al. 
(2015)

India Efficient fertilizer use Adoption of these cost effective strategies 
can reduce 50% of GHG emission

Sapkota et al. 
(2019)Zero tillage

Rice water management
Canada Organic waste 

managment
Application of organic waste of food 
industry to soil can help in reduction the 
cost of N fertilizer application by soil 
nitrate recycling and also reducte the 
GHGs emission

Rashid et al. 
(2010)
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manure substantially helps in maintaining soil fertility and crop yield. Livestock 
provides cheapest labor and efficient route to intensification through nutrient 
cycling.

Extensive work should be developed on the topic of climate change and potential 
implications for food safety, which include developing models (on the basis of the 
available information and on the generation of reliable new data) in order to obtain 
more information on the spatial distribution of risk determinants for food systems 
under different scenarios of climate change (Miraglia et al. 2009).

In conclusion, climatic variation can largely affect agricultural yields globally. 
However, understanding the previous impact of climate change and devising of new 
policies, introduction of new crops, crop rotations, crop and livestock integration 
can help in mitigating the adversities of climate change through reduced GHGs 
emissions, better soil fertility and agricultural yield.

6  Conclusion

The rise in food demand has led to intensification. The agricultural yields have 
increased to many folds during last 60 years with a little increase in agriculture land. 
This intensification has helped in meeting the food demand but it is deteriorating 
environmental integrity and also poses threat to social and economic sustainability 
as the agricultural yields will decline in future from the same crop land due to inten-
sification. Sustainable intensification can help in maintaining the agricultural pro-
ductivity without decreasing agricultural yield and ensuring food security along 
with social and economic sustainability. It can also help in reducing the GHG emis-
sions from agriculture. Climate change negatively affects food security with increase 
in GHG emission. However, sustainable crop and livestock intensification, crop 
diversification, intercropping, carbon sequestration can help in reducing the emis-
sions from agriculture and improving the food security situation.
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Integrating Conservation Into Agriculture

Amir Kassam

Abstract The intensification of tillage agriculture has been aimed to increase crop 
yields. However, this has also been causing degradation of agricultural lands and 
natural resources. In this regard, Conservation Agriculture (CA) is an alternate para-
digm, which integrate the conservation into agriculture and make that regenerative, 
conserving and resilient than the conventional tillage agriculture. CA is, thus, an 
ecosystem approach to improve and sustain productivity, and increase profits and 
resource base. In this chapter, some aspects of conservation that are integrated into 
agriculture when practicing CA are described. The potential of CA in improving 
productivity, economic, social and environmental benefits to farmers and the society 
at large have been discussed.

Keywords Biomass soil mulch cover · Conservation Agriculture · Land 
degradation · Tillage agriculture

1  Introduction

We have been aware of the degradation of agricultural lands and natural resources 
caused by conventional tillage agriculture since the days of the ‘Dust Bowles’ in the 
American mid-west since the 1930s and 1940s. Despite this, tillage agriculture has 
continued to become more and more intensified over the years, and any attention to 
soil health management has been mainly related replenishing plant nutrients in the 
soil with mineral fertilizers. The history of agricultural development tells us that the 
intensification of tillage agriculture has been driven mainly by the need to increase 
crop yields along certain lines of thinking, often referred to as the Green Revolution 
mind-set, namely: to increase crop yields, inputs, particularly of agrochemicals to 
feed and protect the crop, must be increased, and the genetic make-up of the seeds or 
crops should be such that they are able to respond to increased production inputs and 
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produce a high yield. Little concern has been directed to the fact that  mechanical 
tillage at any level of agricultural development and farm power availability leads 
over time to destruction of soil health and function because of the damage to soil 
biology, soil organic matter and soil structure and porosity. Similarly, little concern 
has been paid to the destruction of the natural enemies of pests in modern agriculture 
through the application of heavy doses of biocides. Over time, and particularly since 
the WWII, modern farming has become a destructive force towards nature and 
towards ecosystem functions and services. In general, it would be true to say that 
modern tillage farming has led to the degradation and loss of the natural resource 
base, including biodiversity in the soil, in the cropping system and above the ground, 
and in the landscape (Pretty 2002). It has also led to high levels of soil erosion, water 
pollution and loss of ecosystem societal services such as clean water, carbon seques-
tration, carbon, nutrient and water cycling, regulatory processes, habitats for wildlife 
and natural enemies of pests, pollination services etc. (Kassam et al. 2013). Estimates 
vary but as a result of soil tillage, agricultural lands have been lost or abandoned at 
annual rates of around 7–12 M ha per year over the past 70 years (Montgomery 
2007; Gibbs and Salmon 2015). A recent study puts the annual global cost of land 
degradation due to land use and cover change at 300 billion USD (Khonya et al. 2016).

Thus, overall, it would seem that modern conventional agriculture has done little 
to explicitly integrate conservation into agriculture as the main focus has been on 
increasing crop and livestock production, in terms of both yields and factor produc-
tivity in rainfed and irrigated agriculture based on the narrow Green Revolution 
approach of genetic improvement and agrochemical inputs to feed and protect crops 
and livestock. However, while the multi-lateral and bilateral donors and multi- 
national seed and agrochemical companies have been promoting the Green Revolution 
paradigm, farmers in different parts of the world have also been reacting to address 
and overcome the inherent degradation consequences. They along with extension 
agronomists and machine companies began to replace intensive tillage with no-till-
age and introduce soil and water conservation practices that eventually led to an 
alternate paradigm now generally referred to as Conservation Agriculture (CA).

This chapter elaborates on some of the aspects of conservation that are integrated 
into agriculture when practicing CA. Being a new paradigm, its potential in this area 
remains to be more fully unlocked through scientific research and farmer practice. 
However, enough is known about CA from global scientific and empirical evidence 
to be able to describe how conservation is integrated into agriculture in CA systems, 
and how this leads to productivity, economic, social and environmental benefits to 
farmers and to society.

2  What Is Conservation Agriculture?

FAO defines CA as an approach to managing agroecosystems for improved and 
sustained productivity, increased profits and food security while preserving and 
enhancing the resource base and the environment (Kassam et al. 2009; FAO 2011). 
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CA is characterised by the practical application of three linked principles, along 
with other context-specific complementary good agricultural practices of crop and 
production management, namely:

 1. Continuous no or minimal mechanical soil disturbance (implemented by the 
practice of no-till seeding or broadcasting of crop seeds, and direct placing of 
planting material into untilled soil; and causing minimum soil disturbance from 
any cultural operation, harvest operation or farm traffic);

 2. Maintenance of a permanent biomass soil mulch cover on the ground surface 
(implemented by retaining crop biomass, root stocks and stubbles and cover 
crops and other sources of ex situ biomass); and.

 3. Diversification of crop species (implemented by adopting a cropping system 
with crops in rotations, and/or sequences and/or associations involving annuals 
and perennial crops, including a balanced mix of legume and non-legume crops).

CA systems are now in existence in all continents in all land-based agriculture, sup-
porting the notion that CA principles are universally applicable to all agricultural 
landscapes and land uses with locally formulated and adapted practices. The three 
individual principles when applied concomitantly constitute the ecological founda-
tion of CA production systems. If the three principles are applied separately, they do 
not constitute a CA system. For example, use of no-till practice on its own does not 
qualify the production system to be CA based, unless it is linked to the application 
of the other two practices of soil mulch cover and diversified cropping. Generally, 
CA practices provide a sustainable foundation upon which to overlay other comple-
mentary practices that can strengthen the system further in terms of integrated crop, 
soil, nutrient, water, pest, labour, energy and farm power management. In some 
instances, controlled traffic can add further resilience and stability to the production 
and land management system.

In 2015/2016, CA covered some 180 M ha of global cropland, corresponding to 
12.5% of the global cropland area (Kassam et al. 2018). Since 2008/2009, the crop-
land under CA has been increasing at an annual rate of some 10 M ha. While much 
of the spread is concentrated in North and South America and Australia, CA has also 
been spreading in Europe, Asia and Africa as more attention is directed to under-
standing its relevance in sustainable agriculture and land management. CA is now 
practiced in all agro-climatic regions, by small-scale and larger-scale farmers, and 
has shown to be beneficial with any farm power, manual, animal traction or motor-
ized. About half of the CA area is in the low income regions and half in the indus-
trialized regions.

Soil erosion and land degradation is a common consequence of tillage agricul-
ture regardless of the tillage implement used. Loss of top soil, loss of structure, loss 
of soil health and function and soil compaction can be caused by regular soil tilling 
using a hand hoe, or animal drawn or motorised implements such as simple ards and 
tines to inversion ploughs as well as non-inversion tillage implements such as disc 
harrows and rippers. Motorized rotovators and roto-tillers pulverise the top soil to 
the depth of 10–15 cm across 100% of the crop area. The resulting loss of productiv-
ity was the main driver that made farmers in North and South America in the 1960s 
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and 1970s to move away from tillage and adopt the practice of no-till with stubble 
mulching to establish crops. Over time, retaining more ground mulch cover and 
diversified cropping were found to be important and became popular because of 
their role in increasing soil organic matter and improving soil health and function. 
In many geographical areas such as in Brazil, USA and Australia, this way of agri-
cultural land management also led to regenerating or rehabilitating degraded or 
abandoned agricultural lands, including extending farming into marginal drylands 
that were considered too risky (Kassam et al. 2013).

There have been other drivers that have led the farmers in all continents to adopt 
CA. These have included: (1) increasing cost of agrochemical, energy and labour 
inputs along with decreasing productivity (use and output efficiency) and pollution 
of the environment; (2) biodiversity loss and land-mediated ecosystem societal ser-
vices such as clean water, carbon sequestration, pollination services; (3) increased 
vulnerability to climate change and poor ability to contribute to climate change 
mitigation; and (4) poor ability to serve the needs of resource poor smallholders.

Unlike the conventional tillage agriculture with its bare and unprotected soil sur-
faces, CA offers to all farmers a way to sustainably manage agricultural lands and 
production, with minimum negative externalities. In the industrialised nations, con-
ventional tillage agriculture involves a strong tendency towards mono-cropping and 
heavy use of agrochemicals causing pollution, leading to sub-optimal yields and 
low return to investments, and to poor climate change adaptability and mitigation. 
Thus, CA appeals to a wide range of farmers because it is regenerative and much 
more self-protecting, with greater yields and yield stability as well as higher factor 
productivity, thus better and more reliable income. For smallholders’ livelihoods, 
these benefits are extremely important for sustaining a decent quality of life.

3  What Is ‘Conserved’ When Practicing Conservation 
Agriculture?

In light of the above, it would not be an exaggeration if one were to conclude that 
with conventional tillage agriculture, there is no explicit attempt to integrate conser-
vation into agriculture. The resulting agriculture production systems at any level of 
development are all generally unsustainable (Montgomery 2007; Kassam et  al. 
2013, 2017). The end points with any form of tillage-based agricultural systems are: 
(1) soil erosion, land degradation and abandonment of agricultural land; (2) loss of 
land productivity and land potentials; (3) loss of biodiversity and environmental 
quality; and (4) dysfunctional agroecosystems and loss of ecosystem societal 
services.

The opposite is true with CA systems because CA pays attention to establishing 
a dynamic ecological foundation of production systems such that the natural 
resource base and its agricultural potential and ecosystem functions are conserved, 
enhanced and maintained at the optimum level. This means that all three CA prac-
tices work together along with complementary good agricultural practices to offer 
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an optimal performance of maximum efficiency, adaptability and resilience (and 
profitability and stability) and maximum output with minimum input (FAO 2011, 
2016; Kassam et al. 2013).

CA has often been described as being a resource-conserving sustainable produc-
tion paradigm (FAO 2011). The following sections elaborate four aspects of CA 
production systems and land management that reflect the integration of this 
resource-conserving feature in CA systems. These are: (1) soil health and biology; 
(2) relationship between healthy soil and crop response; (3) biodiversity above, 
below and at the ground surface; and (4) ecosystem societal services.

3.1  Soil Health and Biology in CA Systems

Soil health has been defined as the capacity of soils to function as a living system 
within ecosystem and land use boundaries, to sustain plant and animal productivity, 
maintain and enhance water and air quality, and promote plant and animal health. 
Soil health emphasises a unique property of biological systems, since inert compo-
nents cannot be sick or healthy. Management of soil health means management of 
the living portion of the soil to maintain essential functions of soil to sustain plant 
and animal productivity and health (FAO 2008).

Conservation Agriculture makes a special effort to enhance and sustain soil 
health because it encourages soil life to flourish and soil biology to function in a 
manner that leads to the creation of the soil as a living biological system. Such a 
system is inhabited by all kinds of microorganisms including protozoa, fungi, bac-
teria, viruses, and mesofauna such as earthworms and arthropods including insects 
such as termites, ants, spiders, beetles and bumble bees. In conventional tilled soils 
with low organic matter, soil life is minimal.

CA is particularly beneficial to below ground soil biota and biodiversity which is 
believed to improve four main aggregate ecosystem functions (Swift et al. 2008): (i) 
decomposition and humification of organic matter and root exudates brought about 
by the enzymatic activity of bacteria and fungi, and facilitated by soil animals such 
as mites, millipedes, earthworms and termites; (ii) nutrient cycling which is closely 
associated with organic decomposition, with transformations mediated through 
microorganisms; (iii) soil structure maintenance through the activities of plant roots, 
earthworms, termites, ants and some other soil mesofauna in the soil that form chan-
nels, pores, aggregates and mounds, and moving particles from one horizon to 
another; and (iv) disease and pest control through for example the regulations of 
activities of pathogens by the microbiovore and micropredator portions of the soil 
biota that feed on microbial and animal pests respectively.

Fungi such as mycorrhiza and earthworms and termites find it almost impossible 
to survive, and optimal relationships between various microorganisms are never 
established. For example, glomalin, sugar-protein, serves as a ‘biological cement’ 
that is essential in the formation of micro and macro aggregates and in aggregate 
stability and for soil structure and porosity. Glomalin plays an important role in 
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carbon sequestration and in the creation of soils that behave like water sponges, 
holding maximum amount of water while maintaining high infiltration and drainage 
rates. Glomalin is produced by mycorrhiza in healthy undisturbed soils. Similarly, 
earthworms are essential in incorporating surface crop biomass into the soil, creat-
ing soil aggregates and adding biological nitrogen to soils. They also create a net-
work of stable biopores in the soil which contributes to drainage, aeration and 
growth of roots. Thus, there appears to be a large list of functions carried out by soil 
microorganisms and many of these play beneficial roles in agricultural production 
and in soil and water conservation and in nutrient retention and carbon sequestration.

In terms of its effect on soils, CA adds up to 1 mm soil per year; organic matter 
and soil biota increases at about 0.1–0.2% per year until reaching a saturation, after 
which organic matter is still required to maintain the plateau level as losses continue 
to occur through microbial activity; a diversity of rooting systems from a diversified 
crop rotations and associations provide for more efficient use of soil nutrients and 
biologically fixed nitrogen; soil structure through the workings of a diverse set of 
microorganisms is more stable and porous with lower bulk density and higher cation 
exchange capacity, and soil erosion and degradation is stopped or reversed (see 
Fig. 1).

The effect of CA on water include: fuller recharge of aquifer (permanent soil 
pore structure due to soil biodiversity, plant roots and root exudates maintaining the 
soil micro and macro pores); improved water quality (less leaching and erosion due 
to surface protection with plant organic matter cover from a diverse source of crops); 
more soil available water to crops due to higher soil organic matter (SOM) (1% 
SOM = 150 m3/ha); reduced surface water losses (decrease in soil evaporation); and 
better water efficiency (crop water requirements decrease by some 30%) and 
increased water productivity (more crop per drop). Additionally, there is a signifi-
cant reduction in flood risk under CA. This is because water infiltration rates under 

Fig. 1 Soil comparison in a farmer’s trial – Clods of topsoil from adjacent plots, Parana, Brazil. 
(Photo credit: Francis Shaxson)
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CA are more than 120 mm/h compared to 20 or 30 mm/h for soils under tillage- 
based farming. Similarly, there are beneficial impacts of the diversified CA crop-
ping system on weeds, pathogens and insect-pests, reducing overall use of pesticides; 
and CA-based agrobiodiversity above and below the ground surface contributes to 
climate change adaptation and resilience of the production system, and to climate 
change mitigation due to greater carbon sequestration and lower greenhouse gas 
emission.

3.2  Biodiversity Above the Ground Surface in CA Systems

All the three defining interlinked CA practices promote biological control of pests 
(weeds, insects, pathogens), and lend themselves to additional complementary inte-
grated pest management practice. CA systems promote the enhancement of biodi-
versity at and above the ground surface as well as below the ground level. The 
biodiversity in the diversified cropping system, the continuous ground cover with 
biomass mulch and the minimum mechanical soil disturbance all contribute to set-
ting up food webs above the ground surface as well as below the ground surface.

Weeds are suppressed through weed seeds rotting away in undisturbed soils and 
cover crops and biomass mulch as well as crop rotations and associations suppress 
weed infestation and growth. For example, CA-based push-pull pest control (Fig. 2) 
provide good control of maize stem borer which are pushed by Desmodium under 
sown cover crop from the maize field to Napier grass or Brachiaria grass planted at 
the field boundary which serves to attract the stem borer to lay eggs inside their 
stems. When the larvae are hatched, they are killed by the exudate from the host 

Fig. 2 Yield response to nitrogen fertilization in wheat in Portugal. Values in italic represent the 
economically optimal N-fertilization rate and the respective yield for the different levels of 
SOM. The dashed green line is the modelled yield response for a SOM level of 3%. (Source: 
Carvalho et al. 2012)
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plants. The Desmodium cover crop also wipes out the parasitic weed Striga, and 
pumps into the soil biologically fixed nitrogen, as well as improves soil structure 
and its water retention capacity (Khan et al. 2017).

In other CA systems, natural enemies of pest are nurtured through the existence 
of biomass soil mulch cover which promotes tiny neutral arthropods upon which 
natural enemies of pest feed. Such habitats within CA cropping system serve to 
retain natural enemies of pest in readiness to protect the crop should there be a 
pest attack.

In the case of weeds, a crop intercropping association involving of multi-purpose 
cover crop such as Dolichos or Mucuna or pumpkin can offer effective protection 
against weed infestation (Owenya et al. 2011). Equally, crop rotations have been 
shown to be effective in reducing the number of weed species and their density 
(Anderson 2015). There are reports of alellopathic control of weeds infestation too 
through the use of appropriate crop combination and including allelopathic crops in 
the associations and rotations (Farooq and Siddique 2015).

Farmers have also shown that through planting green, which involves crimper 
rolling a cover crop, it is possible to seed the next crop without the use of herbicides. 
This approach has been shown to work for smallholder and for large-scale farmers 
(Gullickson 2018; Duiker 2017).

The main benefit from the above features of CA systems is greater natural self- 
protection and resilience, deceased cost of pesticides and reduced pollution of the 
environment. Additionally, due to minimum or no mechanical disturbance of the 
soil at ground level and the availability of biomass and stubble protection, wildlife 
including ground nesting birds and hares also benefit. So not only agricultural bio-
diversity is enhanced and conserved in CA systems, but also wild and natural biodi-
versity is enhanced and conserved too.

3.3  Relationship Between Healthy Soil and Crop Response 
in CA Systems

Microorganisms including bacteria and fungi in healthy soils play an important role 
in mobilizing nutrients in the soil, such as phosphorus, improving their availability 
to plants. Nitrogen fixing bacteria add to nitrogen availability, and some microor-
ganisms individually and in combination are known to influence gene functions, 
resistance to insect pest and pathogens, and can even reduce weed infestation.

In CA systems soil organic matter increases over time and so does soil’s ability 
to retain nutrients and water. In fact, as organic matter builds up, crop response to 
applied nitrogen changes such that less nitrogen is needed for the same yield. In 
Portugal, it was shown by Carvalho et al. (2012) that with a soil under conventional 
tillage containing 1% soil organic matter it took 160 kg N ha−1 to produce 3 t ha−1 
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of wheat grain (Fig. 2). However, when the same soil built up 2% soil organic matter 
through continuous CA, 3 t ha−1 yield was obtained with 37 kg N ha−1. A crop mod-
elling exercise showed that at 3% soil organic matter content, a yield of 3.5 t ha−1 
would be achieved without any application of N.

Transforming a tillage-based production system to a CA-based system is a time- 
related biological process. When implemented correctly, CA systems offer a range 
of benefits in terms crop and cropping system response that correspond to the mobi-
lization of greater crop and land potentials, and actual crop and land performance. 
The intensity and range of benefits generally increase over time as new and healthier 
soil productivity and resource conservation equilibrium is established, including:

Higher and stable yields, factor productivity and profit:

Increased yields, factor productivity, farm production and profit, depending on 
the level of initial degradation and yield, and the agroecological potential of the 
location (Basch et al. 2012; Soane et al. 2012; Jat et al. 2014; Li et al. 2016; Kassam 
et al. 2013, 2017).

Higher nutrient productivity:

A 50% or more decrease in fertilizer required if already applying higher rates, 
and greater nutrient productivity with increased soil organic matter level. In cases 
where mineral fertilizers are not available, integrated nutrient management can pro-
vide the required nutrition from local sources (Sims and Kassam 2015; Lalani et al. 
2016, 2017; Kassam et al. 2017).

Lower or no use of pesticides (herbicides, insecticides, fungicides):

A 20–50% decrease in pesticides if already applying higher rates, and greater 
output per unit of pesticide applied. Where pesticides are not used or available, 
integrated pest management built within CA cropping systems can achieve adequate 
control with less labour and cost (Lindwall and Sonntag 2010; Lalani et al. 2016, 
2017; Khan et al. 2017).

Lower use of fossil fuel, labour, time and machinery:

Up to 70% less machinery, energy and labour cost. In manual production sys-
tems there can be a 50% reduction in labour requirement as there is much less 
labour required for seedbed preparation and weeding (Sims and Kassam 2015; 
Freixial and Carvalho 2010) (Table 1).

Decreased erosion and runoff and improved soil water balance:

Decreased soil erosion and water runoff, increase water infiltration, water reten-
tion and up to 40% reduced water requirement and increased water productivity in 
rainfed and irrigated conditions (Derpsch 2003; Basch et al. 2012; Jat et al. 2014; 
Nkonya et al. 2016; Vlek et al. 2017; Fig. 3).
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Fig. 3 Erosion and runoff on conventionally tilled bare soil near Cordoba, Spain.
(Photo credit: Francis Shaxson)

Table 1 Summary of annual expenses for maintenance and repair of tractors and of tillage/drilling 
implements, for fuel and labour for a farm near Évora, South Portugal

Summary of annual expenses
Conventional tillage 
(year 2000)

No-till (year 
2003)

Reduction 
(%)

Maintenance and repair of tractors 10.450,47 € 1.507,15 € 85
Maintenance and repair of tillage/
drilling implements

8.158,41 € 1.840,40 € 77,5

Fuel 17.460 € 7.110 € 60
Labour 25.000 € 15.000 € 40
Total annual 61.068,88 € 18.347,55 € 70

Source: Freixial and Carvalho (2010)
Farm power – 4 tractors with 384 HP under tillage and 2 tractors with 143 HP under no-till

Increased biomass and greater livestock carrying capacity:

More biomass (along with greater yields) becoming available for livestock with 
time as soil health improves, thus decreasing the initial ‘conflict situation’ and 
opening up the possibility of increased livestock carrying capacity and stocking 
rates (Landers 2007; FAO 2009, 2012, 2013; Owenya et al. 2011). However, pro-
duction of livestock is not a necessary component of sustainable agriculture nor can 
it be assumed that is it a core element of responsible production and consumption.
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3.4  Ecosystem Societal Services from CA Systems

Conventional tillage agriculture systems are known for their destruction of the soil 
and most of the soil- and landscape-mediated ecosystem services which farming 
communities and rural and urban societies require and rely upon for their liveli-
hoods and as part of their life support system. Ecosystem functions and services are 
provided by nature to societies as well as to the living world as a whole. Four types 
of services are recognized – supporting services such as soil formation, water, nutri-
ent and carbon cycling, natural vegetation, general circulation of atmospheric, etc.; 
regulatory services such as groundwater flows, aquifer recharge, stream flows etc.; 
provisioning services such as tangible ‘goods’ that result from supporting and regu-
latory services such as clean water resources and supplies, carbon sequestration, 
biological nitrogen fixation, control of soil erosion and degradation, pollination ser-
vices etc., and cultural services such as sacred natural sites and phenomena, recre-
ational areas, conservation areas for nature and wildlife etc. These ecosystem 
services function at the farm level in the individual fields (in-situ) as well at the 
landscape level (ex-situ) covering large landscapes and watersheds, and even prov-
inces Examples of in-situ and ex-situ ecosystem services resulting from CA-based 
land use are provided by Kassam et al. (2013).

Conventional tillage agriculture through soil and landscape erosion and degrada-
tion leads to dysfunctional provisioning, regulatory and supporting ecosystem ser-
vices. In the industrialized and low income countries, tillage agriculture has led to 
large scale wind and water erosion, soil and land degradation, pollution of ground 
water and water bodies including dead zones in the oceans, inland water bodies and 
in underground aquifers, destruction of agricultural birds, chemical contamination 
of domestic and irrigation water supplies, increased risks of flooding, increased 
sediment load in streams and rivers. Agriculture is also regarding as a major source 
of greenhouse gasses as a result of the use of fossil fuel for agricultural operations, 
emission of CO2, CH4 and N2O particularly from agricultural soils, and from agri-
culture driven deforestation.

On the other hand, CA systems have the ability of minimizing the negative 
impact on ecosystem services because with CA it is possible to farm more closely 
with nature than against nature. A greater range of soil functions and soil-mediated 
ecosystem services include:

Adaptability to climate change:

Greater adaptability to climate change in terms of more stable yields, and lower 
impact of climate variability (Thierfelder et al. 2015; Kassam et al. 2017; Gonzalez- 
Sanchez et al. 2017a, b).

Climate change mitigation:

Increased contribution to climate change mitigation from enhanced soil carbon 
sequestration, reduced greenhouse gas emissions, and decreased use of fossil fuel 
(Haugen-Kozyra and Goddard (2009). Additionally, lower carbon and environmental 
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footprint due to reduced use of manufactured inputs such as agrochemicals and 
machinery (Basch et  al. 2012; Corsi et  al. 2012; Gonzalez-Sanchez et  al. 2012, 
2017a, b).

Lower environmental cost to society:

Lower environmental cost to society from decreased levels of water pollution, 
and damage to infrastructure such as roads, bridges and riverbanks as well as water 
bodies due to reduced erosion and floods (ITAIPU 2011; Mello and van Raij 2006; 
Basch et al. 2012; Nkonya et al. 2016; Vlek et al. 2017).

Rehabilitation of degraded lands and ecosystem services:

Rehabilitation of degraded lands and ecosystem services from all agricultural 
land under use, as well as from abandoned agricultural land in which the eroded 
topsoil and the soil profile can be rebuilt (Kassam et al. 2013).

Opportunity for establishing large scale ecosystem service programmes:

Greater opportunity for establishing large scale, community-based, cross- 
sectorial ecosystem service programmes such as the watershed services programme 
in the Parana Basin in Brazil (ANA 2011; ITAIPU 2011; Mello and van Raij 2006; 
Kassam et al. 2013).

4  Concluding Comments

CA represents a new way of thinking – an alternate paradigm – about integrating 
conservation into agriculture that is regenerative, conserving and much more resil-
ient that conventional tillage agriculture. CA is based on an ecosystem approach to 
sustainable agriculture production and land management and by definition inte-
grates conservation into agriculture by emulating nature as much as possible which 
results in greater output, productivity and profit as well as the harnessing of ecosys-
tem societal services. This is because CA systems aim at optimization and try to 
maximize output with minimum inputs. This is not the case with conventional till-
age agriculture which has not been able to move away from high input-dependent 
agriculture that has led to top soil loss and agricultural land degradation globally. 
Conventional tillage systems are vulnerable to climate change and are not fully able 
to adapt to climate change nor can they mitigate climate change as they cannot con-
vert the soil into a sink for carbon. The opposite is true for CA systems.

CA principles are applicable to all land-based production systems, including 
rainfed and irrigated, annual and perennial systems, mixed crop-livestock systems, 
orchards and plantation, organic systems, rice-based systems, agroforestry and pas-
ture and rangeland systems. In all these systems CA provides an ecological founda-
tion for sustainable production, making the systems resource conserving and 
regenerative. Some of the benefits of CA systems to farmers and society are not 
available from conventional tillage systems, and the erosion and degradation cannot 
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be stopped unless farmers move away from tillage agriculture in to productive and 
climate smart CA systems.

While much needs to be discovered about CA systems, enough is known to show 
that conventional tillage systems have run their course and their productivity and 
profitability are no longer optimal. Sustainable production intensification in the 
future must be based on CA systems as they are adapted to smallholder as well as 
large-scale farmer, rich and poor farmer, women and men farmers, and offer ways 
to rehabilitate degraded and abandoned agricultural lands.
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Abstract Agriculture in the current era is highly dependent on chemical fertilizers, 
pesticides and weedicides. Excessive applications of these chemicals on crop plants 
has increased the production cost, jeopardized the environment and has depleted the 
non-renewable resources. Potential threats to non-renewable resources and soil, 
water, air environments have led to seek alternative approaches for sustainable crop 
production and clean environment. To lessen these adversaries, not only scientific 
community, but industry and farmers are also continuously involved in research, 
development and adoption of new sustainable technologies. The tiny organisms in 
rhizosphere have shown their potential to play ubiquitous role in sustainable agri-
cultural development and have been in continuous use since over the last century. In 
this chapter, different aspects of microbial applications for sustainable agriculture 
are elaborated. Applications of bacteria-containing biofertilizers, their types and 
benefits to crops have been discussed. Reports on plant growth promotion through 
phytohormones, siderophores and enzymes production by rhizobacteria are also 
detailed. Moreover, sustainable control of plant diseases through biocontrol and 
amelioration of abiotic stresses including; drought, salinity, climate change and 
heavy metals by using rhizobacteria are also encompassed in this chapter.
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1  Introduction

Agriculture is the mainstay of economies around the world. The livelihood of peo-
ple does substantially rely on agricultural products in such economies. Because of 
intensive nature of today’s agricultural practices, it happened to be a high input 
agriculture and costly as well. This high input agriculture has threatened the whole 
biogeochemical cycle. The imbalanced use of chemical fertilizers, pesticides, wee-
dicides, fungicides has led to the development of an alarming situation by polluting 
soil, edibles and atmosphere. The future of agriculture, especially in developing 
countries is under threat because of a speedy decline in natural resources particu-
larly the reserves of rock phosphate and fossil fuel (Clair and Lynch 2010). As a 
result, agriculture at time is not sustainable and is leading towards unwise and 
unjustified use of non-renewable resources. To cope with this alarming situation a 
sustainable agricultural approach is a need of the hour.

Soil bacteria known as Plant Growth Promoting Rhizobacteria (PGPR) have 
shown potential for sustainable agriculture. Plant growth-promoting rhizobacteria 
(PGPR) were first defined by Kloepper and Schroth (1978) as the bacteria inhabit-
ing the rhizosphere, colonizing the roots when they are inoculated on the seeds and 
have the ability to improve plant growth (Aziz et  al. 2012). Recently these eco-
friendly microbes have also been recognized as a tool for combating abiotic stresses 
in crops (Jha and Subramanian 2018). Weller and Thomashow, (1994) reported that 
rhizosphere is rich source of nutrients and root exudates as a result number and 
diversity of bacteria is also rich in this zone generally 10–100 times as compare to 
bulk soil. Bacteria, fungi, actinomycetes, protozoa, and algae generally colonize in 
surrounding of the roots. However, bacteria are the most predominant microbes 
existing in the rhizosphere (Kaymak 2010). On the basis of occupancy, PGPR could 
be categorized in to (i) ectorhizospheric (ii) rhizoplanic or (iii) endo-rhizospheric 
(Gray and Smith 2005). Later on, PGPR were classified into extracellular plant 
growth promoting rhizobacteria (ePGPR) and intracellular plant growth promoting 
rhizobacteria (iPGPR) (Viveros et al. 2010). The ePGPRs may exist in the rhizo-
sphere, on the rhizoplane or in the spaces between the cells of root cortex while 
iPGPRs locate generally inside the specialized nodular structures of root cells. Out 
of total rhizospheric bacteria, a small fraction (2–5%) may be plant growth promot-
ers (Antoun and Prevost 2005). The PGPRs have diversified bacterial species, how-
ever the predominant are species of Bacillus and Pseudomonas (Podile and Kishore 
2006). These microbial populations, when inoculated, enhance plant growth which 
is a proven fact (Nehra 2011; Bhattacharyya and Jha 2012).

The success of inoculation depends on (i) survival of inoculated bacteria on seed, 
(ii) ability to reproduce in the spermosphere (region around seed), (iii) ability to 
attach to the phyllo sphere and (iv) the ability of inoculated bacteria to colonize the 
extending root system (Kloepper 1993) and of course the inoculation method. Most 
of the time, PGPR fail in the field due to incapability to survive and colonize plant 
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roots (Bloemberg and Lugtenberg 2001). Basically this colonization process is con-
trolled by a variety of bacterial traits and specific genes. These traits include; motil-
ity, chemotaxis in response to seed and root secretions, production of pili or fimbriae, 
production of cell surface components, protein secretions and quorum sensing. Now 
the mutants are being generated to study the expression of these traits in order to 
comprehend the involvement of these traits in colonization process (Lugtenberg 
et al. 2001). To detect gene expression during colonization, reporter transposons and 
in vitro expression technology (IVET) are being employed (Roberts et  al. 1998; 
Rainey 1999). The location of individual rhizobacteria and its metabolic activity in 
the rhizosphere can be monitored by using molecular markers such as green fluores-
cent protein, gfp, rfp, lux, gus or fluorescent antibodies and by using confocal laser 
scanning microscopy (Bloemberg et al. 2000). By combining these techniques with 
an rRNA-targeting probe it was revealed that bacteria colonized at the root tip were 
most active (Lübeck et al. 2000).

The PGPR can increase the plant growth either directly or indirectly (Glick 1995; 
Akhtar and Siddiqui 2009) through various mechanisms. The direct modes of action 
include; nitrogen fixation, solubilization of phosphorous and various other minerals 
(e.g. K, Zn), phytohormone production and reducing the level of ethylene by pro-
ducing ACC- deaminase (Vessey 2003; Ahemad and Kibret 2014). The rhizobacte-
ria with these direct mechanisms act as biofertilizers or Phytostimulators in the 
absence of plant pathogens (Lugtenberg and Kamilova 2009). On the other hand, 
some PGPR improve plant growth indirectly by suppressing plant pathogens (espe-
cially soilborne plant pathogens) using different mechanisms (Labuschagne et al. 
2010). So, the beneficial rhizobacteria can promote plant growth as well as plant 
health through environment friendly way (Calvo et al. 2014). For decades, a large 
number of PGPRs have been investigated and some of them have been marketed as 
biofertilizers/bio pesticides, including the Genera: Pseudomonas, Bacillus, 
Azosprillum, Azobacter, Enterobacter, Klebsiella, Variovorax and Serratia (Glick 
2012).

The interactions of PGPR with plants have been used commercially (Podile and 
Kishore 2006) and is very applicable for sustainable agriculture. These bacteria 
have been reported to interact with a variety of crop plants including maize, wheat, 
oat, barley, peas, canola, soy, potatoes, tomatoes, lentils, radicchio and cucumber 
(Gray and Smith 2005). There is a strong growing market for microbial inoculants 
worldwide with an annual growth rate of approximately 10% (Berg 2009). So it’s a 
scientifically and technologically proven fact that PGPR can be applied for sustain-
able crop production and for environment friendly agricultural practices. To high-
light the applied aspects of microbes and their potential as biological agents for 
fertilization and disease control a thorough review has been done. In current review, 
five different applications of microbes (bacteria) for sustainable agriculture have 
been discussed. These applications included: (i) biofertilizers, when they are used to 
enhance nutrient availability (ii) Phytostimulators, helping in plant growth via plant 
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growth regulators (iii) bio pesticides, while protecting plants from phytopathogens 
(iv) as Bioremediators, their application for cleaning the soil polluted with heavy 
metals and (v) abiotic stress ameliorators, when rhizobacteria are being employed 
for reducing the risk of abiotic stress conditions.

2  Historical Perspectives

The involvement of rhizobacteria in plant growth promotion is historical and inocu-
lation of plants with useful bacteria is not a new idea, it goes back to many centuries. 
The benefits of growing legumes before non-legumes were well known to farmers 
by experience. In late nineteenth century, the rhizobium inoculants were used in 
USA for the first time as a biological fertilizer named as ‘Nitragin’ and subsequently 
this practice was used with legumes in many countries (Bagnasco et  al. 1998). 
Kloepper and Schroth (1978) for the first time used the term “plant growth promot-
ing rhizobacteria (PGPR)” for these beneficial bacteria.

The practice of mixing “naturally inoculated” soil with seeds became a recom-
mended method of legume inoculation in the USA by the end of the nineteenth 
century (Smith 1992). A decade later, the Rhizobium sp. was registered for plant 
inoculation, as the first patent (“Nitragin”) (Nobbe and Hiltner 1896). Ultimately, 
rhizobia inoculation to legumes became common practice. Many small companies 
are producing Rhizobium inoculants in different countries since centuries. In Brazil 
for example nitrogen fertilization is done through Rhizobia (Döbereiner et al. 1994). 
Similarly, rhizobial inoculants were contributing significantly to legume production 
in Australia, New Zealand, Egypt, South Africa, North America, Eastern Europe 
and somewhat in Southeast Asia. In the USA, Brazil, and Argentina however inocu-
lation of soybean made a major agricultural impact. Inoculant technology has not 
been much successful in Asia, Africa, and Central and South America due to poor 
quality of inoculants (Eaglesham 1989). In the 1930s and 1940s Azotobacter inocu-
lation was done on a large scale in Russia. But this practice could not bring notice-
able results, so it was abandoned at that time (Rubenchik 1963). In 1930s Bacillus 
megaterium was used for phosphate solubilization on large scale in Eastern Europe 
(Macdonald 1989). Two major advancements in biofertilizer technology occurred in 
the late 1970s (1) Plant growth and yield of non-legumes was improved signifi-
cantly with inoculation of Azospirillum (Döbereiner and Day 1976), due to its direct 
effect on plant metabolism (Bashan and Holguin 1997), and (2) Pseudomonas fluo-
rescens and P. putida were largely investigated and proven to be effective biocontrol 
agents (Défago et  al. 1992; Kloepper and Schroth 1981; Glick 1995; Glick and 
Bashan 1997). At the end of twentieth century other bacteria like Bacillus, 
Flavobacterium, Acetobacter, and several other microorganisms were also investi-
gated to be potential PGPR (Kloepper 1994; Tang 1994; Tang and Yang 1997). The 
first commercial inoculant of PGPR (Free living or associative rhizobacteria) was 
only possible at the end of last century (Fages 1992; Tang 1994; Tang and Yang 
1997).
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3  Application of Microbes as Nutrient Mobilizers 
(Biofertilizers)

Biofertilizer is a substance which contains living microorganisms and promotes 
growth by increasing the supply or availability of primary nutrients to the host 
plant, when applied to seeds, plant surfaces, or soil (Vessey 2003). Bio-fertilizers 
provide “eco-friendly“organic agro-input. Biofertilizer technology has shown 
promise for integrated nutrient management through biological N fixation (BNF) 
and improving P availability to crops. Bio-fertilizers, containing Rhizobium, 
Azotobacter, Azospirillum and blue green algae (BGA) have been in use since a 
long time. Rhizobium inoculant is used for leguminous crops. One of the rhizobac-
teria ‘Azotobacter’ is used for the inoculation of crops like wheat, maize, mustard, 
cotton, potato and other vegetable crops. Another very promising rhizobacteria 
Azospirillum is generally recommended for inoculation onto sorghum, millets, 
maize, sugarcane and wheat. Nitrogen fixing cyanobacterial genus, Nostoc or 
Anabaena or Tolypothrix or Aulosira (Blue green algae) are used as inoculations for 
paddy crop. One of the blue green algae ‘Anabaena’ can fix N up to 60 kg/ha/sea-
son in association with water fern Azolla. Biofertilizers can be classified on the 
basis of basic nutrient they provide to the crops. Three major classes are described 
in the paragraphs below.

3.1  Nitrogen Biofertilizers

Nitrogen (N) is the most essential and primary macronutrient for plants. Nitrogen- 
fixing microorganisms can transform atmospheric nitrogen into available nitrogen 
(inorganic compounds usable by plants) through conversion of N2 into NH3. These 
microorganisms play a pivotal role in N cycle, because more than 90% of N fixation 
is carried out by these organisms (Encyclopedia Britannica 2018). Generally, there 
are two kinds of N fixing microorganisms (Bacteria). The first kind, symbiotic 
(mutualistic) bacteria, includes Rhizobium (symbiotic with leguminous plants) and 
Frankia (symbiotic with actinorhizal plants). The second type, non-symbiotic bac-
teria may be free-living (e.g., Azotobacter, Beijerinckia, Clostridium, cyanobacteria 
(Anabaena and Nostoc) Gluconacetobacter diazotrophicus and Azocarus) or asso-
ciative/endophytic (e.g., Azospirillum) (Bhattacharyya and Jha 2012).

The first bacterium of this type was isolated by Beijerinck from the nodules of 
legumes in 1888 and named as Bacillus radiocicola. However, Frank (1889) 
renamed it as Rhizobium leguminosarum (Fred et al. 1932), which was retained in 
Bergey’s Manual of Determinative Bacteriology (Holt et al. 1994). Salvagiotti et al. 
(2008) while analyzing the data of publications from 1966 to 2006, derived from 
108 field studies in 17 countries mostly related to soybean N fixation and fertiliza-
tion, concluded that biological N fixation has a major contribution (50–60%) in 
soybean N fertilization; however, increasing N fertilizer rates badly affect N  fixation. 
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Rhizobium inoculation on other legumes is also beneficial and helps in profound 
nodulation and increasing yield of important legumes.

3.1.1  Non-symbiotic N-Fixers

3.1.1.1 Free-Living Nitrogen Fixers

Free living bacteria (rhizospheric bacteria) have the capability to inhabit soil and 
biologically fix N, without any host. Azotobacter, Beijerinckia, Clostridium, 
Cyanobacteria (Anabaena and Nostoc) Gluconacetobacter diazotrophicus and 
Azocarus are examples of free living N fixers. Vadakattu and Paterson (2006) 
reported that free-living N fixers contributed 20 kilograms N per hectare per year in 
an intensive wheat rotation farming system in Australia (30–50% of the total needs). 
Non-symbiotic N2 fixation (by free-living bacteria in soils or associated with the 
rhizosphere) is important in providing some amount of N particularly in low input 
cropping systems worldwide. Due to use of indirect methods of measurement of N 
fixed, non-symbiotic N fixers could not get good name, however isotope-based 
direct methods indicate agronomically significant amounts of N2 fixation both in 
annual crop and perennial grass systems. New molecular technologies should be 
employed to determine the potential of free living N fixers. This knowledge should 
assist the development of new plant-diazotrophic combinations for specific environ-
ments and more sustainable exploitation of N2-fixing bacteria as inoculants for agri-
culture (Roper and Gupta 2016).

3.1.1.2 Associative Nitrogen Fixers

Some bacterial species live in close association with host plant, either on the surface 
of roots or inside the root (in intercellular spaces). Species of Azospirillum are pecu-
liar example of such species which form association with important cereal crops 
such as; rice, wheat, corn, oats, and barley. These bacteria are able to fix atmo-
spheric Nitrogen which is useful for the plants. It is reported that such bacteria can 
fix upto 52 mg N2 g−1 malate (Stephan 1979). One of the most used plant growth 
promoting bacteria (PGPB) is Azospirillum brasilense. This bacterial specie has 
been used in Brazil, Argentina, Mexico, India and Europe. Statistically significant 
increases in yield varying from 5% to 30% have been achieved as a result of inocu-
lation of A. brasilense. Analyses of field experiments have shown that 60–70% of 
inoculation with Azospirillum was successful (Yaacov and Robin 1995). Associative 
N fixation (ANF) proved to be an important source of N to unfertilized switchgrass 
and to temperate grasslands. This was concluded by Roley et al. (2018) when he 
used to measure N fixation potential of associative bacteria.
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3.1.2  Symbiotic Nitrogen Fixers

Symbiotic N2-fixing bacteria include members of the family rhizobiaceae 
(Rhizobium, Sinorhizobium, Bradyrhizobium, Mesorhizobium and Azorhizobium, 
collectively termed as ‘rhizobia’ which forms symbiosis with leguminous plants 
(Zahran 2001). Alfalfa, beans, chickpea, clover, cowpeas, lupines, peanut, soybean 
and vetches are important legumes used in agricultural systems. About 50% of the 
global area devoted to legumes is under the cultivation of soybean and represent 
68% of the total global legume production (Vance 2001). The symbiotic nitrogen- 
fixing bacteria (Rhizobia) enter the root hairs of host plants, where they multiply 
and stimulate formation of root nodules. A typical example of nodule formation in 
peanut is shown in Fig. 1. The nodules are the sites of N fixation where it is reduced 
to ammonia in presence of a complex enzyme system, the ‘Nitrogenase’. The 
ammoniac N is available for plant nutrition. This natural process is expedited by 
application of inocula of rhizobial strains to seeds of legume crops for abundant 
nodule formation and maximum plant growth (Encyclopedia Britannica 2018; 
Laranjo et al. 2014).

A water fern Azolla also form symbiotic relationship with a cyanobacterium 
Anabaena Azolla. Azolla fronds allow the Anabaena to colonize at the cavities 
formed at its base. After colonization the cyanobacteria fix a plenty of N in its spe-
cialized cells called heterocyst. This symbiotic relationship is being employed as 
biofertilizer for at least 1000 years in wetland paddies in Southeast Asia. During the 
growing season, up to 600 kg N ha−1 year−1 is fixed by Azolla “blooms” in rice pad-
dies (Postgate 1982; Fattah 2005).

Actinomycetes, Frankia alder (Alnus sp. actinorhizal plants) is another example 
of symbiotic association (Benson and Silvester 1993). The tree genera such as the 
temperate-region Alnus and Myrica, the arid-region Acacia, and the tropical-region 

Fig. 1 Extensive nodulation of a peanut root after inoculation with Bradyrhizobium strain 32H1. 
(Source: Wagner 2011)
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Casuarina and Ceanothus are typical examples of actinorhizal plants making sym-
biotic association with actinomycetes (Frankia). In the latter region, efforts are 
being made to develop a crop-rotation system with agro-forestry that utilizes legu-
minous trees (e.g., Leucaena leucocephala) able to incorporate significant amounts 
of nitrogen into the soil for the subsequent benefit of crop production. This type of 
association needs to be investigated and exploited further for its potential use in 
sustainable agriculture system.

3.2  Phosphate Solubilizing Biofertilizers

Phosphorus (P) is the second most essential macronutrient for plants after nitrogen 
(N), and is applied to soil in the form of phosphate fertilizers. However, most of the 
P applied to soil or native soil P becomes unavailable to plants because it forms 
chemical bonding with the metal ions present in the soil (Ca++, Fe++ or Al+), thus 
forming insoluble compounds (Malboobi et al. 2009). Phosphate solubilizing bacte-
ria (PSB) are beneficial bacteria capable of solubilizing inorganic phosphorus from 
insoluble compounds (Chen et al. 2006). This is one of the most important traits of 
the rhizospheric bacteria and plays a significant role in P nutrition of crop plants. It 
is generally accepted that these bacteria solubilize P by producing low molecular 
weight organic acids which can chelate the cations chemically bonded to P thus 
releasing P from these insoluble inorganic compounds. Such bacteria (PSB) are 
being used for preparing biofertilizers for increasing P availability to plants. The 
major issue is to optimize the P fertilizer rates without compromising the yield and 
to minimize P loss from soil. These bacteria have attracted the attention of agricul-
turists for sustainable crop production (Zandi and Chalaras 2014). About 50% of the 
crop requirement of phosphatic fertilizer can be saved by using PSB with rock phos-
phate (Saleem et al. 2013). Accordingly, it is reported that P fertilizer application 
can be reduced to 50% by co-inoculating the phosphate-solubilizing bacteria (PSB) 
with PGPR without compromising crop yields (Jilani et  al. 2007; Yazdani et  al. 
2009). Inoculation of seeds with PSB can reduce the use of P fertilizers upto 50% 
(equivalent to 30 kg P2O5 ha−1). Alternatively, fertigation or hydroponic methods 
can also be employed to inoculate PSB to fields. Bacillus megaterium, Pseudomonas 
putida (P13), Pantoea agglomerans (P5), Microbacterium laevaniformans (P7) 
strains are highly effective for insoluble phosphate solubilization. A consortium of 
bacteria is more effective and solubilizes phosphate at faster rate than single strain 
inoculum. Peter et  al. (2016) used a consortium of four PGPR (marketed as 
Mammoth P) and reported that it solubilizes phosphate at much faster rate as com-
pared to any strain inoculated alone. Romano et al. (2017) reported recently that 
bacteria inhabited under phosphorus deficient conditions produce iron-chelating 
molecules (Siderophores). It was suggested by the author that some bacteria can 
interact with both of these elements (Phosphorus and iron) and can improve the 
availability of these essential and limiting plant nutrients.
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4  Biofertilizers Impacts on Crop Yield and Nutrient Uptake

According to a meta-analysis conducted recently (Schutz et al. 2018), Arbuscular 
Mycorrhizal Fungi (AMF), and other biofertilizers with N fixing and P solubilizing 
capability are most effective in increasing crop yield and nutrient uptake. 
Co-inoculation of bacteria with both traits (N fixation and P solubilization) is more 
beneficial for improving crop yield as compare to single inoculation (Fig.  2). 
Similarly, across all crop categories (Table 1), an average yield increase of 16.2 ± 
1.0% was recorded by inoculation with biofertilizers as compared to non-inoculated 
controls (Fig. 3a). It was also noted that legumes showed greater response upon 
inoculation and response of root crops was relatively poor. Phosphorus use effi-
ciency (PUE) and nitrogen use efficiency (NUE) was also improved as a result of 
biofertilization (7.5 ± 0.8 kg yield per kg P and 5.8 ± 0.6 kg yield per kg N fertil-
izer). The nutrient use efficiency was most profound in legumes as compared to 
other crops (Fig. 3b, c).

Table 1 Crops included in meta-analysis

Category Crops included

Cereals Barley, durum wheat, rice, spring wheat, winter wheat, pearl millet, maize, 
sorghum, kamut, silage maize, ryegrass, finger millet

Legumes Blackgram, chickpea, peanut, horsegram, kidney bean, mung bean, fenugreek, 
lentil, snap bean, soybean, runner bean, pigeon pea

Root crops Garlic, potato, turmeric, sugar beet, cassava
Vegetables Eggplant, tomato, cabbage, watermelon, pepper, okra, cucumber, melon
Other crops Dill, anise, rapeseed, cotton, sesame, fennel, coriander, sunflower, mustard, 

sugarcane

Source: Schutz et al. (2018)

Fig. 2 Percentage change of yields in response to the application of various categories of biofertil-
izers. Mean values and 95% confidence intervals of the back-transformed response ratios are 
shown. AMF and N-fixers in combination with P solubilizers showing more pronounced effect. 
(Adapted from Schutz et al. 2018)
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5  Microbial Applications as Plant Growth Promoters 
(Phytostimulators)

Soil microorganisms are ubiquitous to impart myriads of benefits for plant growth 
and health leading to successful survival of flora. These tiny creatures exhibit unique 
characteristics which directly or indirectly regulate some core functions of plants 
(Berg 2009). Diazotrophs including; Rhizobium and Azospirillum significantly 

Fig. 3 Percentage change of yields (a), change in phosphorus use efficiency (PUE) (b), nitrogen 
use efficiency (NUE) (c), in response to biofertilizer application. ∗The high value for all crops is 
caused by the outlier calculation that resulted in different pairs being excluded for the full sample 
and the sub-samples. (Adapted from Schutz et al. 2018)
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improve plant growth while producing phytohormones, nitrogen fixation, phosphate 
solubilization. While several bacterial (e.g. Pseudomonas) and fungal (Trichoderma 
and Coniothyrium) genera are well studied for their involvement in improving plant 
health and barring different plant diseases. Plant beneficial microorganisms includ-
ing plant growth promoting rhizobacteria, mycorrhizal fungi and antagonists are the 
special creatures for partial substitution or possible replacement of artificial chemi-
cals. These microbes or microbial products can be successfully employed to meet 
the increasing food demand without any toxicity or environmental concerns (Glick 
2012).

Mycorrhizal fungi living in symbiotic association with plants are of two types; 
ectomycorrhizae and arbuscular mycorrhizae (AM) where the later are most abun-
dant in soil environments. The AM form symbiotic relationship with plants (Willis 
et al. 2013). These fungi play pivotal role in enhancing the productivity of several 
field crops by penetrating deeply in to the soil, for more nutrients and water espe-
cially under nutrient and water limiting environments (Guo et al. 2010) than non- 
mycorrhizal plants. Mycorrhizae promote plant growth via secretion of metabolites 
including; amino acids, phytohormone, vitamins and/or through speeding up the 
mineralization processes. They also enhance the supply of phosphate, where around 
80% of phosphorous taken up by mycorrhizal plant is supplied by AM fungi 
(Marschner and Dell 1994). Moreover, these fungi also help plant to take up other 
macro and micro nutrients including N, Zn, K, Cu and Mg especially when these 
nutrients are in less soluble forms.

Microorganisms influence plant growth through; secretion of metabolites, 
enzymes, inducing systemic resistance, protecting from pathogens and diseases and 
most importantly from environmental stresses (Shameer and Prasad 2018). 
Regardless of their modes of actions, these microorganisms could involve anyone or 
multiple of the following metabolites for enhancing plant growth and deterring 
pathogenicity. Paragraphs below detail the involvement and mechanisms through 
which these microorganisms alleviate the plants against stresses.

5.1  Phytohormone Producers

Among many of the physiological attributes, phytohormone production/metaboliza-
tion ability of these tiny creatures is well recognized (Okon and Labandera-González 
1994). Benefits imparted by microorganisms are actually an outcome of multiple 
physiological activities occurring at the same time. This series of activities idea 
originates from the “additive hypothesis” proposed in the last decade of previous 
century (Bashan and Levanony 1990; Bashan and de Bashan 2010). Phytohormone 
production by microorganisms is one of the mechanisms to explain this hypothesis. 
Almost all of the microbial genera involved in plant growth are capable to produce 
or metabolize phytohormones. All bio inoculants or biofertilizers including; 
Bacillus, Azospirillum, Pseudomonas, Enterobacter, Erwinia, Azotobacter, Serratia, 
Klebsiella, Alcaligenes, Flavobacterium, Arthrobacter, Burkholderia, Bacillus, 
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Acinetobacter, Azotobacterium, Xanthomonas and Rhizobium (Bhattacharyya and 
Jha 2012) have demonstrated phytohormone production under controlled and natu-
ral settings.

Phytohormones produced by different microbial genera and physiological func-
tions attributed to them are detailed in Table 2. Auxins, gibberellins, cytokinins, 
ethylene and abscisic acid are the most studied microbial hormones involved in the 
plant growth and development one way or the other. Auxins or naturally occurring 
auxin molecule, indole-3-acetic acid (IAA) are known to induce cell elongation in 
the subapical regions of the stem. The major attributes of these hormones vary from 
lateral and adventitious roots initiation, root/shoot elongation, photo and gravitrop-
ism and cell division (Teale et al. 2006). Infact, Azospirillum has proved to be a 
model species for elaborating and understanding the role of auxins in plant growth 
and even in maintaining plant and rhizobial interactions (Berg 2009). Despite a 
wide range of physiological activities attributed to auxins produced by Azospirillum, 
only few commercial bio inoculants have been formulated containing Azospirillum 
sp. (Cassán et al. 2014) Majority of the plant growth promoters and bio fungicides 
respectively contain Bacillus and Trichoderma as is evident from data in Table 3. As 
described in previous paragraphs, direct promotion of plant growth by microbial 
inoculants is through secretion of phytohormones. Acetobacter diazotrophicus, 
Azospirillum sp. Azospirillum lipoferum and Azospirillum brasilense all have been 
well studied for producing indole3-acetic acid (IAA), ethylene, gibberellic acid 
(GA3) and abscisic acid (ABA) respectively (Bastian et al. 1998; Strzelczyk et al. 
1994). Auxin production by Azospirillum in the root zone is considered as the major 
factor for enhancing plant growth and development of root system in Gramineae 
plants. Moreover, these auxins also regulate other rhizosphere bacteria such as nod-
ule formation and improve the symbiotic relationships between rhizobia and 
legumes. Therefore, any alteration in the concentration of auxin could severely 
impact nodule formation (Mathesius et al. 1997). A study conducted by Burdman 
et al. (1996) revealed that Phaseolus vulgaris seedlings inoculated with A. brasi-
lense exhibited increased root flavonoids and enhanced expression of nod gene in 
Rhizobium compared with control. Auxins facilitate adventitious roots penetration 
thereby providing more nutrients for bacterial and plant growth. These characteris-
tics make auxins key metabolite to regulate plant-microbe interactions in terms of 
Phyto stabilization and pathogenicity (Ahemad and Khan 2012a).

Another important phytohormone, Gibberellic acid (GA) alleviate the drought 
stress and play crucial role in the initiation of flowering and hypocotyls elongation 
(Yamaguchi 2008; Vandenbussche et al. 2005). Major physiological development in 
plants from seed germination to photosynthetic activity, light interception, nutrient 
use efficiency, fruit growth and delayed dormancy in major plant genera are attrib-
uted to the presence of gibberellic acid. This hormone actively relives the plant 
against abiotic stresses and maintains the continued growth and development of 
stressed plant organs (Iqbal et al. 2011). GAs produced by Bacillus and Azospirillum 
inoculants resulted in increased uptake of N in wheat plants thereby alleviating the 
plants against drought and salinity stresses (Shaddad et al. 2013). Other plant bac-
teria, Pseudomonas, Bacillus and Azotobacter and actinomycetes were reported to 
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Table 2 Phytohormones and other plant beneficial metabolites produced by different 
microorganisms and their effects on plant growth/health. Data presented below is research data 
collected from in vitro experimentation

Microorganisms/
biofertilizers

Phytohormones/
metabolites produced by 
beneficial microbes

Influence on plant growth/
health References

Bradyrhizobium 
japonicum

Auxins (IAA), 
siderophores, antibiotics, 
cell wall degrading 
enzymes

Phosphate solubilization, 
improved germination and 
increased biomass of plant

Chandra and Pareek 
(2007) and Afzal 
and Bano (2008)

Mycobacterium Auxins (IAA) Increased plant resistance 
against pathogens

Egamberdiyeva 
(2007)

Pseudomonas Siderophores Inhibited fungal growth on 
plant roots

Nowak et al. (1994)
Fluorescens

Bacillus sp. Auxin (IAA) and spore 
formation

Increased shoot length by 
up to 40% and increased 
the number and length of 
adventitious roots

Ahmed and Hasnain 
(2010)

Burkholderia Auxin (IAA), reduced 
acetylene to ethylene

Improved germinations 
percentage and increased 
rice yield up to 23%

Govindarajan et al. 
(2008)

Bradyrhizobium 
sp.

HCN, Auxins (IAA) and 
siderophores.

Phosphate solubilization, 
significantly increased 
plant biomass and wheat 
yield

Afzal and Bano 
(2008)

Sphingomonas Gibberellins (GAs) Enhanced the plants 
competitive ability for 
space and nutrients

Innerebner et al. 
(2011) and Khan 
et al. (2014)

Enterobacter 
cloacae

Auxins (IAA) Phosphate solubilization Bhattacharyya and 
Jha (2012)

Serratia 
mercescens

Auxin, HCN and 
siderophore production

Significantly improved 
plant biomass

Selvakumar et al. 
(2008)

Acinetobacter sp. Auxins, ACC deaminase 
and producing antifungal 
metabolites

Phosphate solubilization Indiragandhi et al. 
(2008)

Actinomycetes Cell wall degrading 
enzymes (e.g. cellulases)

Induced resistance against 
soil born pathogen, R. 
solani

Schmidt et al. 
(2001)

Enterobacter 
asburiae

Auxins (IAA), HCN, 
exopolysaccharides, and 
siderophores

Phosphate solubilization Ahemad and Khan 
(2012b)

Streptomyces Auxins (IAA) and 
siderophores

Resistance against soil 
borne pathogens

Verma et al. (2011)

Rhizobium 
leguminosarum

Cytokinins, antibiotics 
and cell wall degrading 
enzymes

Enhanced minerals and P 
solubilization for plant 
uptake

Zahir et al. (2010)

Azotobacter 
chroococcum

Gibberellins, kinetin, IAA Phosphate solubilization Ahemad and Kibret 
(2014)
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Table 3 List of commercially available biocontrol products

Microorganism’s 
type Biocontrol Agent

Commercial mame/
company Target pathogen

Bacteria Agrobacterium 
radiobacter

Galltrol/AgBioChem Inc. 
USA

Crown gall disease caused 
by Agrobacterium 
tumefacienswww.agbiochem.com

Nogall/Bio Care 
Technology, Australia

Crown gall disease caused 
by Agrobacterium 
tumefacienshttp://bio-caretechnology.

com/
Bacillus sp. Companion/Growth 

Products Ltd. NY, USA/
Rhizoctonia, Pythium, 
Fusarium, and Phytophthora

http://www.
growthproducts.com
HiStick N/T/Helena 
Agri-Enterprises, USA

Fusarium, Rhizoctonia, 
Aspergillus

Rhizoctonia solani, 
Fusarium spp.,https://helenaagri.com

Kodiak/ Bayer crop 
Science, USA

Alternaria spp., and 
Aspergillus spp. that attack 
roots powdery mildew, 
downy mildew,

https://www.bayer.com

Serenade/Bayer crop 
Science, USA

Cercospora leaf spot, early 
blight, late blight, brown rot, 
fire blighthttps://www.cropscience.

bayer.us
YieldShield/Bayer crop 
Science, USA

Soil borne fungal pathogens 
causing root diseases

https://www.cropscience.
bayer.us
Rhizo-Plus/Disha 
Chemicals, India

R. solani, Fusarium spp. 
Alternaria spp., Sclerotinia 
and Verticilliumhttp://www.theagrihub.

com
Pseudomonas sp. BioJet Spot-Less/Eco 

Soils Systems, Inc., San 
Diego, Ca

Dollar spot, Anthracnose, 
Pythium aphanidermatum, 
Michrochium patch (pink 
snow mold)https://www.nasdaq.com

Bio-save/Jet Harvest 
Solutions, Florida, USA

Botrytis cinerea, Penicillium 
spp., Mucor pyroformis, 
Geotrichum candidumhttps://jetharvest.com

BlightBan/Nufarm 
Americas Inc. USA

Erwinia amylovora, and 
russet inducing bacteria

http://www.nufarm.com
Cedomon/Nutrilita, 
Lithuania

Leaf stripe, net blotch, 
Fusarium sp., spot blotch, 
leaf spothttp://www.nutrilita.lt

(continued)
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produce GAs which significantly influenced nutrient uptake and growth improve-
ment of inoculated plants of wheat as compared to control (Shaddad et al. 2013).

Cytokinins play key role in cell division, primary root growth and senescence. In 
fact, many of the cytokinins genes are expressed in roots highlighting their involve-
ment in root development. Wide range of microbial species produce cytokinins in 
plant roots enhancing their growth and development thereby resulting in more nutri-
ents uptake in plants. Cytokinins produced by Bacillus megaterium had a significant 
role in promoting plant growth as noted by Ortíz-Castro et al. (2008). These bacte-
rial cytokinins influenced the root architecture, increased root hair length and lateral 
root formation. Endophytic bacteria, Bacillus isolated from Arabidopsis thaliana 
exhibited the potential to increase the root/shoot growth as compared to control 
plants (Wang et al. 2015).

The plant hormone, ethylene is recognized as the regulator of plant growth and 
development. In response to environmental stresses, plants up regulate the produc-
tion of ethylene to initiate the defense mechanisms, but increased production of 

Table 3 (continued)

Microorganism’s 
type Biocontrol Agent

Commercial mame/
company Target pathogen

Conquer/Mauri Foods, 
Australia

Pseudomonas tolassii

http://www.maurianz.com
Victus/Sylvan Spawn 
Laboratories, USA

Pseudomonas tolassii

https://www.manta.com
Fungi Ampelomyces 

quisqualis
AQ10/Bioguard, CBC 
Group, Europe

Powdery mildew

http://www.biogard.it
Candida oleophila Aspire/Ecogen Inc. USA Botrytis spp., Penicillium 

spp.https://www.bloomberg.
com

Coniothyrium 
minitans

Contans WG/Intercept 
WG/Bayer Crop Science, 
South Africa

Sclerotina sclerotiorum and 
S. minor

https://www.cropscience.
bayer.co.za

Myrothecium 
verrucaria (killed)

DiTera/Valent, North 
America

Parasitic nematodes

https://www.valent.com
Trichoderma 
sp./Gliocladium 
sp.

Plantshield/
Rootshield/T-22 Planter 
box Soilgard Primastop/
Bioworks, NY, USA

Pythium spp., Rhizoctonia 
solani, Fusarium spp.

https://www.bioworksinc.
com

Adopted and modified from Gardener and Fravel (2002)
These biocontrol products are registered with the environment protection agency (EPA) of USA
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ethylene will induce a range of abnormalities including growth inhibition and 
delayed flowering. This increased level of ethylene can be easily reduced by using 
chemicals such as; cobalt ion (Co2+) and silver ion (Ag+), but because of their toxic-
ity and higher price make them last choice for farmers. Hence keeping the balance 
in ethylene production is of paramount importance for agricultural crops productiv-
ity and microbes can potentially modulate the ethylene production. For example, 
microorganisms decrease the level of ethylene through ACC-deaminase enzyme 
production which is widely reported in fungi, bacteria and stramenopiles 
(Nascimento et al. 2014). Worth noting that ethylene reduction by microorganisms 
is not always in the favor of plant. For example, under saline environment, ethylene 
reduces root growth to avoid salt pollution. Under such environment, ethylene 
reduction by microbes may increase root growth but may also result in disastrous 
effects on overall growth of plant and food chain toxicity (Desbrosses et al. 2009).

Like ethylene, abscisic acid is also called stress hormone, synthesized in plants 
in response to environmental stresses and expressing the stress resistance genes 
(Sah et al. 2016). ABA ameliorates the salinity stress by regulating the photosyn-
thetic apparatus and is also important hormone for mediating the plant-microbial 
interactions as many plant growth promoting bacteria such as; P. fluorescens, A. 
brasilense, Variovorax paradoxus and B. licheniformis produce ABA (Dodd et al. 
2010; Cohen et al. 2015). A study by Cohen et al. (2015) revealed that plant inocu-
lated with abscisic acid producing PGPR, P. fluorescens enhanced the ABA hor-
mone thereby increasing their ability to withstand better under drought conditions 
as compared to uninoculated controls. Moreover, inoculation with PGPR decrease 
the hormone accumulation in roots thereby regulating shoot/root and root/shoot 
hormonal signaling and resulting changes in ABA may reduce the plant sensitivity 
to water deficiency. Qin et al. (2016) reported that tomato plants inoculated with 
halotolerant PGPR exhibited enhanced growth. Role of PGPR to influence ABA 
concentrations makes it an ideal choice for inducing resistance against abiotic 
stresses in plants and withstand harsh environments without jeopardizing the yield 
potential.

5.2  Siderophore Producers

Siderophores are low molecular weight iron chelating metabolites having great 
affinity for iron. Out of approximately 500 known siderophores, chemical formulae 
of >200 have been worked yet (Shameer and Prasad 2018). These water soluble 
compounds can be grouped in to extracellular and intracellular ones (Hider and 
Kong 2010). In fact, siderophores are the key instrument to release unavailable iron 
and make it available to the living biota (Rajkumar et al. 2010). Iron mostly exists 
in Fe3+ form which remains insoluble and hence unavailable for plant uptake. 
Siderophores released by microorganisms’ act as iron solubilizing agents especially 
under iron-limiting conditions (Ahemad and Khan 2012a).

Microbes used in the formulations of biofertilizers are both gram positive and 
gram negative and interestingly both forms of bacteria are equipped with the ability 
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to reduce Fe3+ to Fe2+ in their membranes. This reduced form of iron is released by 
siderophores in to the cell making it available to plants via gating channels connect-
ing outer and inner membranes of the cell (Mahanty et al. 2017). Various mecha-
nisms through which plants take up iron liberated by bacterial siderophores include 
either direct uptake of Fe-siderophore complexes, or through chelating/releasing 
iron and ligand exchange reaction (Thomine and Lanquar 2011). Model plant, 
Arabidopsis thaliana accumulated an increased level of Fe synthesized by 
Pseudomonas fluorescens from Fe-pyoverdin complex which significantly improved 
plant growth compared with control plants (Parray et al. 2016). Pseudomonas pro-
duce a mixture of Fe-pyoverdin which has key role for iron uptake by A. thaliana. 
Fe availability is of paramount importance especially for plants under stressed envi-
ronments, where these siderophores alleviate the plants against heavy metal stresses 
(Rajkumar et al. 2010). Several studies investigating the benefits of siderophores 
revealed that plants were able to take up the iron once inoculated with siderophore 
producing Pseudomonas bacteria (Hider and Kong 2010). Mung bean (Phaseolus 
vulgaris) plants inoculated with these bacteria in iron deficient soils, showed less 
chlorotic symptoms than control plants. Iron supply is imperative for plants exposed 
to heavy metal stress, where siderophores produced by microorganisms alleviate 
heavy metal stresses to plants. This siderophore triggered uptake of iron help plants 
to survive under Fe-limiting conditions (Guerinot and Ying 1994).

5.3  Enzymes Production

Plant diseases/pathogens have deleterious effects on agricultural productivity and 
pose a multiplying challenge for ensuring the food security. Amongst those patho-
gens, soil borne pathogens are the most devastating agents hampering the agricul-
tural productivity (Newbery et  al. 2016; Kashyap et  al. 2017). According to 
Savary et al. (2012), direct yield losses because of diseases and weeds are approx-
imately 40% of agricultural produce. For controlling these plant diseases, use of 
pesticides has rewarded in terms of yield increase but compromising on the qual-
ity as well as heralding challenges for sustainable production. To substitute or 
lessen the use of chemicals, plant beneficial microorganisms have imparted mar-
velous benefits in terms of biological control of pathogens. This is perhaps due to 
the fact that onset of green revolution and indiscriminate uses of herbicides, pes-
ticides and chemical fertilizers has posed several adverse effects to the environ-
ment (Tilman 1998). Many of these chemicals have been reported to be 
carcinogenic (Damalas and Eleftherohorinos 2011). To lessen the adversaries 
triggered by these toxic means of controlling pathogens and diseases, biological 
control is employed for controlling agricultural pests mainly for economic and 
sustainability. Various microorganisms exhibit hyperparasitic action to hydrolyze 
pathogen cell wall through extracellular enzymes (Chemin and Chet 2002). For 
instance, chitinase produced by Serratia plymuthica significantly reduce spore 
germination of Botrytis cinerea (Gaffney et  al. 1994). Soil bacteria perform 

Microbial Applications for Sustainable Agriculture



60

excellently to control soil borne plant pathogens. Bacillus controls various fungal 
diseases through secretion of various lytic enzymes which inhibit mycelial growth 
of various fungal species (Yu et al. 2002). Overall three mechanisms including: 
the secretion of antibiotics, competing for nutrients and space and mycoparasit-
ism by microorganisms suppress the pathogen growth. Interestingly, many of the 
Bacillus strains exhibit mycoparasitic characteristic because of their tendency 
towards physical interactions (Abdullah et al. 2008). Many plant growth promot-
ing rhizobacteria such as, Pseudomonas, Staphylococcus, Burkholderia, 
Ochrobactrum, Enterobacter and Stenotrophomonas exhibit antagonistic poten-
tial (Tariq et al. 2017). This antagonistic potential is evident from the fact that 
many plant beneficial microorganisms secrete lytic enzyme to hydrolyze com-
pounds like, hemicellulose, chitin and protein to hamper the activities of patho-
gens including the lysis of fungal cell wall (Neeraja et  al. 2010). Serratia 
marcescens reduce the mycelial growth of soil borne pathogen, Sclerotium rolfsii 
through overexpression of chitinases (Ordentlich et al. 1988). Moreover, during 
this cell wall degradation dead organic matter and plant residues are also decom-
posed for carbon supplies. Similarly, Lysobacter controls Pythium and Bipolaris 
fungal species through glucanase and these enzymes also reduce the plant biotic 
stresses by directly parasitizing the phytopathogens (Palumbo et al. 2005; Haran 
et al. 1996). Apart from these cell wall degrading enzymes, certain PGPRs strains 
(e.g. Enterobacter cloacae, Azospirillum brasilense, Bacillus, Rhizobium, 
Pseudomonas etc.) contain 1-aminocyclopropane-1-carboxylate (ACC) deami-
nase enzyme which regulates the production of gaseous hormone, ethylene in 
plants. In fact, this enzyme hydrolyzes the ethylene precursor, ACC in to ammo-
nia and ketobutyrate thereby inhibiting the ethylene production under stressed 
environments including flooding, drought, salinity heavy metals. ACC-deaminase 
containing PGPRs relieve the plants against such stresses and improve plant 
growth and development (Saleem et al. 2007).

6  Application of Microbes as Bio Pesticides/Bio Control 
Agents

Agricultural productivity remains under threat due to biotic factors such as plant 
pathogens. Currently, these plant pathogens are being controlled through chemical 
method i.e. pesticides/fungicides application. Although this method is effective and 
convenient but it has proven to be a potential threat to environment and all life forms 
on earth. Hence, the use of biological method i.e. microbial inoculants is environ-
ment friendly as well as sustainable approach for profitable agricultural productivity 
(Shafi et al. 2017). Bacillus and Pseudomonas spp. are two PGPR that have been 
reported to be effective bio-control agents (Gong et al. 2006; Leonardo et al. 2006).

Among these bacterial species, Bacillus subtilis, Bacillus amyloliquefaciens, and 
Bacillus cereus are the most effective species at controlling plant diseases through 
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various mechanisms (Francis et  al. 2010). Bacillus spp. have the ability to form 
spores which allows these PGPR to survive in a wide range of environmental condi-
tions, thus facilitating the effective formulation of biofertilizer (Perez-Garcia et al. 
2011). Bacillus-based biocontrol agents are playing a significant role in biopesticide 
industry. Shafi et al. (2017) also reported that most of the Bacillus sp. are very effec-
tive against multiple types of plant pathogens. These biocontrol agents have the 
ability to combat disease causing soil borne pathogens by using a variety of mecha-
nisms. Production of antimicrobial compounds (lipopeptides, antibiotics), competi-
tion for nutrients and space and induction of host resistance (induced systemic 
resistance) are the major mode of actions employed by these bacteria.

One of the most effective modes of action of rhizobacteria in suppression of soil 
borne pathogens is Antibiosis (Handelsman and Stab 1996). Fungal plant pathogens 
are inhibited by several groups of antibiotics produced by biocontrol agents inocu-
lated to most of the crops (Haas and Defago 2005). Soilborne infections of cereal 
crops like wheat, rice, maize, chickpea, and barley are suppressed by antibiotics 
produced by these biocontrol agents (Raaijmakers et al. 1999).

Pseudomonas fluorescens, P. putida, P. aeruginosa, Bacillus subtilis and other 
Bacillus spp. are most effective PGPR with market potential as Bio pesticides. The 
PGPR isolates are prepared by using different inert carrier materials and fermented 
in solid or liquid forms and marketed in packets or bottles (Fig. 4). The method of 
application of bacterial inoculants may be seed treatment, bio-priming, seedling 
dip, soil application, foliar spray, fruit spray, hive insert, sucker treatment and sett 
treatment. Application of PGPR inoculants in a consortium is more effective as 
compare to single strain inoculants for inhibition or suppression of soilborne plant 
pathogens and for better plant growth (Ji et al. 2006). Efficacy of antagonists can be 

Fig. 4 A generalized sketch of the biofertilizer/bio-pesticide preparation by industry where 
PGPRs are preserved in an appropriate carrier molecule and packaged for commercial application 
at farmer’s end. (Adapted from Tabassum et al. 2017)
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improved by supplementation of chitin in the formulation. These inocula are being 
commercialized in many countries including;  India, China, Japan, Germany, 
Australia, USA. In North America for example, more than 33 products of beneficial 
rhizobacteria are commercially available for their application in field or greenhouse. 
It is important to mention that some PGPRs are potential threats to human beings 
for example Pseudomonas aeruginosa, P. cepacia and Bacillus cereus. Hence, care-
ful measures must be taken before their large-scale application for pest and disease 
management (Nakkeeran et al. 2005). The commercialized bio pesticides available 
in international market are listed in Table 3.

7  Application of Microbes as Bio Remediators 
of Contaminated Soils

Many microorganisms impart synergistic effects on plants through improving plant 
growth, accumulating heavy metals, reducing the toxicities of heavy metals and 
mitigating the effects of other environmental and edaphic factors such as; drought, 
over wetting, temperature extremes, climate change stresses and salinity. For exam-
ple, plant growth promoting rhizobacteria used as biofertilizer also intensify the 
phytoremediation process (Sobariu et al. 2017).

Over the last many decades, heavy metals (HMs) have posed serious threats to 
both plants and animals. Moreover, HMs have devastatingly compromised the food 
safety and security via food chain contamination, soil degradation, stunted plant 
growth and hampering microbial community (Ashraf et al. 2017). Empirical evi-
dences indicate that certain bacterial species enhance the accumulation of heavy 
metal in plants along with promoting plant growth (Asad et al. 2018). These micro-
organisms in fact are capable to degrade inorganic pollutants through transforma-
tion, rhizo- degradation and volatilization (Ullah et al. 2015). Physiology behind 
metal detoxification may include metal complexation, impermeability of metals 
and enzymatic detoxification (Pavel et  al. 2013). Apart from these mechanisms, 
plant beneficial microbes possess metal resistant genes to detoxify different metal 
and metalloids. Under heavy metal stress several genes are induced in these micro-
organisms to detoxify heavy metals and metalloids such as; Zn+2, Cu+2, Cd+2, Ni+2 
and Hg+2 (Ullah et al. 2015). For example, transcriptome analysis of Brassica and 
model plant Arabidopsis thaliana indicated the involvement of transcription factors 
(TFs), bZIP, bHLH and AP2/ERF under heavy metal stress (Singh et  al. 2016). 
Several target proteins to detoxify heavy metals in A. thaliana, Zea mays and Oryza 
sativa have been discovered. Moreover, several metabolites such as phenols, amino 
acids, organic acids and glutathione have also been reported to alleviate the metal 
stresses in plants (Singh et al. 2016). The over expression of stress responsive tran-
scription factors (e.g. bZIP) were reported to be mediated by PGPR in Arabidopsis 
and Chickpea (Tiwari et al. 2017). Similarly, phytohormones (SA, ABA, ethylene 
and JA) released by plant beneficial microorganisms have also been reported to be 
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involved to alleviate the heavy metal stressed plants. Perhaps induction of stress 
signaling genes in the presence of plant beneficial microorganisms elucidates a 
complex interaction between microorganism, plant and HMs in stress response and 
tolerance which warrants further investigations to understand this complex network 
of interactions between plants and microbes under metal stress (Tiwari and Lata 
2018).

The microbial populations in heavy metal contaminated environment mostly 
belong to notable genera, pseudomonas, Arthrobacter, Bacillus and Rhizobia (Pires 
et al. 2017). Many of the plant growth promoting attributes i.e. nitrogen fixation and 
nitrogenase activities are very sensitive to heavy metals stresses but resistant strains 
of these microorganisms have been noted to carry out these activities successfully at 
contaminated sites. According to Checcucci et  al. (2017) symbiotic relationship 
between rhizobia and legume are well researched for heavy metal detoxification and 
improving quality of contaminated sites. Amongst fungal genera, Basidiomycota, 
Ascomycota and arbuscular mycorrhiza have been reported to reduce heavy metal 
toxicity and improve the degraded soil quality (Narendrula-Kotha and Nkongolo 
2017). In fact, these functions are primarily accomplished by binding of heavy 
metal ions on the cell surface or transporting in to the cell and changing the metal 
toxicity and deterioration in soil (Gadd 2010). However, metal-microbe interactions 
are very complex and success rate very much depends on physico-chemical proper-
ties of soil, concentration of HM in soil and microbial composition.

8  Microbial Applications as Abiotic Stress Ameliorators

Microbial inoculants are being investigated for their potential as ameliorators of 
following abiotic stresses.

8.1  Drought Stress

Drought is one of the major limitations toward reduced agricultural productivity in 
both arid and semi-arid habitats. Drought affects nitrogen fixation and major con-
straint for reduced legumes production (Serraj 2009). In legumes, drought is equally 
detrimental for nitrogen fixation during pre and post nodule formation; during post 
nodule formation drought causes reduced root development. The water content of 
rhizosphere is a potent factor determining the nutrients and oxygen supplies to 
plants and microorganisms (Gestel et al. 1993). These interactions among microor-
ganisms, water and plant roots in fact formulate the soil structure which is a key 
determinant of soil health and hence crop productivity. For example, soil moisture 
levels administer the production and consumption of protein and polysaccharides 
by the bacteria thereby influencing the soil structure (Roberson and Firestone 1992). 
Similarly, exopolysaccharides released by microbes bind soil particles forming 
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macro and micro aggregates having greater or less than 250 μm diameter respec-
tively (Oades 1993) and hence helping plant roots to creep through these aggre-
gates. Moisture stress may alter the biological and physico-chemical properties of 
soil rendering it unfit for soil biodiversity and agricultural productivity. Bacterial 
species such as Pseudomonas and Azospirillum commonly used as biofertilizers 
successfully survive under stressed environments because of exopolysaccharides 
(EPS) which enhance water retention and regulate carbon sources. Therefore, it 
becomes imperative to manage the moisture stressed or drought affected soils for 
meeting the food demands and use of PGPRs could provide a sustainable option for 
managing such soils. EPS producing microorganisms based applications may bridge 
this gap thereby alleviating the stressed plants and enhance productivity. A study 
conducted by Sandhya et  al. (2009) on sunflower inoculated with Pseudomonas 
putida strain GAP-P45 revealed that almost one third of the microbial isolates used 
in the study could tolerate drought stress up to a level of −0.73 Mpa. The most excit-
ing part of the investigation was that EPS production of studied strains was more 
prominent under stressed conditions and it continued to increase with increasing 
stress. Moreover, these strains expressed growth promoting properties through pro-
duction of several metabolites including; HCN, phosphate solubilization, ammonia, 
IAA and GA production under water limiting conditions which is pre-requisite for 
sustainable agricultural productivity under limited water availability. Arbuscular 
mycorrhiza (AM) fungi have been reported to rescue plants from drought stress. 
Under water limiting conditions, AM increase the nitrogen availability (Bowles 
et al. 2018) This is perhaps because; under drought conditions these fungi absorb 
water more efficiently due to alterations in root architecture or most probably due to 
regulation of abscisic acid concentration under drought conditions (Khalvati et al. 
2005; Jahromi et al. 2008). Hyphae of AM fungi penetrate deeply in to the soil in 
the thirst of acquiring more water and nutrients and also improve soil structure, the 
key factor for enhanced productivity of crops. Enhanced growth and yield of several 
important fruit crops (Peach, apple, citrus) is observed through AM fungi coloniza-
tion (Nunes et al. 2010)

8.2  Salinity Stress

Salinity disturbs the uptake of mineral nutrients and their distribution within plant 
body. Moreover, it negatively influences the plant metabolism consequently reduce 
the quality and quantity of agricultural productivity (Silveira et al. 2003). Reduced 
water content of plants and creating drought like conditions, significant decline in 
uptake of essential nutrients, decreased photosynthetic rates, reduced biomass of 
plant is all attributed to the salinity stress in plants (Ben-Asher et al. 2006). Salinity 
has also been reported to cause abnormalities in the soil biodiversity and many gen-
era of plant beneficial microbes have disappeared from the saline environments 
(Andronov et al. 2012). However, many microbial species still survive in such toxic 
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ecologies. For example, several microbial species such as Rhizobia, Azospirillum 
and Bacillus are able to survive under such environments but exhibit varying abili-
ties to tolerate salinity (Lloret et  al. 1995). All these bacterial species are well 
researched for their plant growth promotion, N2 fixation, disease suppression and 
plant growth hormones production characteristics (Naz et al. 2009). Ethylene pro-
duction is aggravated in response to salinity resulting in stunted root growth. 
Madhaiyan et al. (2007) while studying the effects of exogenous application of ACC 
(1-aminocyclopropane-1-carboxylic acid) in Brassica campestris observed 
enhanced level of ethylene and stunted root growth in treated plants compared with 
control. Plant growth promoting rhizobacteria (PGPR) enhance plant growth under 
salinity stress conditions, which is possibly because of production of ACC- 
deaminase to hydrolyze ethylene precursor. So perhaps use of PGPRs is one of the 
plausible options to reduce salinity induced ethylene production (Mayak et  al. 
1999). Ethylene production in plants is enhanced in response to biotic and abiotic 
stresses, however PGPRs applications inhibited ethylene production significantly 
under these stresses, indicating the involvement of PGPRs in plant management 
under stressed environments (Ahmad et al. 2011). PGPR exhibit the characteristic 
to maintain an equilibrium in ionic concentration thereby increasing the growth and 
yield of crops due to reduced ethylene production (Nadeem et al. 2009). Different 
bacterial strains have varying potential for propagating the ACC-deaminase activity, 
most probably because other growth promoting activities including phosphate solu-
bilization, production of lytic enzyme, chitinase activity, N2 fixation are also contin-
ued along with ACC-deaminase activity (Nadeem et al. 2009; Ahmad et al. 2011). 
Under saline environments, a higher K+/Na+ ratio is very important which increases 
the plant tolerance against salinity (Hamdia et al. 2004). Many plant growth pro-
moting bacteria are capable to help plants tolerate exceeded level of Na+ by secret-
ing exopolysaccharides (EPS) which reduce the level of Na+ uptake (Nadeem et al. 
2014) through biofilm formation (Qurashi and Sabri 2012). Interestingly, these exo-
polysaccharides also help plants to withstand water limiting environments and pro-
tect the microorganisms against drought stress (Sandhya et al. 2009).

8.3  Climate Change Stress

Agriculture and the linked food security are largely dependent on the natural envi-
ronment, hence facing critical threats from climate change. Combination of abiotic 
and biotic stresses have multiplied the risks for sustainable crop production particu-
larly in the sub-tropical regions around the world. Extreme weather events including 
drought, floods, torrential rains, increasing temperatures has certainly jeopardized 
the regional as well as global food security with considerable shifts in cropping pat-
tern and the associated reduced yields of major agricultural crops. For example, 
South Asia being the hotspot of climate change has witnessed significant reductions 
in paddy and wheat yields because of increasing temperature, less rain followed by 
increasing water stresses influenced by climate change. Abiotic stresses including 
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temperature, salinity, drought cause approximately 50% yield losses in agricultural 
productivity (Kaur et al. 2018). Evolving and adapting cost effective and sustainable 
technologies for sustainable crop production under extreme environments has 
always been a challenge. A plethora of literature exists detailing the technologies 
for adapting to the changing climate scenarios whereby developing drought resis-
tant varieties and resource management among others have proved to be very effec-
tive in combating climate change stresses (Venkateswarlu and Shanker 2009). Use 
of microorganisms for promoting plant growth, controlling pathogens/diseases and 
nutrient management under climate change stresses has attracted plausible attention 
of research community (Grover et al. 2011). These microorganisms reside in the 
plant rhizosphere and thereof transmit several direct and indirect benefits to the 
plant (Saxena et al. 2005). Major microbial genera capable to induce tolerance in 
plants exposed to climate change stresses include; Bacillus, Pseudomonas, 
Rhizobium, Paenibacillus, Azospirillum, Burkholderia, Achromobacter, 
Enterobacter, Methylobacterium and Microbacterium. These microorganisms pro-
tect the plants against frost, higher temperature, over wetting, drought and other 
climate change stresses (Grover et al. 2011). Therefore, using these microorganisms 
to alleviate the agricultural crops could be an effective technology for enhancing the 
agricultural productivity on sustainable basis.

Although, mechanisms for alleviating the plants against climate change abnor-
malities are under researched and warrants further investigation. However, produc-
tion of auxins, gibberellins and root exudates to increase the growth and surface 
area of roots to quench and uptake more nutrients by microorganisms is considered 
as one possible explanation of helping plants withstand the abiotic stresses includ-
ing climate change (Egamberdieva and Kucharova 2009). For example, PGPR 
have been found to be involved in rescuing the vegetable and oil seed crops against 
many abiotic stresses (Barassi et al. 2006). Similarly, inoculation of Paenibacillus 
and Azospirillum brasilense in Arabidopsis and wheat respectively, relieved the 
plants against drought stress which helped the plants to maintain better water sta-
tus and minerals Ca, Mg and K (Timmusk and Wagner 1999). A study conducted 
by Mayak et  al. (2004) involving inoculation of tomato with Achromobacter 
piechaudii induced systemic resistance against drought in inoculated plants as 
compared to control.

The role of stress hormone ‘ethylene’ is widely known to reduce root/shoot 
growth under stress conditions. ACC-deaminase producing bacteria including 
Rhizobia, Pseudomonas degrade the plant ACC and enhance nitrogen and energy 
supply to plants. Glick (2007) noted that these bacterial strains lessen the abnor-
malities caused by ethylene. Hence, role of ACC-deaminase producing PGPR is 
pivotal for agriculture management under stressed environments as these microbes 
induce longer roots enhancing water uptake efficiency of plants under water limit-
ing conditions (Zahir et  al. 2008). Arbuscular mycorrhiza (AM) fungi have also 
been reported for rescuing the stressed plants. This AM fungi induced stress resis-
tance is mediated by several enzymes such as peroxidase (POD), superoxide dis-
mutase (SOD), catalase (CAT) and abscisic acid (ABA). During abiotic stress, 
activities of these enzymes were enhanced by AM fungi which improved the osmotic 
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adjustment thereby increasing the drought resistance in citrus seedlings (Wu et al. 
2005). Similarly, lavender plants inoculated with mycorrhizae possessed better 
water, N and K contents and exhibited greater biomass than uninoculated plants 
under drought stress (Marulanda et al. 2007). Growth hormone, ABA is also sug-
gested behind AM fungi reduced drought resistance in plants (Aroca et al. 2008). 
Extreme flood events have deleterious effects on crops causing irreparable losses to 
the peasants and altering the socioeconomic balance in the affected areas. In wet-
lands, AM fungi are well established and alleviate the submerged crops after flood-
ing events. Glomus intraradices colonization of Pterocarpus officinalis seedlings 
substantially improved resistance of inoculated plants through improved P uptake 
(Fougnies et al. 2007). Resistance against flooding is also mediated by enhanced 
proline content and osmotic adjustment in submerged plants as observed by Neto 
et al. (2006). Abiotic and biotic stresses triggered by rapidly changing climate sce-
narios, environmental and edaphic factors pose serious challenges for sustainable 
agriculture and use of beneficial plant microbes such as; PGPRs and AM fungi 
could prove to be an effective, environment friendly option for sustainable and 
enhanced agricultural productivity under compromised environments (Fig. 5).

9  Conclusions and Future Research

Scientific literature and research on presence/survival of beneficial rhizobacteria in 
rhizosphere, illustrations of specified mode of action, characterization of plant ben-
eficial traits and evaluation of inoculants in pot and field trials has revealed that 
PGPR has proved to be potential candidates for sustainable agricultural develop-
ment. Applications of beneficial rhizobacteria (microbial inoculants) as 

Fig. 5 Example of 
suppression of Pythium 
ultimum root rot in 
4-week-old sorghum 
seedlings by bacterial 
strains isolated from the 
rhizosphere of wild grasses 
in South Africa. (a) Plants 
inoculated with P. ultimum 
and treated with 
rhizobacterial isolates. (b) 
Control plants that were 
treated only with P. 
ultimum developed visible 
root rot and necrotic 
leaves. (Adapted from Idris 
et al. 2007)
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biofertilizers and bio pesticides has been successful to make a reasonable space in 
international market. Bio pesticide/Biocontrol agents (BCAs) have shown more 
consistency in market as compared to biofertilizers. Application of microbial inocu-
lants for bioremediation of heavy metals/pollutants and abiotic stress amelioration 
is catching attention of scientific community however practical application of these 
techniques is limited and is a matter of future scope of this technology. Microbial 
inoculants have limited acceptance perhaps because of the complications during 
field application, their sensitivity toward environmental changes and most impor-
tantly lack of farmer’s awareness. To cope with these challenges there is a dire need 
of comprehensive integrated agricultural management policy. Integration of these 
renewable resources with those of non-renewable ones in a wise way could lead to 
a sustainable agriculture system.
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Innovation System Approach for Urban 
Agriculture: Case Study of Mexico City

Hans Dieleman

Abstract This chapter presents an innovation system approach for urban agricul-
ture. It argues that urban agriculture is a systemic concept – agriculture intertwined 
with urban dynamic  – but that a systemic approach is often missing. Such an 
approach allows identifying strengths and weaknesses of urban agriculture for a 
particular city, region or country, in a comprehensive way. Based on these insights, 
more precise and targeted policies can be designed to stimulate urban agriculture 
and innovations needed in its context. The chapter illustrates this through the presen-
tation of urban agriculture in Mexico City, presented in a number of elements of an 
innovation system, such as system boundaries, dynamics, institutions, knowledge, 
and learning cultures. Cultural dimensions are as yet only rarely recognized. The 
chapter describes how the cultural dimensions of urban agriculture are very impor-
tant in understanding the case of Mexico City, and probably in much more cities.

Keywords Urban agriculture · Mexico city · Innovation systems · Learning 
cultures

1  Introduction

Urban agriculture is rapidly establishing itself as a new practice in many cities world-
wide (WinklerPrins 2017). In Asia, Vietnam is a country with a long tradition of urban 
agriculture, and in Hanoi today, 80% of fresh vegetables and 40% of eggs are produced 
by urban and peri-urban agriculture (Kohlbacher 2015). In Africa as well, there are 
various countries with extended experience in urban agriculture. In Ghana‘s capital 
Accra, around 90% of all the fresh vegetables consumed comes from production within 
the city (Corbould 2013). In Latin America and the Caribbean, urban agriculture 
equally is already widespread in 23 countries in that region. It is practiced by 40% of 
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households in Cuba, and by 20% of the households in Guatemala while in 16 of the 23 
countries surveyed, people earned some income from this activity (FAO 2014). In the 
North, urban agriculture has a long history, going back to the economic depression of 
the late nineteenth century. Community gardens were developed in many cities in both 
Northern America as well as Europe. Today, urban agriculture is seen as part of the 
urban ecological infrastructure, needed to meet demands of sustainability and urban 
resilience. Roof and vertical gardens contribute to the greening of cities as they curb air 
pollution, increase humidity, lower urban temperatures and reduce energy consump-
tion as well as extreme temperature fluctuations within buildings (Dieleman 2016).

An impressive body of literature has seen the light in the past 20 years, ranging 
from professional reports, instructional guides and leaflets to academic articles and 
books. This is a positive development but, as Stefan Reyburn argues, there is a cer-
tain mismatch or imbalance in the literature. A large part of it is primarily case- 
based, founded on the use of mere personal observations and experiences gathered 
in fieldwork. Moreover, it has a rather technical orientation, focusing on one or 
more operational aspects of urban agriculture. As a result, Reuborn is of the view 
that urban agriculture has been taken in a conceptual way, even though its essence 
has a conceptual construct (Reyburn 2012).

The essence of urban agriculture is its location within a city, more than its set of 
mere agricultural activities. It is a practice taking place in the midst of, and interre-
lated with, a variety of urban dynamics: economic, geographical, sociological, cul-
tural, anthropological infrastructural, and more. This is often reduced to specific 
problems like for instance the question of how to handle contaminated or poor soils, 
or the lack of knowledge among practitioners of urban agriculture, and the need of 
knowledge transfer. Cultural, sociological or anthropological factors, however, are 
always present on a fundamental and more invisible level, and co-shape the present 
and the future of urban agriculture.

In this chapter, urban agriculture has been discussed in a conceptual way, using the 
idea of an innovation system as its key concept. This aims at linking technical and 
operational aspects with economics and policies, as it aims at linking those with 
sociological and anthropological insights. Using this concept allows for really inte-
grating the urban character of urban agriculture, not seeing the city as solely a context 
for agricultural activities, but to integrate the economic, social and cultural dynamics 
of a city (that what makes a city “urban”) as an integral part of the agricultural activi-
ties. In developing this approach, the chapter presents urban agriculture in Mexico 
City as a case study, to illustrate to way the concept of innovation system is applied.

2  Towards an Innovation System Approach for Urban 
Agriculture

Innovation can simply be described as the invention and application of a new idea, 
device, product, service or method (cf. Frankelius 2009). It is a buzzword in sustain-
ability, which makes sense as sustainability is about creating a new world with inno-
vative ideas, practices and systems. With respect to urban agriculture, there equally 
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exists a considerable amount of literature touching upon the phenomenon of innova-
tion (Cunk et  al. 2017; Driscoll 2017; Pfeiffer et  al. 2013; Prain and De Zeeuw 
2007). The published work points at various elements of which many have been 
introduced in this chapter: actors, interaction of actors, institutions, industries, gov-
ernmental policies, learning cultures, technological development, and more. 
Frequently however, these aspects are not mutually linked and seen in a systemic 
perspective. To understand the potentials of innovation for a new practice as urban 
agriculture, or for a city, region or country, it is important to see all of these factors 
in their mutual interrelationship. This leads us to the concept of innovation systems, 
a concept introduced in the beginning of the ninety eighties, by Christopher Freeman 
and Bengt-Åke Lundvall (Freeman 1982; Lundvall 1985).

Innovation systems initially had a rather economic perspective, focusing on the 
production, distribution and consumption of new products, devices or technologies. 
The perspective gradually broadened, and the mere economic factors became part 
of wider innovation system (Lundvall 1988). With variables like legislation, educa-
tion, knowledge transfer, entrepreneurial cultures and more (Lundvall 2007). These 
all, as a system, are supposed to make us understand better the dynamics of innova-
tion in a particular field, country or region. There is a trend now to put ever more 
relative emphasize on sociological, political and – little by little – cultural factors, 
indicating that these are supposed to carry more weight than the mere economic 
factors, in explaining innovation processes (Lundvall 2016). Markatoua and 
Alexandroub (2015) argued that urban innovation systems should include the whole 
spectrum of societal challenges, as these form the unique societal aspects of cities 
(Markatoua and Alexandroub 2015).

A next step is to include cultural aspects and variables. As Tabellini (2010) con-
vincingly showed, cultural characteristics of an economy are crucial in understand-
ing the way the economy moves, functions and performs. They are equally crucial 
in determining the potential for change and transformation into the direction of, in 
our case, urban agriculture. Lundvall (2016) emphasized the importance of culture 
and language because culture make us “interpret identical signals in different ways”, 
which is a starting point in creation and design. Alon-Mozes and Amdur (2010) 
gave an interesting example of culture in the field of urban agriculture, analyzing 
how the meaning of urban agriculture in Israel changed. It changed form a collective 
Zionist project into a personal project for people involved, allowing them to do 
physical exercise and stay in good physical shape through working with the soil. 
Redefining the meaning of urban agriculture ensured an ongoing interest, after its 
original meaning lost relevance. In innovation system literature, culture is very 
often seen as entrepreneurial cultures, and their degree of openness for innovation 
and change (Pohlmann et al. 2005). The example from Israel shows us that culture 
can also be relevant in the form of a certain national or group belief.

Coenen and Díaz López (2009) conceptualized an innovation system constructed 
around a number of key variables that all are non-economic by nature, such as 
System Boundaries, Activities, Actors and Networks, Institutions, Dynamics, driv-
ers and barriers, Knowledge Transfer, Learning Cultures. Inside of these variables, 
economic processes certainly play a role, but they are not seen as the constituting 
elements of the system as such.
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This chapter is structured with the elements mentioned by Coenen and Diáz 
López in mind (see Fig. 1). First it presents what urban agriculture actually is in 
Mexico City (system boundaries). In this description, the relevant actors, networks 
and institutions in urban agriculture in Mexico City are introduced. Then, it will 
focus on the drivers within the system (Dynamics), and will do so from a point of 
view of particularly social and cultural dynamics. This is inspired by an earlier work 
carried out by Dieleman, in which he interrelated ecological, economic, social and 
symbolic aspects of urban agriculture in Mexico City (Dieleman 2016). This work 
highlighted the relevance of cultural values. Both positive dynamics (drivers) are 
presented, as negative dynamics (barriers). Finally, the chapter interrelates all of 
those in an attempt to show how the innovation system approach sheds new light an 
urban agriculture, in the case of Mexico City.

3  Urban Agriculture in Mexico City; System Boundaries, 
Actors and Institutions

Mexico City is located in the Valley of Mexico, in the midst of the Mexican high-
lands. The city area is approximately 1479 km2, with an average altitude of 2238 m 
above sea level, surrounded by mountains of up to 3880 m (Torres-Lima Pablo et al. 
2000). The main soil types are litosoles, andosoles, feozem, regosoles and solon-
chak, and the climate is moderate, with a dry winter and a wed summer season. The 
mean temperatures range from 18 to 24 °C, and average annual rainfall is between 
100 and 1400 mm (CETENAL 1977).

Fig. 1 Schematic representation of the key variables of the innovation system of urban 
agriculture
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Urban agriculture in the Valley of Mexico is, seemingly paradoxical, older than 
the city itself. Before the colonization process, the center of what currently is 
Mexico City was the Aztec city called Tenochtitlán, build on an island located in a 
big lake that stretched throughout most of the valley. The Aztecs developed floating 
gardens around their city (the so-called Chinampas) to cultivate food for the inhab-
itants. Near the edges, around the lake, many communities existed with each having 
its own agricultural production. The cultural, symbolic meaning of these facts plays 
a significant role in the way urban agriculture is perceived today, something that 
will be analyzed in detail in this chapter. The Spanish conquistadores dried out the 
lake to create Mexico City, converting freshwater into land and later into urban 
space. This process reached its almost total completion long after the colonization 
period was finished, in the last three decades of the previous century. Near the end 
of the last century, the valley almost completely changed into urban area, due to 
mass migration from rural Mexico to the capital. Agricultural activities stayed and 
transformed into urban agricultural activities.

The response to the historical process of urbanization has been unplanned and 
rather chaotic, with little governmental organization or guidance, and with frequent 
violations of the few regulations that existed (Torres Lima et al. 2000). As a result, 
urban agriculture in Mexico City is far from a homogeneous or well-structured 
activity. The city usually is seen as composed of three zones with distinct features: 
a peri-urban, suburban and urban zone. Underneath this zone-division however, a 
diverse mix of activities take place, while the distinction of the peri- and suburban 
zone is far less clear than the difference of these two with the urban zone. In the 
description of the zones in this chapter, the peri-urban and suburban zones are 
combined.

3.1  The Peri- and Suburban Zone

Both the peri-urban and the suburban zones are in the south of the city (Fig. 2). The 
peri-urban zone has a total of 300 km2 of farmland, which is divided in small plots 
that range in size from 1 to 3 ha (Torres-Lima and Rodríguez-Sánchez 2008). The 
zone consists of various small, traditional and indigenous communities such as 
Milpa Alta, San Mateo Xalpa, San Salvador Cuauhtenco, Magdalena Contreras and 
Cuajimalpa, and parts of Tláhuac. The suburban zone is found in lowland areas, 
particularly in the neighborhoods of Xochimilco and parts of and Tláhuac. These 
communities, as their names indicate, equally are pre-Hispanic and still maintain 
much of their traditional ways of working and living. The suburban zone used to be 
peri-urban but has been locked in by the ongoing urban sprawl, making them now 
part of the suburban zone of the city.

The communities of the peri-urban zone cultivate a variety of crops, including 
nopal, oats, potatoes, broccoli, carrots, lettuce, maize, tuna (fruit) and amaranth. To 
give an image of its magnitude, the 2012 harvest was valued at more than US$100 
million and included 336,000 tons of nopal, 147,000 tons of forage oats, 12,500 tons 
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of potatoes and 15,000 tons of broccoli, carrots, lettuce, maize, tuna (fruit) and ama-
ranth. Farms also raise livestock such as sheep, rabbits, pigs, horses and poultry. The 
animal population is estimated at some 6.650 head of cattle, 30.000 pigs, 10.000 
sheep and 220.000 chickens (FAO 2014). Spaces inside the villages are used for 
milk and meat production in stables and to keep animals for work and transport 
(mules, donkeys and horses). The backyards are used for hens, turkeys, ducks, rab-
bits, pigs and birds of prey while the family orchard is used for the production of 
vegetables, fruit trees, and medicinal, ritual as well as ornamental plants. The space 
immediately around the village is dedicated to the intensive production of nopal, 
surrounded by a circle designated for the cultivation of maize, chile and beans 
(Losada et al. 2011).

For the communities and farmers in especially the peri-urban zone, it is not easy 
to generate sufficient income. Only 49% of the farmers in Milpa Alta and 25% of 
the farmers in Tlalpan can make a fulltime living from their agriculture (Torres- 
Lima and Rodríguez-Sánchez 2008). The others commute to the city center to find 
additional means of income, often in the informal economy. They tried to increase 

Fig. 2 Map of Mexico City with different urban agricultural zones
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and intensify production, but mainly with adverse effects. As a result, they now face, 
especially in the cultivation of nopal, an increasing amount of plagues, a new prob-
lem related to a more modern and intensified way of cultivation. Even though the 
use of agrochemicals to fight the plagues is legally prohibited, the enforcement of 
this law is very weak (FAO 2014). Moreover, the city government promotes a style 
of agriculture that is difficult to practice without the use of such chemicals. As a 
result, it remains very difficult for most of the farmers to generate a stable income. 
Later in this chapter, we will come back to that (Fig. 3).

The dominant production in the suburban zone is horticulture and floriculture, 
with some maize, using treated water for irrigation. On a yearly base 17,600 tons of 
flowers and 3,635,000 potted plants are cultivated. Sheep, rabbits, birds, horses and 
pigs are still raised in backyards and in some small (dairy) farms (Losada et  al. 
2011). Xochimilco is the municipality where the cultivation in the traditional 
Chinampas or floating gardens is still present. However, farmers are little by little 
changing towards the use of greenhouses. In the last two decades, the use of plastic 
greenhouses for flower and horticultural production has increased considerably, 
causing the abandonment and transformation of Chinampas. In 2006, the area of 
Chinampas in production in Xochimilco was estimated at 262 ha, with an annual 
loss rate of 31 ha, compared with 244 ha of greenhouses, with an annual growth rate 
of 14 ha (Merlín-Uribe et al. 2012). This has considerable environmental effects. It 
involves a loss of the lacustrine environment, which integrates water, trees and wet-
lands. This in turn has a negative effect on the water quality in the area. Furthermore, 
Chinampas use less agrochemicals than greenhouses. Merlín-Uribe et al. show that 
94% of the greenhouse farmers use chemical pesticides, while this is practiced by 
only 68% of the Chinampa owners. Twenty-six percent of them use purely organic 
measures, and 6% combines the two (Merlín-Uribe et al. 2012). Here as well various 
challenges present themselves that we will come back at later in this chapter (Fig. 4).

Some 20% of the food consumption of Mexico City is produced in the peri- and 
suburban zone of the city combined. The farmers transport every day 30.000 tons of 
products to the central market (the ‘Central de Abasto‘), that extends 328 ha of sur-
face), while the food is distributed from thereon towards approximately 312 smaller 
markets in all parts of the city, the so-called “Tianguis” or mobile markets, that 

Fig. 3 Impression of Aztec Chinampas, and an image of a modern Chinampa
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Fig. 4 Huerto Romita en the downtown area of La Rome, Mexico City

Fig. 5 Google map of citizen initiatives in Mexico City

equally have their roots in pre-Hispanic times (Soriano Robles 2005). In terms of 
employment and income generation however, urban agriculture is far less impor-
tant. About 30.366 inhabitants of the city are involved in urban agriculture, in a total 
of 450 rural localities, in both the suburban (17.006 inhabitants) and the peri-urban 
zone (13.360 inhabitants). This corresponds with not more than 0.3% of the city’s 
population (Fig. 5).
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3.2  The Urban Zone

The center of Mexico City is densely populated, with an urban infrastructure com-
prised of main avenues, smaller roads and streets and parks with an organic mix of 
domestic, commercial and institutional functions within the neighborhoods. The 
areas and city municipalities surrounding the downtown city center, such as the 
municipalities of Iztapalapa, Iztacalco or Gustavo A.  Madero, were largely con-
structed in the last decades of the previous century. They emerged in rather 
unplanned ways, with hardly any space for parks or recreational areas. They are real 
urban jungles of endless small homogeneous little houses of usually two floors with 
a flat roof, constructed without any architecture or feel for aesthetics. These urban 
areas have rather distinct forms of urban agriculture, concentrated in specially 
designed public gardens, rooftops and yards.

Agricultural activities inside of the urban zone are divers as well, showing a rich 
patchwork of projects initiated by governments, by NGO, private firms, NGO’s and 
households. Between 2007 and 2012, local government invested 6 million US 
Dollar in 2800 projects, among other gardens in houses, collective housing units, 
schools and governmental buildings, and reached directly 15.700 inhabitants with 
these projects. Some 3000 families, especially the poorer, received support from the 
Government of Mexico City to create gardens on their rooftops, some with simple 
greenhouses to protect their crops from nightly mountain chill and occasional hail 
(Gaceta Oficial Del Distrito Federal 2012). On top of that, the city created, between 
2010 and 2014, 22.000 m2 of green roofs/gardens on public schools, hospitals, gov-
ernmental buildings and some metro stations (Gaceta Oficial Del Distrito Federal 
2012). In 2015, the construction of 10.000 more m2 of green roofs was initiated 
(Dieleman 2016).

The central city government encourages the city municipalities to establish a 
department responsible for the creation urban gardens and the stimulation of domes-
tic small-scale urban agriculture. As a result, initiatives now come from both the 
central city level and the level of the municipalities. The trickling down effect from 
the central city level to the municipalities however is rather slow. An additional 
number of 140 projects were realized in 16 of the city’s municipalities, in vacant 
lots, backyards and roofs of private and public buildings. This includes the creation 
of public or semi-public urban gardens in 14 of the municipalities. These gardens 
have educational purposes and allow for the cultivation of plants and flowers for 
private consumption. The distribution of the crops thus realized is however not sys-
tematically planned or organized. Volunteers take what they want, and sometimes 
crops are not harvested at all.1

1 This is, as far as I know not well documented, the statement is base don personal observations 
realized in various visits.

Innovation System Approach for Urban Agriculture: Case Study of Mexico City



88

In 2015, a new public urban garden of 700 m2 was opened in the rather poor 
municipality of Iztapalapa, within a public secondary school. The garden received 
the explicit label of being a “productive urban garden”, where the students can work 
and take their share of the crops collectively produced to their homes. The garden 
focuses on the cultivation of cilantro, parsley, chile, chamomile and lavender, which 
all form part of the regular Mexican cuisine. The Cuauhtémoc municipality, the 
most central and downtown area of the city, is one of the most active in urban agri-
culture (Gaceta Oficial de la Ciudad de Mexico 2016). Since 2009, it is training citi-
zens in becoming certified small-scale sustainable urban farmers. By now, some 500 
citizens were certified. This municipality uses its public urban garden to give the 
training for the small-scale sustainable urban agriculture program. The municipali-
ties of Miguel Hidalgo and Coyoacán initiated various projects for migrant families 
and single mothers, integrating in these projects the concept of microcredit in the 
form of small grants (1000–3000 Mexican pesos corresponding with or 50–150 US 
dollar) that enable them to invest in equipment to grow vegetables, to compost and 
to capture and use rainwater (Gaceta Oficial Del Distrito Federal 2012).

Besides the initiatives and policies generated by the government, Mexico City 
must be characterized by its large number of private initiatives, coming from NGO’s, 
private industries, start-ups of young, recently graduated academics, and rather 
small-scale spontaneous bottom-up initiatives in neighborhoods and communities. 
One of the well-known communal gardens “Huerto Romita” (Romita garden) 
located in the fancy neighborhood of ‘La Roma’ (part of the Cuauhtémoc 
municipality).2 It exists since 2007 and even though it is very small in surface (it has 
a 56 m2 gardening center), it is very active in giving training in organic community 
vegetable production and in teaching permaculture techniques. It also helps in start-
ing up school gardens and installs home and community gardens for city residents. 
Huerto Romita is well-known, and just one of many similar initiatives in the city.

The private sector as well shows various initiatives. Well-known is the urban 
planners group, “Efecto Verde”,3 who’s imaginative and bold proposal is to cover 
40% of the city’s urban surface by 2030, with low-maintenance vegetation. The 
group is engaging in many projects that all partially contribute to their big objective, 
but a comprehensive plan to realize the 40% still has not been accepted by the city 
government. Besides this well-known company, many small startups enter the ‘mar-
ket’ of urban agriculture as well. A nice example is the startup “Solution Culture”, 
a company of three recently graduated industrial designers, who design green roofs, 
gardens and walls, primarily for companies located in Mexico City.4

Overlooking the entire spectrum of urban agricultural activities in Mexico City, 
one can only conclude that it is extremely divers, with many actors and institutions 
involved, and with a diverse range of activities. The indigenous farming communi-
ties are trying to maintain century-old traditions, agro-industries selling (especially 

2 http://www.huertoromita.com/centro-romita
3 https://connectamericas.com/company/simbiosis-urbana-efecto-verde
4 http://www.solutionculture.mx/nosotros
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flowers), startups of young university graduates involved in the design of fashion-
able green roofs and green walls, NGO’s, governmental agencies, many citizen ini-
tiatives and thousands of individual households and/or persons, in one way or other 
active in urban agriculture. This diversity reflects the complexity of the Mexican 
society, and is both a positive driver for urban agriculture, as it is also a potential 
barrier, as will be shown in the following sections.

4  Positive Drivers for Urban Agriculture in Mexico City

The diversity of urban agriculture in Mexico City reflects the complexity of the 
Mexican society in general. Yet, urban agriculture also has the capacity to unite the 
otherwise very divided country. This is an important driver for urban agriculture in 
Mexico City.

Mexico is a very complex country with on the one hand people living in moder-
nity and postmodernity, and others still living in pre-modern conditions and cul-
tures. Moreover, there is a deep sense of distrust among the various groups, resulting 
in a desire to minimize contact with those coming from other cultures and social- 
economic classes. There is in general a fear for “otherness”, for people with differ-
ent customs and lifestyles (Yépez 2010; Dieleman 2010). Mexico-City is not 
different; the situation may be even more extreme there. The city hosts many glob-
ally oriented well-educated individuals, living in the fashionable downtown area, 
choosing their own urban lifestyle, tailored to fit their specific wishes and desires. It 
hosts a modern national oriented middle class, living in often gated communities, or 
otherwise rather well secured neighborhoods. They live lifestyles that enroll around 
fixed jobs, family life, holidays and activities for children (Philip et al. coordinators 
(2015:2). Finally, it hosts many pre-modern oriented inhabitants, who arrived in the 
1970s and 1980s, the period of mass migration towards the city. In numbers they are 
more than half of the city’s population, living in the huge suburbs that make up 
almost 80% of the urban area. They still have rather regional and rural orientation, 
longing to continue – or return to – the way of living they lost because of their 
migration to the city (Dieleman 2010).

An interesting characteristic of urban agriculture is that it cuts right across all of 
the groups mentioned. More importantly, it has the potential to unite the Mexican 
society that is otherwise so very divided, as it touches upon, and mobilizes, two very 
distinctive features of the Mexican culture and society:

• The desire to reconnect with its largely lost pre-colonial past, and
• The longing for freedom and independence from societal institutions.

These two are key drivers for urban agriculture in Mexico City, drivers of a 
mainly cultural nature.
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4.1  The Symbolic Meaning of Urban Agriculture

The previously mentioned Chinampas play a significant role as drivers for urban 
agriculture, as they are symbols of an almost lost past. It is important to give a short 
description of them in historic perspective. Around the year 1350, the Aztecs cre-
ated the city of Tenochtitlán on one of the islands of what was at that time the lake 
of the Valley of Mexico. The city grew steadily and became the biggest urban settle-
ment in pre-Hispanic Latin America, with at its peak around the year 1500 a popula-
tion of approximately 250.000 inhabitants (Aguilar-Moreno 2007). To feed the 
ever-increasing population and to overcome land shortage, the Aztecs created their 
so-called ‘Chinampas‘or floating gardens. The Chinampas increased the land area 
available for cultivation and were a model for numerous other cities in Mexico at 
that time (Aguilar-Moreno 2007). The Chinampas were constructed by staking out 
rectangular enclosures, ranging in size from 100 to 850 m2, filled with mud and 
decaying vegetation and used for cultivation of mainly vegetables and aromatic 
flowers. On average 10–15 persons worked on one Chinampa. Cultivation was 
accomplished by the effective use of seedbeds, thus allowing for continuous plant-
ing and harvesting of crops (Evans 2013).

Soon after the Spanish ‘conquistadores’ took control of the Aztec land, however, 
in between 1519 and 1523, they started drying out the lake, creating land that later 
served as the foundation for contemporary Mexico City. Only in the suburban com-
munity of Xochimilco, the pre-colonial canals and Chinampas remained and still 
exist. In 1987, UNESCO declared them to be part of the UN World Heritage, under-
scoring their cultural importance, while taking a stand against their ongoing deterio-
ration (Torres-Lima and Rodríguez-Sánchez 2008).

This history of Mexico City, combined with the previously mentioned desire to 
reconnect with the pre-colonial past, gives urban agriculture a positive connotation 
for most Mexicans today. This is not a small thing, on the contrary. Mexico is, as 
many other postcolonial countries, still suffering from its traumatic colonial history, 
resulting in a huge problem of uniting the divers and mixed population, and of creat-
ing one nation as a social whole, with a shared identity (Brushwood 1966; Hoy 
1982; Yépez 2010; Dieleman 2010). Urban agriculture offers the city’s inhabitants 
an opportunity to re-experience their past, in a symbolic way, and to be Mexican in 
an identity-full way, while they can at the same time be part of a global emerging 
movement of sustainability and food security. Urban agriculture stands for a 
 tradition, an identity, as well as for contemporary values of sustainability and care 
for future generations. The Chinampas play a crucial role in this, as icons of a time 
largely gone by (Torres Lima et al. 1992).

For the indigenous farmers and communities like those of Milpa Alta or 
Cuajimalpa, the symbolic meaning of urban agriculture helps them in their struggle 
to continue living their traditional lifestyles. For the migrants of the 1970s and 
1980s, as well as their second or third generation offspring, urban agriculture opens 
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opportunities to reestablish parts of their rural lifestyle. Finally, for the more afflu-
ent population in the urban zone of the city looks, the symbolic meaning of urban 
agriculture helps them integrating their postmodern lifestyle with their Mexican 
identity.

While the city government is interested in urban agriculture for reasons of food 
security in the context of climate change, and private industries are interested in 
combatting contamination to change the city into an attractive workplace that 
appeals to a foreign and well-educated workforce, they find the citizens of Mexico 
City on their side, though for different reasons (Dieleman 2016). This mix of mutu-
ally reinforcing drivers creates a huge potential for urban agriculture in Mexico City.

4.2  Citizen Bottom-Up Initiatives

A second potential for urban agriculture in Mexico City is the longing for freedom 
and independence, a desire that has a particular meaning in the Mexican context. 
This context is partly, again, historic and rooted in the colonial past. But it is also 
contemporary, and rooted in the malfunctioning of Mexican democracy, govern-
ment and the juridical system. These all are all seriously plagued by corruption, 
brutal inefficiency and clientelism (Philip et  al. 2015). Mexicans have suffered 
throughout history from rulers that never were really interested in the wellbeing of 
their citizens. This shaped a particularly deep longing for freedom, respect and inde-
pendence, and resulted in an active civil society that is remarkably active today 
(Vargas Hernández 2010).

This civil society is relatively quiet young, and its development accelerated in the 
second half of the ninety eighties of the previous century. The earthquake that struck 
Mexico City on September 19, 1985 is seen as an important catalyst in this develop-
ment. This quake destroyed a considerable part of the city and resulted in the death 
of approximately 10.000 persons, with 250.000 people losing their homes 
(Quarantelli 1992). In the days after the quake, governmental responses were very 
inadequate, and citizens were obliged to organize themselves. They spontaneously 
took up the tasks of rescuing people, distributing food and providing shelter. Without 
this spontaneous civil response, the effects of the earthquake would have been much 
more detrimental (Quarantelli 1992). Yet something else happened. The aftermath 
of the earthquake awakened, in the words of the Mexican poet Homero Aridjis, a 
social earthquake that is still roiling in Mexico City and the entire country.5 It is the 
social earthquake of the awareness that the Mexicans can take the course of life in 
their own hands, despite of a malfunctioning government. Vargas Hernández talks 
about the Mexican civil society as an emergent property of a failing political and 
institutional system, that accelerated in 1985 and never disappeared since (Vargas 
Hernández 2010).

5 https://www.huffingtonpost.com/homero-aridjis/mexicos-1985-earthquake_b_8170324.html
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Houtzager and Acharya conducted an exhaustive comparable study on citizen-
ship in and Mexico City and Sao Paolo in Brazil. They arrived at the conclusion that 
in Mexico City the participation in associations for self-provisioning is particularly 
strong. Twenty-five percent of the total population participates, or participated, in 
associations, initiatives or actions organized by the civil society. This participation 
was realized by people coming from all types of education, from lower levels up to 
people with higher education (Houtzager and Acharya 2010). These data reveal an 
image of Mexico City as a vibrant city, full of bottom-up initiatives that together 
constantly create and recreate the city. This is very relevant for the future of urban 
agriculture in the city.

In 2013, the VIC, the “Vivero de Iniciativas Ciudadanas” or in English the 
‘Nursery of Citizens Initiatives’, an NGO based in Spain, started recording and 
mapping citizen initiatives in Mexico City, in collaboration with the Spanish 
Cultural Center in Mexico.6 It registered and mapped a total of 369 citizen initia-
tives, in various categories as ‘Care and lifestyle’, ‘Collaborative economy’, ‘Micro- 
urbanism’, ‘Permaculture’ and more. Many of them are directly or indirectly 
involved in urban agriculture, even though they are categorized under labels as 
micro-urbanism, permaculture or collaborative economy. The initiatives registered 
by VIC only form the top of the iceberg, as only those were included who have their 
own website and can be found on internet. The reason for this is that VIC created a 
Google Map style map of the initiatives, which allows visiting each of them online.

Research carried out by VIC indicates that 91% of the initiatives consider them-
selves as “bottom-up” initiative without any connection to an established institu-
tion, while 87% responded that their explicit goal was to practice alternative ways 
of living, with keywords as ethics, social responsibility, equity and sustainability. 
Ninety-one percent indicated that their objective is to contribute to those values 
through concrete actions, instead of using political action. The combination of the 
historically prompted interest in urban agriculture, and the active participation of 
many Mexicans in bottom-up initiatives that aim at creating a better – sustainable, 
ethical, equal – society, creates a very fertile cultural soil for urban agriculture in 
Mexico City.

5  Barriers for Urban Agriculture in Mexico City

A fertile soil is not enough to make agriculture flourish, and the same is true for a 
fertile cultural soil. Other conditions need to be fulfilled as well, such as the avail-
ability of knowledge and capacities, certain cultural outlooks, technologies, favor-
able policies and structural tendencies that help urban agriculture to develop. In this 
section, some of those, and places them in a wider context, of modernization and 
some key features of the Mexican culture in general have been described.

6 http://viveroiniciativasciudadanas.net/2015/04/20/iniciativas-x-d-f/
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5.1  Structural Tendencies

Several structural tendencies form serious threats for the further development of 
urban agriculture, especially in the peri-urban and suburban zones. One of the prob-
lems the farmers in these zones are facing is a loss of agricultural land. This is 
mainly due to the urban sprawl that continues to demand more land for housing, 
industrial as well as recreational activities. In relation to this, a second problem is 
the overexploitation of aquifers, because of the increasing water demand of the city. 
This has led to a serious decline in water supply, water quality and to ground subsid-
ence (SEDEREC 2017). Despite of that however, as was mentioned in paragraph 
3.1, there is an ongoing trend to substitute Chinampas for greenhouses, even though 
the last are considerably less sustainable in terms of the conservation of water quan-
tity and maintaining water quality. In the peri-urban zone, the significant increase in 
the cultivation of nopal – in itself a response to changing market demands – has led 
to an enormous increase in plagues, for which the cure until now is the use of agro-
chemicals, something that is strongly rejected by the farmers themselves, and goes 
against the objective to create sustainable urban agriculture.

The supply of seeds is a third serious challenge, for the horticulture and floricul-
ture in the suburban zone and for the cultivation of especially nopal, maize and 
broccoli in the peri-urban zone. Government stopped seed production in the 1980s 
and as a result, seed supply is now largely in the hands of large corporations. Many 
of them are foreign with just a few – large Mexican companies active in this field. 
As the cost of certifying seeds are very high, the farmers are increasingly dependent 
on those private corporations (FAO 2014).

Even though farmers, especially in the peri-urban zone, are encouraged to pro-
duce for local and national markets, their access to the wholesale market is limited, 
a fourth critical barrier. A vision of how to integrate urban agricultural production 
within mainstream markets however is missing. This involves designing new 
producer- consumer networks and structures beyond the incidental organization of 
fairs for indigenous products produced in the urban context, and beyond the sale of 
organic products for the middle and upper classes, willing to pay higher prices than 
low-income groups can afford to do (FAO 2014).

5.2  Modern Thinking Regarding Politics and the Definition 
of Agriculture

The policies developed in Mexico City target some of the challenges mentioned, but 
their effect is partial and, in some cases, potentially averse. This has to do with 
another cultural dimension, that of modernity and modern thinking. It may sound 
strange to mention modern thinking as a barrier for urban agriculture, but in Mexico 
City this is certainly the case. In general, modern thinking tends to divide the com-
plex reality in different parts, to then analyze those parts separately and develop 

Innovation System Approach for Urban Agriculture: Case Study of Mexico City



94

policies for each part in relative isolation (Dieleman et al. 2017). This obscures a 
systemic view on the whole. Moreover, modern thinking in general places strong 
emphasize on rationalization and individualization. In agriculture this manifests 
itself in an agro-industrial and an agro-entrepreneurial approach. In Mexico City 
this creates various concrete problems.

In territorial planning the focus on dividing and separation is very clearly present 
(Ruiz et al. 2014). Several years ago, the territorial planning of Mexico City declared 
the forests in the very south of the city to be protected natural area, and from that 
moment on, agricultural activities are strongly discouraged, and the use agrochemi-
cals in this area is prohibited. It is a typical modern politics of protection by separa-
tion. The farmers in the peri-urban zone of Mexico City used these areas for 
centuries, respecting natural cycles without destroying nature in a structural way. 
The idea that agriculture stands in opposition to nature was never a reality for them, 
but this thinking is now imposed on them. This is even more problematic as they are 
pushed to increase their production, and the use of fertilizers and pesticides is stim-
ulated, even though research programs for sustainable alternatives are put in motion.

Governmental planning in Mexico City, as virtually everywhere else, is compart-
mentalized in separate domains as economic policy, social policy, infrastructure, 
education, etc. Separate policies per sector often only very partially integrate with 
other policy domains. This is also true for the policy to stimulate urban agriculture 
in Mexico City. Economics, infrastructure, social programs, market etc. are men-
tioned, but largely remain a context that the urban agriculture programs don’t try to 
influence. They are merely mentioned. There is no analysis of the structural chal-
lenges just mentioned, with the exception of the problematic of the seeds. 
Subsequently, there are no policies developed to curb those trends to favor urban 
agriculture (SEDEREC 2017). The policies mentioned are largely limited to the 
subsystem of agriculture within the city. The question is what the farmers can do, 
not how government can curb the trends affecting the future of urban agriculture. 
With respect to the problematic of the seeds, this is different. The city’s Secretariat 
for the Environment created a system for the certification of organic production, the 
so-called Green Seal, and has set standards for organic agriculture in the conserva-
tion zone. Subsidies are provided to the farmers of Milpa Alta who preserve local 
maize varieties under traditional production systems with low environmental impact.

A third aspect to urban agriculture and modernization is the proposed change 
towards an agro-entrepreneurial approach. Many of the farmers in the peri-urban 
zone seek to increase their income, but for them this is never a separate objective. In 
their traditional way of living – and even worldview – work, family, economics, 
nature, agriculture all are related, within a spiritual explanation of how all fits 
together (hence: worldview). Being a farmer is indeed a way of being, far beyond a 
way of merely doing or a profession. On a yearly basis, the community of Milpa 
Alta, the largest in the peri-urban zone, has 43 religious celebrations and 16 pilgrim-
ages in which the relationship between the land, the community, fertility, water and 
mother earth are celebrated (Losada 2005).
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As Torres-Lima and Rodríguez-Sánchez (2008) rightfully observe, this risks los-
ing the social cohesion in the communities. The challenge is to find ways to main-
tain the traditional culture and stimulate urban agriculture at the same time. This is 
as yet not fully recognized in the politics of urban agriculture. The modern agro- 
industrial and agro-entrepreneurial approach also favors the use of greenhouses 
over Chinampas in the suburban zone, while Chinampas are remarkably more effi-
cient and sustainable, in terms of both the use and contamination of water.

Secondly, the policies do not really find an answer to the question how sustain-
ability, traditions, modern techniques and practices can all go together, or be blended 
together in a convincing way. This is problematic, as the city government pretends 
to stimulate sustainability and respect indigenous practices, but sees agriculture 
through the standard lens of mainstream modern thinking. These various objectives 
do not organically go together however.

5.3  Organizational Learning Cultures

A second major barrier for an ongoing development of urban agriculture in Mexico 
City is the lack of appropriate organizational learning cultures among people, and 
especially groups, involved in urban agriculture. Organizational learning cultures 
do not address specific technical knowledge or skills, but focus on the way that 
teams, networks and organization function and collaborate. Learning cultures are 
oriented towards both individual capacities and group dynamics. Individual capaci-
ties are the levels of self-knowledge and capacity of self-reflection and self- 
discipline, and the capacities to develop personal professional trajectories, with 
specific ideas and visions for the long and the short term. Relevant aspects of group 
dynamics are capacities of effective professional communication, effectively divid-
ing of tasks, meeting deadlines, giving feedback and collectively evaluating results.

In Mexico in general, this is a big challenge. Gordon (2010) analyzed Mexican 
business cultures using the dimensions that Hofstede developed in his famous cross- 
cultural analysis of 50 countries (Hofstede 1980). These dimensions are individual-
ism versus collectivism, power distance, uncertainty avoidance and masculinity 
versus femininity. Especially the dimension of power distance is relevant in the 
context of urban agriculture in Mexico City. Mexico is one of the countries with the 
worlds’ highest index for power distance, which means that people is reluctant to 
express a different opinion than their boss, and tend to conform to what their boss 
says, even when they disagree and/or know that their boss is wrong (Kesseli 2017). 
The Mexican macho culture makes this worse, as the macho tends to impose his 
ideas on others, disregarded of how the other thinks, feels or desires (Dieleman 
2010). This prohibits creating more equal and open working relationships and genu-
ine partnerships, which are essential for good teamwork. It equally discourages 
learning and teaching skills for teamwork, such as professional communication and 
collaboration skills, as they are not perceived to be that relevant.
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A research project carried out with students of the undergraduate program in 
Environmental Sciences and Climate Change of the Autonomous University of 
Mexico City (Dieleman and Martinez-Rodriquez 2017), shows the relevance of 
these cultural phenomena for urban agriculture. The project investigated the cul-
tures of 20 citizens initiatives included in the list of VIC. These 20 initiatives all 
focused on urban agriculture, as either their main activity, or as part of a broader 
range of activities. The research showed that organizational cultures indeed have a 
negative effect on the functioning of these initiatives, both in terms of their internal 
organization as well as in terms of their participation in networks. Many, if not most 
of these initiatives were founded rather charismatic persons with clear visions on 
how to accomplish their goals. And even though most of them favor horizontal and 
open working relationships, their coworkers reported that they were frequently not 
open for dialogues and remain closed to ideas of collaborators. This negatively 
impacted the motivation of various coworkers and diminishes the potentials of 
working with all of the energy and creativity available in a group or team. Various 
initiatives stayed on the level of where they started, and didn’t show real develop-
ment in their ways of working, and the services and products offered (Dieleman and 
Martinez-Rodriquez 2017).

This also affected the initiatives’ participation in networks. The founders/direc-
tors often are convinced that they know very well how to organize their work, and 
do not expect much from the possible collaboration with others. Moreover, almost 
all of them expressed mistrust in governmental institutions, and avoided working 
with the private sector as well, to avoid entering market dynamics of profit making. 
This demonstrated – and is nourished by – the distrust mentioned before, and the 
fear for others and “otherness. It is however a serious barrier for the future develop-
ment of urban agriculture in Mexico City. It is widely recognized that citizen initia-
tives need support from the party of local governments (Ostrom 1996; Sirianni 
2009; Bakker et al. 2012; Pestof et al. 2012). Sirianni’s main recommendation is 
that both the citizen initiatives as the government need to acquire skills and abilities 
to collaborate in networks, such as facilitating and moderating skills. On a personal 
level, this requires openness to the ideas and experiences of others and involves 
training in organizational learning skills to learn to co-work, co-produce and 
co-create.

It equally requires another view on the city, as a complex system full of bottom-
 up activities, action, reactions and emerging properties (Dieleman and Hernández 
Vázquez 2018; Dieleman 2012). Kagan et al. call this a city as a ‘space of possibili-
ties’, that asks for proper stimulation, moderation and facilitation, to growth and 
fulfill its potentials (Kagan et al. 2018). This characteristic however is not  recognized 
by the government of Mexico City, neither in the literature on urban agriculture. It 
is however a potentially very strong driver for changing the city.

H. Dieleman



97

6  Knowledge Transfer

In 2007, the city created a new secretary to stimulate small-scale urban agriculture, 
the so-called SEDEREC, the Secretary for Rural Development and Community 
Equality. The aim of SEDEREC is to stimulate urban agriculture, do research and 
development of sustainable practices and technologies and engage in knowledge 
transfer. The program aims at improving production planning, training, technology 
development, agro-processing and marketing. Through this program, the city 
together with Mexico’s Federal Government, invested between 2007 and 2012 some 
US$24.6 million in horticulture, floriculture and crop and livestock production, 
US$37 million in the conservation and sustainable use of natural resources in pri-
mary production (SEDEREC 2017).

For the farmers in the peri-urban and suburban zone, it organizes trade fairs and 
exhibitions, helping them to promote their traditional food in  local, national and 
international markets. In 2013, it signed an agreement with the Havana’s Institute of 
Fundamental Research in Tropical Agriculture in Cuba, to establish a Program for 
Technology Transfer of Small Scale Sustainable Agriculture. This program is first 
targeted at the farmers in especially the peri-urban zone, yet also focuses on the 
public gardens in the urban zone and through them, on single groups and house-
holds in the urban zone. In that zone, the program helps developing training pro-
grams focusing on how to compost, use rainwater and cultivate native plants and 
crops in urban spaces such as rooftops and small yards. In addition, the programs 
developed teaching material focusing on market orientation and some basic admin-
istration. In the suburban zone, water quantity and quality is a major issue. The 
program focuses on increasing the capacity for rainwater harvesting and storage and 
treatment of wastewater (SEDEREC 2017).

For the peri-urban zone, knowledge transfer focuses on the introduction of 
improved technologies for processing particularly on nopal and maize. As men-
tioned however, the program promotes a modern agro-industrial and agro- 
entrepreneurial approach, which has various adverse effects on the way many 
farmers in the peri-urban and suburban zone envision how urban agriculture in 
Mexico City needs to develop itself. It contradicts the cultural orientation and 
wishes of many, possibly because this is hardly recognized by the city government, 
certainly as a driver for change and innovation. What is needed is a more compre-
hensive interdisciplinary or transdisciplinary program, which combines a mere agri-
cultural approach with a cultural and historical approach. Even the FAO is 
recognizing this omission in the knowledge transfer activities of Mexico City (FAO 
2014: 25).

This need also presents itself when reading SEDERC’s 4th very comprehensive 
annual report (SEDEREC 2017). The document addresses virtually any aspect 
 relevant for urban agriculture, including many of the topics presented in this chap-
ter: technology transfer, creation of new markets, citizen initiatives, the positive 
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attitude towards urban agriculture in the city, the link with tradition and the past, and 
many more. However, all topics are presented in a rather separate way, and an over-
all vision behind them on the future of urban agriculture for the city, is missing.

As already touched upon, two questions remain unsettled. The first is how the 
city envisions integrating an increase in urban agricultural food production with 
maintaining traditions. How can horticulture and floriculture grow in sustainable 
ways with Chinampas, instead of replacing them by greenhouses? And how can the 
cultivation of nopal, maize and beans grow within the century old tradition of com-
munal agricultural practices, instead of through the concept of agro- entrepreneurship? 
The importance of all of them is mentioned (growth, tradition ecology, sustainabil-
ity), but an analysis of how they may reinforce each other, or conflict with each 
other, is absent. Secondly, a vision is missing on the question how urban agriculture 
may be integrated in mainstream economic activities in the city. It is sympathetic to 
organize fairs for indigenous organic products, a few days per year in the city center. 
But more importantly in the long run is, how these products can find their way to 
supermarkets and the dinner tables of those Mexicans that are less conscious and 
less critical in their purchases. This long-term integrated perspective still is missing.

7  Conclusion: The Importance of Seeing Urban Agriculture 
as a Systemic Activity

This chapter presents urban agriculture as a systemic endeavor, meaning that its 
success and growth depend on a fairly large number of divering variables. The inno-
vation system approach applied in this chapter focused on System boundaries, 
Actors and Activities, Institutions and Networks, Dynamics, Knowledge transfer 
and Learning Cultures. The identification of these variables is not an exact science; 
it depends on the perspective one uses and the specific context one works in. The 
context of Mexico City, the case study presented to illustrate how a systemic 
approach may look like, highlights in particular various cultural aspects as drivers 
and barriers for urban agriculture in Mexico City. These cultural aspects do not 
stand alone, but have their effects on public policies, knowledge transfer and the 
learning cultures analyzed. The approach presented here, aims at complementing a 
more widely applied approach of focusing primarily on case studies from a perspec-
tive of operational aspects, practical knowhow, techniques and technologies, and 
rather targeted public policies to stimulate urban agriculture.

The question to answer now is, if the model applied can give us some insights 
into probable future developments of urban agriculture as an innovation, a new idea, 
device, product, service or method, in Mexico City. The answer is as follows. The 
chapter shows a widely present interest in urban agriculture among virtually all the 
different actors and groups present in Mexico City. There is an enormous potential 
for its further growth and development, and this is above all culturally induced. The 
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interest is not in the first place coming from a felt need to increase food production 
or improve the environmental quality of the city. Key words rather are: history, 
identity, independence, living a meaningful traditional and both contemporary 
Mexican life. For the farmers in the peri-urban and suburban zones of the city, eco-
nomics do play a vital role, but many of them do not isolate mere economic con-
cerns from cultural, social and even spiritual concerns.

The cultural relevance is recognized in academic circles and in the academic 
literature presented in this chapter, and it is often mentioned while talking with 
people in the field. Most of them however, see it as an interesting feature of urban 
agriculture, but not as a driver or dynamic force for the future development of urban 
agriculture in Mexico City. The concept of innovation changes this, and turns it into 
a driver, making us look at urban agriculture as a process, which can be stimulated 
or hampered. There is an immense potential for urban agriculture, once it is seen as 
a decisive characteristic of a future sustainable Mexico City. As an outstanding fea-
ture of the city that unites the past and has a promise of creating a sustainable future, 
while it potentially unites the divers, often antagonistic groups within the city. As a 
symbol, which is on the one hand based on a century old history and opens on the 
other hand a door to a sustainable future.

The city government is yet not recognizing urban agriculture in this way. It, 
somewhat implicitly, thinks of urban agriculture in terms of its food production in 
the peri-urban and suburban zones, and in terms of its environmental benefits and 
environmental education for the urban zone. It recognizes the cultural dimension, 
but as a mere contextual variable, not as a driver for innovation. The focus on 
increasing food production, even though the importance of organic production 
methods is recognized, tends to favor greenhouses over Chinampas in the suburban 
zone, and agro-industrial and agro-entrepreneurial practices over communal indig-
enous practices in the peri-urban zone. By contrast, it still underestimates the poten-
tials of food production in the urban zone. That is why knowledge transfer was, 
paradoxically, characterized as a barrier for urban agriculture instead of as a driver, 
which it is supposed to be.

A second identified driver is the desire for freedom and independence, motivat-
ing many individuals to start producing parts of their own food on rooftops or in 
little yards. This also includes NGO’s like Huerto Romita and others, and many 
private initiatives such as Efecto Verde, startups like Solution Culture and many 
spontaneous citizen initiatives. All of these initiatives together show an image of 
Mexico City as a vibrant system, and a real ‘space of possibilities’. As mentioned, 
this characteristic again is not really recognized as such, and less as a driver for 
urban agriculture as an innovation process. It is however a potentially very strong 
driver for changing the city. Here as well however, we need to signal an important 
barrier. The knowledge transfer does not include training in organizational learning 
capacities, even though these are certainly needed to promote urban agriculture in 
Mexico City.
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Abstract Soil is threatened by the increase of human population, intensive man-
agement, urbanization and degradation. Sustainable Soil Management (SSM) is one 
of the main key factors both for significant crop production and for environment 
conservation. Conservation tillage techniques, especially applied together with the 
permanent maintenance of mulch cover on the soil surface as well as the diversifica-
tion of cropping system (Conservation Agriculture (CA) system), induce positive 
changes to soil properties and characteristics. Additional C is sequestered from the 
atmosphere reducing climate change and increasing net C accumulation in long 
periods. In term of physical aspects, soil porosity, thanks to increased density of 
storage pores and elongated transmission pores, increases, saturated and unsatu-
rated hydraulic conductivity improves, more stable aggregates are found, and, as 
consequence, water holding capacity and water use efficiency ameliorate while soil 
erosion reduces. The soil pH, CEC, exchangeable cations, and soil principal macro-
nutrients availability, especially at surface layer level, are found to improve as well 
as soil biota including both invertebrates and microorganisms thanks to an increased 
densities and diversity.

Thanks to the numerous positive effects on soil health, sustainable soil manage-
ment in turn affect positively crop yield, thanks to better root growth development, 
higher water and nutrient availability, profitable interaction with microorganisms.
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1  Introduction

Sustainable Soil Management (SSM) is one of the main key factors for agricultural 
crop production, providing a range of regulating, supporting and cultural ecosystem 
services in addition to food, fodder, fuel, and fiber. While nature gaps are not neces-
sarily related to the intensity of cultivation, agricultural intensification has in the 
past been associated with the creation of significant nature gaps. A challenge will be 
to create biodiverse farming systems that are productive, resilient and enablers of 
‘intensification without simplification’ (Frison et  al. 2011). Agricultural systems 
emphasizing these principles tend to display a number of broad features that distin-
guish them from the process and outcomes of conventional systems. These systems 
tend to be multifunctional across landscapes and economies (Dobbs and Pretty 
2004; MEA 2005; IAASTD 2009). SSM is addressed for resource saving agricul-
tural crop production aimed to achieve acceptable profits together with high and 
sustained production levels (Stagnari and Pisante 2010; Calzarano et  al. 2018), 
while simultaneously preserving the environment. Interventions such as mechanical 
soil tillage are reduced to an absolute minimum and external inputs, such as agro-
chemicals and nutrients of mineral or organic origins, are applied at the optimum 
level and in a way and quantity that does not interfere with, or disrupt, the biological 
processes (FAO 2012). Benefits of SSM include improved moisture conservation 
and water infiltration, reduced run-off of pesticides and fertilizers, reduced con-
sumption of fuel, improved organic matter content with associated carbon seques-
tration, improved diversity of soil, flora, and fauna, better wildlife habitat, better soil 
structure, reduced wind and water erosion, less labor and less investment in equip-
ment (Cook et al. 2006; Huggins and Reganold 2008; Stagnari et al. 2009) (Fig. 1). 
Furthermore, in many environments soil erosion is reduced to a level below the soil 
regeneration one or it is avoided altogether, and water resources are restored in qual-
ity and quantity to levels recorded before the land was put under intensive agricul-
ture (Montgomery 2007; FAO 2011). However, intensified production is still 
possible under SSM regime with benefits including lower capital costs, reduced 
inputs, flexibility in terms of adaptation, aggrandized ecosystem efficiency, and 
environmental protection. In this regard, SSM which greatly improve soil porosity 
and reduce soil temperature are advantageous practices to mitigate these releases 
into the environment.

For productive and remunerative agriculture, which at the same time preserves 
and enhances the natural resource base and environment, and positively contributes 
to harnessing environmental services, SSM represents a task for Sustainable Crop 
Production Intensification (SCPI) to not only reduce the impact of climate change 
on crop production but also mitigate the factors that cause climate change by reduc-
ing emissions and by contributing to carbon sequestration in soils (Pisante et  al. 
2012). Hence, it adapts to and mitigates climate change and leads to a more efficient 
use of inputs to reduce production costs. Intensification should also enhance biodi-

F. Stagnari et al.



107

versity – above and below ground levels – in crop production systems to improve 
ecosystem services for better productivity and a healthier environment (Pisante 
et al. 2012). Investments in knowledge – especially in the form of science and tech-
nology – have featured prominently and consistently in most strategies to promote 
sustainable and equitable agricultural development worldwide.

Thus, the topic of SSM has a wide and complex scope as reflected in the list of 
ten tenets proposed by Lal (2009).

This chapter illustrates the agronomic principles of SSM in agricultural crop 
production and proposal for integrate sustainable soil management into sustainable 
farming and landscape management and what solutions are being implemented in 
different conditions. Section 2 describes Soil health and quality deepening some of 
the soil quality attributes, such as the organic carbon content as well as the physical 
and biological soil properties. Section 3 illustrates the contributions of SSM within 
agricultural practices and land management in line with the advances of contempo-
rary agriculture with explanation of indicators for sustainability assessment. This is 
followed, in Section 4, by future perspectives for sustainable soil management, 
including how sustainable soil management has been able to restore degraded 
soils in different agricultural environments. Section 4 also offers some concluding 
remarks regarding the current trend toward sustainable soil management.

Fig. 1 Benefits of sustainable soil management (SSM). (Acquired from Cook et al. 2006; Huggins 
and Reganold 2008; Stagnari et al. 2009)
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2  Soil Health and Quality

2.1  Definition and Attributes

During the last decades, increasing attention has emerged around the issues of soil 
preservation and sustainability, recognizing the unique role of soil in producing 
food, fiber, energy and for the adequate functioning of the global ecosystem. 
Nevertheless, soil is threatened by the increase in human population, intensive man-
agement, urbanization and degradation. The tendency towards preservation of soils 
goes beyond the agricultural scope (Blum 2003), so starting from the second half of 
the past century many interrelated terms emerged to cope with the “sustainability of 
soil” concept, like “soil quality” (SQ), “soil functionality” and “soil health” (SH) 
(Lal 2016).

SQ is defined as the “fitness for use” (Larson and Pierce 1991), and “capacity of 
the soil to function within ecosystems and land-use boundaries to sustain biological 
productivity, maintain environmental quality, and promote plant and animal health” 
(Doran and Parkin 1994; Karlen et al. 1997). It emerges the complexity and site- 
specificity of soil ecosystems (Bünemann et al. 2018) as well as the implicit several 
linkages between SQ and soil functions also termed as ecosystem services provided 
by soil resources (Daily 1997) including “sustaining plant and animal productivity 
(agricultural land), forest productivity (silvicultural land), air and water quality in 
relation to human health, contamination with heavy metals (minelands and urban 
lands) etc.” (Lal 2016). High SQ promotes high crop yields (Fuentes et al. 2009; 
Turmel et al. 2015).

Differently to SQ, SH presents the soil as “a finite and dynamic living soil 
resource, directly related to plant health” (Lal 2016). Indeed, the term SH originates 
from the fact the SQ influences, through the quality of crops, animals, and human’s 
health (Bünemann et al. 2018). SH would “capture the ecological attributes of the 
soil which have implications beyond its quality or capacity to produce a particular 
crop. These attributes are chiefly those associated with the soil biota, its biodiver-
sity, its food web structure, its activity and the range of functions its performs” 
(Pankhurst et al. 1997). Doran and Zeiss (2000) and FAO (2011) gave specular defi-
nition of SH: “the capacity of soil to function as a vital living system to sustain 
biological productivity, maintain environment quality and promote plant, animal 
and human health”. It is emphasized the presence of organisms, involved in several 
activities from nutrient cycling, symbiotic relationships with plant roots, pest, weed 
and disease control, to soil aggregate formation and aeration (Turmel et al. 2015). 
Within a context of sustainable crop production, SQ is obviously related to SH. Soils 
rich in organic matter content produce high biodiversity, showing high reserve of 
soil nutrients and moisture (Turmel et al. 2015) confirming that a healthy soil is also 
a high-quality soil.

In the individuation of suitable indicators to measure soil properties and pro-
cesses (Kibblewhite et al. 2008) it should be taken into account that the concepts of 
SQ and SH should include also the capacity for emergent system properties, i.e. the 
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self-organization of soils  – feedbacks between soil organisms and soil structure 
(Lavelle et al. 2006) – and the adaptability to changing conditions (Bünemann et al. 
2018). In the case of SQ quantification several indicators, which accurately sum-
marize soil functions, exist (Bastida et al. 2006) and relate to measurable properties 
or characteristics of soils which can be distinguished on physical, chemical, and 
biological with the formers being the mainly applied. However, soil biological and 
biochemical properties may respond more rapidly to management activities and 
perturbations (Gianfreda and Ruggiero 2006; Paz-Ferreiro et  al. 2007, 2013; 
Benintende et al. 2015; García-Orenes et al. 2012), characteristics equivalent to reli-
ability and robustness (Arshad and Martin 2002); besides, further requirements 
include ease of sampling and measurement, comparability to data and easy interpre-
tation. Bünemann et al. (2018) reviewed some biological or biochemical, additional 
or novel, SQ indicators based on: nematodes (Stone et al. 2016), (micro) arthropods 
(Rüdisser et al. 2015), soil suppressiveness (Janvier et al. 2007; Wu et al. 2015), 
genotypic and phenotypic community diversity (Hartmann et al. 2015; Kumari et al. 
2017; Ritz et al. 2009), metabolomics (Vestergaard et al. 2017) and metaproteomics 
(Simon and Daniel 2011).

Additional simple and sophisticate methods, such as visual soil structure infor-
mation (Shepherd et al. 2008; Mueller et al. 2013) and aggregate stability measure-
ments by laser granulometry with sonication (Rawlins et  al. 2013) have been 
developed to monitor soil physical quality. Spectroscopic techniques, e.g., near- 
infrared spectroscopy and remote sensing, offer the opportunity to measure various 
soil chemical, physical and biological parameters in a fast and inexpensive way 
(Kinoshita et al. 2012; Paz-Kagan et al. 2014; Gandariasbeitia et al. 2017; Ramirez- 
Lopez et al. 2018; Tziolas et al. 2019; Ostovari et al. 2018), also in combination 
with electrical conductivity and penetration resistance measurements (Veum 
et al. 2017).

A selection, due to the increase in both collinearity and complexity of the rela-
tionships between indicators and costs of measurements (O’Sullivan et al. 2017), is 
required in order to obtain a minimum dataset (MDS) for SQ assessment (Zornoza 
et al. 2015). The first MDS were proposed by Larson and Pierce (1991) and Doran 
and Parkin (1994), and successively adapted, modified or extended in studies based 
on statistical data reduction by multivariate techniques (Lima et al. 2013; Schipper 
and Sparling 2000; Shukla et al. 2006) and multiple regression (Kosmas et al. 2013), 
or by resorting to participatory approaches (Ritz et al. 2009; Bünemann et al. 2018). 
MDS is based on a number of SQ indicators (6–8) belonging to physical, chemical, 
and biological classes, to achieve a holistic image of SQ (Nannipieri et al.1990). 
Methodological transparency is imperative to allow wide application of MDS selec-
tion (Bünemann et al. 2018).

To summarize the information conveyed by each SQ indicator, the soil quality 
index (SQI) was proposed, which can help determining SQ trends (Karlen et  al. 
2001; Zobeck et al. 2015; Zornoza et al. 2015). SQI integrates the most relevant soil 
indicators into a single numerical measurement (Velasquez et  al. 2007; Bastida 
et  al. 2008; Calero et  al. 2018) and is  calculated using linear/non-linear scoring 
functions and additive/weighted additive methods (Askari and Holden 2015). For 
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example, Calero et  al. (2018) proposed the Field Soil Quality Index (FSQI) that 
integrates 18 morphological soil indicators; Puglisi et  al. (2006) a complex SQI 
(Alteration index, AI1) based on soil enzymes, while Mijangos et al. (2010) devel-
oped an SQI based on several biochemical properties (dehydrogenase, urease, 
β-glucosidase, acid phosphatase and arylsulphatase) similar to others (Paz-Ferreiro 
and Fu 2016). In addition, the visual soil assessments (VSA) approaches, which 
target mainly soil physical and chemical attributes in relation to productivity, are 
often summarized in an overall soil quality rating (Shepherd et al. 2008; Guimares 
et al. 2011; Mueller et al. 2014; McKenzie et al. 2015).

2.1.1  Soil Organic Carbon

Soil C is by far the largest terrestrial C pool, storing more than double the quantity 
of C in vegetation or in atmosphere (Jia et al. 2017; Wu et al. 2009); it is composed 
by two distinct and related components, SOC and Soil Inorganic C (SIC). C seques-
tration, a potential for climate change mitigation, implies transferring atmospheric 
CO2 into SOC and SIC stocks, that is storing it securely into long-lived pools (i.e. 
increasing in the soil C storage capacity; Lal 2004a).

SIC pool is approximately two to ten times larger than SOC in arid and semiarid 
regions (rainfall <500  mm/year) (Mi and Huang 2008), it comprises carbonates 
(CO−2; solid pool) and bicarbonates (HCO−; dissolved pool) of Ca+2, Mg+2, K+ and 
Na+ and the solid SIC pool fraction can further be classified as lithogenic inorganic 
C (primary carbonates) and pedogenic inorganic C (secondary carbonates). The for-
mer comes from the parent material of the soil, with no change in soil inorganic C 
content (Wu et al. 2009). The latter is formed through the reaction of HCO3

− and 
CO3

−2 (in solution by dissolution of CO2) with Ca+2 or Mg+2, which leads to seques-
tration of atmospheric CO2 (Lal 2016) – 2 moles of atmospheric CO2 for every mole 
released during the precipitation of pedogenic carbonate (Schlesinger 1982). 
Weathering of Ca/Mg-bearing silicates represents another way of pedogenic inor-
ganic C formation (Goddard et al. 2007). SIC sequestration, through formation of 
secondary carbonates, could reach 0.12–0.38 Mg C ha year−1 to 160 cm depth by 
irrigation and fertilization (Bughio et al. 2016). Besides, leaching of bicarbonates 
into the subsoil or shallow water table and its reprecipitation can also be high (Monger 
et  al. 2015). SIC storage and dynamics have been mainly investigated at local or 
regional level, consequently a quantitative assessment of soil C storage as a baseline 
to estimate the overall C budget at a national or global scale and the identification of 
the areas where C sequestration should be concentrated (Wu et al. 2009) are needed.

SOC represent the majority of C in soils, with an average content of 2400 Pg to 
a soil depth of 2 m (Han et al. 2015). In arid climates the SOC pool to 1-m depth is 
about 30 tons/ha, increasing to 800 tons/ha in organic soils from cold regions (Lal 
2004b). It is part of SOM (45–60%) and results in a heterogeneous mixture of 
organic materials including fresh litter, carbohydrates, and simple sugars, complex 
organic compounds, some inert materials, and pyrogenic compounds (Lal 2016). 
The SOC stock can be divided into labile or actively cycling pool, a slow pool, and 
a stable or passive, recalcitrant pool with varying residence times (Majumder et al. 
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2008). The rate of its turnover depends on the degree of protection mechanisms 
within the soil matrix (Dungait et al. 2012; Lal 2016), which can be distinguished 
in: physical, i.e. encapsulation within stable microaggregates (Six et al. 2000, 2002), 
formation of organo-mineral complexes (SOC storing for millennia) and transfer 
deep into the subsoil; chemical, i.e. formation of some recalcitrant compounds (von 
Lützow and Kögel-Knaber 2009); biological, i.e. microbial exudates that repel other 
organisms, transfer of SOC into biologically non-preferred soil spaces (Dungait 
et al. 2012); ecological, i.e. coupled cycling of C with H2O, N, O, S and microele-
ments, erosion control, deep translocation.

The labile C pool, which shows the most rapid turnover rates, deeply influence 
nutrient cycling (Majumder et al. 2007), crop production and it is sensitive to agro-
nomic practices. Conversely, the highly recalcitrant or passive pool, being involved 
by microbial activities in a very slow times, it is not a suitable indicator for monitor-
ing soil quality and productivity (Majumder et al. 2007).

High SOC levels in agroecosystems  – threshold value in the rootzone of 
1.5–2.0% – are necessary to ensure high physical, chemical and biological soil attri-
butes, which in turn affect crop production. Indeed, SOC: (1) promotes better soil 
structure and particle aggregation; (2) guarantees water retention, thus increasing 
the soil water availability to crop, and ameliorates water use efficiency; (3) is associ-
ated to improved nutrient retention and use efficiency; (4) promotes microbial activ-
ity in the rhizosphere; and (5) regulates gaseous emissions (e.g., CO2, CH4, N2O) 
(Fig. 2). SOC pool is also related to several ecosystem services, such as mitigation 
of the climate change and advance food security (Lal 2016) and can be considered 

Fig. 2 The effects of soil organic carbon (SOC) in agroecosystems. (Acquired from Lal 2016)
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an indicator of soil health (Winowiecki 2015). Soil C sequestration – i.e. increasing 
of both SOC and SIC stocks – as well as the maintenance of SOC pools are recog-
nized as important strategies for building efficiency and resilience of the system 
(Corsi et al. 2012; Victoria et al. 2012) and are achieved through soil management 
practices which will be further exposed.

2.1.2  Soil Physical Properties

Physical properties have significant influence on the behavior of soil for agricultural 
uses and can be assessed, in addition to the laboratory analyses approach, visually 
or by touch, and measurable with appropriate scales. The principal ones are texture 
and structure, which are strictly interrelated to each other. Other characteristics such 
as porosity, softness, adhesion, plasticity, color, aeration and temperature depend on 
these main properties and have a direct impact on plant growth. Indeed, physical 
properties of the soil determine the supporting capability, movement, retention and 
availability of water and nutrients, penetration of the root system, flow of heat and 
air as well as they have strong influences on chemical and biological properties.

Soil texture, which refers to the prominent size range of mineral particles, i.e. 
relative proportion of its sand, silt, and clay contents, defined both qualitatively and 
quantitatively, is a static property affecting almost all the other soil properties. Land 
use capability and soil management practices largely depend on the texture (Whisler 
et al. 2016). Depending on the diameter of the soil fraction, the degree of water 
retention, aeration and workability can be determined. In general, sandy soils have 
poor water retention capacity, lower organic carbon content and biological activity, 
higher hydraulic conductivity, poor sealing properties for ponds and dams, higher 
leaching of nutrients and pollutants (Singh et al. 2016); the low organic carbon con-
tent in sandy loam soils is one of the major reasons for declining in soil health and 
productivity. Besides, the clayey soils have high water and nutrient holding capac-
ity, poor aeration, very slow drainage unless cracked, high to medium organic mat-
ter content, medium to high swelling and shrinkage characteristics.

The primary soil particles aggregate into larger units in different ways of arrange-
ment and organization such defining the soil structure. The soil disturbances pro-
duced by several agronomic practices, principally tillage, can have significant 
deleterious effects on soil aggregation (Mangalassery et al. 2013; Dal Ferro et al. 
2014; Tuzzin de Moraes et al. 2016) since structure is particularly linked to both 
fertility and sustainability of soil productivity. Indeed, the relationship between the 
solid, liquid and gaseous phases depends on the type of structure: soil particle 
aggregation creates intra-aggregate and inter-aggregate pore space, thereby chang-
ing water, gases, solutes, and pollutants which in turn affect life of plants and other 
organisms. From a chemical point of view, minor or greater aeration influences the 
oxidation/reduction processes that take place, hence affecting soil organic matter 
transformation as well as nutrient availability. In addition to the amount and type of 
clay and other soil particles, structure development is influenced also by the pres-
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ence of exchangeable ions (especially Ca; Rengasamy and Marchuk 2011), amount 
and type of organic matter (it provides food for fungi, bacteria and larger organism 
whose secretion act as cementing agents; Six et al. 2004), presence of iron and alu-
minum oxides (cementing agents), binding between organic and inorganic com-
pounds (aluminium oxides, cations, clays; Clarholm et  al. 2015) and vegetation 
(roots act as holding soil together; Afzalinia and Zabihi 2014). Soil structure dete-
rioration induces soil compaction, increase bulk density thus reducing gaseous 
exchange between soil and atmosphere, water infiltration rate, water storage 
(enhancement of runoff and soil loss) as well as restricting root development (Batey 
2009; Nawaz et al. 2013). It is indeed well acknowledged that when a good structure 
occurs, the roots have a greater capability to explore the soil, higher probability to 
uptake water and nutrients and to have more oxygen for their metabolic processes 
(Rabot et al. 2018). In addition, the number of organisms increases, with a better 
control of those useful, and the processes of transfer of nutrients from the organic 
matter as well. In addition, a good aggregation decreases also the detachability and 
transportability of soil particles by water or wind thus reducing runoff and soil 
erosion.

To maintain a high fertility of the soils, the natural resource base of food produc-
tion and security, is hence essential to preserve soil physical aspects (in particular 
structure since texture is a static property; Gao et  al. 2017), through appropriate 
agricultural practices in particular soil management which has been shown to affect 
dramatically soil quality (Singh et al. 2009; Van Wie et al. 2013).

2.1.3  Soil Biological Biodiversity and Activity

Soil fertility and biodiversity lie in the combination of activities of living organisms 
in the soil, which interact with each other, with plants and small animals within a 
network of biological activity. In such complex structure, minerals and organic 
components determine the habitat conditions and the availability of food resources. 
Larger organisms, such as earthworms, burrow through the soil, producing large 
pores that are important for water flow and retention, aeration, and root develop-
ment, and help mixing organic materials into the soil favoring aggregate formation. 
Microorganisms, as well as microfauna, mesofauna, and macrofauna play essential 
roles in nutrient cycling and organic matter decomposition in the soil. Interactions 
among different organisms can have either beneficial or harmful effects on crops. It 
has been estimated that 1 g of soil contains up to 1 billion bacteria cells consisting 
of tens of thousands of taxa, up to 200 m fungal hyphae, and a wide range of mites, 
nematodes, earthworms, and arthropods (Bardgett 2005; Roesch et al. 2007). This 
wide and hidden diversity contributes to the total terrestrial biomass and it is inti-
mately linked to above-ground biodiversity (Fierer et al. 2009; Wardle et al. 2004). 
It is due to this important fraction, the soil remains in good health and manages to 
perform important ecosystem functions, such as:
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 – the stability of the agroecosystem, subsequently a rich and structured pedologi-
cal biodiversity guarantees regular functioning even under conditions of environ-
mental stress;

 – flow regulation and infiltration, water purification;
 – promotion and maintenance of natural or agricultural productivity.

The heterogeneity of soil biota can be characterized in various ways. The most 
common method is based on the size of the organism, and divides soil biota in soil 
microflora (bacteria, fungi, green algae, etc.) and the soil fauna. Soil fauna is gener-
ally divided into three groups based on the average body size and life adaptation to 
the pore space, filled with water or in the air-filled pores (Cochran et  al. 1994; 
Lavelle 2000). The three most commonly used categories consist in:

(i) microfauna, comprehending organisms less than 0.2 mm, such as Protozoa, 
Nematodes, Rotifers and Tardigrade. Many of these organisms live and move in the 
most humid areas of the ground, moving in the water held between the soil particles; 
(ii) mesofauna, fauna ranging from 0.2 to 2 mm in size, they live in the pore space 
full of soil air and inside the litter box. This category includes micro-arthropods 
(e.g. acaridae, springtails) and enchyroid worms; (iii) macrofauna which includes 
animals of sizes between 2 and 80  mm as Anbridae, Lumbricidae, Gastropods, 
Opilions, Spiders, Insect larvae, Ants, Coleoptera and others.

Another approach to the study of soil biota is considering organisms living in 
agricultural systems as part of larger food grids that act as food reserves for animals 
belonging to higher orders in the food web. The soil food web is a community of 
organisms, which live all or part of their life in the soil. It describes a complex living 
system in the soil and how it interacts with the environment, plants and animals 
(Moore 1994).

Soil biota can also be described through method used to classify soil organisms 
based on organisms’ functions. The functions carried out by soil organisms belong-
ing to the macrofauna category depend largely on the efficiency of their digestive 
systems and on the occurrence and abundance of the biological structures that they 
produce in the soil.

Lavelle (1997) suggested to classify invertebrates into three functional groups 
based on the role of soil fauna and their relationship with microflora: micropreda-
tors, litter transformers, and ecosystem engineers. The first group contains the 
smallest invertebrates, protozoa, and nematodes, the micro food networks that links 
microorganisms to their predators and their principal effect is to stimulate the min-
eralization of soil organic matter. Moreover, they do not produce organo-mineral 
structures.

In the litter-transformer group recognized by Lavelle (1997) we find large arthro-
pods and mesofauna. They do not ingest mineral soil or dig the ground but ingest 
purely organic material. The “ecosystem engineers” or “ecological engineers” 
(Jones et al. 1994) are assisted by a series of other organisms (ants, termites, moles, 
etc..) that chop up and crumble the dead organic substance, making a first reduction 
of animal and vegetable residues. This macrofauna contributes to develop mutualis-
tic relationships with the microflora (within their gut) and is able to excavate soil 
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and produce a wide variety of organo-mineral structures, such as excretions, cav-
erns, mounds, macropores, nests, and, galleries.

Several studies have shown that agricultural intensification and land use change, 
reduce microbial and faunal abundance and the overall diversity of soil organisms 
(Helgason et al. 1998; Mäder et al. 2002; de Vries et al. 2013; Stagnari et al. 2014b). 
This has triggered increasing concern that reduced biodiversity in soils may impair 
numerous ecosystem functions, such as nutrient acquisition by plants and the 
cycling of resources between above- and below-ground communities (Wall et al. 
2010; van der Heijden et al. 2008; de Vries et al. 2013). Tillage, in particular, induces 
significant biophysical and biochemical changes, modifies the relationships between 
soil organisms within the soil ecosystem, and the diversity of communities.

3  Soil Management

3.1  Sustainable Agricultural Practices

Despite a precise and absolute definition of sustainable agriculture is impossible, 
due to the complex and contested nature of its notion, the concept of sustainable 
agriculture is continuously growing. This founds the main reasons in the need of 
providing food and other resources to an increasing world population, within a con-
text characterized by growing issues that threaten such ability of agriculture. They 
include climate change, loss of biodiversity, land degradation through soil erosion, 
compaction, salinization and pollution, depletion and pollution of water resources, 
rising production costs as well as a decreasing number of farms and rural population.

Among the practices that more influence soil sustainability those pointed to soil 
management play a major role. Conventional tillage, defined as the mechanical 
manipulation of the soil for crop production, affects noticeability soil characteristic 
from water conservation, infiltration and evapotranspiration processes to soil tem-
perature, biological and chemical traits with significant impact on environment as 
well as requires high energy costs for the mechanical operations (Bhatt and Khera 
2006). As results it may adversely affect long-term soil productivity.

A sustainable soil management approach should be based on “conservation till-
age” practices, although the term is often unclear and very variable among different 
countries and even among regions of a single country. In any case the basic assump-
tions are fixed in: reduced or no soil disturbance, direct drilling, crop rotation, and 
permanent soil cover. The most accepted definition is from the US Conservation 
Technology Information Center (CTIC 2000): any tillage and planting system that 
covers 30% or more of the soil surface with crop residue, after planting, in order to 
reduce soil erosion by water. Back to the assumptions, it emerges that tillage remains 
the main core while crop residues are considered as a by-product of tillage although 
scientific evidences indicate several benefits of leaving crop residues on the soil 
surface.
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Conservation tillage techniques include no-tillage (otherwise called direct seed-
ing, slot planting, zero-till) which involves soil is left undisturbed from harvest to 
planting which causes less than 25% of row width disturbance by planting equip-
ment (e.g., coulters, disk openers, in-row chisels, roto-tillers); mulch tillage, where 
the soil is prepared or tilled in such a way that the plant residues or other materials 
are left to cover the surface to a maximum extent (>30%); ridge-tillage, consisting 
in left undisturbed soil from harvest to planting, except that planting is completed in 
a seedbed prepared on ridges with sweeps, disk openers, coulters or row cleaners 
and residue is left on the surface between ridges (>30%).

Besides, any seedbed preparation system that leaves 15–30% residue cover after 
planting is considered a reduced tillage, practically between conservation and con-
ventional method. When the continuous no or minimum mechanical soil distur-
bance (no-till seeding/planting and weeding, and minimum soil disturbance with all 
other farm operations including harvesting) is applied together with the following 
two principles, (i) permanent maintenance of mulch cover on the soil surface (crop 
biomass, root stocks, stubble, cover crops and other ex situ biomass) and (ii) diver-
sification of cropping system, the wider concept of Conservation Agriculture (CA) 
system is performed.

Such sustainable soil management induces positive changes to soil properties 
and characteristics. Soil organic matter is the key of soil fertility and it is mainly 
composed by C. Nevertheless, carbon SOC represents both a threat and an opportu-
nity in the context of the global C cycle, climate change and soil productivity 
(Pisante et al. 2015). The opportunity is to manage soils in such ways as to sequester 
additional C from the atmosphere so enhancing soil fertility while reducing climate 
change. It is noteworthy to indicate that soil organic carbon level is a balance 
between the C organic C inputs and outputs of (e.g. Johnston et al. 2009; Lützow 
et al. 2006). Plant residues (above and below ground) root exudates and organic 
fertilization represent the main C inputs while outputs are the decomposition of 
organic matter by soil microorganisms and fauna leading to evolution of CO2 to the 
atmosphere, leaching of soluble organic C compounds and particulate losses through 
erosion. The impact of conservation practices is noticeable (Palm et al. 2014): no- 
tillage and residue retention significantly increase SOM content in the top soil lay-
ers (0–5 cm or 0–10 cm) (Bissett et al. 2013), especially its particulate and more 
labile fractions (particulate organic matter, POM – >53 mm in size) (Álvaro-Fuentes 
et al. 2008; Martín-Lammerding et al. 2015; Blanco-Moure et al. 2016). Of course, 
the magnitude is affected by several aspects, from amount and type of crop residues 
to soil texture (Martín-Lammerding et al. 2015; Blanco-Moure et al. 2016). Under 
annual no-tillage, Rasmussen (1999) and During et al. (2002) indicated the impor-
tant role of plant residues left on the soil surface in increasing the organic matter in 
the topsoil. Besides, other authors (Ismail et al. 1994; Lal 1997) reported a signifi-
cantly higher SOC in soil with NT compared to tilled soil considering only the soil 
mechanical management so delivering C sequestration through decreased SOC 
decomposition. With these regard, it would seem that in fine textured soils, where 
clay- and silt-sized particles may chemically stabilize SOM, the enhancement in 
SOM content is primarily attributable to the reduction of soil mechanical  disturbance 
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(lower SOM decomposition), while in coarse textured soils, where tillage deter-
mines the greater SOM losses, due to lack of its physical protection, more emphasis 
is placed on the management of C inputs (residues retention) Chivenge et al. (2007).

However, it has to be highlighted that some works (Baker et al. 2007; Angers and 
Eriksen-Hamel 2008) indicates that the net accumulation of C under conservation 
tillage, whilst measurable in the long term, is less than reported in other papers and 
that SOC concentrates nearer the soil surface with respect to conventionally tilled 
soils. Since organic C is normally higher concentrated in topsoil than subsoils, the 
latter offer greater potential for increased storage thanks also to some evidence that 
organic C in subsoil is stabilized to a greater degree (Jenkinson and Coleman 2008), 
though the mechanisms involved are still poorly understood and debated (Fontaine 
et al. 2007; Salomé et al. 2010). Consequently, as plant roots represents a significant 
means of delivering organic C into subsoil, the role of cover crop management as 
well as crop rotation as “sustainable soil management” should play a major role (see 
the exploitation of rooting depths or exudation characteristics between among cover 
crops and arable crops) Carter and Gregorich (2010).

Positive influence of the conservation tillage on physical properties varies and 
are dependent on the particular system chosen although are limited to the upper few 
soil centimeters (Anikwe and Ubochi 2007). Some researchers have found that no- 
mechanical or very limited soil disturbance induce improvements of saturated and 
unsaturated hydraulic conductivity (Benjamin 1993); higher soil porosity has been 
observed under minimum tillage systems thank to the increased storage pores 
(0.5–50  mm) and to the density of elongated transmission pores (50–500  mm) 
McVay et al. (2006), Pagliai et al. (2004); moreover, more stable aggregates in the 
upper surface of soil have been associated with no-till soils (Lal 2007). As conse-
quence water conservation (Stagnari et al. 2009, 2014a; Pisante et al. 2010) as well 
as water use efficiency (McVay et al. 2006; Su et al. 2007) are improved thanks to 
higher water holding capacity or moisture content in the topsoil (0–10 cm) which, 
in no-till soils, can reach values up to 25%. Nevertheless, some works report high 
infiltration rates under conventional tillage than no-tillage or minimum tillage: this 
is because in some circumstances CT create fast draining macro-pores, that could 
facilitate infiltration momentarily just after tillage, which has been demonstrated to 
dramatically reduced with time (Martınez et al. 2008), leading to a lower infiltration 
rate under CT than ZT overtime. In general, higher infiltration rates under NT are 
found (Aase and Pikul 1995; Shukla et al. 2003) thanks to the protection of the soil 
surface and effect of SOC but also due to increased activity of surface-feeding 
earthworms, leaving the root channels undisturbed, which in turn leads to the pres-
ence of numerous surface- connected macro-pores (Kemper et  al. 1987; Lal and 
Shukla 2004). Besides, the higher water content in the topsoil, observed under con-
servation tillage, finds reasons not only in an increased water infiltration, but also in 
declined evaporation rates thanks to the more plant residues on soil surface which 
have been correlated with lower soil temperatures (Rasmussen 1999). These has 
been definitively demonstrated through the stable isotope technique (Busari et al. 
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2013) which registered more enriched soil water stable isotopes (δ18O and δD) near 
the soil surface under CT compared with ZT, indicating higher evaporation rates.

With and increased water infiltration rates conservation tillage practices as con-
sequence protect the soil from surface runoff and erosion. Soil erosion presents a 
threat to agricultural productivity, especially in circumstances with low agronomic 
inputs, poor soil cover, in not resilient soils and where intense rainfall sometimes 
occurs (Govers et al. 2017). The amount of human-induced agricultural erosion has 
been estimated at 25,000–40,000 Tg year−1 for water erosion, ca. 5000 Tg year−1 for 
tillage erosion and 2000–3000 Tg year−1 for wind erosion (Govers et al. 2014). The 
mechanisms involved in soil erosion are reasonably well understood (see for exam-
ple the text books, Morgan 2005; Kirkby and Morgan 1980) as well as its ecological 
effects on aquatic environments (Stagnari et al. 2016) due to the soil-eroded parti-
cles (clay, silt and organic matter) transportation of mineral elements to surface 
waters (Quinton et al. 2010) such as heavy metals, often contained in agrochemicals 
i.e. copper (Cu), zinc (Zn), lead (Pb), nickel (Ni), cadmium (Cd), chromium (Cr), 
fluorine (F), mercury (Hg) and S, resulting in pollution of drinking water resources 
(Stagnari et al. 2016). Although soil type, topography and weather conditions are 
significant variables in the erosion phenomena, it has been demonstrated that NT 
and surface residues retention reduce erosion by an order of magnitude in compari-
son with conventional systems (Prasuhn 2012). Conservation soil management 
practices also reduce surface and ground water pollution both by decreasing agro-
chemical runoff (Palm et al. 2014) and thanks to the higher activity of soil microor-
ganisms and quantity of organic matter which allow faster agrochemical degradation 
(Busari et al. 2015), and binding of agrochemicals (Alletto et al. 2012). When all 
CA principles are adopted, over a range of different circumstances a strong reduc-
tion of soil erosion is registered with respect to conventional approach (Palm et al. 
2014): from US, with values of decreasing runoff of about 15–89% (Lemke et al. 
2011), to India, where Bhatt and Khera (2006) observed soil values of 22% lower. 
It is worthy to remember that that when no-till (or conservation tillage) is practiced 
without soil mulch cover, the effects can be disastrous with rapid surface sealing 
resulting in increased run-off and accelerated soil erosion (Giller et al. 2015).

A soil sustainable approach has been demonstrated to have significant influence 
also on soil chemical properties, such as pH, CEC, exchangeable cations, and soil 
principal macronutrients, especially at surface layer level (Lal 1997). Although it 
has been observed that tillage approach does not often have effect on soil pH 
(Rasmussen 1999), in some circumstances soil pH values has been reported to be 
lower under conservation systems compared to CT (Rahman et al. 2008). In such 
cases, the lower pH observed under ZT and residues management soils was attrib-
uted to the accumulation of organic matter up to soil surface (Rhoton 2000) which 
probably causes increases in the concentration of electrolytes which in turn reduces 
pH values (Rahman et al. 2008). In any case results are sometimes contradictory 
since Cookson et al. (2008) found a decreasing of pH values under increasing tillage 
as well as Lal (1997) observed a significantly higher soil pH in NT plots than con-
ventionally managed soils. Such controversial data suggests that tillage may not 
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directly affect soil pH, but several factors are involved (i.e. climatic condition, soil 
type etc.). Although tillage induced changes in cation exchange capacity and base 
saturation are usually small, conversion to a conservation tillage system is able to 
increases both as reported by several studies (Gallaher and Ferrer 1987; Lal 1976; 
Lal et al. 1990). The increasing in cation exchange capacity occur exclusively in the 
first 10–15  cm of the profile, and it is attributed to the increases content in 
organic matter.

Nutrient availability and concentrations could be affected by tillage practices 
(Lavado et al. 1999) which, although it is reported to influence the depth distribution 
of macro and micronutrients. concentrate their effects principally in soil surface 
(Wright et al. 2007). The influence of soil management (especially tillage) on N 
cycle has mainly been approached with net mineralization rates assessments 
(Gòmez-Rey et al. 2012). Indeed, crop residues contain N principally in organic 
form and during decomposition of crop residues, this organically bound N is made 
available for crop or microbial growth through N mineralization (Lupwayi et  al. 
2006). Conservation tillage enhance N availability to plants in the long-term (Rice 
et al. 1986; Galieni et al. 2016) thanks to an increased soil N retention and labile N 
pool (McCarty et  al. 1995) in the first soil layers. In some circumstances has 
emerged that no-till and ridge-till promote significantly (p < 0.05) similar concen-
trations of soil organic N at the very soil surface thus restricting N mineralization in 
the short periods (Zibilske et al. 2002).

With regards to phosphorus availability numerous studies report greater amounts 
of extractable phosphorus at the surface of conservation tilled soils than convention-
ally tilled ones (Dick et  al. 1991). In some cases, some researchers have found 
opposite results (Ismail et al. 1994; Karlen et al. 1991; Lal et al. 1990). Nevertheless, 
the majority of these studies showed higher surface concentrations of available 
phosphorus in conservation-tilled systems (Hargrove 1985; Ekeberg and Riley 
1996). It has indeed observed that crops in dry areas suffer often from phosphorus 
deficiency, indicating that the mineral is very moisture sensitive. Since conservation 
practices determine soil moisture environments a consequently increased diffusion 
of phosphorus to plant roots has been recognized under no-till systems (Thomas and 
Frye 1984; Thomas 1986; Dick et al. 1991). Besides, another probable reason why 
plants do not suffer from poor nutrient uptake under no tillage is the greater activity 
of roots found in such circumstances (Hargrove 1985).

The influence of sustainable tillage techniques on the behavior of soil potassium 
is not as significant as for the other macronutrients (Thomas and Frye 1984; Thomas 
1986) as numerous authors have found out (Ekeberg and Riley 1996). This because 
it is held tightly except in those soils with low cation exchange capacity. The major 
concern, linked to the lack of soil mixing under conservation tillage, regards the 
stratification of exchangeable potassium which highly concentrates in the surface 
layers when compared to conventional tillage systems (Blevins et  al. 1983; 
Franzluebbers and Hons 1996; Hargrove 1985; Ismail et al. 1994; Lal et al. 1990).

Among the aspects of soil quality, soil biology is recognized as playing a major 
role and unlike physical and chemical soil properties which change slowly, biologi-
cal soil properties are particularly affected by soil management (Bastida et al. 2008; 
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Yao et al. 2013). Soil biota, for definition, include both invertebrates (e.g. nema-
todes, earthworms,) and microorganisms (e.g. protists, bacteria, fungi). 
Earthworms – the major component of the soil macrofauna, which play a significant 
role in increasing aggregate stability, infiltration rates, macroporosity, saturated 
hydraulic conductivity and nutrient cycling – are more abundant in soils in terms of 
number and biomass under conservation practices (Nieminen et al. 2011; Stagnari 
et al. unpublished data; van Capelle et al. 2012; Bertrand et al. 2015). Such response 
implicates a set of factors ranging from reduced injuries to increased availability of 
organic matter at the soil surface. In the case of microbial biomass, the significant 
increasing values observed in multiyear experiments, under sustainable soil man-
agement practices must be brought back principally to the higher organic matter 
levels in the topsoil when reduced (Diacono and Montemurro 2012; Spiegel et al. 
2015; Valckx et  al. 2009; Briones and Schmidt 2017). van Capelle et  al. (2012) 
reported an average increase in microbial biomass in the 0–10 cm soil layer of 63% 
when shifting from conventional tillage to conservation tillage highlighting a sig-
nificant tillage effect on the vertical distribution of microbial biomass in the soil.

Thanks to the positive effects on soil health, sustainable management of soils 
(see conservation practices) in turn affect positively crop yield, thanks to better root 
growth development (Lal 1989; Boone and Veen 1994; Martınez et al. 2008), higher 
water and nutrient use efficiencies (Davis 1994; Lal 1993). Malhi and Lemke (2007) 
reported a 22% increase in root mass under NT compared with CT, attributed prin-
cipally to higher number of worm channels as well as of biopores (Francis and 
Knight 1993) although it takes time before observing significant responses. This 
also emphasized the more resilient nature of soil maintained under a no-tillage sys-
tem (Lal 1993) compared with other tillage systems.

4  Conclusions and Future Perspectives

Within a situation of threatening food production and security, directly through 
increasing losses and degradation of soils and due to climate change, new approaches 
in soil and water conservation in agriculture becomes unavoidable. Although the 
application of soil agronomic sustainable practices is not diffused under intensive 
agricultural systems, several studies have demonstrated, that whether applied within 
a context of conservative approach, many benefits arise, from the preservation of 
soil fertility and quality to the obtaining of higher crop yields and environmental 
benefits.

Although CA practices are profitable, at least when applied for long periods, in 
some countries they are confined to few circumstances probably due to the lack of 
technology transfer, mental barriers, scarce technical preparation and professional 
experience.

It has well acknowledged that the application of sustainable management prac-
tices results in the amelioration of agronomic, ecological, economic, and social 
aspects. Nevertheless, some different questions need to be investigated further in 
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order to achieve better results. On this basis the matter which need clarification 
regard a wider understanding of soil ecology, which could lead to more precise 
management of soil organisms for beneficial purposes in agriculture. Furthermore, 
there is a growing interest in studying and understanding the role that precision 
agriculture could have in soil sustainable management, the applications of the tools 
of precision agriculture to better manage the variability of soil in terms of physical, 
chemical and biological aspects. Besides, the building up as and diffusion of easier 
to manage and apply soil quality indexes and indicators which are able to synthetize 
all the aspects of soil quality, are needed.
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Sustainable Water Management

Marcello Mastrorilli and Raffaella Zucaro

Abstract In agronomy, using water in a sustainable way means producing without 
waste and without having a negative impact on the environment. A sustainability 
indicator is the crop water use efficiency. From an economic point of view sustain-
ability is the ability to continue extracting net positive social returns from a resource 
for an indefinite period of time. This chapter describes the ways to measure effi-
ciency of crops in using water for growing and producing, and discusses the cost of 
final yield in terms of water requirements. Water use efficiency of the cultivated 
species, the mechanisms that influence the water-use efficiency at the farm scale and 
strategies for improving water efficiency have also been discussed. Economic effi-
ciency and sustainability, and the policy instruments to reach an efficient and sus-
tainable water management have also been discussed in this chapter.

Keywords Water-use efficiency · Water losses · Irrigation · Water policies · Water 
management · Economic efficiency of irrigation · Sustainability · Water policy 
instruments

1  Introduction

Despite being the most valuable natural resource and the factor that limits economic 
and social development (Chenoweth et al. 2014), the ecological consequences of the 
freshwater misuse are underestimated. Conversely, the sustainable management of 
water in agriculture does not aim at the immediate exploitation, but at the conserva-
tion of the whole agro-ecosystem (Mariolakos 2007).
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In developing countries agriculture consumes up to 90% of available water, but 
this percentage can hardly be reduced because the irrigated cropping systems pro-
duce 40% of food for a world population which continuously grows.

Increasing the crop productivity resulting from irrigation has an important role in 
the global health of an agro-eco-system. If more is yielded per unit of surface, no 
additional land will be cultivated at the expense of forests or hilly areas. If not 
strictly associated to the sound agro-techniques, cultivation systems in hilly areas 
do not reconcile with soil conservation, rather they facilitate soil erosion. Even the 
soil erosion is one of the causes that reduces the formation of water resources 
(Pisante et al. 2015; Stagnari et al. 2016). In fact, higher surface run-off, the less 
water accumulates in the soil profile. Water run-off, in turns, triggers soil erosion 
and sediment downstream transport (Ramazzotti et al. 2008). This causes the depo-
sition of eroded soil particle into the water reservoirs and, as a consequence, the 
amount of stored water of lakes or surface channels (lower depths) and rivers (the 
distance between the banks decreases).

Over the last 50 years, water consumption has multiplied by 4 and threatens the 
consistency of water resources. As a reaction, many countries introduced measures 
to protect the fresh water and have given economic value to environmental services 
that promote water resources and preserve their quality. Among these services 
should be mentioned the conservation of eco-systems and habitats (De Groot and 
Hermans 2009; Beltrán-Przekurat et al. 2012).

Not always, however, irrigation has positive effects on the environment and food 
safety (Mastrorilli and Zucaro 2016). In semi-arid regions, where most of the crop-
ping systems cannot produce without irrigation, in the absence of surface water, 
water is taken from the groundwater tables and brought to surface for supplying 
crops. If withdrawal exceed the ability of aquifers to restore ground water-table, the 
water use becomes unsustainable. Consequently, food safety, which would be 
achieved by bringing ground water to surface and increasing crop productivity, does 
not last long (Turral et al. 2010; Molden et al. 2013; Kaune et al. 2017; Rockström 
et al. 2017).

At global level, the amount of fresh water cannot be defined as a poor resource: 
water is present but is poorly distributed. In Italy every year, it rains average 300 km3 
of water, which is a quite abundant volume. What is worrying is the distribution of 
rain: it rains too much in certain seasons and in certain places, little at other periods 
of the year and in other areas (Pendergrass and Gerber 2016). This results in two 
opposite agronomic problems: remove excess water from the soil surface in the 
rainy season and bring water back to the soil in the drought periods.

In addition to geographic and seasonal distribution, water availability depends on 
the economic capacity of accessing water. If there were a free water market, indus-
try, tourism and home hygiene would purchase water at higher prices than agricul-
ture could pay for (Rubino et al. 2013).

‘More crop per drop’ is the slogan coined by FAO to promote a series of actions 
to increase the efficiency of water in agriculture (Luquet et al. 2005). To cope with 
demographic growth, FAO expects that by 2030 the availability of food will be nec-
essary increased by 60%, despite the reduction of the areas to be cultivated and of 
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soil fertility. Irrigation systems should reach this goal without resorting to additional 
water resources than those currently used. For dry cropping systems, the current 
production standards must be maintained or increased in response to an evapotrans-
piration demand that, due to climate change, is expected to be higher than the cur-
rent one. In the Mediterranean area the rainfall regime tends to reduce effective 
rainfall, since each rain event becomes higher in intensity and the dry spells are 
longer and longer. This is called the ‘tropicalization’ of the rain regime.

Today, agriculture utilizes on average 70% of the freshwater available and in 
perspective this percentage cannot be exceeded. In the near future, farming systems 
will have to produce more despite the decline in water resources, lower water qual-
ity, and increased water access costs. Agronomy science and agriculture politics 
propose a series of sustainable solutions to increase the efficiency with which farm-
ing systems use water (Perry 2014). Operative strategies (ready to be transferred 
from the research centres) and normative instruments (regulating the environmental 
politics) are reported in the following paragraphs.

2  Sustainable Water Management in Farming Systems

The new water management models in agriculture are based on two different types 
of strategies, but that complement each other. The first one is to reduce water waste 
through the exact determination of the water crop requirements and the use of bio-
logical and physical criteria to schedule irrigation. The second strategy consists in 
improving the water distribution techniques through the increase in the performance 
of water distribution systems in the farm and the adoption of precision irrigation 
techniques taking into account the intrinsic variability of the soil characteristics.

2.1  Determination of the Crop Water Requirements

The development of a crop is related to the water displacement from the soil, through 
the plants to the atmosphere in the form of water vapour. A crop loses 99% of the 
water delivered in the form of irrigation and/or rain, this loss is called actual evapo-
transpiration (ET) and can be considered as the sum of soil evaporation and transpi-
ration from plants. Determining accurately the ET is a necessary step to cover the 
crop water needs with irrigation, or to provide the right amount of water. It means 
neither too much for not wasting water it nor little for not inducing deleterious water 
stress. Evapotranspiration can be measured with sensors or estimated by models: 
research in this area has made remarkable progress over the last 50 years, although 
it is still a major topic of international agenda research, especially when it comes to 
arid and semi-arid environments (Rana and Katerji 2000). The ET measurement of 
a crop is objectively a complex activity because complex is the soil-plant- atmosphere 
continuum to investigate. The measurement methods considered more reliable, 

Sustainable Water Management



136

which do not disturb the system, are the so-called indirect micro-meteorological 
(Katerji and Rana 2006). Such techniques are based on the consideration that water 
vapour transport above a natural surface occurs mainly due to atmospheric turbu-
lence. These methods (Bowen ratio, aerodynamic method, eddy covariance) predict 
the measurement of thermodynamic variables and atmospheric turbulence above a 
crop. The biophysics underlying these methods imposes some limitations on their 
operative applicability in the field: the parcels must be homogeneous and suffi-
ciently extended; the sensors must be accurate and have a very rapid response time. 
In fact, the micro-meteorology is a technique still confined to avant-garde research 
centres. The only direct method to measure ET the weighing lysimeter, in which a 
portion of soil (for a depth equal to the area of influence of the root system and an 
area of few m2) with the crop, is literally ‘weighed’ by a balance. In this way, the 
water lost from the system is directly measured. This method requires a complex 
infrastructure, a bunker below soil surface. It is very expensive and can be subject 
to precision problems, so it is once again a prerogative of specialized research cen-
tres (Lovelli et al. 2005). Given the extreme difficulty of the measurement, for appli-
cations, it is preferred to estimate ET through models. Currently, two are the most 
used models for determining the ET from well-watered crops, the first, and most 
popular, described in the FAO56 (from the ‘Irrigation and Drainage’ series), it is 
called the ‘two-step’ model. ET is given by the following equation:

 
ET K ETc ref=

 

This approach requires the knowledge of the crop coefficient (Kc) reported for each 
species and phenological stage. It is also necessary to estimate the so-called refer-
ence evapotranspiration (ETref) for a well-watered meadow with particular charac-
teristics. In this case, the formula used, always provided by the FAO56 handbook, is 
the Penman-Monteith model, in which the resistance of the grass meadow is 
assumed constant over time and for any environment: it is 50 s m−1 and 70 s m−1, for 
hourly or daily scale, respectively. This method has the advantage of using climatic 
variables measured by a standard agro-meteorological station and nowadays ETref 
calculation can be made easily by the local meteorological networks. It should be 
noted, however, that a widespread literature shows a marked variability of Kc in 
relation to the local climate, agronomic techniques, irrigation method, irrigation 
management and varieties, imposing precautions on the transferability of the coef-
ficient values from a site to another. The second method of estimating the ET is 
based on the so-called one-step model, which directly calculates the ET of a crop, 
without calculating the reference ET. This type of model also applies formulas simi-
lar to those of Penman-Monteith. In this case, however, the crop resistance is spe-
cific to each species and is not constant but variable depending on the site climate 
and on the aerodynamic characteristics of the crop. The one-step model requires 
less intermediate calculations and, respect to the two-step model, it is less suscep-
tible to errors. Therefore, the one-step model provides more accurate estimates, as 
it has been widely tested on many species. Its weakness is to require  parameterization 
of crop resistance and specific micro-meteorological measurements above the crop.
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Recently, a team of Italian-French researchers have developed a one-step opera-
tional model, which also uses only routine measurements from standard weather 
stations, overcoming the problems associated with its low applicability in the field 
(Katerji and Rana 2014). The Penman-Monteith model, cited above, is based on two 
physical principles: the energetic balance and the convective diffusion of sensitive 
and latent heat above a natural surface. The basic hypotheses are two: (1) the regime 
must be permanent, in natural conditions it is equivalent to accept the validity of this 
principle at a short time scale (from a few minutes to an hour) and (2) the fluxes 
must be conservative between the evapo-transpiring surface and the atmosphere 
reference layer, which in practice happens when these relationships are used on suf-
ficiently large surfaces.

2.2  Precision Irrigation

Precision irrigation increases WUE and produces a return on the economy by opti-
mizing the use of water in space and time, reducing waste, and lowering manage-
ment costs (Sadler et al. 2005; Castrignanò et al. 2008; Pisante et al. 2012). Its use 
would therefore be particularly advantageous in those areas where water is the main 
constraining factor in the production process. The physical and chemical character-
istics of the soil are not always identical, even within a cultivated plot (Castrignanò 
et al. 2006). If there is spatial variability, the agronomic crop management must also 
be site-specific (Ballesteros et al. 2014). Irrigation is the agro-technique that more 
than other ones are apt to be applied at variable rate. In semi-arid environments 
farmers tend to irrigate with ‘precision’, but with the intent of delivering ‘exactly’ 
the same amount of water to each parcel and the lack of uniformity in irrigation is 
considered as negative. This kind of irrigation assumes that the water requirement 
of each plant is exactly the same and ignores the differences due to the spatial vari-
ability present in any cropped field. The precision agriculture, which considers also 
the precision irrigation, takes into account the variability that exists within each 
parcel. The variability of canopies and soil properties is handled in two ways: (1) 
Automatic, when the irrigation follows immediately the measurements (on plant or 
soil); (2) Delayed, when water supplying is deferred respect to the measurement 
time. Whatever the mode of irrigation application is, four are the steps required by 
precision irrigation: data acquisition; interpretation; control with variable intensity 
application and evaluation. Precision agriculture in the recent years has focused on 
the application of deferred operations and the use of ‘management zones’, defined 
as the field portions that provide the same yield levels. Since water in the soil varies 
more in time than in space, precision irrigation must be carried out with criteria 
other than ‘management zones’. Precision irrigation requires that the volume of 
water to be applied varies within the same parcel. Spatially variable irrigation can 
be practiced with irrigation systems capable of delivering variable water rates in 
combination with on-the-go sensors, which in real time measure the water content 
of the soil. Currently there are several sensors (ER- electrical resistivity, EMI- 
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 electromagnetic induction, GPR- ground penetrating radar, gamma ray meters, fluo-
rimeters, multi- and hyperspectral spectrophotometers) that, when connected to a 
GPS – Global Positioning System – receiver, measure the texture, humidity and 
nutrient concentrations in the soil. Given the complexity of agricultural systems, 
only one sensor is of little use. For a more integrated representation, the latest 
approach is based on the data fusion from different sensors (Stellacci et al. 2012; 
Casa et al. 2015; Rinaldi et al. 2015).

3  Crop Water Use Efficiency

Any sustainable water management strategy at the farm scale aims at increasing 
efficiency of water used by the cultivated species and varieties. To achieve this goal, 
the biological, environmental and crop parameters which influence the crop effi-
ciency in using water should be necessary identified directly in conditions of effec-
tive cultivation.

A series of strategies for an efficient use of the water resources are listed in the 
agronomic literature.

3.1  Measuring the Crop Water Use Efficiency

To determine the water use efficiency (WUE), two methods are used: eco- 
physiological and agronomic (Fereres et al. 2014). The eco-physiological approach 
focuses on the instantaneous relationship between photosynthesis and transpiration, 
per leaf area unit. The reference scale ranges from leaf to whole crop and, in some 
cases, has been extended to the territorial level (Chen and Coughenour 2004). With 
this approach, two goals are achieved: (1) describing the physiological processes 
that, according to theoretical models, determine the WUE; (2) measuring, at leaf 
level, photosynthesis and transpiration of the same species subjected to various 
water treatments and then to analyze the consequences on WUE.

The eco-physiological method is a complement to the results obtained from the 
agronomic approach, but alone it does not provide applicative conclusions. The 
photosynthesis and leaf transpiration data cannot be extrapolated to estimate the 
final yield of a crop or water consumption. Cultivation depends not only on photo-
synthesis rate, but also on the interaction of many factors, such as respiration, leaf 
expansion, distribution of assimilates, flowering, and fruit setting (Steduto 
et al. 1997).

The agronomic approach is based on two terms: seasonal evapotranspiration 
(ETc) and production (WUE = Yield/ETc). The time scale includes all phases of the 
crop cycle.
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Yield and ETc are the key data to handle irrigated or dry cropping systems and 
to identify the best strategies to increase yields and reduce water consumption 
(Blum 2009). But this methodology alone does not provide the elements to explain 
all the obtained results.

Defining WUE in terms of commercial production (in place of final dry matter) 
is preferable for two reasons. The first, because yield represents a percentage of 
total biomass that varies according to genetic potential and agro-techniques. The 
second reason, because it is an indispensable economic parameter for evaluating the 
irrigation cost. Unfortunately, the water content in the products is not always known, 
so it becomes difficult to compare WUE values on the basis of the fresh weight.

Approaches combining the two methods of investigation (eco-physiological and 
agronomic) are the most interesting because they provide the elements to explain 
both potential productivity and yield reductions when sub-optimal water conditions 
or particular agro-technique measures are involved.

The two methods for determining WUE are correlated, as schematized by Hsiao 
et al. (2007), and fall into the ‘efficiency chain’. Each chain ring is measured in 
terms of water (W) or biomass (M). The chain starts from the supply of water and 
ends in the agricultural product, involving competences ranging from hydraulic 
engineering to agronomy to plant physiology. The overall efficiency referring to the 
entire water transmission chain (Eall) is due to the ratio between the water trans-
ferred to the final agricultural product (Myld) and the water taken from the source.

Quantities (in volume)  Quantities (in weight)

water
(W)

vo
withdrawal from the source 
(surface basin or water table)

organic 
matter
(M)

as assimilated

fg delivered to the farm bm accumulated in the  
biomass

fd distributed in the farm yld
translocated in the final 
yield

rz held in the root zone

et evapo-transpired

tr transpired
 

3.2  The WUE Values: Review from the Literature

The specialized literature reports values of WUE, however they are affected by a 
great variability. To analyse and compare WUE data with a scientific method, a 
criterion must be adopted. A criterion is selecting from the bibliography WUE data 
determined by the agronomic method and referring to a field plot, as a spatial scale, 
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and to the entire crop cycle, as a time scale. In addition, limiting the comparison 
to those WUE data referring to commercial production and measured 
 evapotranspiration (ET). The dispersion of observed data reduces if these criteria 
are adopted. From a review by Katerji et al. (2008) some figures are reported here 
as an example. Cereals are the most studied annual species, although data on a spe-
cies such as rice that uses high volumes of water is lacking (Darzi-Naftchali et al. 
2017). Cereal data show a large dispersion of WUE values, even for those referring 
to the same species (Table 1). Differences exist not only for WUE data measured in 
different countries, but also for those referring to the same site.

The WUE values of those species whose commercial value depends on their 
fresh weight are obviously larger than those of species marketed in the form of grain.

For the latter, there are great differences: C4 species, such as corn, are character-
ized by higher WUE values than sunflower, soybean or legumes. These differences 
are explained not only by the photosynthetic mechanism but also by the chemical 
composition of the seeds. Corn seeds contain essentially starch, whereas sunflower 
seeds contain 50% oil, while leguminous seeds prevail in protein content. For the 
plant the biosynthesis of lipids and proteins is much more expensive in terms of 
energy than the synthesis of sugars.

Very few are the published WUE data referring to the tree species, although these 
are the crop systems that are normally irrigated. It should be underlined here that, 
from a methodological point of view, it is particularly complex to measure the ET 
of multi-annual crops, such as fruit trees (Losciale et al. 2010).

Despite all the precautions that can be taken in selecting the data in the literature, 
the WUE values show a wide range of variation for the same species. For wheat, the 
values of WUE are from 0.5 to 2.5 kg m−3, for maize from 0.2 to 2.2 kg m−3. The 
variability of WUE values applies to both autumn or spring sown crops, as well as 
rain-fed and irrigated crops.

Table 1 Water use efficiencies (WUE) data of cereal species in dry and irrigated cropping systems 
in the Mediterranean area

WUE (kg m−3)

Rain-fed Watered
Wheat Corn
Syria 0.5–2.5 Turkey 1.6–2.1
Morocco 0.1–1.2 Turkey 0.2–1.2
Morocco 0.3–1.1 Italy 1.3–1.8
Israel 0.6–1.6 Italy 0.8–1.2
Italy 1.0–1.2 Lebanon 1.4–1.9
Italy 1.1–1.6 France 1.6
Turkey 1.3–1.5 Spain 1.5–2.2
Barley Sorghum
Italy 1.5–2.8 Italy 0.7–1.6

Source: Katerji et al. (2008)
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To manage water in a sustainable way, it is very useful to understand the causes 
that determine this variability to develop the best agronomic strategies to rationalize 
water consumption.

3.3  Factors Influencing the Water Use Efficiency at the Farm 
Scale

To explain why the values of WUE vary, a number of factors of a different nature 
have to be analysed. Excluding experimental errors, the factors that affect WUE 
values can be traced back to three main causes (Katerji et al. 2008): the plant (dif-
ferences between species, varieties, sensitivity of the stages), the soil water content 
(water resources, quality of irrigation water) and the environment (soil and climate, 
as well as atmospheric pollution and climate change).

The different causes act simultaneously and independently of each other. For 
example, a sunny day simultaneously causes soil dehydration, increases evaporative 
demand from the atmosphere, and promotes the causes of pollutant concentration in 
the air. It should be added that there are other causes that may alter the efficiency of 
water use. This is the case, for example, of biotic stress, pathogenic and insect 
attacks, and disease (Bethenod et al. 2005).

In the irrigated cropping systems, as well as in the dry ones, every agro- technique, 
together with the knowledge of the potentials and limits that depend on plant biol-
ogy and the pedo-climatic environment, determines the efficiency with which crops 
transform the evapo-transpired water in commercial products. In addition, a number 
of agro-techniques are valid strategies for improving the efficient use of water by 
crops. This is, for example, the choice of the date of sowing of autumn-winter crops, 
crop density (Ritchie and Basso 2008), cut intervals of forage or biomass (Mastrorilli 
et al. 2002) crops, mulch (Deng et al. 2006).

3.3.1  Soil Water Content

The values of WUE for wheat ranges from a minimum of 0.5 kg m−3, if the wheat is 
grown in rain-fed conditions, up to 2.5  kg m−3, when supplemental irrigation is 
applied. Normally, the WUE values for dry wheat under full-field conditions vary 
from 0.43 kg m−3 in the Middle East and North Africa (de Fraiture and Wichelns 
2007) to 0.76  kg m−3 in other areas of the Mediterranean climate (Sadras and 
Angus 2006).

Experimental evidence conducted in the Middle East is an example demonstrat-
ing how WUE does not depend on the amount of water received from the soil, in the 
form of rain or irrigation (Fig. 1). In fact, in the case of dry cultivation, if quantity 
and distribution of rainfall are favourable, and the good agronomic practices are 
applied, WUE values can reach up to 1 kg m−3. Instead, although regularly irrigated 
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(100% of evapotranspiration), the wheat WUE values do not exceed 0.75 kg m−3. 
Instead, in case of supplemental irrigation (to supply water in certain phenological 
phases, when in the soil profile the water is not available for the crop), water is used 
much more efficiently (WUE = 2.5 kg m−3) than in full-irrigated wheat. With sup-
plemental irrigation, water is applied to the soil to relieve water stress during the 
phenological stages which are most susceptible to water scarcity. Although supplied 
in reduced volumes, the supplemental irrigation has a positive impact on final 
production.

The example described also shows that under the definition ‘irrigated’ crops are 
actually reported extremely different situations of plant water status and which are 
independent of the amount of water the crop has received.

The soil water status (measured through water content, moisture, water potential, 
water stored in the soil profile) is an imperfect parameter to characterize the actual 
plant water status. It could not be easy to derive the crop water status from the soil 
moisture. The main difficulty is to determine the depth of the soil layer explored by 
the root system. The deepening of the roots in the soil varies with the evolution of 
the crop cycle, the nature of the soil, the soil tillage, any biotic and abiotic stresses. 
To these variables must be added the uncertainty that comes from correctly quanti-
fying the contribution to the crop water supply from the deep soil layers (capillary 
rise). For experimental purposes, the leaf water potential, preferably before dawn 
(pre-dawn, or base potential), is used when it is necessary to diagnose the crop’s 
water state unequivocally and schedule irrigation or study evapotranspiration and 
render them in different water conditions (Fig. 2). The pre-dawn leaf potential rep-
resents an equilibrium between the water status of vegetation and of the soil layer 
colonized by the root system. Moreover, it is independent from the microclimatic 
conditions at the time of measurement and it depends uniquely on the soil 
water status.
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Fig. 1 WUE (kg m−3) of winter wheat grown in Syria under three water regimes: full irrigation 
(100% ET), rain-fed, and supplemental irrigation. (Source: Oweis (1997)
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3.3.2  Mineral Fertilization

The effect of mineral fertilization on WUE depends on the soil’s water content. In 
the case of dry wheat cultivated in a semi-arid environment (Oweis et al. 2000), to 
nitrogen doses greater than 50 kg ha−1 do not correspond to yield increases. Instead, 
in irrigated crops, grain productions increase in proportion to nitrogen doses 
 supplied to wheat and, consequently, improves the efficiency of water use. This may 
not be the case if the phosphorous supply in the soil is limited, even though water 
and nitrogen in the soil are available for the crop during the whole cycle.

3.3.3  The Quality of the Water

In agronomy salinity is defined as the accumulation of salts in the root zone that 
damages the crops. The accumulation comes from irrigation practices to deal with 
drought and the main causes are: poor irrigation management and unconventional 
water use.

Salinity and water scarcity in the soil produce the same effect on plants. Saline 
water, even though it is in the soil, however it is not available for plants. To absorb 
water, the root must overcome the force with which the soil particles retain water. 
This force is defined as the potential matrix and increases – in absolute value – with 
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Fig. 2 Pre-dawn (or ‘base’) leaf potential (Ψ) monitored on corn in southern Italy thought the 
‘pressure chamber’ (a simple tool, but requires manual and laborious measurements before dawn). 
Corn is grown under 3 water regimes (corresponding to the same degree of water stress): IRR, the 
corn is ‘well-watered’, and does not reduce gaseous exchanges through stomata regulation; STR1, 
the corn is sub-optimally irrigated and moderately reduces the stomatal conductance; STR2, insuf-
ficient irrigation and severe reduction in gaseous exchanges. Results show that same experimental 
protocol (consisting in scheduling irrigation on the basis of the measured Ψ values) repeated in two 
successive seasons, provided stable values of WUE ((IRR WUE was 1.8 in the first year and 1.7 kg 
m−3 in the second year, WUE in STR1 1.6 kg m−3 in both years and STR2 WUE 1.4 and 1.5 kg m−3) 
and confirms that the values of WUE in corn decrease in proportion to the availability of water in 
the soil profile. (Source: Ben Nouna et al. (2000))

Sustainable Water Management



144

the decrease of soil water content. In other words, less water is in the soil, the 
greater capillary (‘cohesive force’ linking water and soil particles), and the greater 
will be the work of the plants to uptake water from the soil into the roots. If soil 
water is saline, to the matrix potential, the osmotic potential of water is added, due 
to the presence of salts in the soil solution (Atzori et al. 2016). Increasing salinity, 
the availability of water for plants decreases and, as a result, the water status of the 
plants changes, as in the case of the soil water deficit. If a plant has less water, it 
reduces gaseous exchanges at a short time scale, growth at a mean, and yield at a 
long time scale. In the case of salinity, in addition the plant is subjected to the toxic-
ity of specific ions present in the water in concentrations above certain tolerance 
thresholds. The relationship between toxicity and concentration of a particular ion 
is specific to each species.

3.3.4  The Species

The choice of the cultivated species plays a key role in the efficiency of brackish 
water use. Figure 3 shows the behaviour of ten species in response to the level of 
salinity of the soil. These are watered with water at increasing levels of salinity. 
Tolerance to the salinity of a species translates into the ability to maintain or improve 
WUE values when the crop is irrigated with brackish water (wheat, sunflower, 
potato, corn, beet). On the contrary, in sensitive species (legumes, tomatoes), WUE 
values tend to decrease if they are watered with low quality waters.

Fig. 3 Water use efficiency (WUE) values of ten species varying in salinity of soil. Species that 
tolerate salinity are numbered from 1 to 5, those sensitive to 5 to 10. WUE values are expressed as 
% of WUE measured in salt soil compared to the WUE value measured in non-saline soil. The 
value of WUE (kg m−3) of control (non-saline) treatment for each species is given in brackets. The 
salinity of the soil is measured as ECe, electrical conductivity of the ‘saturated paste’ extract. 
(Source: Katerji et al. (2003))
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3.3.5  The Genotypes

If the physiology of the cultivated species is sufficiently known, it is possible to 
obtain the same production levels even with reduced water volumes. If the same 
yield is obtained, but with less water, the efficiency of water use by the crop 
increases.

Knowledge on the physiology of abiotic stresses has allowed to identify genetic 
traits that regulate the relationship between tolerance to drought and production 
(Ceccarelli et al. 2004; Liu et al. 2017). The variety range is expanding with the 
application of this knowledge to genetic improvement. Today, the market offers a 
growing number of new cultivars with water stress resistance factors capable of 
maintaining high production standards even in poor water conditions. Genetic 
improvement should not aim at obtaining a variety with high WUE, if yield remains 
low: productivity and WUE are two complementary indicators. From the economic 
point of view, the ideal cultivar model is the one that enhances any condition of 
water availability and transforms it into production. Ultimately, the ideotype to be 
pursued by breeders, WUE and yield should be highly correlated (Trethowan 2014).

3.3.6  Sensitivity of the Phenological Phases

For the same species, every phenological stage responds differently to water. For 
many cultivated varieties, the sensitive stages to water stress have been defined. 
Only if it is known in which phenophase crop production is more vulnerable to 
water stress it is possible to reduce seasonal irrigated volumes and practice ‘deficit 
irrigation’. ‘Irrigation deficit’ is a strategy for optimizing water by supplying water 
at the crop stages which are recognized to affect the final yield if conditions of soil 
water stress occur (Fereres and Soriano 2007; Hueso and Cuevas 2010; Katerji et al. 
2013; Campi et al. 2014).

The crop cycle can be outlined as a succession of phenological phases. Each of 
them, if subjected to a water stress, has a peculiar effect on the final yield. The criti-
cal phenophase is that one which affects the yield formation processes more nega-
tively than the other ones. Although limited to only one critical stage (i.e. emergency, 
flowering, or fruit-setting), a temporary soil water shortage hampers the yield. In 
order to carry out the ‘deficit irrigation’, critical phenophases must be identified a 
priori, species by species. As well as it must be known the relationship between a 
soil water stress occurring at each phenophase and the final yield. This physiologi-
cal information, specific for each species, becomes crucial to schedule irrigation 
when the available water resources are not enough to fully cover the crop water 
needs. Knowing the ranking of the consequences of a temporary (in a specific phe-
nophase) water stress on the final yield, the water should be supplied during the 
critical phenophase, and then supplied during those phenophases that in turn show 
a less sensitivity to the water stress.
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3.3.7  Environmental Factors

Climate plays a key role in the consumption of water by cultivated species (Molden 
and Oweis 2007) and on the efficiency with which water is transformed into com-
mercial agricultural products or grassland (Gang et  al. 2016). Sadras and Angus 
(2006) collected the seasonal and yield evapotranspiration data of several semi-arid 
environments and showed that wheat WUE ranges from 1 to 0.53 kg m−3 and that 
this variability depends on the evapotranspiration demand of the atmosphere (ETref) 
during the flowering phase.

ETref is mainly governed by two climatic factors: net radiation and air vapor 
pressure deficit (VPD, difference between actual steam pressure and maximum 
steam pressure). The relationship between VPD and WUE has been the subject of 
many studies (Zwart and Bastiaanssen 2004; Hsiao et al. 2007). The VPD values 
measured during the cultivation cycle of species sown in winter (wheat) and in 
spring (corn, rice and cotton) at different latitudes (10–40° to the north and south of 
the equator) decreased by moving away from the equator. WUE values, on the other 
hand, increase with the distance from the equator. The linear relationship between 
WUE and latitude has also been confirmed in eastern Australia for wheat.

Practically, in field conditions, climatic parameters cannot be altered to reduce 
the causes of high levels of evapotranspiration. A few examples can be mentioned 
in which the microclimate of the crop is modified, but these are cases that do not 
refer to the full field. Solar radiation can be reduced by artificial shading (Losciale 
et al. 2011, Fig. 4) or self-shading (Apulian table grape or Sorrento citrus, Fig. 5) or 
by distributing radiation-reflecting substances (kaolin and synthetic products with 

Fig. 4 Management of light energy in fruit trees: reducing irradiance improves water use effi-
ciency. (Source: Losciale et al. (2011))
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Fig. 5 An example of self-shading (Sorrento citrus)

reflective properties) or preventing evaporation from the soil with mulching materi-
als. These are remedies that did not pass the scientific screen because the experi-
mental trials provided partial results on the actual water saving and that, however, 
can hardly be applied to the open field.

In the field, an example of modification of the culture microclimate to control 
evapotranspiration is the distribution of field parcels. The contemporary presence of 
irrigated and dry fields in a landscape causes the oasis effect. Advection consists in 
the lateral transport of energy (in the form of sensitive heat) from dry to irrigated 
parcels. If they are close to a dry surface, irrigated crops are inevitably, in addition 
to solar energy, also subject to an energy surcharge that comes laterally, and which 
results in increased evapotranspiration (French et al. 2012).

The use of windbreaks is another technique that modifies the microclimate, 
reducing the aerodynamic component of evapotranspiration (Fig. 6).

A recent threat to the efficient use of water is represented by the photochemical 
oxidants (Rai et al. 2016). The typical Mediterranean climate conditions (high lev-
els of temperature and radiation associated with stable air masses), combined with 
the emission of pollutants into the air, favour the formation of secondary pollutants 
such as ozone (O3). Cultivated species show great variability in the ozone response 
(Fiscus et al. 2005). Very variable is also the ozone concentration between one sea-
son and the other (Bou Jaoudé et  al. 2008). Field experiment demonstrated that 
soybean, despite being fully irrigated, if exposed to high levels of ozone, reduces 
evapotranspiration and grain yield compared to control (soybean not exposed to 
ozone pollution). Instead, if the crop is grown with sub-optimal irrigation volumes, 
the presence or absence of ozone has no significant effect on yield and evapotrans-
piration. This is because of soil water stress that, by regulating the stomatal opening, 
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Table 2 Soybean crop growing in a Mediterranean environment: seasonal evapotranspiration 
(ET), yield and water use efficiency (WUE). Crops were growing under to two irrigation treatments 
and two levels of AOT40 (0 or 10,000) which indicates the ozone concentration per hour

Well watered crop Stressed crop
AOT40 = 0 
pbb.h

AOT40 = 10,000 
pbb.h

AOT40 = 10,000 
pbb.h

AOT40 = 0 
pbb.h

ΣET ET (m3 
m−2)

0.38 0.28 0.27 0.28

Yield (kg m−2) 0.28 0.15 0.18 0.19
WUE (kg 
m−3)

0.74 0.53 0.68 0.67

Source: Bou Jaoudè et al. (2008)

R² = 0.9624

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 3 6 9 12 15 18 21 24

W
U

E 
(k

g 
m

-3
)

h (m)

Fig. 6 Values of water use efficiency (WUE) measured in wheat at different distances from wind-
break. The distance (h) is measured in m, as multiple of the height of the windbreak barrier. 
(Source: Campi et al. 2009)

reduces the ozone flow within the leaves. From this experience on soybean, it can be 
concluded that when the atmosphere is ozone-polluted, full watering a crop means 
wasting water. Table 2 shows that if the air contains high ozone levels, the WUE 
values of the irrigated crop are reduced by 30% compared to a growing crop in an 
ozone-free environment.

The soil type changes the ability of crops to use water. This is to say that the same 
cultivated crop in two different soils provides different productive performances and 
uses soil water differently. In Australia Turner (2004), simulating evapotranspira-
tion and yields, shows that wheat grown in sandy soils better transforms water in 
grains than wheat does in a clay soil. At the same time, it points out how the nitrogen 
fertilizer of the soil plays an equally important role in determining the WUE values 
of wheat.
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Multi-year simulation of corn yield and evapotranspiration, grown in different 
locations in southern Italy having comparable climatic conditions (evapotranspira-
tion demand of the atmosphere during the maize cultivation season varying between 
808 and 730 mm), but different water reserves (108–208 mm of available water in 
the soil profile explored by the roots), have shown that the success of the deficit 
irrigation is ‘site-specific’ (Katerji et al. 2010). In that it is determined by the soil 
water reserve which depends on soil properties (texture and available water). Under 
favourable irrigation conditions, the WUE values of corn do not show significant 
differences (between 1.3 and 1.4 kg m−3) between the sites. Instead, applying the 
‘deficit irrigation’ technique, WUE decreases significantly where the water reserve 
is low (from 1.42 to 1.15 kg m−3) and increases (from 1.3 to 1.6 kg m−3) where the 
water reserve of the soil is greater.

The measurements of seasonal evapotranspiration and yield of crops growing on 
different soil type and under experimental neutrality (obtained in a battery of large 
lysimeters containing soils of a different nature) have shown that soil texture affects 
evapotranspiration and yield, and consequently WUE. In general, in loam soil water 
is better transformed by crops into commercial products, while some species (soy-
bean and tomato) have shown to be indifferent to soil texture (Table 3).

Table 3 Seasonal evapotranspiration, yield, and water use efficiency (WUE) measured in six 
crops growing without soil water constraints on two soil types

Species Clay Loam

Potato ET (mm) 363 415 ∗
Yield (t of tuber ha−1) 5.8 8.6 ∗∗
WUE (kg m−3) 16.1 21.0 ∗

Corn ET (mm) 644 607 n.s.
Yield (t of grain ha−1) 0.55 0.68 ∗∗
WUE (kg m−3) 0.87 1.13 ∗

Sunflower ET (mm) 1215 1450 ∗
Yield (t of achene ha−1) 0.22 0.35 ∗∗
WUE (kg m−3) 0.18 0.24 ∗

Sugar-beet ET (mm) 731 836 ∗
Yield (t of root ha−1) 4.47 6.56 ∗∗
WUE (kg m−3) 6.11 7.85 ∗∗

Soybean ET (mm) 430 410 n.s.
Yield (t of grain ha−1) 0.31 0.33 n.s.
WUE (kg m−3) 0.73 0.81 n.s.

Tomato ET (mm) 667 708 n.s.
Yield (t of fruit ha−1) 5.31 6.12 ∗
WUE (kg m−3) 8.01 8.65 n.s.

n.s. not significant
∗p > 0.05; ∗∗ p > 0.01
Source: Katerji e Mastrorilli (2009)
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4  Policy, Normative and Regulation Instruments 
for a Sustainable Water Management

Water is a key resource for many different needs, but mostly for civil, industrial, 
agricultural, environmental (water-related ecosystem services) uses. Also, water has 
cultural, religious and social values that are not tradable on a market.

Because of their importance, globally, agriculture and water as topics are always 
present into strategic programming and address documents. In fact, they play a sub-
stantial role in the 2030 Agenda for Sustainable Development, and this is clearly 
reflected in the Sustainable Development Goals (SDGs). Sustainable water manage-
ment (SDG6) and sustainable agriculture (SDG2) are both primary goals, and nei-
ther one can be achieved independently of the other.

Water, as recognized in the 2017 G20 Agriculture Ministers’ Declaration, is an 
essential production resource for agriculture, crucial for feeding the growing world 
population. Ministers confirmed their commitment to policies which boost agricul-
tural productivity while ensuring that water and water-related ecosystems are pro-
tected, managed and used sustainably.

The multiple benefits that agriculture provides to society depend on the long- 
term sustainable management of natural resources, including water. However, a 
number of current pressures are affecting the quantity and quality of water supply, 
affecting its present and future sustainability. Promoting certain sustainable agricul-
ture and forest management practices is of paramount importance for water ecosys-
tems. Addressing the pressures while maximizing the beneficial effects of good 
agricultural land management will greatly enhance sustainable water management 
and sustainable agriculture.

4.1  One Step Back

To talk about the concept of efficiency and sustainability in water management from 
an economic point of view it is necessary to introduce some important economic 
concepts related to natural resources economics.

An economic good is defined as an item or a service suitable to satisfy human 
needs that is scarce if compared to its demand (Besanko and Braeutigam 2011). 
Water is universally known as the resource that plays a fundamental role in different 
fields of the society and, most of all, it allows the development of life in different 
forms, and also in the economic development, being included in the production of a 
large number of goods and services (UNESCO 2015).

According to the Principle n. 4 of Dublin Statement, ‘Water has an economic 
value in all its competing uses and should be recognized as an economic good’ 
(ICWE 1992) water has been considered as an economic good that can lead to an 
efficient and equitable use of resource.
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Seeing water as an economic good started a debate about two main vision of 
water: as a private good, that implies that it should be priced letting the market 
ensure its allocation to its best uses (Van der Zaag and Savenije 2006); as a basic 
human need and also a social good which implies that it has to be kept outside the 
process of market pricing (Perry et al. 1997).

In general terms, economics distinguish between four main categories of goods: 
private goods (which are highly excludable and rival), public goods (which are non- 
excludable and non-rival), club goods (which are excludable and rival) and common 
pool resources. In the economics conception, water is identified for being non- 
excludable but rival, so as a common pool resources. In fact, there do not exist man-
ners to prevent to some consumers free access to the good, while rival means that 
quantity of the good used by one consumer cannot be shared with another because, 
once consumed, it is no more available for others (FAO 2009).

When users of a scares resource are not excluded by the property right, then the 
resource is an open access resource. This kind of goods is like the common pool 
resources when there are no limitations. Open access resources impacted by agricul-
ture include: ambient, air and water system. Common pool resources, unlike pure 
public goods, can face problems of congestion or overuse, because they are 
subtractable.

As will be described below, the economist’s policy prescription for that kind of 
resources generally include regulation, marketable permits, or taxes, to offset the 
inefficiencies inherent in private management.

The Environmental economics literature considers the way in which producers 
and consumers use natural resources depends on the underlying set of property 
rights. Property rights refer to a bundle of entitlements that convey to the owner 
certain privileges and constrains. They can take the form of property rights, liability 
rules, or inalienable entitlements (Calabresi and Melamed 1972). For markets to 
lead to an efficient allocation of natural resources, the property rights to the resources 
generally must present four characteristics: ownership, exclusivity, transferability, 
and enforcement.

The economic incentive for efficient resource management is only possible if the 
right to use is guaranteed by the ownership. Ownership is a legal device that assigns 
the right to use a resource to a private owner. If there is exclusivity, then all benefits 
and costs from the use of the resource will accrue only to the owner, indeed the 
absence of exclusivity is the main distinction between a private property resource 
and an open access resource. Transferability implies that property rights are fully 
transferable between people through trade: restrictions on water transfers are often 
a source of inefficiency in water resource policy. Finally, to be effective, a system of 
rights must be enforceable. Well defined property rights coupled with competitive 
markets can lead to a set of inventive for efficient market exchange (Carlson 
et al. 1993).

When property rights are not well defined, externalities are generated. An eco-
nomic externality requires both the environmental change and a human reaction to 
that change (Dwyer et al. 2006). Externalities related to water for agriculture are the 
off-farm effects of irrigation and drainage that impose costs or benefits on other 
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farmers and/or the public. Negative externalities involve near-term and long-term 
damages caused by irrigation and drainage, include the waterlogging, salinization 
and downstream salinity that generate external cost. Positive externalities involve 
external benefits, such as the generation of usable surface runoff or the provision of 
water supply to a desirable wetland area, for which no payment or compensation is 
received.

Externality is a form of market failure, and the presence of an externality can 
lead to economic inefficiency. If private action fails to address externality, 
 governments intervention potentially can correct the inefficiency thought a variety 
of policy tools, that are described below.

Finally, to define what is meant by optimal use of resources, one must consider 
resource use over time. The most widely used criterion for determining optimal 
resource use is dynamic efficiency. This criterion assumes that society’s objective is 
to maximize the present value of net benefits from the use of the resource (Carlson 
et al. 1993).

4.2  Economic Efficiency and Sustainability

Agricultural system based on renewable resources (resources that can regenerate 
themselves within an acceptable time period) are required for long-run sustainabil-
ity. So, an important issue in the economics of renewable resources is the identifica-
tion of efficient and sustainable resource allocation. A related issue is the 
development of policy interventions associated with inefficient markets.

A feature that distinguishes renewable resources from non-renewable resources 
is the capability of the first type to reach sustainability. A renewable resource system 
is at sustainable state when the resource inventory does not change over time. In 
such situation the system results in constant yield, and extraction is equal to resource 
growth. There may be many possible sustainable states, but economists are inter-
ested in outcomes in which both physical variables and their economic counterparts 
stay constant over time. Which means that the whole system is in a steady state and 
resource-use levels and their prices do not change with time. Stable steady-state 
outcomes may be viewed as the dynamic equivalent of long-run equilibria. Natural 
resources management decisions are complex because they involve connections and 
trade-offs between the present and the future.

Economists often investigate the conditions under which optimal management of 
renewable resources result in steady-state outcomes and the stability of these out-
comes. Economic theory demonstrates that optimal renewable resource manage-
ment over time and the steady-state outcomes, depend mostly on the discount rate, 
extraction costs, and resource-growth function. Stronger preferences for present 
consumption, expressed in the form of higher discount rate, tend to result in smaller 
steady-state resource stocks. On the other hand, larger marginal costs of extraction, 
with respect to resource stock, tend to increase the steady-state resource stock 
(Carlson et al. 1993).

M. Mastrorilli and R. Zucaro



153

With respect to an efficient resource allocation, the absence of externalities is 
one of the sets of first best conditions required so that competitive markets will 
achieve a Pareto optimality.

Talking about water, a sustainable model of water provision includes the perfect 
correspondence between its value and its costs (Rogers et al. 1998). In particular, 
for a sustainable use of water its cost and its value have to be equal, maximizing the 
social welfare. The perfect balance between Full Cost and Full Value is achievable 
only in theoretical cases. Usually Water Value is higher than the Full Cost by reason 
of the impossibility to precisely calculate the number of externalities connected 
with the use of water (Rogers et al. 1998).

According to OECD, there are some distinctive economic features that make the 
supply and demand for water more complex than other economic goods and ser-
vices; they include (Hanemann 2006; Thompson 2006): private (extraction) and 
public good (stewardship) characteristics of water imply different allocation mecha-
nisms. When water is used on a farm it is a private good, but when left in situ, such 
as a lake or wetland, it is a public good for which private markets are generally 
absent. Moreover, water is largely used by the private sector (farms, households, 
industry) but its ownership and delivery are normally in the public domain.

Mobility of water, in that it flows, leaches, evaporates, and can be reused, which 
makes it distinctive as a commodity compared to land, for example. Moreover, agri-
culture can contribute positively to the hydrological cycle, for example, through 
groundwater recharge and water purification functions; it can, however, also con-
tribute to surface water and groundwater pollution and through excessive extraction 
may lead to diversion of water from supporting ecosystems.

Heterogeneity of water in terms of space, quality and variability over time (sea-
sonal and annual), which presents challenges in terms of matching supply and 
demand and structuring legal and institutional arrangements, as a given quantity of 
water is not the same as another available at a different location, point in time, qual-
ity and probability of occurrence.

Complex and multi-layered institutional and governance arrangements for water 
resources, reflected in the national institutions and governance of water resources 
(and in some cases cross national border structures) and sub-national regional and 
local governments (water user associations) management of water; sometimes the 
governance of surface water and groundwater are often separated.

Understanding the economics of water is difficult but very important because it 
can help inform decision makers of the full social costs of water use in agriculture 
and the full social value or benefits that agriculture’s use of water can provide 
(Hanemann 2006). The usefulness of understanding these concepts for policy analy-
sis is the transparency they bring in terms of how the value of water to society is 
more that just as an agricultural input, and to clarify what the costs are of agricul-
ture’s use of water resources (Malik 2008; Rogers et al. 1998; Rogers et al. 2002). 
The value and cost of water can be summarized as follows (Fig. 7).

• Value of water is the sum of the economic and intrinsic value. The economic 
value includes: adjustment for societal objectives, such as the additional increase 
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in commodity production gained from irrigation, higher employment and bene-
fits for rural development;

• net benefits from indirect use such as drinking water for domestic purposes and 
providing habitat for flora and fauna, although these benefits can be offset by 
various negative environmental externalities, such as salinization of soils and 
pollution of water from farm chemicals used in irrigation;

• net benefits from return flows of water diverted for agriculture and other users, 
measuring the effects caused by water that returns flowing in nature and can be 
reused (Brouwer and Pearce 2005), which may also include groundwater 
recharge, although these benefits will depend on the lost to evapotranspiration;

• value to users of water for productive activities, such as irrigated farming, based 
on the marginal utility (i.e. the increase in utility received from the addition of 
another unit of the resource (Besanko and Braeutigam 2011).

The Intrinsic Value is linked to the attributes of water that are the most difficult 
to assign values, for example, the aesthetics of waterscapes and recreational attri-
butes; it is not easy to estimate in monetary terms and comprehends all those aspects 
related to the existence of the resource, as cultural or aesthetic aspects (Rogers 
et al. 1998).

Cost of water consists of two elements, full economic cost, and environmental 
externalities, where the full economic costs are the sum of the supply costs, the 
opportunity costs and the economic externalities.

The full supply costs are included in full economic costs and are associated with 
supplying water to consumers without considering either the externalities of water 
consumption (positive or negative) or alternate uses of water (opportunity costs). 
These costs consist of two elements, which are very important in terms of measur-
ing agricultural support for irrigation: operation and maintenance costs (O&M), 
associated with daily running of the water supply system, such as electricity for 
pumping, labor and repair costs; capital costs, are the cost of investment and cover 
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Fig. 7 A sustainable model of water provision. (Source: Rogers et al. (2002))
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both capital for renewal investment of existing infrastructure and new capital invest-
ment costs, such as building a new dam and canal network.

The opportunity (or resource) costs, address the cost of one consumer depriving 
another of the use of the water if that other use has a higher value for the water; 
although opportunity costs are zero when there is no alternate use, that is no short-
age of water.

The economic cost of externalities is composed by positive externalities, such as 
the groundwater recharge benefits from irrigation; and negative externalities, 
 typically upstream diversion of water or the release of pollutants downstream within 
an irrigation system.

While economic externalities cover costs to producers and consumers upstream 
and downstream, environmental externalities are associated with costs to public 
health and ecosystems.

Valuing the opportunity cost of water can be extremely difficult. The economic 
value of water, however, covers goods and services that are not usually marketed, 
such as the net benefits from return water flows (e.g. groundwater recharge) and 
indirect use (e.g. wetlands or pollution); social values (e.g. rural employment); and 
intrinsic values (e.g. recreational, scenic, and cultural attributes).

While economists have tools to provide proxy values for these non-marketed 
goods and services (e.g. contingent valuation) their application to guide policy deci-
sions can be difficult.

It is possible to look at the economic efficiency in two different way: static effi-
ciency and dynamic or intertemporal efficiency. In the first case a state that is effi-
cient in the static sense is efficient strictly for a single time period, the present one; 
dynamic or intertemporal efficiency indicates a situation that is efficient when not 
only the present year is taken into account, but all future years as well, considering 
the future consequences flowing from today’s decision. Intertemporal efficiency, 
which maximizes the welfare of the present generation, involves discounting in the 
future values of benefits and costs; this is a controversial issue, in particular with 
respect to the value to choose. Another way of thinking about the problem of bal-
ancing the interests of distant future generations with those of present generation is 
to talk about sustainability. Sustainability has become a principle for much of the 
subsequent politic discussion about natural resources and environmental policy.

4.3  Efficiency of Irrigation

Water is an extremely complex resource so address the issue of water resource man-
agement is complex. It is both a public and private good; it has multiple uses; the 
hydrology and externalities require to examine potential productivity gains at farm, 
system, and basin level; both quantity and quality are important in measuring avail-
ability and scarcity; and the institutions and policies that govern the use of water are 
typically fragmented.
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Given these complexities, it is small wonder that there is little agreement among 
scientists, practitioners, and policy makers as to the most appropriate course of 
action to improve the management of water resources for the benefit of society.

In recent years several researchers have introduced new terms describing irriga-
tion efficiency to enhance the information available when evaluating water policy 
alternatives.

Starting from the awareness that classical irrigation performance parameters 
failed to measure and differentiate between consumptive and beneficial uses, 
(Solomon and Burt 1999) proposed a new performance parameter, named Irrigation 
Sagacity (IS), in order to measure the irrigation performance addressing reasonable 
and beneficial water use. Reasonable uses are those that, while not directly benefit-
ing agronomic production, are nonetheless reasonable under prevailing economic 
and physical conditions (i.e losses which contribute towards environmental goals). 
Beneficial uses are those that contribute directly to the agronomic production of the 
crop (i.e. crop evapotranspiration, water used for salt control). Sagacious uses are 
either beneficial, or non-beneficial but reasonable. Non-sagacious uses (non- 
beneficial and unreasonable) are those uses which are without economic, practical, 
or other justification (Solomon and Burt 1999).

Other definition is Effective Efficiency of irrigation water delivered to farms and 
the Basin Efficiency or Global Efficiency of water use within a river basin or irri-
gated area. Keller and Keller (1996) proposed the Effective Efficiency to account 
for the reuse of surface runoff and deep percolation by farmers along a watercourse. 
Basin or Global Efficiency describes the aggregate beneficial use of water in a river 
basin as a portion of the total volume of water available (Seckler 1996; Molden and 
de Fraiture 2000). Irrigated areas described by high levels of Effective Efficiency 
will be described also by high levels of Basin or Global efficiency.

Some authors suggest that when the estimate of Basin Efficiency approaches 
100% there is little opportunity to save water by improving water management to 
achieve higher levels of classical, farm-level efficiencies in upstream positions of a 
river basin. They contend that such efforts largely would reduce the volume of sur-
face runoff and deep percolation used by other farmers in the basin, while generat-
ing little or no gain in the amount of water available for irrigation.

Perry (1999) describes the water resources paradigm developed in recent years in 
the International Water Management Institute, highlighting how surface runoff and 
deep percolation from upstream irrigation projects often provide water supply to 
downstream projects, and he suggests that researcher must take a basin-wide per-
spective when considering policy alternatives for improving water management.

According to those studies efforts to improve classical farm-level irrigation effi-
ciencies appears to be efforts that do not save water but create water to be moved to 
another location or allocated to another use outside the basin. However, in most 
river basin, saving water is not the ultimate policy goal, that is maximizing the 
social net benefits generated with limited water supply. This goal is consistent with 
achieving economic efficiency.

In some cases, thus, externalities and opportunity costs can prevent region or 
nation from achieving economic efficiency, even when irrigation is described by 
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high measures of basin or effective efficiency. In this way, efforts to improve farm- 
level and regional water management will enhance the productivity of irrigation 
water and other inputs.

So it becomes important to distinguish between measures of irrigation efficiency 
and water productivity, which involve both physical variables and measures of eco-
nomic efficiency as well as costs and revenue.

Aside irrigation efficiency (Ec), the concept of basin or global efficiency is an 
aggregate version of effective efficiencies, as sketched in the paragraph 3.1. Molden 
and de Fraiture (2000) also note the importance of accounting for drainage water 
reuse when evaluating irrigation efficiency, and to do this they introduced the con-
cept of basin efficiency to account for the recycling of irrigation return flows. 
Therefore, some of the ‘water saving’ practices are not saving water but simply 
redistributing the water. The only real losses to the hydrological system are from 
bare soil and water evaporation or from flows to the sea or to the sinks.

Keller and Keller (1996) suggest that ‘even if closed irrigation system were oper-
ating at nearly a 100% overall physical efficiency, substantial economic gains could 
be made by reallocating water from lower to higher valued uses’. For Molden and 
de Fraiture (2000) the concept of efficiency, even with basin efficiency, is that it 
refers only to physical quantities of water, and it does not capture differences in the 
value of water in alternative uses. Water productivity can be increased by obtaining 
more production per unit of water or by reallocating water from lower to higher 
valued crops. To talk about efficiency, it is important to consider economic 
dimensions.

4.4  Economic Irrigation Efficiency

Economic analysis of water use includes the value generated by production activi-
ties, the opportunity costs of inputs, and any pertinent costs or benefits that are 
external to producers and consumers (externalities). Economic efficiency describes 
the conditions that must be satisfied to ensure that resources are used to maximize 
net benefits, and it is achieved when limited resources are allocated and used giving 
greatest net value. Economic analysis can be useful in describing the private and 
public costs of an inefficient allocation of resources, and in determining strategies 
for moving towards an efficient allocation.

At the farm level the principal need is to maximize the profit, using water and 
other inputs in order to increase net returns e.g. choosing crops with a higher value 
or applying methods which consent to save water for its better uses. At a social 
level, it is necessary to considerate social net benefits. Maximization of social net 
benefits refers to the difference between farmers’ returns and costs observed to pro-
duce their outputs, considering also the presence of externalities and opportunity 
costs in space and time (Wichelns 2010).

Economic efficiency in a production setting involves technical and allocative 
components (Allan 1999; Wichelns 2002). Production is technically efficient when 
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the maximum possible output is generated with a given set of output, or when a 
selected output level is produced at minimum cost. Allocative efficiency describes 
the achievement of a specific goal with regard to the production process. Allocative 
efficiency concerns the minimization of production costs of a well-defined level of 
output using a precise set of inputs (Coelli et al. 2005).

Efficiency must be considered on different levels: even if a single user is not 
completely efficient, the entire system might gain benefits e.g. recycling those 
return flows coming from a particular use and employing them again for other ones 
(Molden and De Fraiture 2000). Total Basin Efficiency could be higher than the 
efficiency referred to a private use, or could be improved anyway, whether single 
users are totally efficient or not (FAO 2012).

Economic inefficiency is generated by a net loss that results from existing alloca-
tion and use decisions, and this loss has both private and public dimension, that can 
persist in irrigated area when production is not economically efficient. Policies that 
might encourage efficient production can be obtained by considering the conse-
quences of poor water management at the farm-level and in regional water delivery 
systems.

Farm-level irrigation may be low because relative input and output prices require 
farmers to minimize water management expenditure or because farmers are pre-
vented from achieving a desirable level of irrigation efficiency by constrains regard-
ing the timing or availability of water and other key inputs. It is important to 
underline that the external (off-farm) economic consequences of low farm-level 
irrigation efficiencies include contamination of groundwater and surface water sup-
plies with nutrient and other chemicals, waterlogging and salinization, and sediment 
loads entering streams and reservoirs. So, in this case higher regional expenditure 
may be required for operating and maintain regional water delivery system and for 
installing regional drainage system with greater capacity than might be required 
with higher farm-level irrigation efficiencies.

Necessary conditions for the optimal performance of regional water delivery sys-
tem include well-defined water rights, infrastructure capable of providing the ser-
vice embodied in the water rights and assigned responsibilities for all aspects of 
system operation (Perry 1995). Problems with cost recovery and inadequate main-
tenance also can reduce the efficiency of regional water delivery systems. The 
potential external consequences of poor delivery performances include the environ-
mental problems generated by of low farm-level irrigation efficiencies. Furthermore, 
it can lead to inequitable distribution of water and income among farmers, while 
reducing aggregate production values.

4.5  Policy Instruments for Efficiency and Sustainability

There are many ways to define sustainability and sustainable development ranging 
from the very broad to the very narrow which creates potentials for misunderstand-
ing (Dixon and Fallon 1989). We can define sustainability as the ability to continue 
extracting net positive social returns from a resource for an indefinite period of time.
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The focus on ecosystems by environmentalists and on watersheds by hydrolo-
gists has carried the debate substantially above the commodity-based farm and 
farming systems level to land, water, and other highly valued natural and environ-
mental resources. Lynam and Herdt (1999) argue that ‘sustainability of common 
resource systems necessarily incorporates value judgements on multiple criteria 
over how the community wishes to utilize resources; moreover, sustainability of the 
system will depend more on social institutions controlling access and use than on 
production technologies.’

Many of the consequences of poor water management on farms and in regional 
delivery system will persist, over time, for a variety of reasons that involve inap-
propriate economic incentives, poorly defined property rights, incomplete informa-
tion, lack of capital and individual planning horizons that are shorter than socially 
optimal perspectives.

Considering economic criteria is crucial when evaluating policy goals and instru-
ments regarding water allocation issues and improvements in water management.

In general, policy instruments may operate in the agricultural product market or 
in factor markets. In any market, regulation may either be directed at the prices of 
goods or may dictate control over the quality, allocation, or allowable uses of output 
or factor goods. Each approach and each instrument have different implications for 
regulated sector, the legislators who develop the regulations, regulating agencies, 
and the consumers and other actors associated trough markets or external effects.

With respect to the specific case, policy recommendations for eliminating inef-
ficiencies on farms and in regional delivery systems are derived from the reasons 
those inefficiencies persist. For example, policies that will motivate farm-level 
improvements in water management include:

• Improvements in the definition and enforcement of water rights in areas where 
those rights are uncertain or not secure;

• Water pricing or allocation strategies that reflect water scarcity;
• Water charges or restrictions that motivates reduction in the negative, off-farm 

impacts of irrigation and drainage;
• Removal of explicit and implicit taxation that reduces the portion of crop reve-

nue retained by farmers;
• Low-interest loans and cost-share programs to support farm-level investments in 

water-saving irrigation methods;
• Programs that enhance farm-level access to complementary inputs, such as 

credit, fertilizer and pesticide.

Generally public policy instruments are classified in incentive-based policies and 
direct public action (Field 2008).

The incentive-based policies include market or property rights policies, that set 
the access to resources trough the institution of a system of property rights; taxes 
and subsidies for resources users are included. This second economic instruments 
are less diffused than the first ones. Between these are included the environmental 
taxation and water pricing. The only environmental taxation used in the water sector 
is represented by abstraction fees, that are due in exchange for the license. Subsidies 
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are more frequently used. In many countries the public budget has subsidized, 
directly or indirectly, the most part of the water and sewerage infrastructure, as well 
as other environmental protection assets, not only for households, but for the pro-
ductive sectors as well. To this category belong financial instruments that are used 
to cover costs of supplying water to irrigators, like water pricing. Water pricing 
might not be the ideal instrument to manage the most efficient allocation for the 
resource because responsiveness of farmers to changes in the price of water related 
to the elasticity of water demand is complex. But for many economists it is a way to 
obtain a financial income and cover at least part of the distribution costs (Savenije 
and Van der Zaag 2002).

The direct public action includes command-and-control policies and the direct 
public production. In the first case, public authorities establish direct controls on 
individual actions, enforcing these controls with standard legal enforcement prac-
tices. The basic policy instrument is represented by use license and authorizations. 
In the case of water, this instrument is applied for water abstractions, water dis-
charges, works of any kind in the river territory; authorizations are also required for 
many activities that are potentially harmful for the water environment, such as the 
disposal of waste and the handling of pesticides. Direct public production occurs 
when public agencies themselves own natural resources and themselves pursue pro-
grams of production and distribution.

Generally, those instruments can be combined. And can be used by considering 
the nature of the resource to be ruled.

Finally, in some countries voluntary instruments are used, like ‘management 
agreements’, that normally involve subsidies. It is important to underlie that not 
always the existence of an externality requires government intervention. In many 
situations the involved parties may negotiate a solution that will address the exter-
nality problem and result in an efficient resource allocation. When this does not 
work, Government intervention, in the form of direct regulation, pollution charges, 
clean-up subsidies, etc., may be considered. If it is not guaranteed that intervention 
leads to improved efficiency. In some situation intervention is justified on distribu-
tional (equity) grounds. Even if an efficient solution could be reached through pri-
vate or public means, that solution could be deemed to be suboptimal from a societal 
standpoint if it resulted in significant inequities in terms of income distribution or in 
the burden of regulation.

Economists argue that achieving efficiency should be the first objective of a pol-
icy since it results in the largest total benefit. If inequities result, then more benefits 
are available with which to achieve equity. Equity has to do with how the overall 
benefits and costs of natural resource use are distributed among subgroups of the 
overall population. And, as seen, one of the major issues is the balance among the 
generations, that is also the major focus of sustainability.

Economic efficiency and equity are important considerations in the allocation of 
water. Greater efficiency is required in the face of increasing water scarcity, and 
equity is a concern because of the importance of water to the livelihoods and well- 
being of rural communities.
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Allocation of water can be socially suboptimal if there exist market failures and 
if government policy and associated institutional arrangements fail. Policy failure 
occurs where government regulatory instruments (e.g. taxes and exchange rates) or 
government policies create market price distortions that make it economically ratio-
nal for individuals to use resources in a socially suboptimal manner (OECD 1999). 
Also, failure in sectoral policies can arise through inadequate consideration of 
impacts on other sectors, particularly about the environment (OECD 1994). Political 
failure can also occur through lack of government intervention and inadequate pol-
icy implementation.

5  Conclusions

Sustainable use of water depends on many natural factors, but mainly on man’s 
choices and politics.

In this chapter, suggestions have been provided to manage water in a sustainable 
way.The correct determination of evapotranspiration occupies a fundamental role. 
This measurement is essential to dimension irrigation variables and to overcome the 
dangers arising from a water stress (loss of yield) or by overdose of watering vol-
umes (water waste). More generally, the yield per unit of evapotranspirated water 
(WUE) is the indispensable indicator for assessing a crop or a farming system from 
an economic point of view (water productivity) and ecological (water footprint).

For practicing sustainable irrigation, monitoring of the soil’s water status, or the 
use of plant water status indicators, is crucial to identifying the irrigation scheduling.

For any other strategy aimed at reducing water consumption, such as ‘irrigation 
deficit’, the crop physiology should be considered, by the knowledge of the pheno-
logical stages sensitivity to water scarcity. Plant physiology and plant water rela-
tionships guide agronomic options to improve the efficiency with which crops 
use water.

The sustainable water management in irrigated farming systems, and in semi- 
arid environments, is depending on the agronomic knowledge and on its transfer 
from the research centres down to the farm level. However, new research topics 
merit to be developed. Among them: the measure of the evapotranspiration of the 
multi-annual species (fruit trees are the most irrigated crops but those less studied in 
terms of water consumption), the exploitation of low-quality waters, the introduc-
tion of drought-resistant genes. The relationship between water use efficiency – root 
system architecture  – physical and chemical characteristics of soil, the role of 
mycorrhizas, the consequences of air and soil pollution, adaptation to climate change.

Economic efficiency describes the conditions that must be satisfied to ensure that 
resources are used to maximize net benefits, and it is achieved when limited 
resources are allocated and used giving greatest net value. Economic inefficiency is 
generated by a net loss that results from existing allocation and use decisions, and 
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this loss has both private and public dimension, that can persist in irrigated area 
when production is not economically efficient.

One of the most important institutional failures include inadequate availability of 
information for policy-makers (Burke et  al. 1999). Therefore, in this contest the 
research also oriented to technical support to policy makers can help to achieve a 
more efficient and sustainable water management.
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Abstract Agriculture production has substantially increased since green revolution 
due to introduction of modern cultivars and inputs. Organic fertilizers are key con-
tributor to achieve high yield targets in sustainable way. From the last a few decades 
the uses of inorganic fertilizers have been increased to get higher yield. Low soil fertil-
ity is one of the major reasons for low crop production. However, under or over appli-
cation of fertilizers and selection of wrong nutrient source causes nutrient imbalance 
in soil. Moreover, high application of inorganic fertilizers and unbalanced fertilization 
has reduced the nutrient use efficiencies (NUE) with high cost of production and envi-
ronmental risks. Therefore, better NUE can reduce the fertilizer cost and environmen-
tal risks. This chapter discusses the challenges to sustainable nutrient management. 
Moreover, use of approaches for sustainable nutrient management including appropri-
ate soil testing technique, fertilizer sources (organic, inorganic, biofertilziers and 
nanofertilizers) and application method in right combination using site specific nutri-
ent management will reduce the fertilizer losses with high NUE and economic yield.
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1  Introduction

Nutrient management involves the practices linked to plant, edaphic and environ-
mental factors with irrigation, water and soil conservation practices to attain opti-
mal crop yield, crop quality, nutrient use efficiency and economic benefits while 
decreasing the nutrient losses (Delgado and Lemunyon 2006). It includes matching 
of edaphic and environmental factors to rate, time, source and place of nutrient 
application. The rising population and consumption, and reduction in available land 
and other productive units are placing unprecedented pressure on the current agri-
culture and natural resources to meet the increasing food demand. Achieving food 
security under sustainable systems poses a significant challenge in the developing 
world and is highly critical for alleviating poverty. To circumvent this challenge, 
crop producers tended to overuse certain inputs such as chemical fertilizers and 
pesticides which in turn have already started deteriorating environment.

Arable soil usually lacks plant nutrient in sufficient quantity to achieve higher 
and sustainable yield goals. Application of fertilizers and nutrient availability are 
closely associated with higher crop yield (Kaur et al. 2008) as plant nutrition is very 
crucial to maintain the productivity and quality of soil (Jaga and Patel 2012). 
Chemical fertilizers help to maintain soil productivity by ensuring supply of vital 
plant nutrients and thus help in economic crop production. In most of the countries 
demand of chemical fertilizer is increasing due to introduction of new high yield 
and intensive input requiring crop cultivars. For instance, the use of major fertilizers 
(nitrogen (N), phosphorus (P), potassium (K)) has increased up to sixfolds since 
green revolution (FAO 2014). The use of fertilizers is tremendously increasing as 
the annual demand of N, P and K is rising by 1.4%, 2.2% and 2.6% annually (FAO 
2015). Fertilizer use has also increased in developing world as overall the growth in 
annual use of fertilizer is higher in Africa (3.6%) and Sub-Saharan Africa (4.7%) 
than developed countries. Most of the fertilizer demand/consumption is higher in 
Asia. For instance, N, P and K fertilizer consumption is highest in South Asia 
(24.5%, 31.3 and 19.3%) and East Asia (29.1%, 19%, and 35.8%) respectively than 
rest of the world (FAO 2015).

The manufacturing of fertilizers causes serious threat to environment as from 
mining to manufacturing; different harmful chemicals are released into the air, 
water and soil. For instance, emission of ammonia, fluorine, oxides of sulphur and 
nitrogen, acid mists, fertilizer dust and harmful radiations are emitted from the fer-
tilizer manufacturing units causing major environment pollution (Li et al. 2013; Ju 
et al. 2014). This high use of fertilizers has also posed serious threats to environ-
ment. Maintaining agricultural production, while minimizing pollution to water and 
air, is a global problem. Direct emissions from agriculture comprises roughly 11% 
of global greenhouse gas emissions and these emissions are projected to rise by 
20% by 2030 (US-EPA 2011). Including indirect emissions increases the total emis-
sions from agriculture to 19–29% of the global total (Vermeulen et  al. 2012). 
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Anthropogenic activities have profoundly altered the global nitrogen and phospho-
rus cycles and will continue to do so (Bouwman et al. 2009). Net anthropogenic 
nitrogen inputs in China, US and Northern Europe are estimated at between 2 and 
3.5 t ha−1 of which 15–30% is exported in rivers (Swaney et al. 2012). Indeed, stud-
ies across the globe have shown agriculture to be amongst the largest contributor of 
annual nitrate and phosphate loads to river waters (Liu et al. 2012).

Common field and farm management activities affecting diffuse pollution include 
the over-application of fertilizer (Withers et al. 2001), the inappropriate application 
of manure or slurry to land (Shepherd and Chambers 2007), or poor management of 
soil leading to erosion and surface runoff on both livestock and arable farms 
(Quinton et al. 2010). In this scenario, sustainable nutrient management approach 
will not only maintain the crop production but will also reduce the environmental 
pollution through over use of fertilizers. Sustainable nutrient management approach 
use the combination of well tested practices and principles of modern and tradi-
tional technologies in an integrated manner aimed at profitable crop production with 
better crop quality, nutrient use efficiencies and lower environmental pollution 
using crop management (crop rotation, intercropping), soil management (manures, 
green manures, organic fertilizers, nano fertilizers and crop residues), site specific 
nutrient application to fulfill the crop nutrient demand (Fig. 1). In this chapter, sus-
tainable nutrient management approaches including soil management, crop man-
agement, fertilizer sources (organic, inorganic) and their application methods, site 
specific and integrated nutrient management practices and challenges to sustainable 
nutrient management are discussed.

Sustainable soil nutrient
management
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Soil
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Conservation
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testing 
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crop
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Sowing
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Fig. 1 Pillars for sustainable nutrient management
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2  Soil-Testing for Sustainable Nutrient Management

Optimal crop growth and yield depends upon the availability of essential and some 
non-essential (Si, Se, Co etc.) crop nutrients. Multiplicity in the crop nutrient 
demand, fertilizer combination using specific formulation of nutrients can increase 
crop yield from one to tenfolds, depending upon the crop and nutrient (Dimkpa 
et al. 2017). For better crop production a certain concentration of these nutrients 
should be present in soil that can be taken up by plants. However, soil physiochemi-
cal properties and moisture availability influence the availability of these nutrients 
(Marschner 2012). Moreover, microbes present in rhizosphere also influence the 
nutrient availability. Therefore, a comprehensive soil testing system is very crucial 
to determine soil nutrient status considering the biotic and abiotic factors that can 
influence nutrient dynamics.

The nutrient dynamics keep changing in the soil from fixation to dissolution in 
soil solution and uptake and translocation to shoot. Classical soil testing methods 
usually predict nutrient uptake to their presence in the soil solution. However, this 
is not true in all the cases. For instance, in Zn deficient soils fractions of Zn interact-
ing with root surface are better indicator of Zn availability than Zn present in soil 
solution (Duffner et al. 2013). After estimation of soil physiochemical properties 
then next step is fertilizer recommendation based on these tests. However, soils hav-
ing more than one nutrient deficiency, the fertilizer recommendation are not easy 
(Oliver and Gregory 2015; Voortman and Bindraban 2015) as identification of right 
balance between quantity and composition and their availability to plants pose seri-
ous challenge. Moreover, nutrient ratios in soil are very critical as excess of one 
nutrient can dilute the other nutrient. For example, urea is alkaline in nature and can 
affect the micronutrient (Zn) availability (Milani et  al. 2015). Lime treatment to 
acidic soil based on soil testing my help to overcome the problem of low pH and 
release magnesium (Mg) and calcium (Ca) also. Similarly, use of acidic fertilizers 
(HH4SO4) can enhance the iron (Fe) and Zn supply in alkaline soils.

Soil testing methods may not solve the issue of fertilizer availability and suit-
ability to specific soils completely; however, they serve as basis for fertilizers rec-
ommendation and can help in formulation of suitable fertilizer selection and nutrient 
blend for a specific soil. Conclusively, fertilizer recommendations based on harmo-
nizing soil chemical properties with nutrient products for nutrient balance in a par-
ticular soil may or may not right all the time. However, rapid nutrient testing serves 
as the basis to maintain the soil fertility and crop nutrient demand.

3  Challenges in Sustainable Nutrient Management

Plant nutrition is the key factor that influences soil quality and productivity (Jaga 
and Patel 2012). Fertilizers maintain the productivity and fertility of soil by furnish-
ing essential nutrients and ultimately result in economic crop production. However, 
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the rise in fertilizer demand and over use of fertilizer also pose serious threats to 
sustainable nutrient management and environmental health. Fertilizer use efficiency 
is low for most of the agriculture soils, therefor, for sustainable nutrient manage-
ment the nutrient use efficiencies should be improved (Fixen 2009). For instance, 
about half of the applied N is only used by plants while remaining N is bound in 
organic form (15–25%) in soil, volatilization (2–20%) and leaching (2–10%) into 
ground water (Sonmez et al. 2007; Chien et al. 2009). The nitrogen use efficiency 
(NUE) is even lower in some parts of the world. For instance, in China, two decades 
ago NUE for major cereal crops was 28–41% (Zhu 1992), which has declined to 
26.1%, 28.2% and 28.3% in maize, wheat and rice respectively during last decade 
(Wang 2007). The NUE in some of the farmer field’s in north China plain is reported 
to be 15% and 18% for summer maize and winter wheat (Cui et  al. 2008). 
Furthermore, P recovery is also very low as only one-fourth of the applied P was 
recovered during crop growing season. It also precipitates with oxides of Al and Fe 
in acidic soils (Vance et  al. 2003) and with Ca and Mg in calcareous soils 
(Rahmatullah et al. 1994) with further decline P use efficiency.

Mismanagement or over use of chemical fertilizers has resulted in low nutrient 
uptake and use efficiencies. For instance, N losses through leaching (NO3), volatil-
ization (NH3), nitrification/de-nitrification (N2O/N2) and emission of NO causing 
serious environmental issues (Zhu and Chen 2002; Ju et al. 2009). Nevertheless, P 
is most lost through surface runoff or erosion while losses due to subsurface leach-
ing are very low. Organic P have more subsurface leaching when it is in inorganic 
form as it is more soluble (Aziz et al. 2015). Potassium use efficiency is also low 
due to K losses through drainage water in acidic and sandy soils receiving high 
rainfall (Havlin et al. 1999).

Nutrient budget calculation has showed that overuse of fertilizers have resulted 
in accumulation of nutrient in soil. Nitrogen and phosphorus budget calculation in 
China showed that N and P which were deficient in 1950s are now surplus. However, 
the budget of K and micronutrient is mostly negative around the globe which causes 
nutrient imbalance and also reduce the chances of yield improvement due to better 
N and P use efficiencies. Moreover, overuse of macronutrient particular N and P is 
due to high yield targets by the farmers, and unavailability of suitable nutrient 
sources. Mostly fertilizers are applied manually which reduces the fertilizer use 
efficiencies as most of the farmers have small land holdings and they don’t afford 
soil testing and modern nutrient application technologies.

Application of organic fertilizer only is also not effective as; higher application 
of organic fertilizers can change the nutrient dynamics in soil and their availability 
to plants. For instance, FYM increase the level of P, K, Ca and organic matter in 
surface soil wile nitrate, Ca and Mg level rises in subsurface soil (Edmeades 2003), 
which can lead to higher N losses (Goulding et al. 2008). Moreover, it is difficult to 
predict the mineralization of nutrient from different types of manures in different 
cropping systems which can result in under or over fertilization (Zhao et al. 2010). 
Therefore, use of appropriate combination of fertilizers (organic, inorganic) and 
their application at right time, right place and suitable rates can help in reducing the 
nutrient losses with higher use efficiencies.

Sustainable Nutrient Management



172

4  Fertilizer Source

Along with soil and crop management; selection of fertilizer source is very critical 
for sustainable nutrient management for long term ecosystem sustainability and 
food security. The presence of widespread nutrients deficiency in the soils causes 
great economic losses to farmers and considerably decreases the quantity and nutri-
tional quality of grains both for human beings and livestock. The application of 
fertilizers can enhance the crop productivity; however, the available nutrients pres-
ent in the bulk chemical forms are not fully accessible to plants and their utilization 
is very low owing to their inversion to insoluble form in the soil (Solanki et  al. 
2015). The use of chemical fertilizers in large quantity to increase crop productivity 
in long run is not suitable option as in one direction these increase crop production 
but on the other direction disturb the soil mineral balance, soil fertility, soil struc-
ture, mineral cycles, soil fauna and flora and food chains across ecosystems leading 
to heritable mutations (Solanki et al. 2015). There is need to adopt a system which 
has smart delivery system, targeted application and in long run should be 
sustainable.

4.1  Chemical Fertilizers

To increase and sustain food production the continuous fertilizer inputs are needed 
but there are problems with continued use of mineral fertilizers because of low 
nutrient uptake by crops in productive systems (Trenkel 1997). The high fertilizers 
application rates led to losses with negative impacts on atmospheric greenhouse gas 
concentration and water quality (Haygarth et al. 2013). Sustainable intensification 
with target to increase production on existing land area is a best option (Godfray 
et al. 2010). To keep the sustainability of agricultural and biogeochemical cycles 
there is need to develop nutrient efficient fertilizers which have high nutrient use 
efficiency. The nutrient efficient fertilizers include (i) controlled release fertilizers 
vis coated fertilizers, slow release fertilizers or uncoated fertilizers, (ii) nano fertil-
izers. These controlled release fertilizers have high efficiency owing to slow release 
of nutrients according to the crop demand and duration of the crop.

4.1.1  Coated Fertilizers

Excessive use of fertilizers causes problems especially with grown plants because 
roots are confined to small volumes, and the storage capacity of growth media for 
nutrients and water are limited. Frequent irrigation and fertilization are necessary to 
maintain the soil moisture and nutrient level, which may enhance leaching and run-
off losses (Oertli 1980). Therefore, it is very important to select a proper fertilizer 
type, rate, and application technique to match the plant’s nutrient and growth 
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requirements as precisely as possible (Trenkel 2012). This can be achieved by using 
coated fertilizers compared to conventional fertilizers.

The population growth worldwide has increased the demand for food and to 
meet this demand a large area of fertile land is required to produce more food (Irfan 
et al. 2018). However, this fertile agricultural land is reduced owing to industrializa-
tion, urbanization and soil degradation (Chen et  al. 2002; Brown et  al. 2009; 
Gomiero 2016). To grow required food on diminished agricultural land a massive 
quantity of fertilizers are needed due to poor supply of nutrients (Irfan et al. 2018). 
The common solid fertilizers as uncoated or pristine granules have limitation as the 
release of nutrients from granules is fast and are vulnerable to losses in the form of 
leaching, volatilization and surface run-off (Bhat et al. 2011). Moreover, plants in 
their early/infancy stages cannot uptake all the supplied nutrients through fertilizers, 
so surplus nutrients are leached into the water table, causing problem for the aquatic 
life and cause economic losses (Vashishtha et al. 2010). To lessen these issues, one 
promising option is controlled-release fertilizers. There are two types of controlled- 
release fertilizers as (i) coated fertilizers (ii) uncoated fertilizers or slow-release 
fertilizers (Scherer 2005).

In coated fertilizers different types of impermeable coatings with small holes are 
used by which solubilized materials diffuse and semipermeable coatings through 
which water diffuses until the internal osmotic pressure raptures the coating (Scherer 
2005). Coatings functions only as a physical barriers or a source of plant nutrient. 
The coating materials used in fertilizers are waxes, polymers, and sulfur. Osmocotes 
are covered with a plastic shell which allow the water to diffuse into the shell and 
tears the shell and nutrient diffuse into the soil. In sulfur-coated urea water vapor 
transfers through sulfur coating solubilizes the urea within the shell and builds suf-
ficient osmotic pressure to disrupt the coating and urea is release (Scherer 2005).

The controlled release fertilizers are usually coated with organic polymers, mod-
ified biopolymers, natural macromolecule materials or nanocomposites. The coated 
film helps to achieve controlled, extended release rather than immediate release by 
providing the transport barrier to the fast dissolution of nutrients in the water when 
exposed without a coating (Salman 1989). The characteristics of coating materials 
are therefore important to get delayed or controlled release of nutrients (Table 1; 
Irfan et al. 2018).

The release process of coated fertilizers includes transport of water through coat-
ing, condensation of water molecules on the surface of nutrient core, dissolution of 
the active nutrient, development of osmotic pressure, swelling of controlled release 
fertilizers granule, and at the end the release of nutrient by transport through coating 
film via micro-pores (Irfan et  al. 2018). The slow-release fertilizers (SRF) espe-
cially polymer-coated fertilizers improve the nutrient use efficiency and crop yield 
(Table 1; Shoji et al. 2001).

In a study, Tomaszewska and Jarosiewicz (2002) reported that the use of polysul-
fone as coating decrease the release rate of fertilizers and with the decrease of coat-
ing porosity the nutrient release rate further decrease. In case of coating with 38.5% 
porosity after 5 h 100% of NH4

+ was released whereas in 11% porosity only 19% of 
NH4

+ was released after 5 h.
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In conclusion, coated fertilizers are slow release fertilizers which provide the 
nutrients to the crop plants in a slow pattern; they slowly release with the passage of 
the time and fulfill the crop nutrients’ demand with their growth pattern. Use of 
coated fertilizer can help in reducing the fertilizer application rates with higher 
NUE.

4.1.2  Slow/Controlled: Release Fertilizers

Controlled or slow release fertilizers are those fertilizers which contains plant nutri-
ents in a form which either (i) delays the availability for plant uptake and use after 
its application (ii) or is available to the plant significantly longer than a “rapidly 
available nutrient fertilizers” (Table 1; AAPFCO 1995; Trenkel 1997).

Crops up take only 50–60% of the added N fertilizer to the soil in a growing 
season. This uptake of N fertilizer can be enhanced by controlling the rate of N 
fertilizer dissolution (Scherer 2005). On way to control the rate of N dissolution is 
controlled-release fertilizers and the aim of this slow release fertilizer is to provide 
the crops nutrients according to the demand (Scherer 2005). The slow-release fertil-
izers (SRF) release active nutrients in a controlled manner, extend the duration of 
release, and manipulate the rate of release so that they become compatible with the 
metabolic needs of plants (Irfan et al. 2018). The long term gradual release of nutri-
ents from SRF is a solution to the current need of food (Trenkel 2010) and is neces-
sary for the sustainability of the ecosystem. Un-coated urea fertilizers are readily 
soluble in water and quickly decomposed to release NH+

4, it forms several chemical 
reaction and products that are useful as slow-release N fertilizers (Scherer 2005).

Most of the studies (Yaseen et al. 2017; Trenkle 2010) have shown that by the 
application of P in the form of controlled-release fertilizers to citrus decrease poten-
tial losses and increase the fertilizer use efficiency compared with water soluble 
fertilizers (Zekri and Koo 1992). Conclusively, use of slow release fertilizers is 
effective approach for sustainable nutrient management as nutrients are available 
during the whole crop season. Moreover, it is also ecofriendly due to reduced nutri-
ent losses through leaching and volatilization.

4.1.3  Nano Fertilizers

Nano-fertilizers are basically smart fertilizers which are designed to increase nutri-
ent use efficiency and to reduce the adverse effects of conventional mineral fertil-
izers on the environment (Sharpley et  al. 1992; Wurth 2007; Manjunatha et  al. 
2016). There are three types of nano-fertilizers as (i) nanoscale coating or host 
materials (nano-polymer), (ii) nanoscale additives and (iii) nanoscale fertilizers 
(synthesized nanoparticles) (Mastronardi et  al. 2015). These nano fertilizers are 
most suitable alternatives to soluble fertilizers as they release nutrients at a slower 
rate during the crop growth so reduce nutrient losses (Table 2). In this regard, zeo-
lites (natural clays) are best as they act as reservoir for nutrients that are slowly 
released (Manjunatha et al. 2016).
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The nano-fertilizers have high surface area, controlled release kinetics to tar-
geted sites and sorption capacity called as smart delivery system (Fig. 2; Solanki 
et al. 2015). A nano-fertilizer is a product in nanometer regime that delivers nutri-
ents to crops, for example encapsulation inside nanomaterials coated with a thin 
protective polymer film or in the form of particles or emulsions of nanoscale dimen-
sions (DeRosa et al. 2010). The surface coatings of nanomaterials on fertilizer par-
ticle hold the material more strongly due to higher surface tension than conventional 
fertilizer surface and help in controlled release (Brady and Weil 1999). The nano- 
fertilizers have high solubility, effectiveness, stability, targeted activity, time- 
controlled release and less eco-toxicity, safe, easy mode of delivery and disposal 
(Tsuji 2000; Boehm et al. 2003; Green and Beestman 2007; Torney et al. 2007).

In a study, Corradini et al. (2010) evaluated the interaction and stability of chito-
san nanoparticles suspensions containing N, P, and K fertilizers which can be useful 
for agricultural applications. In another study, Kottegoda et al. (2011) synthesized 
urea modified hydroxyapatite (HA) nanoparticles for gradual release of N to crop 
growth. These nano-fertilizers showed slow release of N up to 60  days of plant 
growth compared to commercial fertilizers which showed release only up to 30 days. 
The large surface area of HA facilitates the large amount of urea attachment on the 
HA surface. The strong interaction between HA and nanoparticles and urea contrib-
utes to slow and controlled release of urea. Few years back, Milani et al. (2012) 
compared the Zn solubility and dissolution kinetics of ZnO nanoparticles and bulk 
ZnO particles coated on macronutrient fertilizers (urea and monoammonium phos-
phate) and reported that coated monoammonium phosphate granules show faster 
dissolution rate.

Zeolite based nano-fertilizers are capable to release nutrient slowly to the crop 
plant which increase availability of nutrient to the crop throughout the growth 
period and prevent loss of nutrient from volatilization, leaching, denitrification and 
fixation in the soil especially NO3-N and NH4-N. The nutrient having particle size 
of below 100 nm nano-particles are used as efficient nutrient management which are 
more ecofriendly and reduce environmental pollution (Joseph and Morrisson 2006). 
The nano particles increased the NUE and minimized the costs of environmental 
protection (Naderi and Abedi 2012) and enhance plant growth by resisting the dis-
eases and improving the stability of plants by deeper rooting and by anti-bending of 
crops (Fig. 2; Tarafdar et al. 2012).

In conclusion, nano fertilizers are ecofriendly can help in improving the agricul-
tural productivity by improving the NUE with lower fertilizer requirement and bet-
ter grain yield.

4.2  Organic Fertilizers

Organic fertilizers supply nutrients in slowly soluble organic with belief that plants 
will get balance nutrition through the actions of soil microbes, roots and weathering 
of minerals (Kirchmann et  al. 2009) and these organic forms of nutrients are 
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available to the crop plants with longer time period. In inorganic fertilizers applica-
tion the plants are directly fed owing to complete and high solubility of inorganic 
fertilizers in water (Kirchmann et al. 2009) compared with organic sources which 
release nutrients slowly which are available according to the crop need and has less 
or negligible losses to the environment.

The application of organic manures enhances build-up of soil organic matter, 
support soil structure, increase the cation exchange capacity, helps to chelate micro-
nutrients, increase soil moisture retention while inorganic fertilizers supply crops 
with nutrients at times when their demand is large (Kirchmann et al. 2009). Organic 
materials are added to the soils to protect the productivity and sustainability of the 
land. The natural wastes are mostly used as organic fertilizers to increase the effi-
ciency of nutrients and nutritional value of soils (Demir and Gulser 2015). Green 
manure/green manuring, farm yard manure and Compost are most widely used 
organic fertilizers.

4.2.1  Green Manuring

Quantity of agricultural production, crop yield, soil nutrient, and the environment 
all are influenced by fertilizer use. The increased mineral fertilizers prices and 
decreased soil fertility made legumes a popular option as organic fertilizer to 
improve the soil fertility in long run (Talgre et al. 2012). In a study, Talgre et al. 
(2012) found that after incorporation of green manure crops into the soil was effec-
tive in releasing nutrients into the soil even in the 3rd year. The application of green 
manures can replace the entire N requirement for non-leguminous succeeding crops 
(Guldan et al. 1997).

Fig. 2 Mechanism of nano-fertilizer uptake through foliar and fertigation in plant
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The use of perennial legumes as green manure (such as alfalfa) import additional 
nutrients (P, K and Ca) due to their deeper root system (Teit 1990) to the soil which 
are accessible to the succeeding crops (Witter and Johansson 2001). When green 
manures are added into the soil, they add large amounts of N and other nutrients, but 
these nutrients are released at a slower rate also N from N-fixing bacteria becomes 
accessible over a long time span. These processes supply steady source of N for 
succeeding crops (Freyer 2003), in the long run maintains the sustainability of the 
system. In a study, Viil and Vosa (2005) found that the positive effects (16–18%) of 
green manure become visible in the 2nd year. Talgre et al. (2012) reported that the 
yield results of green manure application showed that N is slowly released from 
green manure which in result decrease the lodging and yield losses.

The slow release of N from decomposing green manure residues is better syn-
chronized with plant uptake than inorganic N sources as it increases N-uptake effi-
ciency and crop yield while reduces N leaching losses (Abdul-Baki et  al. 1996; 
Agustin et  al. 1999; Aulakh et  al. 2000; Cline and Silvernail 2002). The green 
manuring also drives long-term increase of soil organic matter and microbial bio-
mass (Goyal et al. 1992, 1999; Chander et al. 1997; Biederbeck et al. 1998) and 
further improves nutrient retention and N-uptake efficiency (Cherr et  al. 2006). 
Green manuring also offers habitat or resources for beneficial organisms (Bugg 
et al. 1991; Nicholls and Altieri 2001). The application of green manures reduced 
soil bulk density, increased soil organic matter and N, P, K, Ca and Mg (Adekiya 
et al. 2017). In conclusion, the incorporation of green manures improves the soil 
fertility, nutrients and crop growth and yield.

4.2.2  Farm Yard Manure

Farm yard manure is a decomposed mixture of urine and dung of the farm animals 
along with litter and left over material from roughages or fodder fed to the cattle. 
The application of farm yard manure improves the soil chemical, physical and bio-
logical properties (Bayu et al. 2006). Oswal (1994) reported that the application of 
farm yard manure (FYM) increased the electrical conductivity, cation exchange 
capacity, organic carbon and soil moisture contents. Likewise, Aggarwal et  al. 
(1997) found that FYM increases water storage, crop yield and soil nutrient avail-
ability. Application of poultry manure (5  t ha−1), FYM (10  t ha−l) and piggery 
manure (2.5 t ha−1) were equivalently effective and added 11.2 kg Zn ha−1 in maize- 
wheat cropping system (Nayyar et  al. 1990). In another study, Alok and Yadav 
(1995) demonstrated that application of organic manure in rice wheat cropping sys-
tem increased the Zn availability more than inorganic sources. Use of organic 
manures can meet the crop nutrient demand as they are rich in nutrients, improve 
physiochemical characteristics of soil and enhance nutrient uptake through forma-
tion of soluble nutrient complexes.
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4.2.3  Compost

To satisfy the growing global food demand cereal production has increased (He 
et al. 2014) and this increase in production has in turn increased the amounts of 
harvested residues (straw, stubble) that can be a source of biomass feedstock or for 
animal feeding (Jiang et al. 2012; Habets et al. 2013). Unluckily, worst practice is 
removal of these residues by in situ burning with considerable environmental, 
human health and economic impacts (Singh et al. 2010; Gupta et al. 2016). These 
harvested residues can be a resource that can be utilized as organic raw material 
which improves the soil quality and productivity (Calabi-Floody et al. 2018).

One way to use these residues is their use as a composting agent (Roca-Perez 
et al. 2009; Medina et al. 2017). Compost is the final product which is obtained after 
composting and is rich and more stable than original material (feedstock) and can 
improve soil quality and productivity as well sustainability of the agricultural pro-
duction (Farrell and Jones 2009; Barral et al. 2009). The application of compost 
slower the rate of mineralization (Bernal et al. 2009) and owing to this slow miner-
alization process the nutrients are available during the whole growing season and 
are more stable. With the application of compost soil structure is improved with the 
binding of soil organic matter and clay particles via cation bridges and through 
stimulation of microbial activity and root growth (Farrell and Jones 2009). In con-
clusion, the application of compost in the long run improves the soil structure, 
organic matter and fertility status of the soils.

4.3  Use of Soil Microbes

In intensive agriculture system, use of chemical fertilizer is necessary for getting 
good crop yield, however, the utilization efficiency of these nutrients remain low 
due to losses through leaching, volatilization and denitrification and fixation (Ayala 
and Rao 2002). These chemical fertilizers also increase the cost of production and 
are not ecofriendly (Adesemoye and Kloepper 2009). In this scenario, bio-fertilizers 
offer a better alternative to synthetic chemicals as they improve crop quality, yield 
and also increase resistance to abiotic stresses (Kumar et al. 2006). Integration of 
PGPR with traditional inorganic fertilizers in the field proved to be effective means 
to increase the availability of nutrients to plants with simultaneous reduction in 
diseases incidence of oil seed crop has been reported (Kumar et al. 2009). Plant 
growth promoting rhizobacteria (PGPR) and arbuscular mycorrhizae fungi (AMF) 
have been reported to increase the availability and uptake of nutrients in the soil.
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4.3.1  Mycorhiza

Mycorhiza colonization enhances the absorption and uptake of nutrients limited to 
diffusion from soil solution to plant roots (Fageria et al. 2011). The AMF increase 
the phosphorus uptake by plants by enhancing the root surface area for absorption 
and by mineralizing the organic phosphorus (Wang et al. 2014). Few years back, 
Yang et al. (2012) reported that rice colonized with AMF received 70% of acquired 
pi from symbiotic fungi. The AM fungi also increases the nitrogen uptake as NH+4 
transporters in AMF (GintAMT1, GintAMT2, GintAMT3) in Rhizophagus irregu-
laris are involved in AM symbiosis (Lopez-Pedrosa et al. 2006; Perez-Tienda et al. 
2011; Calabrese et  al. 2016). These NH+4 transporters genes express under low 
NH+4 supply and enhance ammonium uptake from soil and surrounding media. 
Furthermore, AMF increase the availability of N to the plants by accelerating the 
decomposition of organic materials (Hodge et al. 2001; Leigh et al. 2009).

Mycorhizal colonization also increases micronutrient availability. For instance, 
soil inoculation with some Penicillium sp. strains accelerates the uptake of Fe, Zn 
and Cu from soil and their accumulation in plants (Kucey 1988). Three decades ago, 
Meyer and Linderman (1986) established that co-inoculation of AMF and PGPR 
(Pseudomonas putida) enhanced the Al, Co, Cu, Fe and Ni uptake in shoots as 
p. putida release 2-ketogluconic acid which increase the micronutrient availability 
and uptake by plants through mycorrhizal colonization. However, plants grown on 
heavy metal polluted soils have low concentration of Cd, Cu, Mn and Zn with AMF 
inoculation than non-mycorrhizal association, indicating role of AMF in heavy 
metal stress tolerance (Weissenhorn et  al. 1995; Guo et  al. 1996). Furthermore, 
under enhanced Pd supply, AMF increase plant growth by accelerating the phospho-
rus uptake and protecting plants from Pd toxicity (Chen et al. 2005).

In conclusion, mycrorhizal associations improve the nutrient availability to 
plants under limited nutrient supply and can be used effectively as bio-fertilizers. 
Moreover, AMF regulate the metallic ions uptake thus protect plants from heavy 
metal toxicity.

4.3.2  Plant Growth Promoting Bacteria

Interaction of plants and soil bacteria play crucial role in maintaining the soil fertil-
ity. Plant growth promoting rhizobacteria improve the crop productivity when used 
in the form of biopesticides (Arora et al. 2008) and biofertilizer (Cakmakci et al. 
2006). These PGPR improve the plant growth directly or indirectly through 
enhanced nutrient availability, root development and resistance against biotic and 
abiotic stresses (Glick 1995) by improving N2 fixation, Fe sequestration, phosphate 
solublization, phytohormones synthesis, control on ethylene production and phyto-
pathogens (Gamalero and Glick 2011). Plants can only utilize very small quantity 
of the applied phosphorus as >75% of applied P is precipitated with metallic cations 
and becomes fixed in the soil. In this scenario P solubilization and mineralization by 
phosphate solubilizing bacteria play key role in increasing phosphorus availability 
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(Jeffries et al. 2003). Phosphorus solubilizing bacterial synthesize organic acids like 
citric acid and gluconic acid which help in P solublization (Rodriguez et al. 2004).

Biological nitrogen fixation (BNF) almost accounts for 2/3 of the total N used in 
agriculture and it will be crucial for crop production sustainability in future (Matiru 
and Dakora 2004). Key BNF biochemical reaction occurs between legume and 
nitrogen fixing microbes that convert N2 into NH3 (Shiferaw et al. 2004). Nitrogen 
fixed by Rhizobia in legume crops also benefits the associated cereals or non-legume 
intercrops (Snapp et al. 1998) or subsequent crop. For instance, in many grass land 
systems with limited inputs, grasses depend on legume fixed N to meet the N 
requirement which is needed for better fodder quality (Paynel et al. 2001; Hayat and 
Ali 2010). Moreover, use of plant growth promoting bacterial can improve the 
micronutrient availability. Recently, Rehman et al. (2018a, b) reported an increase 
in Zn uptake and its translocation in wheat with Zn solubilizing bacteria due 
enhanced production of organic acids from the root exudates of wheat. Iron avail-
ability is also enhanced by PGPR as they release siderophores which help in Fe 
chelation. Fluorescent pseudomonads bacteria increase the iron sequestration by 
releasing iron-chelation siderophores (Dwivedi and Johri 2003).

Soil bacteria fix the atmospheric nitrogen and increase the availability of other 
macro and micronutrients through nutrient solubilization mineralization, sidero-
phore production and root development. These PGPR can be used as bio fertilizers 
as this will be cost effective, ecofriendly and sustainable approach for nutrient man-
agement in crop production systems.

4.4  Fertilizer Application Methods

Fertilizer can be applied through several ways such as soil application, foliar appli-
cation and through seed treatments (seed priming and seed coating). Each method 
of application has some limitations and advantages upon others.

4.4.1  Soil Application

Soil application of fertilizers is the most common approach to overcome the nutrient 
deficiencies. It can be done through broadcasting, band placement and fertigation. 
Mostly macronutrients are applied through soil application. For instance, soil incor-
poration/deep placement of urea minimizes the N losses with higher nitrogen use 
efficiency (Katyal et al. 1987). Nevertheless, soil incorporation of fertilizer depends 
on soil physiochemical properties but usually 5–10 cm depth is used for nutrient 
incorporation. Time of fertilizer application is very crucial for soil application as 
some fertilizers (phosphate fertilizers) are mostly applied at the time of sowing.

In a study, Rahim et al. (2012) found that band placement of P as basal applica-
tion results in better phosphorus use efficiency than broadcasting of P. Contrary to 
this, Latif et  al. (2001) reported that P application in splits as topdressing or 

Sustainable Nutrient Management



184

 fertigation was better than soil incorporation of P in wheat. In another study, Alam 
et al. (2005) established that application of N and P through fertigation enhanced 
the grain yield of wheat with better N and P uptake compared to topdressing. 
Furthermore, in wheat K is usually applied through broadcasting followed by incor-
poration in soil and drilling (Bijay-Singh et al. 2004).

Moreover, micronutrients are also supplied through soil fertilization. For 
instance, Zn fertilization through soil has increased the Zn uptake and bioavailabil-
ity in wheat (Rehman et al. 2018a, b). In a recent study, Farooq et al. (2018) reported 
that Zn through soil application improved the grain Zn concentration in both con-
ventional and conservation rice production systems. In another study, Zhao et al. 
(2018) demonstrated that band application of ZnSO4 had little effect on grain Zn 
concentration but increase the loose organic matter bound Zn fraction in soil. 
Further, efficiency of Zn-EDTA and ZnSO4 were higher when uniformly mixed 
rather than band application. However, both Zn sources have limited effect on grain 
Zn bioavailability due to higher fixation in calcareous soil.

Soil application of nutrient is very common approach to correct nutrient deficien-
cies and is most efficient method for macro nutrients (N, P and K) application. 
However, lack of soil plant nutrient status, higher rates of nutrient application, 
increased cost of production and unavailability of suitable nutrient sources are 
major bottleneck in this approach.

4.4.2  Foliar Application

Soil fertilization is mostly practiced for application of nutrients. However, higher 
plants also absorb nutrients through leaves when applied in suitable concentrations 
(Fageria et al. 2009). Foliar fertilization is mostly practiced for micronutrients as 
they are needed in small quantities. Otálora et al. (2018) conducted a study on foliar 
fertilization of urea and found that foliar applied urea enhances the N and other 
mineral uptake except Cu and Zn and enhanced the protein and amino acid accumu-
lation. However, higher N rates reduced the sugar and phenolics accumulation in 
escarole (Cichorium endivia L. var. latifolium). Foliar fertilization has been found 
effective in improving the crop micronutrient demand. For instance Rehman et al. 
(2018a, b, c) reported that foliar Zn fertilization increases the grain Zn concentra-
tion in whole grain and endosperm with high Zn bioavailability. Likewise, a number 
of studies had reported increase in grain Zn and manganese (Mn) accumulation with 
foliar application (Zhao et  al. 2014; Ullah et  al. 2017a, b; Farooq et  al. 2018; 
Rehman et al. 2018a, b).

Foliar application of CaCl2 (1% solution) increased the Ca concentration of leaf 
while application of 2% CaCl2 caused the leaf burn in pomegranate. Moreover, cal-
cium fertilizer containing nanoparticles were not very effective in improving the 
leaf Ca concentration (Davarpanah et al. 2018). Likewise, application of B and Zn 
increased the both microelement concentrations in leaf of pomegranate (Davarpanah 
et al. 2016). Moreover, foliar fertilization of Fe at anthesis stage enhanced the grain 
Fe concentration and bioavailability. However, higher Fe accumulation was noticed 
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for foliar application of Fe-EDTA (He et al. 2013). Foliar application of micronutri-
ents along with endophytic bacteria improved the plant biomass, Fe and Zn concen-
tration in wheat (Yaseen et al. 2018).

Foliar fertilization of macronutrients requires more number of sprays to fulfill 
crop nutrient demand. Moreover, there are chances of wash out by rain, leaf damage 
in case of higher solution concentration. Plant should also have sufficient leaf area 
for absorption of nutrient (Fageria et al. 2009). Despite these drawbacks in certain 
circumstances foliar fertilization is most effective method to overcome the nutrient 
deficiencies.

4.4.3  Seed Treatment

Nutrient application can be done through seed treatments. However, this practice 
mostly involves micronutrient application. Micronutrient delivery through seed 
treatment is economical and effective alternative to soil and foliar fertilization 
(Farooq et al. 2012, 2018). Seed treatments require very small amount of nutrient, 
hence are cost-effective and nutrients are available to the germinating seed (Singh 
et al. 2003).

4.4.3.1 Seed Priming

In nutrient priming seeds are soaked in aerated nutrient solution to initiate the meta-
bolic activities prior to germination without radical protrusion. Primed seeds have 
better, and synchronized seedling emergence compared to dry seeds (Farooq et al. 
2009). For instance, Zn seed priming in maize improved the maize performance 
(Harris et al. 2007). Likewise, seed priming with Zn increased the grain yield (19%) 
and seed Zn concentration respectively (Harris et al. 2008). Moreover, seed priming 
with Zn and plant growth promoting rhizobacteria (PGPR) enhanced the grain yield, 
grain and endosperm Zn accumulation (Rehman et  al. 2018a, b). In maize, seed 
priming with Zn enhanced the seed Zn content (600%) compared to untreated seed 
and also improved the crop growth and biomass under normal and salt stressed 
condition (Imran et al. 2018). Seed priming with Mn increased the grain Mn content 
and also enhanced the grain yield of wheat and rice in both conventional and con-
servation rice production systems (Ullah et al. 2017a, b). Likewise in another study, 
Farooq et al. (2018) reported that Zn seed priming increased the grain yield and 
grain Zn concentration in rice compared with untreated control.

Boron application through seed priming substantially improved the rice yield 
and seed B concentration (Rehman et al. 2012). Recently, Ali et al. (2018) found 
that seed priming with B, Mn and Zn alone and in combination improves the con-
centration of respective nutrient in grain and straw of wheat. However, in nutrient 
seed priming solution concentration and duration of seed priming is very critical as 
priming in high nutrient solution may prove toxic and inhibit seedling germination 
and growth (Rehman et al. 2015). Moreover, for certain nutrients seed priming is 
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better than soil application. For instance, Mo application through seed treatment 
was more effective than soil application (Johansen et al. 2006) as Mo application 
through seed priming increased the yield by 20–25% compared to soil Mo applica-
tion (Johansen et al. 2007).

Seed priming with micronutrients is an eco-friendly and economical approach 
for nutrient delivery. This technique is help full under diverse climatic conditions as 
it helps in early stand establishment. However, selection of appropriate nutrient 
source and concentration are very critical for nutrient delivery through seed 
priming.

4.4.3.2 Seed Coating

In seed coating liquid or finely ground/suspended or dissolved solids are applied to 
the seed surface to cover the seed coat (Scott 1989). Seed coating mostly involve 
adhering of plant growth regulators, microorganisms, nutrients or other chemical on 
seed. Micronutrients are usually applied through seed coating as these are required 
in very small quantities. Seed coating of cowpea seeds substantially increased the 
grain yield. Moreover, seed coated with 250 mg ZnSO4 kg−1 seed performed better 
than all other coating treatment and increased the yield by 32.1% than uncoated 
seeds (Masuthi et al. 2009). Similarly, seed coating with 1.25 g Zn kg−1 improved 
the stand establishment, grain yield, and grain Zn accumulation in wheat (Rehman 
et al. 2016). Application of Mn through seed coating improves the productivity and 
grain biofortification of rice (Ullah et al. 2017a). The application of Zn through seed 
coating improved the grain yield in direct seeded aerobic rice (Farooq et al. 2018).

Seed pelleting with boron i.e. 100 mg borax kg−1 seed improved the yield related 
traits and grain yield of cowpea than non-pelleted control (Masuthi et  al. 2009). 
Molybdenum application through seed coating (80 g Mo ha−1) enhanced the chloro-
phyll index, yield related traits and grain yield of common beans (Biscaro et  al. 
2009). In another study, soybean seed coating with 0.25 g ammonium molybdate 
((NH4)6Mo7O24) and 0.5 g ferrous sulphate kg−1 seed effectively improved the mor-
phology, growth and dry matter production (Ramesh and Thirumurugan 2001).

Seed coating is very cost-effective approach of micronutrient application; how-
ever, success of seed coating depends on type of nutrients, coating materials, soil 
fertility status, soil type and seed to nutrient ratio. Moreover, seed coating is effec-
tive technique for nutrient supply during early stages of crop growth.

5  Site Specific Nutrient Management

Site specific nutrient management (SSNM) approach emphasize on application of 
nutrient to crop when needed. It does not thrive to limit or increase the fertilizer use 
but it helps to supply nutrient at optimal time and rate to obtain higher yield with 
better NUE. For instance, in South Asian countries fields are small with high spatial 
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variability in crop management practices. Moreover, there are differences in soil 
inherent nutrient buildup, crop residue management, organic and inorganic use of 
fertilizers, fertilizer rate, time and application method and resource available to 
farmers which disturb the nutrient balance within a small piece of land. Moreover, 
nutrients are supplied on extensive recommendation based on large areas having 
similar climate and soil conditions. These recommendations are usually good but 
imbalanced use of fertilizer due to variable soil fertility and other soil characteristic 
of a field lower the NUE as higher nutrient application beyond a limit will not 
enhance the yield but will reduce the NUE. Therefore, SSNM offers nutrient man-
agement of crop according to its requirement in a specific field and environment 
(Table 3; Jat et al. 2014). Furthermore, SSNM help farmer to adjust fertilizer appli-
cation in an accurate and efficient manner to fill the gap between nutrient demand 
of crop and supply of nutrient from soil, crop residues, organic and inorganic nutri-
ent sources.

Site specific nutrient management was developed as INM strategy and is based 
on the quantitative relationship of crop demand and nutrient supply of each field 
which special and temporal variations (Dobermann et al. 2002, 2003) in different 
crop production systems. There are two types of SSNM approaches i.e. soil based 
(involves fertilizer recommendation of a specific field based on soil analysis and 
inherent capacity of soil to supply nutrients) and plant based which involves rela-
tionship between crop nutrient requirement and crop yield and usually determined 
from nutrient concentration at crop maturity (Witt et al. 1999).

In plant based SSNM crop nutrient demand is predicted by attainable yield target. 
Crop nutrient demand is fulfilled by inherent nutrient supply from soil, residual 
effect of previous crop and crop residues. A decade ago, Singh et al. (2008) evaluated 
SSNM in rice wheat crop rotation and reported average increase of 1.3 t ha−1 in rice 
yield than blanked recommendation. They further reported an increase of 0.39–1.92 t 
ha−1 across different locations in rice wheat cropping system. Recently, Banayo et al. 
(2018) conducted a study and found that site specific nutrient management using rice 
crop manager (RCM) software reduced the fertilizer application of N and P with an 
average increase of 6% in grain yield and average profit of 154 US$ ha−1.

In conclusion: SSNM includes quantitative relationship between crop demand 
and nutrient requirement and it varies from field to field. It is very effective approach 
for sustainable nutrient management. However, success of this approach depends on 
rigorous plant and soil sampling and development of decision support system 
softwares.

6  Fertilizer Prediction Models

Fertilizer application to site specific field condition need estimation and understand-
ing of crop nutrient status and soil spatial variability and its relation to plant 
response. However, use high resolution geo remote and proximal sensed data to 
quantify the approximate variation between management zone (Song et al. 2009). 
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Table 3 Effect of site specific nutrient management on crop yield and net economics returns

Cropping 
system Crop

Blank fertilizer 
recommendation 
kg/ha SSNM

Increase 
in yield 
(%)

Net return 
(USD) 
over 
control Reference

Rice wheat Rice 100 (N), 40 (P), 40 
(K)

150 (N), 30 
(P), 100 (K), 
40 (S)

66 633 Singh et al. 
(2008)

Wheat 120 (N), 60 (P), 40 
(K)

150 (N), 30 
(P), 100(K)

59 530 Singh et al. 
(2008)

Rice wheat Rice 120 (N), 60 (P), 60 
(K)

120 (N), 60 
(P), 120 (K), 
40 (S), 25 
(Zn), 5 (B), 20 
(Mn)

59 557 Singh et al. 
(2008)

Wheat 120 (N), 60 (P), 60 
(K)

150 (N), 60 
(P), 120 (K)

65 475 Singh et al. 
(2008)

Rice wheat Rice 150 (N), 75 (P), 75 
(K), 2 (Zn)

150 (N), 30 
(P), 80 (K), 20 
(S), 25 (Zn), 5 
(B), 20 (Mn)

45 678 Singh et al. 
(2008)

Wheat 150 (N), 30 (P), 80 
(K)

120 (N), 60 
(P), 40 (K)

34 462 Singh et al. 
(2008)

Rice 110 (N), 15 (P), 20 
(K)

75 (N), 10 (P), 
20 (K)

10 307 Banayo 
et al. 
(2018)

Rice 75 (N), 8 (P), 18 
(K)

75 (N), 8 (P), 
18 (K)

11.2 275 Banayo 
et al. 
(2018)

Cotton 312 (N), 312 (P), 
180 (K)

225 (N), 105 
(P), 150 (K), 
45 (Mn), 30 
(Zn)

19.8 561 Jin and 
Jiang 
(2002)

Maize- 
wheat- 
mungbean

Maize 150 (N), 60 (P), 60 
(K)

144–170 (N), 
46–50 (P), 
63–105 (K)

5 68 Jat et al. 
(2018)

Maize 150 (N), 60 (P), 60 
(K)

144–170 (N), 
46–50 (P), 
63–105 (K)

7.4 130 Jat et al. 
(2018)

Wheat 150 (N), 60 (P), 60 
(K)

125–140 (N), 
37–68 (P), 
60–101 (K)

10.2 119 Jat et al. 
(2018)

Wheat 150 (N), 60 (P), 60 
(K)

125–140 (N), 
37–68 (P), 
60–101 (K)

12 184 Jat et al. 
(2018)

SSNM Site specific nutrient management, N nitrogen, P Phosphorus, K Potassium, S Sulphur, B 
Boron, Mn Manganese, Zn Zinc
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These sensors generate and process large data set in real time to adopt precise man-
agement practices. For instance, site specific nutrient application using these sen-
sors based on edaphic and soil condition increased the nitrogen use efficiency by 
368% (Diacono et al. 2013).

Use of sensor and GPS technologies helped to monitor and identify plant and soil 
variability to specific inputs. Introduction of only GPS in farm machinery can 
improve the 5–10% efficiencies by decreasing overlaps and gaps during fertilizer 
application (Craighead and Yule 2001). Recently, Wang et al. (2014) studied the P 
losses from soil supplied with chemical fertilizers and cattle manures using SurPhos 
model. The model reliably predicted the losses of dissolved reactive P (DRP) from 
chemical fertilizer, liquid and solid cattle manure. Surphos also quantified the vari-
ous sources of DRP loss and dynamics of labile P in soil which can help is adoption 
of appropriate P management practices to avoid P losses. Recently, Mahajan et al. 
(2014) used the hyperspectral remote sensing technique to predict wheat N, P, K and 
S requirement with very high accuracy. Efforts are going on to develop nutrient 
prediction models and technology for site specific nutrient management (Gregoret 
et al. 2011; Onoyama et al. 2015) however, there is still lot of work to be done on 
this aspect to achieve desired success.

6.1  Integrated Nutrient Management

Integrated nutrient management (INM) is soil fertility and plant nutrition manage-
ment system according to soil properties with balanced fertilization using all pos-
sible nutrient sources (organic and inorganic) and biological agents in judicious and 
integrated manner (Janssen 1993; Roy et al. 2006). Moreover, INM consider nutri-
ent cycling of macro and micronutrients to synchronize nutrient requirement of crop 
and its release in the environment (Table 4). All the INM approaches are aimed at 
reducing the nutrient losses through runoff, leaching, immobilization, volatilization 
and emission, and to increase the NUE (Zhang et al. 2012). The INM also helps in 
restoration of soil fertility and physiochemical properties with better soil organic 
carbon (C) and thus sustain the system productivity (Table 4; Das et al. 2014). In a 
study conducted by Das et al. (2014) on integrated nutrient management in rice- 
wheat cropping system, they found that incorporation of organic material improves 
the aggregation and structural stability of soil with better C accumulation in macro 
aggregates showing higher C sequestration of soil. They further reported that use of 
FYM in wheat and green gram residue (GR) in rice effectively improved the C 
accumulation in macro aggregates. Further, residue incorporation was more benefi-
cial than 100% inorganic N application or GR to rice.

The INM substantially enhance rice yield by reducing nutrient losses and man-
aging nutrient supply which help in cost reduction, better resource use efficiency 
and increased resistance to biotic and environmental stresses (Prasad et al. 2002; 
Zhang et al. 2012). Chemical fertilizer especially N fertilizers are being excessively 
used in China and other developing world (Peng et al. 2002; Zhang et al. 2012), 
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which cause saturation of chemical nutrients in agro-ecosystems, thus leading to 
nutrient loss through runoff, leaching, volatilization, fixation, emissions with low 
NUE (Vitousek et  al. 2009). For instance, in northern plains of China in maize 
wheat system about 227  kg N and 53  kg P ha−1 year−1 surplus supply has been 
reported. Application of 120:26:37 kg NPK ha−1 in combination with green manures 
improved the grain yield of rice. Similarly, highest groundnut production was 
obtained with residual effect of green manure and 30:26:33 kg NPK ha−1 in combi-
nation with gypsum (Prasad et al. 2002).

Hossain et al. (2016) studied the INM in rice wheat cropping system by inocula-
tion of legumes (mungbean, blackgram and dhaincha) and organic manures (poultry 
manure and cow dung). They reported that incorporation of legume residues 
enhanced the soil organic matter, N, extractable P and Zn, while all legume-based 
rotation with rice and wheat reduced the K and S concentration. Moreover, use of 
chemical fertilizer in combination with higher rates of organic manures increased 
the system productivity, showing that integrated approach is suitable option for bal-
anced and sustainable nutrient management (Table 4). Likewise, maximum Zn con-
centration in grain and all seed fractions were recorded in wheat when chemical 
fertilizer was applied in through soil and foliar application in combination with Zn 
solubilizing microbial strain Pseudomonas sp. than sole application of chemical Zn 
fertilizer (Rehman et al. 2018a, b). Sharma et al. (2016) demonstrated that applica-
tion of FYM along with recommended fertilizer dose substantially improved the 
physiochemical properties and biological activities of soil in finger-millet mono- 
cropping and groundnut finger millet crop rotation compared to sole inorganic fer-
tilizer application.

In conclusion, INM approach is sustainable and ecofriendly approach as it 
reduces the chemical input by balanced fertilization and nutrient management using 
all possibly nutrient sources (crop rotation/intercropping, residue incorporation, 
organic manures and soil microbes) and minimize the greenhouse gas emissions.

7  Soil Management

The soil sustains all living organisms, being the ultimate source of their mineral 
nutrients. Good management of soils ensures that mineral elements do not become 
deficient or toxic to plants, and that appropriate mineral elements enter the food 
chain. Soil management is important, both directly and indirectly, to crop productiv-
ity, environmental sustainability, and human health. Because of the projected 
increase in world population and the consequent necessity for the intensification of 
food production, the management of soils will become increasingly important in the 
coming years. To achieve future food security, the management of soils in a sustain-
able manner will be the challenge, through proper nutrient management and appro-
priate soil conservation practices (White et al. 2012).
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Table 4 Influence of long-term integrated nutrients management on the soil nutrients concentration 
at different soil depth

Nutrients combination

Study 
duration 
(years)

Soil 
depth 
(cm)

Increase in nutrients 
concentration (%)

ReferenceN P K S Zn

N + FYM 41 0–15 27 – – – – Shahid et al. 
(2017)N + FYM 41 15–30 5 – – – –

N + FYM 41 30–45 25 – – – –
NPK + FYM 41 0–15 18 – – – –
NPK + FYM 41 15–30 14 – – – –
NPK + FYM 41 30–45 24 – – – –
N fertilizers + cattle 
manure

26 20 51 – Zhengchao 
et al. (2013)

P fertilizers + cattle 
manure

26 20 65 – – – –

N + P fertilizers + cattle 
manure

26 20 76 – – – –

25% RF + 75% RN 
(MOC)

2 – 23 46 11 – Mondal et al. 
(2016)

100% RF + 25% RN 
(MOC) + 75% RF + 
25% RN

2 – 9 17 5 –

(MOC) + Biofertilizer 2 – 13 31 8 –
100% RF + 25% RN 
(MOC) + Biofertilizer

2 – 15 39 11 –

RF + Cow dung 5 t ha−1 7 0–15 27 343 12 87 102 Saha et al. 
(2007)RF + Cow dung 5 t ha−1 7 16–30 75 25 – 17 34

50 + 50% N (FYM) 23 0–15 46 566 63 – 201 Walia et al. 
(2010)50 + 50% N (FYM) 23 15–30 79 428 61 –

50 + 50% N (WCS) 23 0–15 40 226 49 – 188
50 + 50% N (WCS) 23 15–30 73 214 47 –
50 + 50% N (GM) 23 0–15 57 246 49 – 232
50 + 50% N (GM) 23 15–30 81 228 44 – –
N + OM 33 – 116 – – – – Yang et al. 

(2015)N + Straw 33 – 17 – – – –
N + green manure 33 – 9 – – – –
RF + VC at 2.5 t ha−1 2 – 12 3 14 – Kakraliya et al. 

(2017)RF + FYM at 5 t ha−1 2 – 12 21 15 – –
RF + FYM at 10 t ha−1 2 – 19 46 19 – –
RF + VC at 2.5 t ha−1 + 
Azotobacter

2 – 14 17 14 – –

RF+ FYM at 5 t ha−1 + 
Azotobacter

2 – 15 22 15 – –

RF + VC at 2.5 t ha−1 + 
FYM at 5 t ha−1 + 
Azotobacter

2 – 19 40 19 – –

(continued)
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7.1  Mulching

Mulching is an agricultural technique which is used to cover soil surface around the 
plants to create congenial condition for the growth. Mulching reduces the deteriora-
tion of soil by preventing the runoff, soil loss and helps in the control of temperature 
fluctuations, improves physical, chemical and biological properties of soil, as it 
adds nutrients to the soil and ultimately enhances the growth and yield of crops 

Table 4 (continued)

Nutrients combination

Study 
duration 
(years)

Soil 
depth 
(cm)

Increase in nutrients 
concentration (%)

ReferenceN P K S Zn

RF + 200 kg N ha−1 
through FYM

7 0–15 – 42 – – – Dhaliwal et al. 
(2014)

RF + 200 kg N ha−1 
through FYM

7 15–30 – 62 – – –

RF + 200 kg N ha−1 
through FYM

7 30–45 – 51 – – –

400 kg N ha−1 through 
VC

7 0–15 – 76 – – –

400 kg N ha−1 through 
VC

7 15–30 – 110 – – –

400 kg N ha−1 through 
VC

7 30–45 – 103 – – –

400 kg N ha−1 through 
RSC

7 0–15 – 64 – – –

400 kg N ha−1 through 
RSC

7 15–30 – 100 – – –

400 kg N ha−1 through 
RSC

7 30–45 – 136 – – –

20 kg N (crop residue) + 
20 kg N (urea ha−1)

20 – 13 32 14 – – Maruthi Sankar 
et al. (2012)

10 kg N (FYM) + 10 kg 
N (urea ha−1)

20 – 27 51 20 – –

40 kg N (urea) + 20 kg P 
+ 25 kg ZnSO4 ha−1

20 – 21 42 16 – –

25 kg N (Leucaena) + 
25 kg N (urea) + 25 kg P 
ha−1

20 – 15 26 24 – –

50% RF + 50% FYM 24 – 69 201 64 100 88 Gawde et al. 
(2017)75% RF + 25% FYM 24 – 61 230 71 62 85

50% RF+50% GM 24 – 77 188 57 63 70
N + FYM + P + K 60 – 7 – 16 41 107 Verma (2017)
Lime + N 60 – 15 – – – 22

N Nitrogen, P Phosphorus, K Potassium, S Sulphur, Zn Zinc, RF Recommended fertilizers applica-
tion, RN Recommended N application, FYM Farmyard manure, MOC Mustard oil cake, WCS 
Wheat cut straw, VC Vermicompost, RSC Rice straw compost, GM Green manure
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(Kumar et al. 1990). It reduces both the overland flow generation rates and velocity 
by increasing roughness (Jordán et al. 2010), and it cuts the sediment and nutrient 
concentrations in runoff (Gholami et al. 2013). It also enhances the activity of some 
species of earthworms as well as crop performance (Thierfelder et al. 2013), inter-
actions with nutrients (Campiglia et  al. 2014), the soil structure and the organic 
matter content within the soil (Karami et al. 2012).

The increases in the soil organic matter content can be particularly significant 
when vegetative residues are used as mulches, as shown by Jordán et al. (2010). 
Mulching has also been shown to reduce the topsoil temperature for more optimal 
germination and root development (Dahiya et al. 2007) which helps in enhanced 
nutrient uptake. Moreover, mulches also decrease evaporation (Vanlauwe et  al. 
2015) thus reduce the nutrient losses (particularly N) through volatilization. In con-
clusion, application of crop residue mulches helps in moisture conservation, soil 
and nutrient loss through runoff and volatilization. Thus, use of mulches can be 
helpful in sustainable crop management.

7.2  Conservation Tillage and Residue Management

Conservation tillage (CT), along with some complimentary practices such as soil 
cover and crop diversity (Corsi et al. 2012) has emerged as a viable option to ensure 
sustainable food production and maintain environmental integrity. Conservation 
tillage positively influence soil productivity and quality (Paul et al. 2013) by pro-
moting the biological activities in top soil through maintaining soil organic matter 
(Dungait et al. 2012). Higher N, P and K concentration in soil was recorded for CT 
(Das et al. 2018) due to enhanced residue decomposition and nutrient mineraliza-
tion. Increase in available soil P was observed in CT system (Das et al. 2018) as 
high soil organic carbon accelerate the conversion of immobile P into mobile form 
and also reduced losses due to erosion/runoff which maintained high applied P fer-
tilizer on the soil (Falatah and Al-Derby 1993; Vincent et al. 2010).

Crop residue management also imparts significant impacts on crop productivity 
and soil fertility. Yield responses to crop residue retention are increased when the 
ratio of incorporation of inorganic N fertilizer at vegetative stage of crop plants are 
increased from 70% to 100% (Huang et  al. 2013). Increases in soil productivity 
require balanced fertilization and residue retention (Whitbread et al. 2003). Residue 
management has significant effects on physical, chemical, and biological properties 
of soil. Biological nitrogen fixation by leguminous crops and the recycling of fixed 
nitrogen when leguminous crop residues are returned to the soil can prove to be a 
rich source of N to the soil organic N pool as well as for subsequent plant uptake 
(Mosier and Kroeze 1998).

Plant residue decomposition involves two processes: mineralization, humifica-
tion of carbon compounds by microorganisms and the leaching downward in the 
soil in the form of soluble compounds (Couteaux et al. 1995). Moreover, incorpora-
tion of residues increases the soil microbial biomass carbon which accelerates the N 
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mineralization from organic form (Das et al. 2014). Comparisons of N recoveries 
from crop residue N and inorganic N fertilizers have shown that, in general, N 
recoveries from leguminous and non-leguminous residues are about one-half and 
one-eighth, respectively, of that from various forms of N fertilizers. Also, more 
legume N than fertilizer N is retained in soil and enters the organic N pool, whereas 
losses of legume N and fertilizer N are generally similar. Thus, there is a need to 
minimize losses of N from both systems by devising proper management practices 
for all cropping systems so that N mineralization synchronizes with crop N demand 
(Kumar and Goh 1999).

In conclusion, conservation tillage practices and crop residue retention/incorpo-
ration improves the soil organic matter, microbial activity, moisture retention and 
nutrient availability. Therefore, CT and crop residue retention reduces the N fertil-
izer application through buildup in soil N pool.

7.3  Use of High Intrinsic Nutrient Seeds

Plant growth is not only affected by external factors, but maternal environmental 
condition and plant nutrient status influence the germination, seedling development 
and several other traits of crop plants (Aarssen and Burto 1990). For instance, seed 
vigor and biomass production during early vegetative growth are closely linked with 
intrinsic seed Zn (Rehman et  al. 2018a). Seeds with low Zn concentration have 
reduced emergence and seedling growth in a Zn deficient soil (Yilmaz et al. 1998). 
Moreover, seed with high Zn concentration due to fertilization in maternal plants 
increased the dry matter production and grain yield (Rengel and Graham 1995; 
Yilmaz et al. 1998). Seed with lower Zn concentration may cause cellular damage, 
loss of food and nutrient reserves or disrupt vital biochemical process during germi-
nation and early seedling growth (Ozturk et al. 2006; Cakmak 2008).

Wulff and Bazzaz (1992) reported that Abutilon theophrasti seeds having high 
intrinsic nutrient concentration have resulted in higher leaf development, dry weight, 
seedling growth, cotyledon area and seed weight owing to enhanced maternal nutri-
ent supply. However, in a study, addition of several nutrients applied to the maternal 
plants only increased one element in the progeny plants (Parrish and Bazzaz 1985). 
However, our knowledge on the effects of Zn biofortification on germination and 
crop performance of progeny is scarce. Nonetheless, under nutrient deficient condi-
tion high seed with high intrinsic nutrients can help in better crop stand and early 
plant growth.

In conclusion, initial seed nutrient concentration is crucial for germination and 
early seedling growth, especially in nutrient deficient condition. High initial nutri-
ent reserve may help plant to cope with environmental stresses during early period 
of plant growth. Furthermore, nutrient dense seeds will increase agricultural pro-
ductivity by enhancing the seed vigor, reduced fertilizer application and higher 
grain yield.
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8  Crop Management

Crop management and soil cultivation practices can improve the nutrient availabil-
ity in soil. Management practices which simultaneously improve soil properties and 
yield are mandatory to maintain high crop production and minimize deleterious 
impact on the environment. Retaining crop residues along with no-tillage improves 
soil properties and environment (Malhi et al. 2006). Selection of suitable planting 
technique, maintaining suitable plant population and crop rotation can influence the 
nutrient availability in soil.

8.1  Sowing Method and Planting Density

Nutrient losses from arable system can be minimized by adopting appropriate plant-
ing technique as it helps in adoption of appropriate fertilizer application method. 
Apart from balanced fertilizer and timely fertilizer application crop sowing method, 
crop sequence, crop root system and crop residue incorporation are very critical. For 
instance, top dressing and strip placement in maize-soybean improves NUE (Yong 
et al. 2018). Recently, Verma et al. (2018) found a decrease in weed dry mass with 
higher grain yield and increased availability of N, P, K, S and Zn in soil with raised 
bed sowing followed by furrow and ridge sowing of maize and these sowing meth-
ods were superior to flatbed sown maize.

The optimum plant population is very crucial for yield maximization in most of 
the field crops (Hiltbrunner et al. 2007). For instance, N uptake in wheat increased 
with optimal plant density while higher or lower seeding rated did not improve the 
N uptake (Blankenau and Olfs 2001). In a study, Dai et al. (2013) reported increase 
in N uptake, nitrogen use efficiency (NUE) and nitrogen uptake efficiency (UPE) 
due to increase uptake of above ground N when seedling rate increased from 135 to 
405 m−2, while, seedling rate higher than 405 m−2 did not improve the N uptake and 
use efficiency. Moreover, higher seedling rate is linked with reduce grain N concen-
tration (Geleta et al. 2002), while no effect on grain N concentration of higher plant 
population has also been reported in wheat (Ozturk et  al. 2006). Moreira et  al. 
(2015) demonstrated that in soybean-wheat cropping system 50 cm spaced rows 
with no N application and 333,000 plants ha−1 are adequate for soybean as crop N 
supply is fulfilled with biological N fixation (BNF), while wheat N can also be ful-
filled with BNF of soybean and N supply from organic matter.

Conclusively, plant population play key role in nutrient uptake and use efficiency. 
High and low planting density did not improve nutrient uptake. However, optimal 
planting density results in better grain yield with higher nutrient uptake and use 
efficiencies.
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8.2  Crop Rotation and Intercropping

Crop rotation refers to the phenomenon of growing alternate crops in same field in 
order to avoid mono-cropping at a specific cropping season. Long term soil manage-
ment practices affect soil pH, organic matter, bulk density, and nutrient availability. 
Different tillage and crop rotation practices require distinctly different soil fertility 
management strategies (Edwards et al. 1992). Changes in agricultural management 
can potentially increase the accumulation rate of soil organic carbon, thereby 
sequestering CO2 from the external atmosphere (West and Post 2002). Enhanced 
monoculture production of cash grain crops and greater reliance on the import of 
chemical fertilizers and pesticides to maintain crop growth have resulted in greatly 
increased grain yields and labor efficiency. However, these conventional manage-
ment practices have led to the decline in soil organic matter (SOM), increased soil 
erosion, nutrient depletion and surface and groundwater contamination (Reganold 
et al. 1987).

Legume based crop rotations reduced N leaching by 50% compared to conven-
tional cropping systems (Drinkwater et al. 1998). For instance, reduced N fertilizer 
is needed for soybean as it meets 50–60% of N demand through N fixation 
(Salvagiotti et al. 2008). Few years back, Soltani et al. (2014) reported higher grain 
Zn concentration in wheat when grown after sunflower, safflower, clover and sudan 
grass. Likewise, wheat-cotton rotation increased the Zn accumulation of wheat 
(Khoshgoftar and Chaney 2007). Inclusion of legume crops in rice wheat cropping 
system enhanced the crop productivity with buildup in soil organic matter, N, P and 
Zn concentration (Hossain et al. 2016).

Intercropping can also improve the availability of nutrients to plants by altering 
the soil physiochemical properties. For instance, chickpea and wheat intercropping 
resulted in higher grain Zn accumulation in both crops than mono-cropping (Gunes 
et al. 2007). Similarly, barley-pea intercropping increased the N and C accumula-
tion in both crops than monoculture (Chapagain and Riseman 2014). Intercropping 
of cereals with dicots is sustainable and effective Zn biofortification approach as it 
increases the Zn uptake in both crops (Zuo and Zhang 2009). In number of studies 
it has been reported that legume and cereal intercropping is efficient as it enhances 
N fixation, biodiversity, nutrient use efficiency with sustainable and higher grain 
yield (Awal et al. 2006; Hauggaard-Nielsen et al. 2008; Gao et al. 2010; Ghanbari 
et al. 2010; Wang et al. 2017; Yang et al. 2017).

In South West China, many studies have highlighted that relay intercropping of 
maize and soybean enhances the NUE, light use efficiency with higher crop produc-
tivity and is major planting pattern. Recently, Rehman et al. (2018a, b, c) concluded 
that intercropping of wheat with legumes augments Zn uptake more than mono-
cropping of wheat due to formation of soluble Zn complexes. Recently, Gitari et al. 
(2018) demonstrated that potato intercropping with legumes improve the NUE. They 
reported that potato intercropping with Pisum sativum L. Phaseolus vulgaris L. and 
Lablab purpureus L. increased the NUE by 9%, 19% and 30% respectively while an 
increase of 21%, 14% and 6% in phosphorus use efficiency (PUE) was recorded 
respectively.
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Intercropping of cereals and legume reduce N fertilizer input through enhanced 
N fixation. However, sowing method and fertilizer application are very crucial for 
legume N fixation (Li et  al. 2001; Ghosh et  al. 2006; Salvagiotti et  al. 2008; 
Hauggaard-Nielsen et al. 2009; Wu et al. 2014). In conclusion, sequential cropping 
results in nutrient deficiencies. Intercropping of cereals with legumes enhances 
nutrient acquisition through enhanced N fixation, Zn availability, nutrient use effi-
ciency and changing in the soil physiochemical properties through forming soluble 
nutrient complexes than mono-cropping.

9  Conclusion

Sustainable nutrient management includes optimization of all possible nutrients 
sources their special and temporal synchronization with plant nutrient demand with 
aiming at reducing nutrient losses and improving crop yield and soil nutrient bal-
ance. Use of appropriate chemical nutrient source with appropriate application 
method can help in meeting the crop demand. Recently, slow release fertilizer has 
found effective in improving nutrient use efficiency with significant increase in crop 
yield. However, excessive use of chemical fertilizers is serious threat to environ-
mental health, use of organic nutrient sources and soil microbes (AMF and PGPR) 
can help in reducing the crop demand for chemical nutrient sources. Adoption of 
soil and crop management practices like minimum or no tillage, residue retention/
incorporation, optimal plant density, crop rotation and planting methods reduce the 
nutrient losses and increase the soil N pool with high organic matter and increased 
soil microbial activities. Use of all possible nutrient sources (chemical, organic and 
biological) in an integrated manner using site specific nutrient management will 
help in improving the soil nutrient balance with better crop production and reduced 
environmental impact.
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Abstract Sustainable food production requires application of fertilizers including 
macro and micronutrients in arable land. The fertilizers application in agricultural 
practices has significantly increased the production of food, fiber and other plant 
products. However, a significant portion of nitrogen (40–60%), phosphorus (80–90%) 
and potash (30–50%) applied fertilizers in the agricultural field is not taken up by 
plants due to different soil dynamics. Such losses increase the cost of fertilizers that 
severely reduce crop yield. Yet future access to mineral fertilizers receives major 
attention of plant scientists to overcome the applied fertilizer losses for food security. 
To overcome these problems, different alternative fertilizers are developed to efficient 
utilization of nutrients including microbial inoculants, value-added compost and bio-
char, acidulated-microbial active products, formula-modified fertilizers, liquid macro 
and micro- nutrient fertilizers with different mode of application to partial or com-
plete substitution of reputed chemical fertilizers. This chapter puts forward the case 
of different alternative fertilizers and their potential for sustainable crop production.

Keywords Nutrients · Foliar application · Crops · Yield

1  Introduction

Despite substantial increase in food production over the past half century, now a 
day, one of most important challenge facing the society is how to feed the expected 
10 billion peoples by the mid of current century and to reach at peak 11 billion by 
the close of this century. Moreover, in light of decreasing the arable land, rapid 
global climate change, increasing water scarcity and rising prices of agricultural 
inputs, it will be the challenge to increase crop productivity in order to fulfil the 
food demand of expected population over the next 50 years. To meet the predictable 
food demand without substantial increase in food price, it has been forecasted to 
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increase 70–100% more production than present productivity (UN 2011). 
Furthermore, high cereal production only possible through high inputs of chemical 
fertilizers, currently 40–60% cereal production depends upon chemical fertilizers 
and by the 2050 almost 110% grain production will have to depend on inorganic 
fertilizers (Tilman et al. 2011). However, intensive utilization of limited agricultural 
resources i.e. water and fertilizer, presently and in future is remarkably expensive 
and environmentally dangerous, cannot forever, due to increase demand of fresh 
water for non-agricultural uses and escalation of fertilizer production cast (Ghimire 
and Craven 2013).

Since the green revolution, a steady rise in agriculture production has been 
occurred. However, high inputs agricultural technologies and available crop variet-
ies will not adequately feed the exponential increasing population in perspective of 
variable supply of agricultural inputs. This scenario particularly is observed truly in 
developing countries, where population will be increased rapidly but access to agri-
cultural inputs will be limited (Den Herder et al. 2010). So, intensive utilization of 
chemical fertilizers in intensive cropping system is necessary for adequate nutrient 
supply and obtain optimum crop yield. However, when nutrients supply externally, 
only a small proportion of fertilizer applied to the soil is actually utilized by plants. 
Subsequently, up to 70% nitrogen, 90% phosphorus, 70% potash and 10% micronu-
trients (Fe and Zn) of applied conventional mineral fertilizers are lost to the environ-
ment due to different soil dynamics (Heffer and Prudehome 2012). This loss of 
agricultural nutrients leads to reduction in yield and quality, and valuable resources.

Therefore, as far as sustainable agriculture crop production and environmental 
protection are concerned, the traditional fertilizers and the associated manufactur-
ing technology are inadequate, and further improvements of fertilizer properties and 
new innovations in fertilizers are required. Thus, there exists an imperative research 
need on alternative fertilizers for enhancing applied fertilizers use efficiency, 
increasing crop yield and quality, and minimizing environmental pollution. In fact, 
several research endeavors have been made in the development of alternative fertil-
izers and new fertilizers featuring in recent years. This chapter discusses the recent 
fertilizers formulations to enhance fertilizers use efficiency, to identify the related 
knowledge gaps, and to prioritize the research needs. Different alternative fertilizers 
including compost, biochar, acidulated organic fertilizer, biofertilizers and formula- 
modified fertilizers potential for crops production are reviewed in present chapters.

2  Conventional Fertilizers: Their Role in Food Production

Like human beings, animals and plants also require nutrients for their growth and 
development. There are 17 identified essential nutrients for plants out of which 6 are 
major nutrients, 8 are micronutrients and 3 are structural nutrients. Carbon, hydro-
gen and oxygen are structural nutrients and are usually obtained from air (through 
leaves) and water (through roots) whereas the mineral nutrients are taken from the 
soil (Whiting et  al. 2011). These nutrients are required not only for healthy 
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 development of plant body but are also required for the development of healthy 
flowers, fruits and seeds. Therefore, the availability of nutrients in the soil deter-
mines the quantity and quality of crop produced. Thus, a regular replenishment of 
nutrients in the soil is necessary in order to maintain the fertility of the soil, maintain 
or increase the yield and or to improve the quality of the harvest (FAO 1965). The 
replenishment of nutrients is usually carried out by adding extraneous substances 
particularly synthetic chemical fertilizers. Food production estimates revealed that 
30–50% increase in crop yield is due to the use of commercial fertilizers. To feed 
the linear increasing population, grain yield must increase double over current pro-
duction in 2050 by farmer which will only possible by wise use of new fertilizers 
formulation along with commercial fertilizers (Stewart et al. 2005).

3  Why Alternative Fertilizers Are Needed?

The world consumption of nitrogen (N), phosphorus (P) and potash (K) fertilizers 
in 2010/2011 was reported to be 104.1, 40.5 and 27.6 million tons and forecast fig-
ures for these fertilizers in 2016/2017 are 114.7, 45.4 and 32.7 million tons, respec-
tively (Heffer and Prudehome 2012). FAO (2011) has estimated that the world 
demand for total fertilizer nutrients was increased by 2.0% per annum from 2011 to 
2015 which constitutes an increment of 19.3 million tons of fertilizer nutrients. 
Consequently, a major portion of macro- and micronutrients of the total applied 
conventional fertilizers are lost to the environment due to different soil and environ-
mental conditions (Trenkel 2010). This level of loss in agricultural nutrients not 
only lead to the loss of valuable resources but also severely reduced the crop pro-
duction by which farmer facing economic and marketing problems (Dave et  al. 
1999). Various alternative approaches have been studied to make effective fertilizers 
application such as organic waste management, priming techniques, next generation 
fertilizers formulation and use of biofertilizers that not only reduce the nutrients 
losses but also improve the soil and environment health.

3.1  Potential Benefits of Alternative Fertilizers to Agriculture 
and Environment

Alternative fertilizers relative to conventional or standard mineral fertilizers are 
those that counter conditions or environments and thus, increased nutrients use effi-
ciency. There are different fertilizers technologies which have high nutrients use 
efficiency and can reduce nutrients losses as:

• Formula-modified fertilizers
• Crop residues/compost/biochar
• Biofertilizers
• Liquid fertilizers
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Added nutrients are quickly adsorbed with Fe and Al oxides and Ca-P and volatil-
ized/leached (Raven and Hossner 1994). The added alternative fertilizers applica-
tion not only reduce itself losses but also remobilized the fixed nutrients in soil by 
modification of reactions and soil conditions (Abbas et al. 2017; Naveed et al. 2017; 
Noor et al. 2017; Yaseen et al. 2017, 2018; Khalid 2018). Their use benefits the 
crops and soils as under:

• Controlled-release of nutrients
• Reduce nutrients fixation and losses by denitrification and volatilization
• Increase nutrients availability
• Remobilized the fixed micro and micro-nutrients
• Improve soil health
• Increase water holding capacity of soil

4  Alternative Fertilizers for Sustainable Agriculture

4.1  Organic Residues Utilization and Their Potential 
as Fertilizer

Crop residues are plant parts left in the field after harvesting and threshing of crops. 
Agricultural wastes are classified into two categories; crop residues (i.e., plant resi-
dues such as leaves, stubbles, root and straw) and residues which are by-products of 
post-harvest and food processing, from agro-industrial activities. The annual pro-
duction of dry crop residues is about 74 Tg in worldwide, of which 45 Tg are gener-
ated by rice-wheat crop rotation systems (Kim and Dale 2004). Generally, wheat 
residues after separating from grain used to feed the cattle, building materials, live-
stock bedding and composting in the South Asia. Leftover of crop considers as 
waste materials whereby they may become a potential environmental problem that 
requires disposal and management. Crop residues are the major source of nutrients 
(Azam 1990), which can positively influence the biological and physio-chemical 
properties of soil.

Straw incorporation of cereal crop contributes 40–70 kg N ha−1 year−1 return in 
soil (Nicholson et al. 1997). Straw is broken down through microbial activity when 
incorporated into the soil, with N in mineral form (i.e., ammonium and nitrate) 
released in a process termed ‘mineralization’. The mineralization of crop residue 
depends on several factors including the N content, residue C:N ratio, degree of 
contact with the soil matrix, residue placement, cropping practices and tillage, as 
well as microbial activity, soil temperature, aeration and moisture (Jensen et  al. 
1997; Silgram and Chambers 2002). In agricultural soils, the straw incorporation 
and other crop residues give a principal energy source for microbial nitrogen and 
carbon alterations and has an important effect on plant nutrients source-sink 
 relationship. Retention of straw into soil not only gives a waste disposal but also 
gives an opportunity to improve soil conservation by reducing soil erosion and com-
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paction because of improvements in soil structure (Cannell 1987). Few effects of 
straw retained on the soil are likely to develop only after numerous years (Ball et al. 
1990). During winter, nitrogen fertilizer immobilized due to straw incorporation 
that’s why the loss of nitrate reduced by leaching and the pollution of water systems 
decreased (Powlson et al. 1985).

The management of the above ground rice residues (here we called stubbles) 
needs a proper consideration. Livestock and local area industries do not use all the 
stubbles (Flinn and Marciano 1984). Nitrogen wastes during stubble burning 
(Raison 1979), and the resulting ash can reduce herbicide activity (Toth et al. 1981). 
Incorporation of rice stubbles increase the crop growth and cause N deficiency 
(Bacon et al. 1987). However, Californian studies with aerial-sown rice (Williams 
et  al. 1972) specify that technique of stubble-management has minute effect on 
yield of subsequent rice crops, while research about rice transplanting determine 
that incorporation of stubbles can increase yield (Ponnamperuma 1984). 
Phosphorous and potassium are most valuable nutrients returns into soil when straw 
is incorporated (HGCA 2009). These nutrients are returned to the soil through 
incorporation of straw, thus reducing the requirement of inorganic fertilizers.

Potassium is not commonly considered an environmental pollutant because 
leaching of potassium losses from the soil and straw are more important in relation 
to the effects on plant quality and growth. Though, phosphorous lost from soils 
rather through surface run-off and leaching may severely disturb the water quality 
as it contributes to freshwater eutrophication. Loss of P following straw incorpora-
tion has been reported, however, the phosphorous is safe when straw is merged into 
soil (Addiscott and Dexter 1994). Later, Bailey et al. (2013) assumed that residues 
incorporation rather than removing and bailing may be an effective method for 
reducing P losses and protect the soil surface runoff.

Crop residues incorporation increase soil organic matter and change the nutrient 
status and physio-chemical properties of soil (Bhogal et al. 2009), and also influ-
ence the soil microbial biomass, which in turn affects nutrient cycling and soil sta-
bility (Powlson et  al. 2011). Bhogal et  al. (2009) reported two non-UK studies 
where organic carbon (OC) return from crop residues was reported to increase water 
holding capacity, infiltration, porosity and soil aggregation (Schjonning et al. 1994; 
Munkholm et al. 2002). Malhi and Lemke (2007) stated that repetitive addition of 
straw improved root growth, emergence of seedling and reduce fertilizer application 
rate and nutrients losses risk. Recently, Yasmeen et al. (2018) reported that wheat 
stubbles incorporation in soil improved soil fertility, nutrients status and succeeding 
crop growth with reducing rate of fertilizers.

4.2  Compost-as Fertilizer

Composting is a recycling process in which organic materials are biologically con-
verted into amorphous and stable humus like substance that can be handled, stored 
and applied to land without environmental impacts. Recently, composting technol-
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ogy got attention due to many benefits associated with huge amount of solid organic 
waste management (Gallardo-Larva and Nogales 1987; Millner et  al. 1998) 
as bellow:

• Reduces the bulk of organic material application
• Killing the pathogens
• Reduces the chance of weeds spreading as by conventional manuring
• Reduces the transportation cost
• Modified unpleasant smell of organic waste
• Narrow down C:N ratio
• Value added product (Nutrient enriched compost)

The use of organic amendments such as compost manure and other organic waste 
materials boost up bio-availability of nutrients i.e. nitrogen (31%), phosphorus 
(25%) and potassium (23%) as compared with commercial fertilizers and serve as 
conditioner for soil (Ahmad et  al. 2008a, b; Naveed et  al. 2008). Different soil 
dynamics and environmental conditions under climate change scenario lead to inad-
equate nutrient status and plants require bulk nutrients at certain growth stage that 
solely cannot be obtained from simple composting. The value addition of compost 
materials overcome the issue of low nutrients, and thus, enhanced the crop growth, 
yield and nutrient uptake with reduced fertilizer application rates (Zahir et al. 2007; 
Naveed et al. 2008).

Extensive use of mineral fertilizers declines organic matter and caused stagnant 
crop yield which is not tolerable under intensive agriculture. Integration of organic 
materials with inorganic fertilizers could enhance crop yield and improve soil health 
on sustainable basis. A novel approach is to convert composted organic matter into 
value-added product through the enrichment/blending of the compost with nutrients 
(inorganic fertilizer), plant growth regulators (PGRs) and plant growth promoting 
rhizobacteria (PGPR) (Ahmad et al. 2006, 2008a; Zahir et al. 2007). Results of vari-
ous field trials revealed that blending of compost with nitrogen fertilizer improved 
uptake of nitrogen, phosphorus and potassium upto 20%, 10% and 31%, respec-
tively, as compared to control. This wise manipulation of composted material, not 
only reduced application rates of compost but also helped in achieving the product 
of desired characteristics (Ahmad et  al. 2007, 2008a, b; Zahir et  al. 2007). In a 
study, Zahir et al. (2007) revealed that compost enriched with PGRs indole-3-acetic 
acid, gibberellic acid and kinetin enhanced growth, yield and nutrients NPK uptake 
compared with conventional chemical fertilizer. Likewise, PGPR enriched compost 
along with 75% recommended dose of nitrogen fertilizer enhanced growth, yield 
and N uptake under greenhouse and field conditions (Naveed et al. 2008; Ahmad 
et al. 2008b).
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4.3  Crop Rotation

Crop rotation is defined as planned sequence of crops growing in a regularly recur-
ring succession on same area of land (SSSA 2008). Growing crops in rotation has 
many positive effects on crop yields and soil health. These effects are control of 
diseases, insects, weeds and increase nutrients as well as water use efficiency. In an 
appropriate crop rotation legume are rotated with cereals. In irrigated or high- 
rainfall production regions, crop rotation with legumes have high NUE and can 
reduce the amount of available nutrients losses when compared with continuous 
crops (Halvorson et al. 2008; Yu et al. 2014). Likewise, enhanced nutrients use effi-
ciency was recorded for corn grown in rotation than for continuous corn (Varvel 
1994; Halvorson et al. 2008; Halvorson and Schlegel 2012). Unfortunately, rota-
tions are not easily adopted by farmers who have become accustomed to monocul-
ture production systems, since a new crop often requires purchase of additional 
equipment and learning to integrate new cultural practices. In irrigated agriculture, 
the use of high N rates as a substitute for more N-use- efficient rotation systems 
(such as corn-soybean) must be weighed against the increased potential for NO3-N 
loss (Anderson et al. 1997; Yu et al. 2014). Nitrogen use efficiency for wheat follow-
ing legumes is greater than that for wheat following fallow or continuous wheat 
(Badaruddin and Meyer 1994; Halvorson et al. 2008). Wheat-corn-fallow produc-
tion systems are now promoted instead of the popular wheat-fallow where only 
420 mm precipitation is received per year (Kolberg et al. 1996). The more intensive 
systems (growing more crops in a given period), require greater fertilizer inputs but 
are higher in total yield and thus can be economically advantageous in relation with 
legumes crop rotation (Kolberg et al. 1996; Halvorson et al. 2008). More intensive 
dry-land cropping systems lead to increased water use efficiency and better main-
tain soil quality (Halvorson et  al. 2008). Alternative dry-land systems proposed 
include spring barley, corn, and winter wheat grown in rotation with adequate nutri-
ents fertilization instead of continuous winter wheat-fallow (Halvorson and 
Schlegel 2012).

Including legumes in rotation with cereals is an appropriate rotation. However, 
many studies have shown that even growing cereals in rotation or including oil 
crops in rotation with cereals have positive effects on yields compared to growing 
cereals in monoculture (Yau and Ryan 2012). Yau and Ryan (2012) reported that 
growing wheat and barley following of safflower (Carthamus tinctorius) increased 
wheat yield by 30% and barley yield by 23%. It is studied that pea in rotation with 
spring wheat and barley can not only sustain their yields efficiently using soil water 
but reduce N fertilization rates by supplying supplemental N from pea residues due 
to its higher N concentration (Sainju et al. 2014). In fact, crop rotation gave promis-
ing results but unsuccessfully this practice is not common among the farming 
community.
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4.4  Char Coal Farming

Biochar is a solid product resulted from pyrolysis of crop residues, animal manure, 
biological wastes and any other type of organic material. Pyrolysis is a thermo-
chemical breakdown of substances in the absence of oxygen under high temperature 
and this process is considered as negative because carbon is converted in more sta-
ble form (Shenbagavalli and Mahimairaja 2012). Biochar is prepared in specially 
designed kiln. Previously, biochar has been produced in conventional kiln because 
apparatus and processes were very simple. Muffle furnace and special designed 
apparatus are now used for conduction of pyrolysis as well as for biochar production.

Biochar composition is greatly heterogenous, containing both labile and stable 
components (Sohi et  al. 2009). Different components of biochar determine its 
chemical behaviour and functions as whole. Biochar produced from animal manure 
is generally nutrient rich, and therefore easily degraded by microbes present in soil 
environment (Brown 2009). Biochar produced from material like straw residues, 
grain husks and manures generally contain more ash contents (Demirabes 2004). 
Biochar composition varies by condition of pyrolysis because this process causes 
some nutrients present in original feedstock to volatilize (Deluca et  al. 2009). 
During the production of wood-based biochar N, S, K and P start volatilizing at 200, 
375, 700 and 800 °C, respectively (Neary et al. 1999). Nitrogen is therefore, heat 
sensitive among the essential nutrients. Carbon, N, P and K contents ranges between 
17.2–90.5%, 0.18–5.6%, 0.27–48% and 0.1–5.8%, respectively (Chan et al. 2007). 
Biochar also contains varying concentration of other elements such as H, O, S and 
base cations (Preston and Schmidt 2006). Freshly produced biochar consists of an 
amorphous phase with aromatic structures and crystalline phase with graphene lay-
ers (Ofri et  al. 2007). The outer surfaces of biochar contain various functional 
groups (i.e. O and H) and graphene sheets may contain various free radicals and 
oxygen groups (Bourke et al. 2007).

Pyrolysis of feedstock at lower temperature is beneficial than at high temperature 
(Ca and Harris 2010). Due to high cation exchange capacity of biochar (Chan et al. 
2008) it can adsorb NH4

+ present in soil solution (Lehmann et al. 2006). In agricul-
tural soils NH4

+ volatilization is favoured at high pH (Stevenson and Cole 1999). 
Increased nutrient retention by biochar may be most important factor for increased 
crop yield on infertile soils (Farrel et al. 2013). Eldridge et al. (2010) performed an 
experiment to check the NH4

+ retention capacity of soil amended with biochar. 
Results showed that biochar amended soil increased NH4

+-N concentration in soil 
compared to control treatment. Additions of biochar to soil have shown increased 
availability of P for plant uptake. The immediate positive effects of biochar addi-
tions on nutrients may be due to higher P availability (Lehmann et al. 2003). Many 
studies have shown improved P uptake because of biochar application. Various 
mechanisms including biochar as a source of available and exchangeable P, amelio-
rator of P complexing metals, modifier of soil pH and as promotor of P mineraliza-
tion and microbial activity. Biochar is a store of P bound to surface sites through its 
anion exchange capacity (Deluca et al. 2009). In a field trial, biochar was used to 
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investigate its potential for improving growth, yield and nutrient recovery of wheat 
at varying fertilizer rates (Hamdani et al. 2017). Two levels 0% and 1% (w/w) of 
biochar were used along with five fertilizer rates i.e., 0, 25%, 50%, 75% and 100% 
of recommended chemical fertilizer. Result revealed that 1% rate of biochar along 
with 75% of recommended chemical fertilizer enhanced plant growth, yield and 
NPK uptake of wheat as compared to control. Naeem et al. (2016) investigated the 
effect of biochar produced from maize straw at different temperatures (300, 400, 
and 500 °C), on growth and nutrient concentration of maize. Shoot and root dry 
matter of maize increased significantly with application of biochar produced at 300 
and 400 °C and decreased significantly at 500 °C. Maximum shoot and root dry 
matter of maize was obtained at biochar produced at 300 °C. Phosphorus and K 
concentration in shoots and roots increased with biochar, and it was significantly 
more with fertilizer application. The findings of the study indicated that application 
of biochar produced at low pyrolysis temperature may be a practical approach to 
improve maize growth. Zhang et al. (2010) conducted a field experiment in flooded 
paddy rice in China and observed that biochar application @ 40 t ha−1 significantly 
improved NUE upto 130% compared with un-amended soil. Widowati and Asnah 
(2014) performed a field experiment to evaluate the effect of biochar on potassium 
leaching and uptake efficiency of maize while applying @ 30 t ha−1. It was con-
cluded that with application of biochar K leaching reduced significantly and uptake 
efficiency increased upto 18% compared to control. Carbonaceous soil amendment, 
comprising mixture of biosolids and biochar have been used to improve soil fertility 
and biofortification of vegetables (Gartler et al. 2013). Zinc concentration was max-
imum increased upto 172 and 1200 mg kg−1 in the bulbs and leaves of Beetroot, 
respectively.

Biochar improves soil water holding capacity, aggregates stability and soil fertil-
ity. It can also reduce pollutants problems and mitigate greenhouse gases emission. 
Biochar seems to be beneficial to soil, however, production, availability and cost can 
hinder its wider adoption among farming community.

4.5  Biodynamic Organic Product

For nutrient availability in alkaline calcareous soils, addition of fertilizers and acidi-
fying amendments is a common practice to augment plant nutrient availability and 
promote plant growth. From previously practiced, elemental sulfur (S°) is of pecu-
liar interest, it possesses a slow releasing characteristic as it is insoluble in water and 
only microbes oxidize it into acid which readily mobilize the fixed nutrients (Chien 
et al. 2011). The acidifying characteristic of S° is attributed to microbial activity 
having ability to convert it into H2SO4 over time (Vidyalakshmi et al. 2009). Each 
mole of S° after oxidation produces 2 moles of hydrogen and changed into SO4

−2 
through multiple steps (Wainwright 1987; Modaihsh et al. 1989; Besharati 1998; 
Kaplan and Orman 1998) (Eq. 1). Sulfur oxidation is accomplished through both 
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chemical and biological processes (Wainwright 1987) and cited as biochemical 
process.

 
S O H O SO H Go kJ reaction° −+ + → + = −( )1 5 2 587 12 2 4

2. . /∆
 

(1)

Successful oxidation of S° and in response, nutrient release from unavailable pools 
to soil solution was observed repeatedly for alkaline soils by different researchers 
(Cui et al. 2004; Wang et al. 2006). Furthermore, high concentration of H+ produce 
during oxidation might raise the nutrient contents in soils by exchange of cations 
(Zn, Fe, Mn etc.) from soil exchange sites, enhance mineral weathering, change the 
oxidation state of nutrients, and additionally high concentrations of hydrogen also 
enhance plants nutrient uptake (Lambers et al. 2008; Viani et al. 2014). Nevertheless, 
it is hard to envisage the nutrient response (mobility, dissolution) to acidified amend-
ments in soil but their interactions somehow disturb nutrient dynamics in soil and 
their uptake to plant. Because nutrient contents in calcareous soils are not a prob-
lem, issue is their availability due to fixation and precipitation (Mayer et al. 2008). 
Soil acidification through bioaugmentation of S° with sulfur oxidizing bacteria 
(SOB) could enhance the plant macronutrient especially phosphorus and micronu-
trients i.e., several folds increase in Zn (Cui et al. 2004; Klikocka 2011; Skwierawska 
et al. 2012; Safaa et al. 2013), more than fivefolds Fe (Karimizarchi et al. 2014) and 
Mn (Hopkins and Ellsworth 2005; Mostashari et  al. 2008). Sulfur oxidation and 
acid production has a long history but unsuccessful oxidation is common due to 
absence or low population of SOB.

Integrated application of S° and SOB is better option to enhance nutrient avail-
ability as compared to exclusive S° application (Aria et al. 2010). Rezapour (2014) 
observed the simultaneous effect of S°, SOB and manure on nutrient availability in 
calcareous soils and revealed that bio-augmentation of S° and manure with SOB 
reduces soil pH from 0.1 to 0.9 units by enhancing the number of oxidizers and have 
the oxidation rate of S°. Sulfur oxidizing bacteria oxidize S° and convert it into 
H2SO4 which solubilize macro- and micronutrients. Meanwhile, due to heterogene-
ity, microbes require a food source and in soil, reason of their low activity is low 
organic matter contents. Inoculation of SOB, S° and cow manure is a good approach, 
but a huge quantity is required for soil application which is not economical. Very 
recently, Sattar et al. (2017) prepared an acidulated organic amendment though bio- 
augmentation of S° and manure with SOB under suitable conditions. By applying 
the product, higher growth, yield and nutrient uptake in maize were recorded under 
greenhouse and field conditions. The authors further stated that bio-augmentation 
with novel bacteria would enhance bio-availability of macro-micronutrients in soil 
through manipulation of pH which will not only lead to improve the crop productiv-
ity but also enhance the product quality and food security.
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4.6  Biofertilizers as Partial Replacer of Chemical Fertilizers

This section is concerned with known mechanisms that different types of plant 
growth promoting microbes (PGPM) i.e. phosphorus solubilizing bacteria (PSB), 
mycorrhizae and endophytes use to improve plant growth, yield and fertilizer use 
efficiency. The PGPM play important for efficient fertilizer management in agricul-
ture are as:

 1. Rhizosphere microbes for nutrient management
 2. Mycorrhizae for agricultural crops nutrition
 3. Endophytes as biofertilizers

4.6.1  Rhizosphere Microbes for Sustainable Nutrient Management

Rhizosphere is the place of maximum microbial activity that enhances the plant 
health. Various organic compounds and root exudates are continuously metabolized 
by the rhizospheric microbes. For that reason, quantity and quality changes in the 
root exudates and organic compounds occur mostly through microbial activities. A 
bacterium in the rhizosphere meaningfully influences the nutrient supply of plants. 
As a result, PGPR in the root zone play important role on the revenue of nutrients in 
the soil (Robinson et al. 1989; Nadeem et al. 2014).

Phosphate solubilizing bacteria (PSB) plays vital role in acquisition of fixed P 
through break down of bonding in phosphatic compounds in alkaline calcareous 
and acidic soils by releasing different kinds of organic acids and enzymes (Table 1). 
Phosphorus solubilization totally depends on PSB strains, soil types, plants and 
environmental circumstances (Sharma et  al. 2013). Microbes belonging to 
Pseudomonas, Azotobacter, Burkholderia, Bacillus, Enterobacter, Pantoea and 
Rhizobium genera solubilize the fixed phosphate in soil (Sharma et al. 2013; Song 
et al. 2008; Naveed et al. 2017). The phosphate solubilizing microbes release differ-
ent kinds of organic acids i.e., citric acid, gluconic acid, lactate, keto-gluconic acids, 
succinate and phosphatases for lowering the pH that solubilized the fixed inorganic 
as well as organic phosphate (Grover et  al. 2011). However, PSB released some 
assimilate that make complexes with phosphorus to prevent its fixation (Khan et al. 
2010; Grover et al. 2011). Factors affecting PSB abilities for P solubilization includ-
ing nutrients status of soil, biotic and abiotic stresses. Furthermore, bacteria and 
fungi produce anionic compound i.e. carboxylic anions that release fixed P up to 
42 mg P mL−1 by anionic exchange process (Stephen and Jisha 2011). The P solu-
bilization by PSB improves crop produce as a potential source of biofertilizers.
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4.6.2  Mycorrhizae for Agricultural Crops Nutrition

The mycorrhizal symbiosis is most common mutualistic association between fungi 
and plant roots. During this mutualistic association, the mycorrhizal companion 
enhances the plant access to nutrients and water due to increase surface area of root 
through extra radical hyphal network. Mutualistic fungal associates produce 
enzymes that involved in the breakdown of phosphorus and nitrogen complexes 
from the carbon-based material in the soil and play important role in the breakdown 
of minerals by production of organic acids (Nadeem et al. 2014).

The enhancement of P nourishment of plants has finally been recognized by 
mycorrhizae through wider physical exploration of the soil. Various secondary 
mechanisms have clearly been explained P uptake through mycorrhizal fungi (Joner 
and Jakobsen 1995) like

• P uptake kinetics by hyphae higher affinity (lower Km) than root system
• Explore microsites by collective roots and hyphae in soil
• More chemical changes for P solubility in rhizosphere by release of organic acid 

and enzymes through mycorrhizae association

The latter mechanism leads to admittance to organic and inorganic P sources which 
are inaccessible to uninoculated mycorrhizae plants. It is suggested that mycorrhi-

Table 1 List of organic acid producing important phosphorus solubilizing rhizobacteria for P 
solubilization

Bacteria Acid(s) produced References

Stenotrophomonas maltophilia Propionic acid Rojas-Solis et al. 
(2018)

Pseudomonas Gluconic acid, propionic acid Lopez et al. 
(2011)Putida

P. trivialis Formic acid, lactic acid Vyas and Gulati 
(2009)

P. fluorescens Citric acid, tartaric acid, Gluconic malic 
acid

Fankem et al. 
(2006)

B. subtilisvar Oxalic acid, malonic acid, formic acid Puente et al. 
(2008)

Enterobacter intermedium 2-ketogluconic acid Hwangbo et al. 
(2003)

Bacillu amyloliquefaciens, 
Chryseomonas Luteola

Lactic acid, itaconic acid, acetic acid, 
isovaleric acid, isobutyric acid,

Vazquez et al. 
(2000)

P. radicum Gluconic acid Whitelaw et al. 
(1999)

Enterobacter agglomerans Citric acid, oxalic acid Kim et al. (1998)
Arthrobacter sp. Citric acid, lactic acid Bajpai and Rao 

(1971)
Pseudomonas sp. Lactic acid, malic acid Taha et al. (1969)
Escherichia freundii Lactic acid Sperber (1958)
Phosphorus solubilizing bacteria Not determined Gerretsen (1948)
Phosphorus solubilizing bacteria Not determined Pikovskaya 

(1948)
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zae are benefited to plant growth by increasing the accessibility of P from fixed 
sources. Mycorrhizal and non-mycorrhizal crop plants use identical labile P sources, 
but mycorrhizal plants acquired more P from similar sources through extended root 
system, more organic acid release and enzymes over non-mycorrhizal treatment 
(Nogueira et al. 2004; Giri et al. 2005; Nadeem et al. 2014). It has been estimated 
that 80% of phosphorus taken up by plants is supplied by fungus. In addition to their 
significant role in P acquisition fungi can also provide other macro and micro nutri-
ents particularly in those soils where these are in less quantity. In nutshell, mycor-
rhizae increase the P availability through P solubilizing mechanism that has potential 
for agricultural industry.

4.6.3  Endophytes as Biofertilizers

The word “endophyte” is used for microbes that live in plant body for all or some 
time of life cycles and cause no disease symptoms to host (Naveed et al. 2017). 
Bacterial endophytes are classified as facultative or obligate according to their life 
strategies. Moreover, obligate endophytes microbe strictly needed host plant for 
survival and growth while facultative endophytic microbes have potential to survive 
outside and within the host plant body (Hardoim et al. 2008). The utmost frequently 
upraised question about endophytic microbes for nutrient managing, in what way 
they are superior than rhizosphere microbes for improving nutrient efficiency? To 
answer this question, endophytic microbes originate from vegetative plant part, seed 
and their intimate location or contact within roots that secure from adverse environ-
ment changes than rhizosphere microbes results gain in term of improved growth 
and final yield (Hardoim et  al. 2015). Excitingly, various research findings had 
directed the uses of genetically modified and natural endophytic microbes for 
enhancing nutrient use efficiency and plant growth by different mechanisms (Fig. 1).

A fundamental mechanism use by endophyte for enhancement of phosphorus 
use efficiency is modulation of root architecture; they improve root hair production 
and branching that account 70% of total root length. However, root growth and 
development are heritably programmed but endophytes modulated root structure 
and size (Compant et al. 2012). Specially, plant growth promoting endophytes i.e., 
Azotobacter, Gluconacetobacter, Bacillus, Azospirillum, Herbaspirillum, 
Pseudomonas and Burkholderia species have previously been perceived to increase 
plant growth by root growth stimulation (Schulz 2006; Tadych et al. 2009; Naveed 
et al. 2017). Various endophytic microbes’ classes are documented for enhancing 
nutrient use efficiency by root growth stimulation resulting in efficient absorption of 
nutrients from soil (Malinowski et  al. 1998; Rodriguez et  al. 2008). In addition, 
these endophytes produce hormones i.e. auxins, cytokinins, gibberellins and ethyl-
ene that induce initiation of adventitious roots, which cause increase in yield and 
NUE (Naveed et al. 2017). Inoculation of fescue with endophyte N. coenophialum 
in phosphorus deficient soil increased roots diameter (11%) and root hair (17%) 
over uninoculated plants by the production of hormone (Malinowski et al. 1998). 
Furthermore, in field trials application of endophytic microbes to rice and wheat 
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increase P fertilizer use efficiency and grain yield by root system optimization and 
solubilization of fixed P (Yanni et  al. 2001). Ethylene hormone is produced by 
plants on revelation to abiotic and biotic stresses, is known as stress ethylene that 
negatively affects plant physiology and inhibits lateral root growth that in turn 
decreases root surface area available for nutrient absorption (Glick et  al. 2007). 
Endophytic bacterium Burkholderia phytofirmans PsJN secrete 1- aminocyclopropa
ne- 1-carboxylate (ACC) deaminase, which breaks down the ethylene precursor 
ACC into α-ketobutyrate and ammonia, the latter is then used as a reduced nitrogen 
source by these soil-inhabiting microbes (Glick 2005; Sessitsch et al. 2005; Naveed 
et al. 2013) and increased lateral root formation for effective nutrients absorption. 
Phosphorous is a major essential macronutrient for plant growth and absorbed by 
plant in two forms: dibasic (HPO4

2−) and monobasic (H2PO4
−) ions. Availability of 

these ions to plant is reduced due to fixation of applied fertilizer in soil and this 
reduced availability limits the growth of plants (Yaseen et al. 2017). Potential of P 
solubilization of various endophytes is documented to transform the insoluble P to 
soluble form by secretion of organic acids and protons for enhancing crops growth 
(Hardoim et  al. 2015; Naveed et  al. 2017). Micronutrients deficiency reduce the 
yield and quality of crop produce. Very recently, Rehman et al. (2018a, b) illustrated 
the potential of endophytic bacteria Pseudomonas sp. MN12 with different methods 
of zinc (Zn) for enhancing growth, yield and grain Zn biofortification of bread 
wheat. Inoculation along with Zn source caused maximum increase in grain Zn 
bioavailable concentration upto 45% compared to control.

Fig. 1 Plant growth promoting endophytes (PGPE) mechanism to increase the nutrient uptake
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Due to increasing price and environmental anxieties regarding chemical fertiliz-
ers, use of microbial inoculants could be mandatory for sustainable agriculture and 
monetary benefits to farmer through reducing the application rate and losses of 
applied fertilizers and potential upturns in yields.

4.7  Seed Priming for Sustainable Nutrients Management

In agricultural market improved seed quality is important determinant to face the 
present demand of high standards food quality. Attaining quick and uniform seed 
emergence is essential for better crop production while slow seedling germination 
generally expose sprouts to soil-borne diseases and poor nutritious quality due to 
low nutrients uptake.

For enhancing seed quality ‘priming’ is an effective technology to achieve uni-
form and fast emergence. Primed seed show increased germination and resistance 
against biotic/abiotic stresses (Rajjou et al. 2012; Jisha et al. 2013). Seed priming is 
a water-based pre-sowing technique, which allows controlled rehydration of seeds 
to activate the metabolic process to a point of germination initiation but preventing 
conversion towards full germination by drying which stops radicle protrusion. 
Priming changes the protein content and nutrients concentration (Gonzalez-Zertuche 
et al. 2001; Lopez-Urrutia et al. 2014; Santini and Martorell 2013). The success of 
seed priming is strongly correlated to plant species/genotype and physiology, seed 
lot and vigour, as well as to the priming methods applied (Parera and Cantliffe 
1994). Several priming techniques have been established which include hydro- 
priming, osmo-priming, halo-priming, hormonal priming, bio-priming and 
nutri-priming.

In nutri-priming, solution containing limiting nutrients are used for seed soaking 
instead of simple water. As nutrient solution increases the nutrient content of seed 
along with biochemical advantages of priming that improve seed quality for better 
germination and seedling establishment (Farooq et  al. 2012). Zinc Seed priming 
enhanced productivity of wheat and chickpea (Arif et al. 2007), rice germination 
and early seedling growth (Abbas et al. 2014), while under saline condition potas-
sium priming brought promising result on nutrient content of cotton seedling and 
increase growth (Shaheen et al. 2016). Harris et al. (2007) reported that increased in 
seed Zn content and grain yield of maize was observed by priming maize seed with 
1% ZnSO4. For seed preparation for growers some priming techniques are generally 
used by seed companies. Broad spectrum nutrient seed priming (BSN) is one of this 
method based on seed imbibing in mixture of minerals, such as copper, zinc, molyb-
denum, manganese and phosphorus, which provides nutrients for initial growth, 
seedling vigor, and root system development.

Most of the applied fertilizer are not accessible to the plants and lost through dif-
ferent soil dynamics. Low fertilizers use efficiency is not only cause high produc-
tion cost but also lead to the serious environmental concerns such as ground water 
contamination, soil acidification and N2O emission. Therefore, maintaining 

Alternative Fertilizers and Sustainable Agriculture



228

 agricultural productivity in such a way that minimizes the harmful effects of fertil-
izers on environment is need of the hour. Microbes are the key component of soil 
health and nutrient transformation through mobilization and uptake. Soil microbial 
communities have been proved to be important constituent of biogeochemical 
cycling of materials affecting the composition, concentration and soil nutrient avail-
ability. Several microorganisms are potential rhizosphere colonizer used as seed 
dressers and support plant health. Various techniques such as soil application, seed 
coating and foliar treatment can be used to increase plant growth and as biocontrol 
agents. Among these techniques, seed treatment/coating is considered as the most 
effective method as it required less microbial inoculant dose with higher efficiency 
(Keswani 2015; Keswani et al. 2016a, b).

In biological priming mixture is integrated with bacterial inoculant and their 
bioactive molecules (Callan et al. 1990). It is well known that the association of 
microorganisms with plant result into very convenient outcomes, meanwhile they 
begin endophytic relations with the plant, leading to phytohormones production and 
provide resistance against biotic/abiotic stress (Waller et  al. 2005). The strains 
mostly used for bio-priming belong to Enterobacter spp., Bacillus spp., Pseudomonas 
spp. and Trichoderma spp. (Niranjan et  al. 2004). Furthermore, some bacteria 
directly or indirectly support plant growth and act as biocontrol agent by coloniza-
tion in rhizosphere after germination (Table 2) (Callan et al. 1997). It was found that 
for disease management bio-priming is more effective than other approaches such 
as film coating and pelleting (Müller and Berg 2008). Nowadays, the use of plant 

Table 2 Bio priming increase nutrient use efficiency

Biological agent Crop

Nutrient use efficiency

References
Primary (N, 
P, K)

Secondary 
(Ca, Mg)

Micro (Fe, 
Cu Mn, Zn)

T. harzianum Maize (Zea 
mays)

3.5% N in 
shoot; 
8.8–9.76% 
N in root

– – Akladious 
and Abbas 
(2012)

Pseudomonas 
fluorescens (strains 
R62 + R81) + 
Natural mycorrhiza 
consortium

Wheat-rice and 
wheat-black 
gram rotations

0.695 PUE 
(kg P grain 
kg−1 P 
fertilizer)

– – Mäder et al. 
(2011)

Trichoderma 
asperellum strain T 
34

Cucumber 
(Cucumis 
sativus)

– – Fe (85.7%); 
Zn (29.5%); 
Mn (58.6%); 
Cu (25%)

de Santiago 
et al. (2013)

Fluorescent 
Pseudomonas 
strains R62 + R81

Sugarcane 
(Saccharum 
officinarum)

0.719 PUE 
(kg P grain 
kg−1 P 
fertilizer)

– – Yadav et al. 
(2013)

T. harzianum T22 Tomato 
(Lycopersicon 
esculentus)

N (2.5%); P 
(38%); K 
(9.7%)

Ca (22%); 
Mg (20%)

Zn (27%); 
Fe (46%)

Molla et al. 
(2012)
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growth-promoting bacteria (PGPB) as bio-priming agent shows great potential in 
agricultural practice (Timmusk et al. 2014). Under saline condition, radish seed bio- 
primed with rhizobacteria enhanced germination parameters (Kaymak et al. 2009). 
Akladious and Abbas (2012) found that maize seed priming with T. harzianum 
increase N content 8.8–9.76% in root as compared to convention fertilizer treatment 
without bioagent. Bio-priming in pearl millet with Pseudomonas fluorescens 
increased resistance against downy mildew and improved plant growth (Raj et al. 
2004). The commercialization of biological agents is a problem that will need to be 
addressed. If technology is refined that allows storage for longer period than there 
is an opportunity for seed producers to develop a value-added product (Bio- 
primed seeds).

4.8  Formula Modified Fertilizers: As Alternative Fertilizers

4.8.1  Controlled Release: Coated Fertilizers

To enhance nutrient use efficiency with reduction in pollution, modification in fer-
tilizer technology has been suggested which reduces environmental hazards. Many 
studies proved that controlled/slow-release fertilizers, which are actually “enhanced 
efficient fertilizers”, when added in part or during the fertilization scheme have 
great ability to decrease losses of nutrients in soils (Trenkel 2012; Yaseen et  al. 
2017) and increase yield by releasing nutrients in controlled fashion as compared to 
the water-soluble fertilizers (Trenkel 2012). Quantity and release pattern of these 
fertilizers with time have been measured within certain limits to record enhance-
ment in nutrient use efficiency of crops. Such fertilizers are being developed by 
coating of suitable natural or artificial barrier that switches controlled discharge 
(release) of nutrients from granule fertilizer (Du et al. 2004; Du et al. 2007; Trenkel 
2010). Analogous term is also being used for controlled-release fertilizer and slow- 
release fertilizers. But the clear difference between two analogues words have been 
reported (Shaviv 2001); slow-release fertilizers have unpredictable release pattern 
of nutrient from coated granules. On the other hand, controlled-release fertilizers 
follow release pattern under expected/unexpected certain biotic and abiotic condi-
tions. According to earlier literature, controlled/slow-release fertilizers concept has 
origin in the early 1960 (Fujii and Yazawa 1989). In early era, polyethylene and 
sulphur materials were used to develop these fertilizers and thus gave a way for 
many natural coating agents, multi-functional super-absorbent, even nano- 
composites with inconsistent results in term of controlled-release of nutrients due to 
surface cracking (Trenkel 2012). However, controlled-release fertilizers use for 
crops was limited due to high cost and these were suggested to use where more 
frequent application of conventional fertilizers was not practicable.

Difficulty faced in split application and cost problems is being tackled by poly-
mers; hence providing resolution of the nutrients upturn problem, especially 
P. Polymers have unique characteristics that they are being attached to the nutrients 
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and water molecules provided them distinctive controlled release property (Yaseen 
et al. 2017) and polymer improved soil structure by binding soil separates (Basak 
et al. 2012). Soluble fertilizers have best replaced by coated/slow-release fertilizer 
since they reduce cost of labour, enhance nutrient uptake via a single application of 
coated fertilizer, and save economy as well as reduce the environmental pollution 
(Sanders et al. 2007). Presently, coated fertilizers are being used at very low rate 
(only 1% of the total conventional fertilizer used) but have been attaining much 
attention for high value crop production gradually (Trenkel 2012). However, in 
future their use would be enhanced due to low use efficiency of conventional fertil-
izers and pollution.

Currently, polymer coated fertilizer gaining more attention of researchers to 
enhance nutrients use efficiency especially multilayer polymer coated diammonium 
phosphate (Yaseen et al. 2017). Controlled release of nutrients from polymer-coated 
fertilizers (PCF) is due to penetration of water (especially vapor) through the coat-
ing material. The mechanism is driven by concentration gradient from higher con-
centration to lower concentration across the coating material and by mass flow 
driven through the pressure gradient, or by the combination of the these two (Shaviv 
2001). PCFs are the most sophisticated and propelled means of controlling fertilizer 
stability and nutrient release.

Many benefits are associated with the use of polymer coated P fertilizer such as 
growth and yield enhancement, higher fertilizer use efficiency, reduced nutrient 
losses via fixation and modification of soil chemical processes and consistent sup-
ply of nutrients  (Table 3) (Trenkel 2010). However, the use of controlled-release 
fertilizers is limited due to dilemma associated to the adoption of controlled-release 
fertilizer due to its cost (Obreza and Rouse 1992). Many options are being used to 
reduce the cost of controlled-release fertilizer. Among these, polymer coated 
 fertilizers can play important role to reduce not only cost of production but also 

Table 3 Enhancing nutrients use efficiency by coated fertilizers

Coating material Fertilizer Fertilizers use efficiency (%) References

Alginate DAP 57–107 Aziz et al. (2018)
Polyacrylamide DAP 30–40 Yaseen et al. (2017)
Polyacrylamide DAP 45 Noor et al. (2017)
Polyacrylamide Urea 60 Khalid (2018)
Alginate DAP 53 Aziz et al. (2016a)
Carboxymethyl cellulose DAP 49 Aziz et al. (2016b)
Starch NH4H2PO4 60 Jin et al. (2013)
Chitosan N 60 Jin et al. (2011)
Polyacrylic acid N and K 60 Wu et al. (2008)
Lignin N 200 Entry and Sojka (2008)
Cellulose acetate, NPK 69 Wu and Liu (2008)
Polyacrylic acid,
Polyacrylamide,

TSP Triple super phosphate, DAP Di-ammonium phosphate, NPK Nitrogen, phosphorus and 
potassium
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some extra features like water holding, soil pulverization and improvement in soil 
aeration. Phosphorus uptake and recovery efficiency of applied polymer-coated fer-
tilizer has been increased because polymer has high cation exchange capacity which 
is used to hold competing ions responsible for nutrients fixation/precipitation. This 
results in least losses and increased availability to crop plant for longer periods 
(Sanders et al. 2007). Further research on coating strength and number of coating 
layers suggests that polymer coated fertilizer can become successful and the best 
replacer of common fertilizers due to high use efficiency, reduction in labor and 
production cost (Basak et al. 2012). Sanders et al. (2007) applied phosphate fertil-
izer coated with 0.5–1.0% organic polymer with broadcast and band placement 
methods to different crops for enhanced P uptake. The coated fertilizers showed 
6–25% increase in yield as compared to conventional MAP. Recently, Yaseen et al. 
(2017) synthesized polymer coated P fertilizer to assess its effect on wheat-maize 
crops under field experiment. The data revealed that polymer coated P fertilizer 
improved growth and yield upto 10% and 36%, respectively over conventional P 
fertilizer (DAP). However, biological yield and P agronomic efficiency was 
increased by 36% and 72%, respectively in treatment where recommended polymer 
coated P fertilizer was applied as compared to uncoated P fertilizer. Similarly, appli-
cation of polymer coated P fertilizer at recommended rate increased plant height, 
grains and biological yield and P agronomic efficiency up to 4%, 29%, 39% and 
58% as compared to commercial un-coated phosphatic fertilizer (Noor et al. 2017).

4.8.2  Polymer-Entrapped Microbe’s Coated Fertilizer: A Novel Approach 
for Nutrient Management

Carriers are the main delivery vehicle of viable microorganisms from factory to the 
field (Bashan 1998). These carriers represent the key portion of the inoculants (vol-
ume/weight) and this must have suitable conditions for viable cells in right number 
(Fig. 2). These carriers, either physically, creating protective microhabitats or nutri-
tion by providing the specific substrate to the inoculant (Bashan et al. 2014).

Various types of polymers might be taken part for encapsulation including natu-
ral or synthetic and homo-, hetero-, or co-polymers. Natural polymer includes pro-
tein material and polysaccharides while synthetic include polyurethane and 
polyacrylamide. Moreover, 1350 polymers are reported for encapsulation in differ-
ent combinations based on chemical composition ability (John et al. 2011) but algi-
nate and polyacrylamide (PAM) are commonly used for microbial encapsulation 
with more preference to alginate over PAM due to acrylamide toxicity (Bashan et al. 
2014). Alginate is nontoxic, natural and biodegradable polymer makes three dimen-
sional gels when mixed with (Bashan 1998; Bashan et al. 2014) by which microbes 
and additives easily dispersed into alginate to extend shelf life of inoculation.

Recently, Aziz et  al. (2016a) evaluated the effect of polymer immobilized 
microbe’s coated P fertilizer application on growth, yield and P use efficiency on 
wheat. Two techniques were joined with the help of polymer to load microbes on 
DAP fertilizer successfully. By this method, release pattern of both nutrients and 

Alternative Fertilizers and Sustainable Agriculture



232

microbes was controlled successfully according to requirement of crop plants with 
microbial survival for long span from biotic and abiotic stresses. Results exposed 
that these recent methods successfully provide microbes to target place and enhanced 
crop growth, yield and P use efficiency of wheat. In other studies, Aziz et al. (2016a, 
2018) reported alginate as a microbial carrier for survival of microbe on polymer- 
coated DAP fertilizer. They screened the different concentration of alginate i.e. 
0.5%, 1% and 1.5% on the base of microbial survival in liquid alginate formulation. 
Best selected alginate concentration of 1.5% was amended with different organic 
carbon sources in different combination of glucose and glycerol. The prototype 
solution of screened alginate concentration along with organic carbon and microbe 
was coated on DAP to evaluate the microbial survival on DAP surface. However, 
viable number of microbes was recovered from DAP surface during different time 
periods. Results regarding the fertilizer release pattern showed that controlled 
release of P fertilizer i.e. 79% and microbes 80 × 108 CFU g−1 soil was recorded at 
60  days sampling. Moreover, wheat growth and yield attributes were improved 
along with P use efficiency. Similarly, wheat phosphorus use efficiency was 
increased by the application of carboxymethyl cellulose entrapped microbe coated 
DAP. Results revealed that after application of coated DAP deliver microbes in rhi-
zosphere i.e. 60 × 108 CFU g−1 soil and released P 85% upto 2 month along with 
improved P use efficiency.

Polymer-bioaugmented microbes coating

Fertilizer grain

Microbes –
entrapped 
in polymer

Polymer layer 
around 

fertilizer grain

P
P

P P
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MWater entered

Water

Water absorption by coated 
fertilizer grain in soil

P 
dissolution

Microbes 
activation

P
P
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P

Step 1
Step 2

Step 3

Controlled release of nutrient and microbe from polymer coated DAP 

Fig. 2 Nutrients and microbes release mechanism from polymer bioaugmented microbes coated 
fertilizer
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4.8.3  Nano-fertilizers for Crop Production

Materials having nano size particles at least one dimension is called nano-particles 
(NPs). Nano-fertilizers are supplied nutrients to the crop plants and improve growth 
and development as well as fertilizers use efficiency. Moreover, nano-fertilizers are 
classified like macronutrient and micronutrient nano-fertilizers. Nano-fertilizers are 
estimated to significantly increase crop yields, fertilizer use efficiency, reduce nutri-
ent losses and environmental hazards compared to conventional fertilizers (Lui and 
Lal 2015). However, NPs to unswervingly pass in plant cells because particle sizes 
are smaller than cell wall pores. But auxiliary proceeding of NPs enters through cell 
membrane in to cytoplasm and use of NP is also complicated (Nair et al. 2010). 
However, lack of research regarding nanoparticle nutrient elements absorbance by 
plant root system from soil solution is cited. In short, dissolve NPs in solution sim-
ply release the nutrient in soluble form and plants absorb the soluble nutrient but the 
dissolution rate of NPs in water and soil varies (Lui and Lal 2015).

Nano-fertilizers of macronutrient are comprised of one/more elements being 
able to supply essential macro-nutrients to plants. Global fertilizers i.e. nitrogen 
(N), phosphorus (P2O5) and potassium (K2O) consumption was 177 million ton in 
2011 and is estimated to upsurge 263 Mt in mid of running century (Alexandratos 
and Bruinsma 2012). It is projected fertilizers contributed 40% share in food pro-
duction currently and 110% food production depends on fertilizer end of current 
century due to low efficiency of applied fertilizer particularly P, remaining amount 
is lost into environments creating problems for human being and aquatic life (Smil 
2002). Therefore, there is need to develop next generation technologies to enhance 
nutrient use efficiency to overcome above mention problems.

Apatite (P), calcite (Ca), magnesium, zinc and iron nano-fertilizer were synthe-
sized to assess its effects on different agronomic crops under different conditions 
(Liu and Lal 2014). The data revealed that nano-fertilizer improved growth and 
yield up to 33% and 20%, respectively over conventional fertilizer. The biological 
yield and below ground biomass were increased by 18% and 41%, respectively. The 
results directed that roots absorb nano-fertilizer effectively as nutrient source and 
improved growth and yield. In addition, nano-fertilizer as innovative class of fertil-
izer has potential to enhance agronomical yield, nutrients use efficiency and reduce 
environmental risks. NPs showed weaker interactions with soil components and Ca/
Mg as significant number of NPs remain in soil solution for roots to absorb and NPs 
is less bioavailable to microbes that pose low risks of environment. Additionally, no 
phytotoxicity of the NPs was observed through a seed germination test. Similarly, 
wheat nutrient uptake was improved upto 61% using nano-fertilizer as compared to 
control (Montalvo et al. 2015). Moreover, results on germination trial of vegetables 
and cereals showed that nano-fertilizer is not significantly affected the germination 
(Sharonova et al. 2015). However, research thrust regarding merits and demerits, 
interaction with soil and microbes along with different crops of nano-fertilizer are 
needed under different conditions.
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4.9  Liquid Fertilizers-Crop Production

4.9.1  Foliar Feeding of Nutrients in Sustainable Agriculture

Fertilizer is vital component in agricultural practices to increase crop yield. Soil 
application of nutrients is most common practice but attention toward use of foliar 
fertilizer is increasing day by day. In modern crop management, foliar spray is 
widely adopted when soil is unable to supply nutrients to plant due to unavailability 
of specific element and when plant nutrients demand exceeds the capacity. An 
advantage of foliar fertilizer application is that it provides nutrients directly to the 
metabolizing parts of the plant. Cereals crops are sprayed several times for different 
purpose during the season, like growth regulators and pesticide treatment (Yaseen 
et al. 2018). In such cases pesticides mixtures with compatible foliar fertilizer can 
increase the pesticide activity and recover fertilizer cost. To attain optimal utiliza-
tion through leaves nutrients must dissolved in solution before to spray on the leave 
surface. Spray in evening and overcast weather gives better result than bright sun-
light and dry days (Wittwer and Teubner 1959). Nutrients follow three paths from 
leaf surface to the leaf cells. The cutin swells when nutrient spray wet the cuticle, as 
a result distances increase between the wax plates in the cuticle. As the distance 
increases nutrients can pass through the cuticle and into the cell wall. The nutrients 
can then have absorbed in to cell membrane or they can diffuse deeper into the 
leaves along the epidermal cell and absorbed by parenchymal cell. In second path-
way cytoplasmic strands transport the absorbed nutrient on epidermal cell to other 
cells, the plasma-desmata. If nutrient spray includes surfactants then nutrients can 
diffuse through the stomata into the air spaces of the leaf, third pathway (Marschner 
2012). Nutrients applied to the foliage are generally absorbed more rapidly than 
when applied to the soil. Foliar application provides a means of quickly correcting 
plant nutrient deficiencies, when identified on the plant. It often provides a conve-
nient method of applying fertilizer materials, especially those required in very small 
amounts and the highly soluble materials. Moreover, foliar feeding of micronutri-
ents increased the nutrients concentration in edible parts as well as non-edible parts 
of the cereal crop up to 33% over non-treated crop plant. Recently, Yaseen et al. 
(2018) demonstrated the microbe-assisted foliar application of micronutrients for 
enhancing growth, yield and nutrient concentration of wheat. Result revealed that 
combined application of endophyte and micronutrients as foliar enhanced the nutri-
ents concentration in grains up to 15% as compared to individual application of 
foliar nutrients. The disadvantages of foliar feeding are that the nutrient delivered is 
quite small and their action time is short, and there are questions of compatibility in 
relation to concentration and prevailing weather conditions.
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4.9.2  Fertigation-Substitute Mineral Fertilizers

In arid and semi-arid areas specifically in developing countries higher crop yield 
depends mainly on the sustained use of energy resources and limited water. 
Moreover, strengthening of agricultural production to encounter market demand 
needs the simultaneous application of fertilizer and irrigation water. To increase 
yield and reduce environmental pollution, fertigation is an excellent opportunity by 
minimizing fertilizer use, increasing fertilizer use efficiency and return on invest-
ment (Hagin et al. 2002). The practice of providing nutrients to crops by dissolving 
fertilizer in water and applied with irrigation water is called fertigation. By this 
method nutrients and water amounts and concentration are easily controlled in the 
root zone. Fertigation lets the crop to absorb applied nutrients up to 90%, while 
10–40% absorption was observed with dry or granular fertilizer application. 
Fertigation saves fertilizer up to 40–60%, due to reduction in leaching and improved 
nutrient uptake (Kumar and Singh 2002; Sathya et al. 2008). The advantage of fer-
tigation over conventional system is that it assures uniform application of nutrients 
where the active roots are concentrated. Fertigation saves time, labour and ensure 
yield, which makes fertigation economically profitable (Singh 2002). Now a day’s 
drip irrigation is preferred due to high water-application efficiency, less surface 
evaporation and deep percolation over other irrigation means. The dripper provides 
controlled supplies of water that not only affect the plant shoot and root growth but 
also increase the fertilizer use efficiency. Wastage of chemical fertilizer and water 
reduces by fertigation through drip irrigation, nutrient use optimizes by applying 
them at proper place, time and critical stages, which increase nutrient use efficiency. 
Moreover, it is well known as the most convenient approach of sustaining ideal 
nutrient level and water according to specific requirements of each crop and type of 
soil. Kaushal et  al. (2011) reported that fertigation reduces 20–33% fertilizer 
requirement of mineral fertilizers and increased 7–25% yield as compared to con-
ventional fertilizers. Rekha and Mahavishnan (2008) reported that drip fertigation 
saves water 40–70% and fertilizer 30–50%.

5  Concluding Remarks and Outlooks

Low use efficiency of applied fertilizers and risk of eutrophication can pollute envi-
ronment – a striking challenge for scientific community for long time with little 
success. Moreover, limited and uneven distribution of conventional fertilizers 
resources has been recognized as major bottleneck for sustainable agriculture and 
economy. Crop economy is largely based on fertilizer applied to use ratio. At pres-
ent, this ratio is very wide. This is reason that fertilizer use efficiency is emerged out 
as one of possible solution to narrow down gap between increasing population and 
food demand. So, increasing nutrients use efficiency by different scientific 
approaches has got significant importance in this regard. The synthesis of available 
information from the literature review presented herein shows potential of next 
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 generation fertilizers formulation as alternative fertilizer over commercial mineral 
fertilizers; however, cost effective strategy/approach is very much needed here for 
sustainable crop production. Potential of polymer coated P fertilizer for keeping 
nutrient soluble form, increase in diffusion shell and release of nutrient according to 
crop demand and intervention of entrapped microbes in polymer to further ensure 
the supply of nutrients through different mechanism i.e., hormone production, 
organic acid secretion and siderophore production seem viable cost-effective 
approach for enhancing nutrient use efficiency particularly P, Fe and Zn. Nano- 
fertilizer could be a good fertilizer replacer and has ability to enhance nutrient use 
efficiency many folds. Taking advantages of organic residue management as fertil-
izer by conducting series of laboratory and pilot scales experiments that gave 
encouraging results in combination of reduce rate of mineral fertilizers without 
compromising the crop yield.

Pertinent literature highlights the gaps and missing links between the controlled 
conditions and field results. This may be probable reason of least acceptance of 
new/modern fertilizers. However, further research data at field scale related differ-
ent aspect especially improving yield is needed to encouraging adoption of new 
fertilizer intervention in agriculture. Some future outlooks are given below:

• Remodulation of agronomic approaches and screening of crops with the use of 
alternative fertilizers

• A greater understanding of nutrients dynamics in the soil/rhizosphere/plant con-
tinuum is of utmost importance after the application of alternative fertilizers as it 
can provide a significant basis for optimizing nutrients management to improve 
NUE in crop production.

• To know the mechanisms to understand insight microbial activity behavior by 
application of alternative fertilizers, as well as different dynamics related to 
alternative fertilizers and microbe’s interactions.

• The research thrust should be directed toward the improvement of nutrients effi-
ciency. Developed new fertilizer and formulation should be more efficient 
regarding nutrient uptake, soil and plant botany.
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Abstract Weed management is an essential element of successful crop production. 
In recent times, an exponential rise in human population and drastic changes in 
climate and production techniques have intensified the crop production systems and 
increased the weed infestations. The evolution of herbicide resistance in a large 
number of weed species across the world has further aggravated the situation. These 
circumstances require sustainable weed management tools that can be used effec-
tively to achieve decent crop yields without affecting the environment and ecosys-
tem services negatively. Some of the conventional weed control methods, including 
the use of preventive measures, tillage and mechanical control, crop competition, 
soil coverage, crop rotations and crop diversification, are still effective and eco- 
friendly. The ecological phenomenon of allelopathy could also be explored in dif-
ferent ways for sustainable weed management. Recent advances in the fields of 
renewable energy, remote sensing, modelling, automation and robotics have opened 
new windows for more physical weed control methods such as thermal weed con-
trol, precision weed control and harvest weed seed control. These methods are quite 
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expensive and do not suit all geographical conditions, but these are going through 
rapid evolution and modifications that will make them more affordable, precise and 
pragmatic in the near future. Although the ecologically-based, cultural and physical 
weed control methods have great potential for sustainable weed management, her-
bicides cannot be completely left out. In fact, herbicides could be an effective tool 
in an integrated weed management kit. However, the true integrated weed manage-
ment strategies must have a balance between chemical and non-chemical options 
that can be used judiciously in order to achieve a reasonable weed control. 
Sustainable weed management is an achievable goal provided that efforts are made 
to diversify the management.

Keywords Integrated weed management · Sustainable agriculture · Conservation 
agriculture · Herbicide resistance · Weed control · Crop productivity

1  Introduction

Weeds are among the most important challenges to sustainable crop production and 
global food security (Oerke 2006). These prolific competitors not only cause signifi-
cant yield losses but also deteriorate the normal crop husbandry practices (Zimdahl 
2013). The negative impact and economic losses become incredibly remarkable 
when the environmental damage, ecosystem deterioration and health problems 
caused by crop weeds and invasive plant species are considered (Liebman et  al. 
2016). Therefore, weed management is essential for sustainable crop production 
and environmental safety. Unfortunately, not all the weed management tactics are 
sustainable or safe for the environment. For instance, the most reliable and efficient 
method to control weeds is the use of synthetic herbicides. It has worked perfectly 
over the years, but sole dependence on chemicals and their continuous use has led 
to the evolution of herbicide resistance in a large number of weed species around the 
world (Bagavathiannan and Davis 2018). The herbicide tolerant crops were intro-
duced to simplify weed control (essentially narrowing it down to just herbicides), 
but nature retaliated in the form of pronounced herbicide resistance in weeds (Owen 
et al. 2015). Similarly, the gene flow from herbicide tolerant crop species or resis-
tant weed populations to the closely related wild species have exacerbated this prob-
lem (Ohadi et al. 2017). So, it is evident that we cannot beat the problem of herbicide 
resistance with the use of more herbicides and therefore, there is an urgent need for 
sustainable weed management options.

Climate change poses a threat to agricultural productivity in many different 
ways. Crops suffer abiotic stresses more often (Fahad et al. 2017) and rapid fluctua-
tions in climatic elements also promote disease and pest outbreaks and the spread of 
invasive weed species (Ziska et al. 2011; Nguyen et al. 2017). Increasing global 
temperature and carbon dioxide (CO2) levels not only favour the invasion, growth 
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and reproduction of many problematic weed species but also decrease the efficacy 
of herbicides (Bajwa et al. 2016; Ziska 2016). The intensification of crop production 
systems and the adoption of conservation tillage systems have changed the weed 
dynamics, infestation patterns and weed-crop interactions. These challenges restrict 
the realization of sustainable crop production and require pragmatic weed manage-
ment strategies.

This chapter gives a comprehensive account of several weed management options 
that can be sustainable if used in a site-specific manner. Different conventional and 
modern weed control methods and their efficacy in different scenarios have been 
discussed in detail. This chapter provides the readers an in-depth analysis of poten-
tial sustainable weed management tools that can be used to achieve high crop pro-
ductivity while ensuring the environmental safety and long-term sustainability.

2  Conventional Approaches

Since the inception of agriculture, weeds have been infesting the crop production 
systems and numerous management approaches have been practiced to control 
them. Some of the old and established weed control methods are still the most sus-
tainable ones. These include the use of preventive measures, tillage and mechanical 
control, and a range of cultural methods.

2.1  Preventive Measures

Weeds are often aggressive invaders, which can dominate any landscape once after 
their successful introduction and establishment. Therefore, the foremost weed man-
agement approach in sustainable agriculture is the prevention (Christoffoleti et al. 
2007; Bajwa 2014). The preventive measures include but are  not limited to the 
deliberate efforts to avoid the contamination of crop seed lots with weed seeds, the 
use of clean farm machinery, containment of the weed populations in landscapes 
adjacent to the crop fields and restricting the weed seed dispersal (Jordan 1996; 
Bond and Grundy 2001; Christoffoleti et al. 2007; Bajwa et al. 2018). These precau-
tionary measures avoid the spread of existing weed flora and restrict the introduc-
tion of new weed species in any crop production system (Anderson 2007). Proactive 
control methods keep the weed pressure below economic thresholds and therefore, 
offer more sustainable weed management (Jordan 1996). Often these approaches 
are not applied solely and sometime may get less attention in an integrated weed 
management (IWM) strategy.

Sometimes weed seeds are similar to those of crops which make the identifica-
tion difficult and deteriorate the quality of crop produce due to their adulteration 
(Jabran et al. 2017). Similarly, some of the most problematic weeds mimic the asso-
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ciated crops in terms of morphology, phenology and seed production. Therefore, 
careful crop husbandry practices from sowing to harvesting of any crop may reduce 
the weed infestations and weed seedbank build-up (Anderson 2007). Controlling 
the weed populations during fallow seasons and in non-cropped areas such as water 
channels, field bunds, pathways and along the fences is also a very important pre-
ventive measure for sustainable weed management.

2.2  Tillage Interventions and Mechanical Weed Control

Tillage plays a major role in weed control in conventional cropping systems (Bond 
and Grundy 2001; Zimdahl 2013). It is used for mechanical weed control as inter- 
culture. Similarly, the tillage operations involved in seedbed preparation also serve 
the purpose of weed management (Reicosky and Allmaras 2003). Tillage influences 
weed dynamics and, thus, weed management through cutting, burial, uprooting and 
other disturbances. Weed germination, stand establishment and subsequent growth 
is affected by tillage process (Clements et al. 1996). In conventional tillage systems, 
the use of the stale seedbed technique has been very effective in controlling various 
weeds at the time of sowing (Buhler 2002). In this method, the field is tilled and 
levelled for planting the crop, but actual planting is delayed allowing the emergence 
of most weed species in seedbank. The crop is then planted after killing the emerged 
cohort of weeds by herbicides or another round of tillage (Singh et  al. 2015). It 
reduces the weed seedbank strength as well as the weed pressure in crops. Safdar 
et  al. (2011) reported significant reductions in the densities of Avena fatua L., 
Chenopodium album L. and Phalaris minor Retz. in wheat (Triticum aestivum L.) 
with the use of the stale seedbed technique.

Inter-culture using different tools and tillage implements also provide effective 
weed control in different crops. The use of different types of harrows have provided 
variable control of different weeds (Jabran et al. 2017). However, harrowing does 
not provide effective control of tall stature weeds with a tap root system. Inter-row 
cultivation has proved more effective in controlling most of the annual weed species 
in different row crops. However, it may not eradicate some perennial weed species 
such as Cirsium arvense (L.) Scop. (Graglia et al. 2006). Hoeing, slashing, mowing 
and earthing-up are some other forms of mechanical weed control, which are effec-
tive for weed management (Bajwa et al. 2015).

Different tillage systems affect weed dynamics and weed control measures 
depending upon the soil type, cropping system and weed flora (Chauhan et al. 2006; 
Bajwa 2014). Modified tillage in conservation agriculture itself offers an opportu-
nity to manage some weeds. Most of the times, weed seeds persist in the upper soil 
layer in conservation tillage systems. Pareja et al. (1985) studied that 85% of all 
weed seeds were present in top 5 cm soil whereas, 28% seeds were prevailing in soil 
depth approached by mouldboard plough. Similarly, Staricka et al. (1990) found 
that 50% weed seeds were present in the top 4 cm soil layer and 11% in the mould-
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board plough layer. No-till systems concentrate weed seeds near the soil surface due 
to less soil disturbance (Torresen et al. 2003). Weed infestation is a serious problem 
during initial years under conservation tillage which cause hindrance in getting 
good crop yield (Blackshaw et  al. 2001). Under conservation tillage, newly pro-
duced seeds of weeds may germinate immediately due to fewer disturbances; 
 however, buried seeds become dormant due to less manipulations. Relatively higher 
amounts of residues on the soil  surface in conservation tillage systems not only 
affect weed distribution but also hamper herbicide efficacy. In such systems, weeds 
producing vegetative reproductive parts may be more difficult to control.

On the other hand, heavy tillage may invert soil layers and bury weed seeds 
deeper which reduce the weed density in following season, but in the long run, a 
high weed seedbank is developed. Tillage system may also affect weed seedbank 
persistence in different seasons. For example, in Australia, the seedbank of Lolium 
rigidum Gaud. was below 1% of the soil seedbank before the adoption of conserva-
tion tillage (McGowan 1970) but 20–30% after that (Peltzer and Matson 2002). 
Such shifts were attributed to changes in cropping patterns, cropping intensity and 
tillage systems. Tillage may affect weed seedling recruitment directly depending 
upon type, amount, frequency and equipment. Weeds respond differently under dif-
ferent tillage regimes. For instance, intensive tillage may affect small seeded weeds 
like Vulpia bromoides (L.) S.F. Gray. through deep burial (Chauhan et al. 2006). The 
timing of tillage operations also affects weed emergence and therefore, alters the 
seedbank dynamics (Chauhan and Johnson 2010a). For example, Myers et  al. 
(2005) reported that a spring cultivation restricted the emergence of Ambrosia arte-
misiifolia L., Amaranthus albus L. and Setaria faberi Herrm. These changes in 
weed germination and emergence patterns make the herbicide selection and appli-
cation time more difficult (Bullied et al. 2003). Tillage systems influence perennial 
species more as compared to annual (Chauhan et al. 2006).

Since tillage and related crop management practices are changing continuously, 
the way of using mechanical approaches to control weeds is also evolving. With the 
large-scale adoption of conservation tillage systems in the United States of America 
(USA), Australia, Europe and parts of Asia, conventional tillage is no more a prag-
matic option for weed control (Bajwa 2014). In this regard, targeted or strip tillage 
not only conserves the precious resources but also control stubborn perennial weeds 
such as Solanum carolinense L. and Taraxacum officinale G.H. Weber ex Wiggers 
(Brainard et  al. 2013). However, the infestations of annual weeds like Stellaria 
media (L.) Vill. and Lamium amplexicaule L. may increase in this system (Brainard 
et al. 2012). The introduction of a strategic deep tillage in a conservation tillage 
system has also shown some merits in breaking the continuity of weed infestations 
by sending a portion of viable weed seeds to the deeper soil layers. In a long-term 
study, the rotation of zero-tillage with a full-width tillage suppressed the density of 
several summer annual weed species (Peachey et al. 2006). Hence, tillage interven-
tions play a major role in weed management.
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2.3  Cultural Methods

A range of cultural practices has been used to control weeds since ancient times. 
These practices often have multi-faceted impacts on crop production, but weed con-
trol is a key benefit in most cases. Most of the cultural practices are inter-related and 
sometimes overlap (Fig. 1).

2.3.1  Crop Competition

There are numerous cultural methods to enhance the competitiveness of crops, 
which suppress the weed emergence, establishment, growth, reproduction and in 
some cases also the weed seed dispersal (Sardana et al. 2017). Crop competition 
offers effective and sustainable weed control. Different approaches to enhance the 
competitive ability of crops include the use of competitive crop cultivars, higher 
seed rates or planting densities, modified sowing methods, early or delayed sowing, 
narrow row spacing, altered row orientation or cropping geometry, intercropping, 
and fertilizer management (Table 1). All these practices work on the basic principle 
of giving advantage to crops over weed species by enabling them to acquire more 
resources efficiently (Bajwa et al. 2017).

Fig. 1 An illustration of the use of cultural methods for sustainable weed management (enhanced 
crop competition, ground cover systems and diversified crop rotations suppress weeds through 
resource competition, physical smothering, and seedbank reduction)
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Table 1 The use of enhanced crop competition for weed management in different crops

Cultural approach Crop Weeds controlled References

Competitive 
cultivars

Barley (Hordeum vulgare 
L.)

Bromus diandrus 
Roth., Lolium rigidum 
Gaud.

Lemerle et al. (1995) 
and Paynter and Hills 
(2009)

Canola (Brassica napus 
L.)

Avena fatua L., Lolium 
multiflorum Lam., 
L. rigidum, volunteer 
wheat

Zand and Beckie 
(2002), Beckie et al. 
(2008), Asaduzzaman 
et al. (2014) and 
Lemerle et al. (2014, 
2016)

Cotton (Gossypium 
hirsutum L.)

Anoda cristata (L.) 
Schlecht, Xanthium 
strumarium L.

Chandler and Meredith 
(1983) and 
Rezakhanlou et al. 
(2013)

Maize (Zea mays L.) Abutilon theophrasti 
Medik, Panicum 
miliaceum L., Setaria 
glauca (L.) Beauv

Staniforth (1961) and 
Lindquist and 
Mortensen (1998)

Pea (Pisum sativum L.) L. rigidum and other 
grass weed species

McDonald (2003) and 
Lemerle et al. (2006)

Rice (Oryza sativa L.) Cyperus spp., Cynodon 
dactylon (L.) Pers., 
Echinochloa spp.

Mahajan et al. (2014)

Sorghum [Sorghum 
bicolor (L.) Moench]

Echinochloa esculenta 
(A. Braun) H. Scholtz 
and mixed weed flora

Wu et al. (2010) and 
Mishra et al. (2015)

Soybean [Glycine max 
(L.) Merr.]

A. theophrasti, 
Ipomoea lacunosa L., 
Senna obtusifolia (L.) 
H.S. Irwin & Barneby, 
Setaria italica (L.) 
Beauv and mixed weed 
flora

Rose et al. (1984), 
Bennett and Shaw 
(2000), Nordby et al. 
(2007) and Rezvani 
et al. (2013)

Wheat (Triticum aestivum 
L.)

B. diandrus, Bromus 
tectorum L., 
L. multiflorum, 
L. rigidum, Setaria 
viridis (L.) Beauv.

Gill et al. (1987), 
Blackshaw (1994a) 
and Lemerle et al. 
(1996)

(continued)
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Table 1 (continued)

Cultural approach Crop Weeds controlled References

High seed rate/
planting density

Canola A. fatua, L. rigidum, 
Polygonum 
convolvulus L., Sinapis 
arvensis L. and mixed 
weed flora

O’Donovan et al. 
(2004) and Lemerle 
et al. (2017)

Cotton Commelina 
benghalensis L., 
S. obtusifolia

Stephenson and 
Brecke (2010)

Lentil (Lens culinaris L.) Brassica spp. McDonald et al. 
(2007)

Maize A. theophrasti, 
Amaranthus retroflexus 
L., P. miliaceum

McLachlan et al. 
(1993), Lindquist et al. 
(1998) and Williams 
and Boydston (2013)

Rice Cyperus rotundus L., 
Echinochloa crus-galli 
(L.) Beauv and mixed 
weed flora

Chauhan et al. (2011) 
and Kaur and Surjit 
(2014)

Sorghum E. esculenta and mixed 
weed flora

Stahlman and Wicks 
(2000) and Wu et al. 
(2010)

Soybean S. obtusifolia Norsworthy and Oliver 
(2002)

Wheat A. fatua, Avena 
ludoviciana Durieu, 
Erodium cicutarium L., 
Galium aparine L., 
L. rigidum, 
L. multiflorum, 
Phalaris paradoxa L.

Blackshaw et al. 
(2000), Walker et al. 
(2002), Mennan and 
Zandstra (2005), 
Lemerle et al. (2006) 
and Paynter and Hills 
(2009)

(continued)
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Table 1 (continued)

Cultural approach Crop Weeds controlled References

Narrow row 
spacing

Barley L. rigidum Borger et al. (2016a)
Canola L. rigidum and Mixed 

weed flora
Borger et al. (2010, 
2016a)

Chickpea (Cicer arietinum 
L.)

L. rigidum and Mixed 
weed flora

Borger et al. (2010, 
2016b)

Cotton A. retroflexus, 
C. benghalensis, 
Euphorbia hyssopifolia 
L., Jacquemontia 
tamnifolia
(L.) Griseb. Iaqta, 
S. obtusifolia, Sida 
spinosa L.

Molin et al. (2004), 
Reddy and Boykin 
(2010) and Stephenson 
and Brecke (2010)

Maize Chenopodium album 
L., Setaria faberi 
Herrm. and Mixed 
weed flora

Shrestha et al. (2001) 
and Dalley et al. 
(2006)

Mungbean [Vigna radiata 
(L.) Wilczek]

Chloris gayana Kunth Chauhan et al. (2017)

Pea L. rigidum Lemerle et al. (2006)
Rice Cyperus spp., 

Echinochloa colona 
(L.) Link, E. crus-galli

Chauhan and Johnson 
(2010b) and Kaur and 
Surjit (2014)

Sorghum Digitaria sanguinalis 
(L.) Scop., E. 
crus-galli, Panicum 
texanum Buckl. and 
Mixed weed flora

Smith et al. (1990) and 
Holland and 
McNamara (1982)

Soybean A. theophrasti, 
S. obtusifolia, Sorghum 
halepense (L.) Pers., 
X. strumarium and 
Mixed weed flora

Felton (1976), Shaw 
et al. (1991) and Hock 
et al. (2006)

Sunflower (Helianthus 
annuus L.)

Mixed weed flora Osten et al. (2006)

Wheat Bromus secalinus L., 
G. aparine, Lepidium 
sativum L., L. rigidum, 
P. minor

Solie et al. (1991), 
Mahajan and Brar 
(2002), Peltzer et al. 
(2009) and Fahad et al. 
(2015)

(continued)
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The development of crop cultivars with superior yield potential and tolerance to 
biotic and abiotic stresses has long been a pivotal research goal for breeders and 
agronomists (Lemerle et al. 2014). There are a number of studies reporting the weed 
suppression by competitive cultivars of major cereals and pulses crops (Table 1). 
Competitive cultivars possess multiple morphological and physiological attributes, 

Table 1 (continued)

Cultural approach Crop Weeds controlled References

Intercropping Maize + soybean Mixed weed flora Tripathi and Singh 
(1983)

Persian clover (Trifolium 
resupinatum L.) and white 
clover (Trifolium repens 
L.) + wheat

Mixed weed flora Hartl (1989)

Oats (Avena sativa L.) + 
alfalfa (Medicago sativa 
L.)

Mixed weed flora Lanini et al. (1991)

Chickpea + wheat Mixed weed flora Banik et al. (2006)
Cotton + sorghum Convolvulus arvensis 

L., Trianthema 
portulacastrum L.

Iqbal et al. (2007)

Pea + wheat A. fatua, Rumex 
dentatus L.

Khan et al. (2013)

East-west row 
orientation

Barley, canola, lupin 
(Lupinus angustifolius L.), 
pea, wheat

Arctotheca calendula 
(L.) Levyns., Emex 
australis Steinheil, 
L. rigidum

Borger et al. (2010, 
2016b)

Altered spatial 
pattern

Wheat Matricaria perforata 
Mérat, Papaver rhoeas 
L.

Olsen et al. (2005)

Early sowing Wheat P. minor Singh et al. (1999)
Late sowing Wheat P. minor, C. album Farooq and Cheema 

(2013)
Bed planting Wheat Mixed weed flora Farooq and Cheema 

(2013)
Twin row system Cotton C. benghalensis, 

J. tamnifolia, 
S. obtusifolia

Stephenson and 
Brecke (2010)

Fertilizer 
management

Canola A. fatua Blackshaw et al. 
(2003) and Harker 
et al. (2013)

Wheat A. fatua, Eleusine 
indica (L.) Gaertn., 
Geranium 
carolinianum L., 
L. multiflorum, 
S. arvensis, Veronica 
persica Poir., Vicia 
sativa L.,

Melander et al. (2003), 
Blackshaw et al. 
(2003), Blackshaw and 
Brandt (2008), 
Scursoni et al. (2012) 
and Tang et al. (2013)
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which enable them to absorb water and nutrients efficiently and grow vigorously to 
suppress the co-existing weed species (Lemerle et al. 1996). The use of high seed 
rates provides dense crop populations which affect weed growth and development 
(O’Donovan et  al. 2004; Lemerle et  al. 2017). Narrow row spacing allows early 
canopy closure which restricts the light interception to weeds growing between the 
rows (Blackshaw et al. 2000). In this scenario, inter-specific competition is often 
more severe than intra-specific competition, which often avoids crop growth sup-
pression but suppresses weed growth and development (Bajwa et al. 2017; Chauhan 
et al. 2017). Changing the planting time, method or the crop row orientation have 
also shown remarkable weed control in different crop production systems (Liebman 
and Dyck 1993; Singh et al. 1999; Olsen et al. 2005; Borger et al. 2010, 2016a, b; 
Farooq and Cheema 2013).

Intercropping is another important cultural practice which is used to improve the 
land use efficiency, soil health, system productivity and weed control (Liebman and 
Dyck 1993; Farooq et al. 2011a; Liebman et al. 2016). Sowing of two or more com-
patible crops together not only enhances the crop competition to beat the existing 
weeds but also helps in reducing the weed infestations in subsequent crops (Bajwa 
2014; Singh et al. 2015; Jabran et al. 2017). Proper fertilizer management is often 
considered as a good management practice to enhance crop yields and net profits, 
and it also plays a vital role in weed management (Blackshaw et al. 2008; Bajwa 
et al. 2014). The research has shown that weeds are efficient in nutrient absorption 
from the soil in cropping situations depriving the crop plants of essential nutrients 
(Liebman and Dyck 1993). However, adjusting the fertilizer type, dose, application 
time and application method in a way that could enhance the nutrient uptake and 
fertilizer efficiency of crops may help in suppressing the weed species (Yin et al. 
2005; Blackshaw and Brandt 2008; Bajwa et al. 2014; Tang et al. 2013; Jabran et al. 
2017). Therefore, an improved fertilizer management could effectively be used to 
enhance the crop competitive ability for suppressing the weed species.

2.3.2  Ground Cover Systems

Protecting the soil by having a permanent vegetative, crop residue or artificial cover 
is a key principle of conservation agriculture (Farooq et al. 2011b). The same prin-
ciple applies for sustainable crop production in modern-day agriculture. Like other 
cultural practices, soil cover also serves as a great tool for weed suppression in addi-
tion to its benefits for soil health, crop productivity and so on (Teasdale et al. 2007). 
The ground cover systems include the use of cover crops and retention of the previ-
ous crop residues for mulching (Bajwa 2014).

The practice of mulching has proved successful in managing weeds in conven-
tional as well as organic crop productions systems (Bond and Grundy 2001; Bajwa 
2014). Especially, the use of natural and artificial mulches has provided significant 
yield gains and weed control in vegetable crops (Boz et al. 2009; Bakht and Khan 
2014). Mulching works on the principle of continuous ground cover which inhibits 
the light penetration to the lower layers of soil, and therefore reduce the germination 
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of several weed species. Moreover, the natural mulches have smothering effects on 
the germination and growth of weeds. Natural mulching could be achieved by leav-
ing the vegetative matter of cover crops on the soil surface or by retaining the previ-
ous crop residues (Erenstein 2003). The polyethylene and biodegradable mulches 
are gaining popularity in organic and sustainable production systems due to their 
low environmental impacts and efficiency (Kasirajan and Ngouajio 2012). The arti-
ficial materials such as plastic not only restrict weed emergence due to physical 
hindrance and moisture unavailability but also cause weed seed destruction by 
increasing the soil temperature (Katan 2015). Mulching not only provides effective 
weed control but also improves the water use efficiency, soil health and system pro-
ductivity (Jabran et al. 2016). Therefore, it is a win-win approach for sustainable 
crop production systems.

There are numerous studies reporting the weed suppressive potential of multiple 
cover crops. Some of the important cover crops with high weed suppressive poten-
tial have been enlisted in Table 2. These crops provided an effective weed control 
during their growing season and lowered the weed pressure in subsequent crops 
(Weston 1996; Lowry and Smith 2018). Long ago, Teasdale (1996) described cover 
crops as a viable weed management option for sustainable agriculture due to their 
related benefits to soil health and crop performance. Such crops occupy the land 
surface during the period when main crops are not sown, restricting the weed emer-
gence from the soil seedbank and suppressing the existing weed flora due to the 
resource competition and smothering effect (Teasdale et al. 2007; Hodgdon et al. 
2016; Lowry and Smith 2018). However, the weed suppressive potential depends 
upon the growth and biomass accumulation of the selected cover crop (Liebman and 
Davis 2000; Teasdale et al. 2007). Usually the crop species with rapid germination 
ability, vigorous growth, high biomass accumulation capacity, efficient nutrient 
uptake and short growth period are selected for this purpose (Hodgdon et al. 2016; 
Lowry and Smith 2018).

The incorporation of previous crop residues or the vegetative matter of cover 
crops into the soil has proved effective in reducing the weed emergence and growth 
in subsequent crops (Derksen et al. 2002). However, this approach is not suitable in 
conservation systems and therefore, the trend has been shifted towards the surface 
retention of crop residues while crops are planted with minimal soil disturbance/
reduced tillage (Bajwa 2014). Franke et  al. (2007) reported a 50% reduction in 
P. minor emergence in zero-tilled wheat crop due to the retention of rice (Oryza 
sativa L.) crop residues. Similarly, the surface retention of crop residues also 
resulted in significant reduction in the emergence of Anagallis arvensis L. and 
C. album in wheat (Chhokar et al. 2007).

Ground cover systems provide an effective weed control in sustainable crop pro-
duction systems with least impact on the environment. The consistent soil cover 
could usually be achieved by natural inputs from within the system and therefore, 
offers an economical and environment-friendly solution for weed problems.

A. A. Bajwa et al.
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Table 2 Different cover crops with demonstrated in-season and/or carry-over weed suppressive 
potential

Cover crop

Weeds suppressed Referencess
Common 
name Scientific name Family

Alfalfa Medicago sativa 
L.

Fabaceae C. album, E. crus-galli, 
Poa annua L., 
Polygonum spp., 
Stellaria media (L.) 
Vill, V. sativa

Kruidhof et al. 
(2008)

A. retroflexus, Digitaria 
spp., P. oleracea, 
S. media

Hodgdon et al. 
(2016)

Barley Hordeum 
vulgare L.

Poaceae A. retroflexus, C. album, 
L. multiflorum

Singh et al. (2003)

Buckwheat Fagopyrum 
sagittatum 
Moench.

Polygonaceae A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)

Chickling 
vetch

Lathyrus sativus 
L.

Fabaceae A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)

Crimson 
clover

Trifolium 
incarnatum L.

Fabaceae A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)

A. retroflexus, Digitaria 
spp., P. oleracea, 
S. media

Hodgdon et al. 
(2016)

Finger millet Eleucine 
corocana (L.) 
Gaertn.

Poaceae E. crus-galli, Eclipta 
prostrata L., Isachne 
globose L.

Samarajeewa et al. 
(2006)

Fodder 
radish

Raphanus 
sativus L.

Cruciferae C. album, E. crus-galli, 
S. media, V. sativa

Kruidhof et al. 
(2008)

A. retroflexus, Digitaria 
spp., P. oleracea

Hodgdon et al. 
(2016)

Hairy vetch Vicia villosa 
Roth.

Fabaceae A. theophrasti, 
A. retroflexus, C. album, 
E. crus-galli, Panicum 
capillare L., Setaria 
viridis var. major 
(Gaudin) Pospichel, 
S. media

Mohler and 
Asdale (1993)

Lolium temulentum L., 
S. media

Campiglia et al. 
(2009)

A. retroflexus, Digitaria 
spp., P. oleracea, 
S. media

Hodgdon et al. 
(2016)

Oats Avena sativa L. Poaceae A. retroflexus, C. album, 
L. multiflorum

Singh et al. (2003)

(continued)
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2.3.3  Crop Rotations and Diversification

Crop rotations play an important role in weed management by having a direct 
impact on long-term weed dynamics of any cropping system (Liebman and Dyck 
1993; Bond and Grundy 2001; Blackshaw et al. 2008; Jabran et al. 2017). Weed 
control may not be the most important factor while planning a crop rotation but it 
often appears as the most rewarding aspect of a well-planned rotation (Liebman and 
Davis 2000). Kotile and Martin (2000) reported crop rotation as one of the most 
important sustainable weed management practices in terms of its impact and adop-
tion in diverse farming communities. Changing the cropping sequence and diversi-
fying the cropping system break the cycle of reproduction and emergence of noxious 
weeds by altering the microclimate at a particular site (Anderson 2007).

Table 2 (continued)

Cover crop

Weeds suppressed Referencess
Common 
name Scientific name Family

Pea Pisum sativum 
L.

Fabaceae A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)

Rapeseed Brassica napus 
L.

Cruciferae Lolium temulentum L., 
S. media

Campiglia et al. 
(2009)

C. album, E. crus-galli, 
S. media, V. sativa

Kruidhof et al. 
(2008)

A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)

Rye Secale cereal L. Poaceae Amaranthus spp., 
Portulaca oleracea L.

Nagabhushana 
et al. (2001)

A. retroflexus, C. album, 
L. multiflorum

Singh et al. (2003)

C. album, E. crus-galli, 
S. media, V. sativa

Kruidhof et al. 
(2008)

A. retroflexus, Digitaria 
spp., P. oleracea, 
S. media

Hodgdon et al. 
(2016)

Snail medick Medicago 
scutellate Mill.

Fabaceae Lolium temulentum L., 
S. media

Campiglia et al. 
(2009)

Subclover Trifolium 
subterraneum L.

Fabaceae Lolium temulentum L., 
S. media

Campiglia et al. 
(2009)

White clover Trifolium repens 
L.

Fabaceae A. retroflexus, Digitaria 
spp., P. oleracea, 
S. media

Hodgdon et al. 
(2016)

White lupin Lupinus albus L. Fabaceae C. album, E. crus-galli, 
S. media, V. sativa

Kruidhof et al. 
(2008)

White 
mustard

Sinapis alba L. Cruciferae A. theophrasti, 
A. retroflexus, C. album, 
S. viridis

Wortman et al. 
(2013)
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Diverse crop rotations restrict certain weed species to build strong association to 
a specific crop (Blackshaw et al. 2007). Rotating less competitive crops with more 
competitive crops, non-allelopathic crops with allelopathic crops, exhaustive crops 
with the crop requiring low inputs, long-duration crops with short-duration crops, 
cereals with legumes, and tap-root crops with crops having fibrous root-systems 
provides effective weed control (Liebman and Dyck 1993; Liebman and Davis 
2000; Anderson 2007; Blackshaw et al. 2007, 2008). On the other hand, skipping 
one crop in rotation and keeping the land fallow has proved effective in controlling 
the perennial weeds (Bond and Grundy 2001).

Several studies have reported the potential of planned crop rotations for weed 
management. For instance, introducing rice in place of maize (Zea mays L.) in a 
rotation with wheat, almost eliminated A. fatua in the following seasons (Gill and 
Brar 1975). Similarly, rotating canola (Brassica napus L.) with wheat reduced 
Bromus tectorum L. to just 50 plants m−2 as compared to wheat monoculture where 
the density of B. tectorum was above 700 plants m−2 (Blackshaw 1994b). Similarly, 
introducing maize or sunflower (Helianthus annuus L.) in wheat-fallow rotation 
caused remarkable reductions in Aegilops cylindrica Host and B. tectorum infesta-
tions (Daugovish et al. 1999). In a rice-wheat cropping system, the introduction of 
barseem (Trifolium alexandrinum L.) or oat (Avena sativa L.) in place of wheat once 
in 3 years significantly reduced the P. minor infestations (Chhokar and Malik 2002). 
In another study, replacing a typical rice-wheat rotation with rice-barseem- 
sunflower- wheat and cotton (Gossypium hirsutum L.)-pigeon pea [Cajanus cajan 
(L.) Millsp.]-wheat rotations reduced isoproturon resistance in A. fatua by alleviat-
ing the selection pressure (Malik and Singh 1995). Koocheki et al. (2009) reported 
that different crop rotations involving wheat had significantly different weed flora, 
infestation levels and weed seedbank dynamics. The weed flora of a wheat-wheat 
rotation comprised of about 90% grass weeds compared to wheat-sugar beet (Beta 
vulgaris var. saccharifera) rotation consisting of only 43% of grass weeds (Koocheki 
et al. 2009). Moreover, the wheat-sugar beet and wheat-maize rotations provided 28 
and 12% reductions in weed seedbank as compared to continuous wheat. Chauhan 
(2012) reported that changing the crop sequence provided effective weed control in 
dry direct-seeded rice. Recently, Shahzad et al. (2016) reported that sorghum-wheat 
rotation reduced the weed infestation in conventional as well as conservation tillage 
systems.

Crop diversification in long-term rotations has been identified as a robust weed 
management tool in sustainable agriculture. In fact, the cropping system diversity 
has been suggested as a functional tool for agro ecological weed control (Gaba et al. 
2014). A diversified crop rotation involving wheat, maize and soybean [Glycine max 
(L.) Merr.] resulted in a substantial decline in broadleaf weed infestations and their 
seedbank (Teasdale et al. 2004). In Canada, a shift from cereal-based crop rotations 
to more diversified rotations including legumes and forage crops such as canola, 
flax (Linum usitatissimum L.), pea (Pisum sativum L.), lentil (Lens culinaris 
Medik.), alfalfa (Medicago sativa L.) and red clover (Trifolium pretense L.) signifi-
cantly reduced weed densities (Blackshaw et al. 2008). Anderson (2015) reported 
that diversified crop rotations integrated with no-till significantly improved weed 
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management in organic crop production systems. A complex rotation involving sev-
eral cool and warm season annual crops and perennial legumes reduced weed emer-
gence in most of the annual crops, delayed the weed emergence overall, reduced the 
infestations of Taraxacum officinale G.H. Weber ex Wiggers, and reduced the yield 
penalties due to weed interference (Anderson 2015).

Diversified crop rotations have immense potential for weed management in sus-
tainable agriculture. It is one of the most natural and eco-friendly way to control 
noxious weed species. The disruptive rotations not only enhance the soil and crop 
productivity but also create harsh conditions for most of the weed species associated 
to certain monocultures. Crop rotations also restrict the weed seedbank develop-
ment which avoids the long-term weed infestations.

3  Innovative Approaches

There are some innovative and novel approaches to manage weed species in sustain-
able production systems. These approaches are based on enhancing the ecological 
service of the system or technological advances. These techniques are coherent with 
the existing conventional methods and provide more flexibility and reliability to the 
IWM suite.

3.1  Allelopathy

Allelopathy is an ecological phenomenon in which some plant species release cer-
tain secondary metabolites/allelochemicals in their above- and or below-ground 
surroundings to inhibit or promote the germination, growth and development of 
their neighbouring plant species (Singh et al. 2003; Farooq et al. 2011a). Generally, 
allelochemicals have inhibitory effects at their high concentrations while they may 
stimulate plant growth at low concentrations (Farooq et al. 2013). The inhibitory 
aspect of allelopathy has great potential for weed suppression in sustainable crop 
production systems (Cheema et al. 2004; Narwal and Haouala 2013; Jabran et al. 
2015). These allelochemicals could be released in the form of root exudates or vola-
tiles directly from the living plants or may be expressed in the form of leachates 
from plant residues or decaying parts (Farooq et al. 2013). Therefore, the allelo-
pathic effects of different crops can be exploited for weed management by (i) using 
the crop cultivars with superior allelopathic potential, (ii) using allelopathic crops as 
cover or inter-crops or simply by including them in rotations, (iii) mulching or resi-
due incorporation, and (iv) foliage application of allelopathic crop extracts 
(Bhowmik and Inderjit 2003; Farooq et al. 2013; Nawaz et al. 2014).

The use of allelopathy for weed management has been extensively studied and 
reported over the last three decades. Several studies have reported that weeds can be 
effectively managed through allelopathic effects of various field crops (Table 3). 
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Table 3 Weed suppressive potential of different allelopathic crops

Mode of application Weeds suppressed
Crops 
benefited References

Allelopathic cultivars
Rice E. crus-galli, E. colona Rice Masum et al. 2016
Allelopathic extracts
Sorghum C. album, C. arvensis, 

C. dactylon, Cyperus iria L., 
C. rotundus, E. colona, 
P. minor, R. dentatus, 
T. portulacastrum

Cotton, 
mungbean, 
rice, wheat

Cheema and Khaliq 
(2000), Cheema et al. 
(2001, 2002) and Wazir 
et al. (2011)

Sunflower A. fatua, Melilotus officinalis 
(L.) Lam., P. minor, Rumex 
obtusifolius L.

Wheat Cheema et al. (2003) 
and Naseem et al. 
(2010)

Sorghum + 
Sunflower, Sorghum 
+ Canola, Sorghum + 
Tobacco (Nicotiana 
tabacum L.)

A. fatua, P. minor Wheat Jamil et al. (2009)

Soil incorporation of residues
Sorghum C. album, Fumaria officinalis 

L., P. minor, R. dentatus
Wheat Cheema and Khaliq 

(2000)
Sunflower + Canola + 
Rice

T. portulacastrum Maize Khaliq et al. (2010)

Mulching
Canola A. fatua Wheat Farooq et al. (2011a)
Sorghum C. arvensis, C. dactylon, 

C. rotundus, 
T. portulacastrum,

Cotton Cheema et al. (2000)

Cover crops
Rye Amaranthus spp., P. oleracea –a Nagabhushana et al. 

(2001)
Velvet bean [Mucuna 
pruriens (L.) DC.]

E. crus-galli – Peters et al. (2003)

Barley Digitaria ciliaris (Retz.) 
Koel.

– Farooq et al. (2011a)

Intercrops
Chickpea Anagallis arvensis L., 

A. fatua, Coronopus didymus 
(L.) Sm.

Wheat Banik et al. (2006)

Sorghum C. arvensis, 
T. portulacastrum

Cotton Iqbal et al. (2007)

Soybean C. rotundus Cotton Iqbal et al. (2007)
Crop rotations
Oat and pearl millet 
[Pennisetum glaucum 
(L.) R.Br.] in place of 
wheat

C. rotundus, E. crus-galli Rice Kobayashi et al. (2004)

Wheat Orobanche minor Sm. Red clover 
(Trifolium 
pretense L.)

Lins et al. (2006)

aData not available or applicable
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The allelopathic potential of several field crops including, different Brassica spp., 
wheat, maize, soybean, sunflower, rice, sorghum [Sorghum bicolor (L.) Moench], 
rye (Secale cereal L.) and buckwheat (Fagopyrum esculentum Moench.) has been 
explored in different ways to control noxious weeds in agro-ecosystems (Bhowmik 
and Doll 1982; Putnam et al. 1983; Weston 1996; Cheema and Khaliq 2000; Cheema 
et al. 2004; Jamil et al. 2009; Rehman et al. 2018). Imported residues (applied as 
surface mulch or incorporated shallowly) of maize, soybean and sunflower were 
effective in controlling early emerging weed species such as Amaranthus retroflexus 
L., C. album, and Galinsoga parviflora Cav. (Barker and Bhowmik 2001). However, 
using allelopathic cover crops or rotational crops for weed management is challeng-
ing in field applications. There are limitations in using cover crops for various crop-
ping systems. Delayed planting, delayed crop emergence, phytotoxic effects to 
major crop, and increased pest pressure are some of the limitations. Under the best 
management practices, it is possible to integrate allelopathic crop residues and 
chemical control strategies (such as pre- or post-emergence herbicides). Cover 
crops in general are killed to leave the crop residues on the soil surface to the fol-
lowing crop. In the majority of cases, herbicides are used to kill cover crops. Some 
crops such as oat and Brassica spp. when used as cover crops can be killed naturally 
by winter snow or severe frost (Putnam et al. 1983; Parish 1990). Residue from a 
fall-planted oat cover crop resulted in reduced herbicide use in the following spring 
in reduced-tillage maize (Bhowmik, 1992). However, oat cover crop residue did not 
make any impact in reducing herbicide treatments under the no-tillage system.

Significant research has been conducted to screen crop cultivars with high alle-
lopathic potential (Putnam et  al. 1983; Wu et  al. 1999; Olofsdotter et  al. 1995; 
Olofsdotter 2001). In general, monocot crop species have been searched for alle-
lopathy. Several members of the family Poaceae have been identified as allelopathic. 
Over the last two decades, rice accessions or cultivars have been extensively exam-
ined for their allelopathic activity in suppressing weed species (Dilday et al. 1994; 
Olofsdotter et al. 1995; Fischer et al. 1997; Kim et al. 1999; Olofsdotter 2001; Kato- 
Noguchi et al. 2008; Khanh et al. 2009; Masum et al. 2016, 2018). Salam and Kato- 
Noguchi (2009) compared the allelopathic activity among 102 modern and 
traditional cultivars and reported that BR17 (modern variety) was the most allelo-
pathic. The authors also reported that Kartiksail (an indigenous cultivar) might have 
a great inhibitory activity against Echinochloa crus-galli (L.) Beauv. Masum et al. 
(2016) screened 50 rice cultivars from Bangladesh for allelopathic activity against 
E. crus-galli and Echinochloa colona (L.) Link. It was reported that different culti-
vars caused 7–37% suppression of both weed species. Recently, Masum et al. (2018) 
identified four potential allelochemicals from four indigenous rice cultivars.

There are limitations for using allelochemicals for successful weed management. 
Some of these constraints in implementing natural products for effective weed 
 management include i) natural products have generally short half-lives, (ii) com-
pounds are present in very low concentration, (iii) narrow spectrum selectivity and 
(iv) high cost of production (Bhowmik and Inderjit 2003; Inderjit and Bhowmik 
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2004; Tharayil et al. 2008). Continued research on these areas is important and we 
must invest our resources in exploring allelopathy as a complimentary component 
in successful weed management practices.

3.2  Thermal Weed Control

The use of different technologies delivering the thermal energy to kill weeds has 
shown promise in sustainable crop production systems. This section will demon-
strate the practicability and suitability of the distinct heat sources for weed 
management.

3.2.1  Flaming

Flame weeding has been successfully used to control weeds. Of the several kinds of 
applicators, tractor-mounted flame weeder has been extensively used in this regard. 
Ascard (1994) tested the flame weeder under field conditions for 3 years to develop 
a dose-response relationship between applied liquid petroleum gas (LPG) doses and 
percent weed control. A total load of 159 kg LPG ha−1 was needed for 95% reduc-
tion in high density (607 plants m−2) of Sinapis alba L. at the 4–6 leaf stage (Ascard 
1994). This technique has an advantage over chemical application and can effec-
tively control herbicide-resistant weeds (Wszelaki et al. 2007; Ulloa et al. 2011).

3.2.2  Steaming and Solarisation

Soil steaming has been reconsidered for weed management in recent years. Sheet 
steaming is the most common steam applicator which involves covering of the soil 
with a heat resistance membrane. Saturated steam is pumped to penetrate soil sur-
face for weed control (Gay et al. 2010). The application of steam for 5 min achieved 
equilibrium in a temperature gradient, with a maximum threshold of 100 °C (Gay 
et al. 2010). With this exposure, the average weed density was less than 50 plants 
m−2 compared to un-steamed soil where it was 400 plants m−2. The authors pro-
posed that soil steaming can effectively control weeds and disinfect the soil; how-
ever, it requires sufficient energy investment for a steam generation.

Soil solarisation has also been reported to suppress soil-borne pathogens and 
weeds (McGovern et  al. 2013). The use of double-layer polyethylene sheets has 
increased the efficacy of this weed control method by increasing a temperature gra-
dient of 3–10 °C compared to a single layer sheet (Barakat and AL-Masri 2012). 
Solarisation can kill a wide range of weed species by breaking seed dormancy and 
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heating-induced devitalization of young seedlings. Soil solarisation is the best suit 
to IWM (McGovern et al. 2013).

3.2.3  Electrocuting

The use of electric current for soil disinfestation has long been proposed and 
attempted (Diprose et al. 1984). Electrical methods of killing weeds fall into two 
main types; spark discharge and direct contact, and either of these methods needs 
high voltages (20  kV) for effective weed control (Diprose and Benson 1984). 
Diprose et al. (1980) reported that short exposure (20 s) of the high alternating volt-
age of 5 kV can potentially kill annual weeds. Various plant species require a differ-
ent range of current; however, 0.5–1.0 A was enough threshold level for killing 
1.0–1.4 m high vegetation. A tractor-driven system with a capacity of 8 kV voltage 
and a covering speed of 1.6  km  ha−1 was found to kill 75% of weed flora. 
Electrocuting had been successfully used to kill weeds both in laboratory and field 
conditions and offers advantages over chemical and mechanical weed control meth-
ods (Diprose et al. 1980).

3.2.4  Radiations

Radiative heat transfer refers to electromagnetic energy transfer from adjacent hot 
material to the target (Brodie 2018). Infrared radiation systems use gas burners to 
heat up ceramic and metal surfaces, which then transfer the heat to the ground for 
disinfection scenarios. Parish (1990) identified that a “medium-wave tubular fused 
quartz infrared emitter” was an effective tool for weed management. Compared to 
flame weeder, there is no profound effect of wind on the infrared burners, and the 
target area coverage is much higher. In either burners, for 100% weed control, a 
total load of the 120 kg ha−1 of propane was required and relatively much higher 
temperature (1350 °C) was needed in case of flame weeder compared to the infrared 
radiator (770 °C) (Ascard, 1998). For efficient weed control, an energy density of 
200–400 kJ m−2 was needed in case of medium-wave infrared energy (Parish 1990).

Ultraviolet radiation falls in the range of 100–400 nm and can be distinguished 
into three groups based on wavelength (Brodie 2018). When plants are subjected to 
ultraviolet radiation, most of the energy obsorbed into the thin outer layer 
(0.1–0.2 mm) of plant tissues and, thus, results in heating of plant material in similar 
pattern to other thermal weed control methods like flame weeding (Andreasen et al. 
1999). Moreover, regrowth after ultraviolet radiation was observed by Andreasen 
et al. (1999), suggesting multiple treatments for effective weed control.
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3.2.5  Microwaves

Microwaves (MW) are non-ionizing electromagnetic waves occupying a frequency 
range of 300 MHz ˂  f ˂  300 GHz and the wavelength range of 1 mm ˂  λ ˂  1 m, respec-
tively (Banik et al. 2003). In several studies, the MW application has been proposed 
for pre- and post-emergence weed control. Wayland et al. (1973) buried permeable 
seed packets, imbibed for 10 h before burial, of wheat and radish up to 2.5 cm in 
Lufkin fine sandy loam soil (6.8% moisture content). Microwaves (1.5  kW; 
2.45 GHz) applied to soil via a stainless steel radiator. It was found that for a 50% 
seed mortality of wheat and radish, 100 J cm−2 and 180 J cm−2 MW energy, respec-
tively, was required. Sartorato et al. (2006) tested a MW-based (2.45 GHz; 900 W) 
weed control system in the field (loamy soil) on the suppression of Abutilon theo-
phrasti Medik. and Setaria viridis (L.) Beauv. The estimated MW dose of 
1015–3433  kJ  m−2 gave up to 90% reduction of A. theophrasti and S. viridis 
dry weight.

In Australia, Brodie et al. (2009) reported the complete reduction in the germina-
tion capacity of L. rigidum seedbank at 80–100  °C soil temperature, this was 
achieved with MW heating time of 12 min. This (8–12 min) exposure in the top 
0–5 cm of wet sandy soil completely inhibited the germination of L. rigidum. Brodie 
(2018) reported that the post-emergence application of 400–500  J  cm−2 killed 
L. rigidum, E. crus-galli, Conyza canadensis (L.) Cronq. and Malva parviflora L. In 
addition, the field test of prototype MW weed control device killer, reduced 
(60–80%) the weed establishment in rice crop and sustained crop productivity. 
Khan et al. (2017) applied microwave energy of 560 J cm−2 via open structured horn 
antenna (aperture dimensions: 110 × 55 mm) for weed suppression in temperate rice 
crop before crop planting. This energy application achieved a maximum tempera-
ture of 80  °C and ultimately reduced the weed pressure by up to 70–80%. 
Additionally, Khan et  al. (2018) tested the pre-sowing effect of microwave soil 
treatment for weed suppression in the dryland wheat production system of Australia. 
It was found that the temperature range of 70–80 °C significantly reduced weed 
establishment under field conditions.

3.3  Precision Weed Management

Precision agriculture is becoming increasingly popular with the advancements in 
the fields of remote sensing, modelling, robotics and artificial intelligence 
(Westwood et al. 2018). These modern technologies also offer viable weed manage-
ment options for sustainable agriculture (Bajwa et al. 2015). Modelling techniques 
help to estimate the weed infestation levels and to determine the weed dynamics in 
a particular field. Modelling the population dynamics and the efficacy of control 
measures has become a strong tool for precision weed management in sustainable 
agriculture (Freckleton and Stephens 2009). There are several models available to 
measure the weed populations and the efficacy of herbicides in actual field  scenarios, 
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which help in decision making in weed management. Remote sensing is a powerful 
tool to mark the weed patches in the fields and then apply control options to specific 
sites (Medlin and Shaw 2000). Weed mapping based on high-resolution imagery 
and remote sensing aided by modelling approaches is a precise way to tackle weeds 
on a broad scale (Thorp and Tian 2004). These methods are not only time, labour 
and resource efficient but also have minimal environmental footprints. Unmanned 
aerial vehicles have been used successfully in taking remote images of different 
weeds in different row crops (Torres-Sánchez et al. 2013).

The precise digital surveillance, identification and mapping of weeds have paved 
the way for a highly efficient and precise weed control through robots (Young et al. 
2014). Robotic weed control is a real time integration of sensing and mechanical 
technologies (Slaughter et al. 2008). There are already some success stories such as 
See & Spray robotic weed management technology. Such high-tech systems sense 
and identify weeds with extreme precision and then spot spray them in real time in 
fallow lands and row crops (Westwood et al. 2018). These systems also have the 
ability to identify a specific problematic weed species such as Amaranthus palmeri 
S. Wats. and only spray that. Similarly, machine vision has also been used success-
fully to aid the robots to kill weeds mechanically or by thermal methods (Astrand 
and Baerveldt 2002; Blasco et al. 2002).

Precision tools are undoubtedly the future of sustainable weed management 
being efficient and eco-friendly (Westwood et al. 2018). However, these technolo-
gies are very expensive and still need fine tuning to be used in diverse crop produc-
tion systems. 

3.4  Harvest Weed Seed Control

Herbicide weed seed control (HWSC) is an innovative system developed in Australia 
where the herbicide resistance threatened the future of highly productive conserva-
tion cropping systems that relied almost entirely on chemical weed control. This 
was substantial motivation for growers to develop alternate systems that can be used 
within conservation cropping systems. Therefore, systems were developed that tar-
get the weed seed passing through the harvester during harvesting (Walsh et  al. 
2013). In Australia, researchers have optimized HWSC systems  over the last 
20 years and now this technology is being rapidly adopted. A major portion of weed 
seeds (e.g. > 95% for L. rigidum), collected during harvest, exit the combine in the 
chaff fraction of the harvest residues (Walsh and Powles 2007; Broster et al. 2016). 
The residue-dispersal systems on modern combines effectively redistribute the 
weed seeds across the field during harvest. This process exacerbates the weed con-
trol problems by further spreading the resistant seeds of weed populations. Due to 
this reason, chaff material became the focus of innovative Australian growers when 
they began the development of HWSC systems.
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3.4.1  Chaff Carts

Chaff carts were the first HWSC tools to be introduced in Australia in the 1980s. 
This system consists of a trailing cart attached to the rear of the harvester to collect 
chaff material during harvest (Fig. 2a). Chaff cart collection systems can collect and 
remove high proportions of A. fatua, L. rigidum and Raphanus raphanistrum 
L. seeds during harvest (Shirtliffe and Entz 2005; Walsh and Powles 2007). Because 
of the large volume of chaff produced during harvest, this residue fraction is typi-
cally placed in piles, lined up across the field (Fig. 2b) in preparation for subsequent 
burning to destroy the weed seeds. This chaff material can also be used to graze or 
feed the livestock (Table 4).

3.4.2  Narrow Windrow Burning

First used in the mid-1990s, narrow windrow burning was developed as an inexpen-
sive and simple approach to HWSC. This system involves the attachment of a chute 
to the rear of the harvester that, during harvest, concentrates the chaff into a narrow- 
windrow (50–60 cm wide). These windrows are later burnt when weather is suitable 
to contain the fire within the windrows. Windrow burning has higher temperature 
and burning duration due to concentrated chaff and straw compared to a typical 
whole field burn (Walsh and Newman 2007). The simplicity and efficacy of this 
approach to HWSC has led to its widespread adoption in Australia (Table 4; Walsh 
et al. 2017).

Fig. 2 (a) Chaff cart system operating in wheat crop harvest in Australia and (b) resulting chaff 
piles across the field that will be later managed to destroy weed seeds
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Table 4 The disadvantages and advantages associated with the use of currently available HWSC 
systems

HWSC system Disadvantages

Advantages (in 
addition to weed seed 
control)

Chaff cart Cart and transfer system need to be attached to and 
towed by the harvester.

Collection of a 
valuable source of 
livestock feedManagement (burning/grazing/removal) of collected 

chaff to ensure weed seed control can be time 
consuming, with chaff burning a fire risk in cereal 
stubbles.
Chaff management results in the loss of organic 
matter and nutrients from across the field.

Narrow windrow 
burning

Burning windrows is time consuming and a Easy to attach a chute 
and use during harvest
Inexpensive and 
simple to manufacture 
chutes

Significant fire risk in cereal stubbles.
Concentration of straw and chaff residues in 
windrows results in the removal of nutrients and 
organic matter from across the field

Bale direct 
system

Baler is attached to and powered by harvester Baled straw and chaff 
material is a 
marketable livestock 
feed

Comparatively expensive

Removal of nutrients and organic matter in the 
baled material

Stubble removal 
allows easier crop 
planting

Chaff lining and 
tramlining

Allows some weed seed survival in low chaff or 
disturbed chaff line areas

Can create chaff lines 
with easy to attach 
chutes
Simple and 
inexpensive to 
manufacture chutes
Chaff on tramlines 
reduces vehicle dust 
during spraying

Concentration of chaff material into narrow rows 
results in removal of nutrients and organic matter 
from across the field.
Build-up of chaff material placed on dedicated lines

Impact mills (e.g. 
HSD, iHSD, seed 
terminator)

Attached to and powered by harvester Allows retention of all 
crop residues

Processing chaff creates additional dust during 
harvest

No after harvest 
management of 
residuesComparatively expensive
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3.4.3  Bale Direct System

This system was developed in the early 2000s to realise a commercial opportunity 
of using the baled harvest residues for livestock feed. It has a large square baler 
trailing and powered by the combine that makes bales from the chaff and straw resi-
dues. It works to capture weed seeds and bale the residues for livestock feed. Bale 
direct system captured >95% seeds of L. rigidum at the harvest and therefore, pre-
vented the seedbank build-up of this noxious weed (Walsh and Powles 2007). This 
approach is suitable for use in the fields where high straw residue levels impede 
subsequent crop planting. A large amount of baled material is produced during crop 
harvest, e.g. ~ 2 t ha−1 for every 1 t ha−1 of harvested grain, therefore securing a 
market for this material is critical (Table 4).

3.4.4  Chaff Impact Mills

Since the initial development of HWSC, there has been the demand for a system 
that controls weed seeds during grain harvest without the need for follow-up opera-
tions. In 2005, the development began on the Harrington Seed Destructor (HSD; 
Fig. 3a), a trailer mounted cage mill, with chaff and straw transfer systems, and a 
diesel motor as a power source. Although the HSD had proven weed seed destruc-
tion efficacy, the demand was for a harvester integrated system. Subsequently, the 
integrated HSD (iHSD; Fig. 3b) and seed terminator have been developed and com-
mercially released. Extensive testing of the iHSD has proven its seed destruction 
efficacy on a range of weed species (Table 5).

3.4.5  Chaff Lining and Chaff Tramlining

The confinement of the weed seed bearing chaff material into narrow (20–30 cm) 
rows on dedicated wheel tracks (Chaff tramlining) or between stubble rows (chaff 
lining) during harvest was developed by Western Australian growers in the 

Fig. 3 (a) HSD and (b) iHSD systems developed for chaff processing and weed seed destruction 
during harvest
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mid- 2000s. In this approach, collected weed seeds are placed in an inhospitable 
environment where the combination of physical and chemical influences of the 
chaff material prevent the germination and emergence of weed seeds. Chaff rows 
are established by a chute attached on the rear of the combine that concentrate chaff 
material into narrow rows. The placement of chaff material on tramlines has the 
added advantage of reducing the amount of dust, created by vehicle movement dur-
ing summer spraying, which can interfere with herbicide efficacy (Table 4).

The HWSC systems have evolved considerably since they were first introduced 
about 30 years ago. As the adoption of HWSC systems continues to grow there will 
be the increasing demand for more refined systems that are easier to use and have 
minimal impact on harvest efficiency as well as maintaining weed control efficacy. 
Estimates are that HWSC will grow from 42% in 2014 to 82% adoption by 2019, 
indicating a strong demand for a range of HWSC systems.

4  The Role of Herbicides in Sustainable Weed Management

Chemical weed control is the most efficient, economical and adopted method of 
weed management. However, the increasing problems of herbicide resistance, envi-
ronmental pollution, health issues and off-target application are making this option 
less suitable (Liebman et al. 2016). Although different non-chemical weed control 
methods enlisted above are best fit for sustainable crop production, herbicides can-
not be abandoned completely due to lower efficacy of other methods. Therefore, it 
would be unrealistic to say that herbicides have no place in sustainable agriculture 
at present and in the near future. In fact, herbicides are essential to manage weeds 
on a large scale in order to secure crop yields. These chemicals have served human-
ity a great deal during the last 40 years, but the reliance on herbicides has led to the 

Table 5 Individual seed 
weight and percent seed 
destruction of 11 weed 
species by Integrated 
Harrington Seed Destructor 
in Australia

Weed species
Seed weight 
(mg/seed)

Seed kill 
(%)a

L. rigidum 2.8 96 (0.9)
Avena spp. 26.8 99 (0.1)
R. raphanistrum 5.2 99 (0.1)
Hordeum glaucum Steud. 10.0 99 (0.1)
Bromus spp. 15.7 98 (1.0)
Echinochloa spp. 2.2 99 (0.8)
Sisymbrium orientale Torn. 0.20 99 (0.4)
Conyza bonariensis (L.) Cronq. 0.05 99 (0.2)
Chloris truncata R. Br. 0.28 97 (0.4)
Sonchus oleraceus L. 0.33 99 (0.5)
Chloris virgata Sw. 0.33 98 (0.3)

aFigures in brackets are the standard errors for the mean of 
eight replicates (Walsh et al. 2018)
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development of herbicide resistance and environmental concerns (Westwood et al. 
2018). For instance, the consistent use of herbicides with the same mode of action 
over a long period of time increased the selection pressure and the evolution of 
resistance in weeds (Mortensen et al. 2012). Similarly, mono-cropping encouraged 
the use of the same herbicides repeatedly leading to similar consequences. The use 
of herbicides in isolation, without integrating other suitable weed control methods 
has not been sustainable.

The future of herbicides lies in their judicious and integrated use in order to pre-
serve the existing chemistry (Westwood et al. 2018). For example, glyphosate is a 
“one in a century” discovery, but we are losing this great chemical to widespread 
resistance across the globe (Mortensen et al. 2012). Still, efforts to minimize and 
optimize the use of glyphosate can preserve this herbicide for more targeted appli-
cations in future. Farmers must be educated and encouraged to use herbicides 
according to the local recommendations, keeping in view the long-term sustainabil-
ity of the system and environmental protection (Senseman and Grey 2014). 
Herbicides with different modes of action should be used in rotation within the 
same crops. The reliance on only herbicides should be ruled out by including diverse 
weed control methods in IWM strategies (Mortensen et al. 2012; Liebman et al. 
2016). On the other hand, research efforts need to expedited to discover new chemi-
cals with novel modes of action. These strategies may provide a durable solution for 
herbicide-related problems and keep herbicides as a viable and efficient weed con-
trol method in sustainable agriculture (Westwood et  al. 2018). Research effort 
should also be dedicated to reduce the off-target herbicide applications and the envi-
ronmental footprint of chemicals.

5  Conclusions and Future Directions

Sustainable weed management is strongly linked with the use of ecologically-based 
weed control methods. However, none of the methods discussed above is a silver 
bullet when it comes to reliable weed control and therefore, key to success is IWM 
(Jordan and Davis 2015;  Neve et  al. 2018). A mix of traditional and innovative 
approaches discussed in this chapter may provide a suitable IWM package for most 
of the crop production systems. It is important to choose the right methods and then 
finding a balance between typical herbicide weed control and cultural or ecological 
methods. The motivation to develop and adopt diverse IWM strategies necessitates 
the trans-disciplinary research focus, which is essential to achieve broader sustain-
ability goals (Neve et al. 2018; Westwood et al. 2018).

In future, weed management should be oriented around sustainability. Most of 
the cultural weed control practices such as crop rotations, cover crops and ground 
cover techniques should be revisited in relation to the changing crop production 
systems. The reduction of the weed seedbank should be a prime goal as is the con-
trol of above-ground weed infestations (Norsworthy et al. 2018). Research should 
also be focused on developing innovative weed control tools with lowest possible 
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environmental footprint. For instance, crop cultivars with more competition ability 
and higher allelopathic potential should be developed. Research efforts should be 
expedited in the areas of modelling, robotics and thermal weed control. Researchers 
should endeavour to develop true IWM packages (1) by introducing non- 
conventional crops into the cropping systems which may provide effective weed 
control, (2) by introducing site-specific weed control technologies, (3) by testing the 
right combinations of management tactics, and (4) by evaluating the efficacy of 
cultural, mechanical or ecological weed control methods. Work on technology 
adoption is also crucial in this regard. Multidisciplinary research should focus on 
the adoption of advanced weed management tools such as HWSC, robotic weed 
control and thermal weed control across the world. Research in relatively neglected 
areas such as the biology and management of invasive weed species should also be 
accelerated. Moreover, the research investigating the role and impact of globaliza-
tion and climate change on weed biology, dispersal and management should be 
prioritized.
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tion practice and desire of food security from ubiquitous insects. They are also 
regarded by some as the main competitors of humans for dominance on the earth. 
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global implementation of these practices has been slow down due to different fac-
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1  Introduction

Insects belong to phylum arthropoda of kingdom Animalia. They have been evolv-
ing from about 350 million years, compared to human beings (2 million years). They 
are remarkable biological organisms and regarded by some as the main competitors 
of humans for dominance on the earth. Humans depend on insects in many ways like 
crop pollination, honey and silk production, organic matter decomposition and car-
bon recycling, and various other vital ecological roles. Honey bees estimated annual 
contribution in crop production is US$ 15 billion in the United States alone. 
Similarly, the total estimated pollination services globally exceed US$200 billion 
for one hundred crops used directly for human food. In addition, the predators and 
parasitic wasps controlling other pests often go unrecognized but worth billions of 
US$ annually (Gullan and Cranston 2014). Therefore, insects are inevitable for 
human survival on earth. In spite of benefits, insects have been of greatest concerns 
to human race by causing negative impact on their valuable resources. Among the 
one million described species of insect pests, more than 10,000 species are involved 
in food losses and considered as major pests (Dhaliwal et al. 2007). The estimated 
global annual loss of major crops (cotton, wheat, rice, maize, soyabeen, potatoes) 
due to insect pests ranges from 7.9% to 15.2% (Dhaliwal et al. 2010). The crop dam-
age percentage increases in developing countries due to the lack of knowledge and 
availability of new technologies for the management of insect pests.

The insect pest management is an essential part of agriculture to compensate the 
ever increasing food demands of humans. Therefore, the prime-most objective of all 
countries is the increase in food production. The annual increase in world popula-
tion is around 97 million per year. In this way, the world population is likely to grow 
from 7.6 billion to nearly 10 billion by 2050 and further predicted to be 11.2 billion 
by the end of this century (UN 2017; Saravi and Shokrzadeh 2011). Similarly, it is 
predicted by Food and Agricultural Organization the United Nations that to keep 
pace with the demand of increasing population, the world food production needs to 
increase by seventy percent. Therefore, the existing agricultural systems are under 
tremendous pressure of ever increasing global population and its food requirements 
from the same current resources (Saravi and Shokrzadeh 2011). The pests of agri-
cultural crops are actually the bottlenecks for the increase in world food production 
and the insect pests are of prime importance. Before the introduction of synthetic 
chemicals, different sustainable practices (cultural, mechanical, and physical con-
trol strategies etc.) were used to manage these insect pests in the process of increas-
ing crop production.

Previously, the agriculture intensification investments were often increasing in 
external inputs of fertilizers and synthetic chemicals. The toxic residues, pest resis-
tance, secondary pest outbreaks, and pest resurgence are the four major glitches 
encountered with conventional chemical pesticides. It has been reported that more 
than 90% of the arthropod species (Sukhoruchenko and Dolzhenko 2008) with 
resistant populations belong to Lepidoptera (15%), Diptera (35%), Coleoptera 
(14%), Hemiptera (14%). Similarly, the microbial community is also essential for 
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better yield of crops as reported by Allison and Martiny that microbial organisms 
are sensitive to nitrogen (N), phosphorus (P), and potassium (K) fertilization 
(Allison and Martiny 2008). In addition, similar to pesticides the concept of mono-
culture or clean culture crop cultivation also has negative impact on biodiversity, 
insect pest natural enemies and other non-target organisms.

In agricultural systems, the basic principle for undesired variables management 
is similar to other systems, including the human body and social systems. The direct 
application of a corrective measure for an undesired entity never produces sustain-
able desired effects. Instead, as a matter of fundamental principle, external counter 
force application into a system can be effective only for short term relief from the 
problem. The sustainable and long term solutions should be achieved through 
restructuring the system. Therefore, the underpinning for pest management approach 
should be a full composite of innate plant defenses, plant mixtures, soil, pest natural 
enemies, and other components of the agricultural system. These natural “built in” 
managers are interconnected and renewable in sustainable manner. The “treat-the- 
symptoms” approaches like synthetic chemicals and other tactics should be the last 
option of defense.

The conception of ‘insect pest’ has ascended from human crop cultivation prac-
tice and desire of food security from ubiquitous insects. A pest management plan 
should constantly start with the question “Why is the pest a pest?” and in response, 
it should seek weaknesses of the cultivation system and poor agronomic practice (s) 
that allowed organism (s) to stretch pest status and finally address underlying issues 
to manage that pest (s). However, the global implementation of these practices has 
been slow down due to lack of knowledge, limited technical capacity, dearth of 
priority in agriculture sector and low demand by small land holder farmers. The 
sustainable pest management system enhances those pest management methods that 
support crop production sustainability and do not pose risk to farmers’ incomes, 
health and environment. Therefore, the current chapter will discuss the factors 
affecting insect-pest management and their management. The role of stakeholders 
including academia, industry, research institutes, farmers, government agencies, 
etc. regarding legislation of crop production and protection, natural enemies conser-
vation, genetically modified crops management, resistance management etc., is also 
highlighted. Finally, the chapter will focus the recent investments in crop produc-
tion which are based on economically sound, socially acceptable, and environment 
friendly inputs. In this context, IPM, ICM and IRM are considered comprehensive 
agricultural practices that help to reduce crop yield losses while protecting environ-
ment as well as human health.

2  Issues of Sustainable Insect-Pest Management

Insects are ubiquitous in nature and known as most successful animals on planet 
earth due to several aspects like diversification, high reproductive potential, mal-
leable exoskeleton and metamorphosis etc. The sustainable management of insect 
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pests is quite difficult task due to both biotic and abiotic factors mainly climate 
change, biodiversity management, misuse of resources, and most importantly the 
resistance development against pesticides. Following are the major constraints for 
sustainable management of insect pests.

2.1  Climate Change

The ongoing changes in climatic conditions and regular weather effects can alter 
development and dispersal of different insect species. It is evident that fluctuations 
in surrounding temperature regimes are involved in modifications in development 
rates, insect survival, voltinism and consequently effect the size, density, genetic 
variability of populations and host plant interactions (Table 1) (Bale et al. 2002). 
The change in temperature thresholds is also pre-requisite for insect flight and can 
also vary among insect species, with season as well as with region. Black bean 
aphid (Aphis fabae Scopoli) require different temperatures for wing beating (6.5°C), 
horizontal flight (13°C), sustained upward flight (15°C) and for take-off (17°C) 
(Cockbain 1961). There might be both positive and negative reproduction and 
developmental responses of insects to temperature conditions. Some economically 
important multivoitine insects like bark beetle (Ips typographus L.) can get benefit 
by an earlier completion of life cycles and establishment of additional generations 
within a season due to increase in temperature (Jönsson et al. 2009). Increase in 
temperature frequencies can lead to decreased growth rates and fecundity for the 
multitude of species. The increased mortality rates are also observed due to increase 
in temperature. Similar effects (Operophthera brumata L., Epirrita autumnata 
Borkhausen and Lymantria dispar L.) are possible with decrease in temperature 
extremes (Moore and Allard 2008). The gradually changing climate scenario is 
likely to influence distribution and severity of crop pests and diseases (Oerke 2006), 
impact the sustainability of the crop production and protection system (Lamichhane 
et al. 2015), complicate the use of reduced-risk-pesticides (Hossard et al. 2014) and 
ultimately limit global food production (Foley et  al. 2011). Climate change may 
enhance the adaptability of pests in previously detrimental areas (Chakraborty 
2013) and accelerate spatio-temporal pest pressure due to resurgence and replace-
ment phenomena (Chakraborty and Newton 2011). Adaption of indigenous and 
exotic pest species to changing climate, better-adapted pest genotypes, lack of sta-
ble and predictable cropping system, resurged impact of pest status and their losses, 
comprehensive revision in plant health strategies, climate-resilient production and 
protection system, future legislation to increasingly stringent climate and human-
health concerns and augmented pressure on high-yielding cropping system and 
food-security are the major operational and practical challenges generated by cli-
mate change (Lamichhane et al. 2015).

No doubt, temperature is important for survival, growth, development, dispersal 
and voltinism but other factors like draught and precipitation also share a vital role 
in insect abundance. Overall, climate transformation might effects population 
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Table 1 Examples depicting impact of climate change on various life parameters of insects

Insect Technical name

Climate 
change 
associates

Effects and insect 
associated change References

Stinkbug in 
England and 
Japan

Acrosternumhilae (Say) Temperature 
increase of 
only 2 °C

Distribution range 
shifted to 300 km 
northward

Trumble 
and Butler 
(2009)

Mountain pine 
beetle in the 
USA and 
Canada

Dendroctonus ponderosae 
(Hopkins)

Temperature 
increase of 
only 2 °C

Distribution range 
shifted to 30–400 km 
northward

Logan and 
Powell 
(2001)

European corn 
borer

Ostrinia nubilalis 
(Hübner)

Temperature 
variation

Distribution range 
shifted to maize 
growing areas which 
previously free of 
infestation

Lamichhane 
et al. (2015)

Codling moth Cydia pomonella (L.) Temperature 
variation

Phenological changes 
occur and formerly 
univoltine species 
have become bi- or 
multivoltine

Stoeckli 
et al. (2012)

Aphid species Myzus ascalonicus 
(Doncaster)

Mild change 
in winter 
temperature

Survival and 
colonization patterns 
of aphids shifted 
from holocyclic to 
anholocyclic form

Radcliffe 
and 
Ragsdale 
(2002)

Aphids Brachycaudus helichrysi 
(Kaltenbach), Myzus 
persicae (Sulzer) and 
Sitobion avenae 
(Fabricius)

1°C rise in 
winter
Temperature

Radical change in 
migration phenology 
by 19 days

Zhou et al. 
(1995)

Potato psyllid Bactericera cockerelli 
(Sulc)

Warmer 
temperature 
of winter

Previously not 
establishing species 
since centuries has 
migrated, introduced, 
established and 
colonized 
successfully in 
California

Liu and 
Trumble 
(2007)

Poly voltine 
species of bark 
beetles

Ips typographus (L.) Temperature 
increase

Augmented 
development and 
reproduction rates, 
earlier completion of 
life cycle and 
establishment of 
additional 
generations

Jönsson 
et al. (2009)

(continued)
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Table 1 (continued)

Insect Technical name

Climate 
change 
associates

Effects and insect 
associated change References

Brown plant 
hopper and 
rice leaf folder

Nilaparvatha lugens 
(Stal) and 
Cnaphalocrocismedinalis 
(Guen)

Temperature 
increase

Declined survival 
rate, alteration in 
voltinism and 
changed geographical 
distribution

Karuppaiah 
and 
Sujayanad 
(2012)

Phloem- 
feeders, ants, 
chewing 
herbivores and 
parasitoids,

Leaf miner Elevated level 
of CO2

Reduction in 
abundance of 
phloem-feeders and 
ants, while increase 
in abundance of 
chewing herbivores 
and parasitoids,

Hillstrom 
and 
Lindroth 
(2008)

Ichneumonids, 
Brachonids 
and 
Chalcidoids 
parasitoids

Ichneumonoidea 
(Latrelle)

Elevated level 
of O3

41%, 33% and 26% 
reduction in 
abundance of 
Ichneumonids, 
Brachonids and 
Chalcidoids, 
respectively

Several 
butterflies, 
beetles, 
dragonflies 
and 
grasshoppers

Carterocephalus 
palaemon (Pallas)

Isothermal 
shift (increase 
in 
temperature)

Expansion in their 
geographical range to 
higher latitudes and 
altitudes

Parmesan 
et al. (1999)

Migratory 
butterflies in 
Europe

Isothermal 
shift (increase 
in 
temperature)

≈ 60% of non- 
migratory butterflies 
in Europe have 
extended their 
geographical 
distributions by 
35–240 km 
northwards

Monophagous 
butterfly

Boloria titania (Esper) Climate 
changes in 
term of 
temperature 
increase

Incongruity in 
synchronization and 
disturbance in trophic 
interactions between 
B. titania and its 
larval host plant 
Polygonum bistorta

Schweiger 
et al. (2008)

(continued)
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Table 1 (continued)

Insect Technical name

Climate 
change 
associates

Effects and insect 
associated change References

Winter moth Operophtera brumata (L.) Climate 
changes in 
term of 
temperature 
increase

Asynchronization in 
insect-plant and 
disturbance in their 
trophic interactions 
eg. egg hatching (> 
90%) before oak 
(Quercus robur) bud 
burst

Visser and 
Holleman 
(2001)

Marsh 
fritillary 
butterfly and 
its parasitoid

Euphydrias aurinia 
(Rottermburg) and 
Cotesia bignellii 
(Marshal)

Climate 
change 
(increase in 
temperatue)

Decrease in 
developmental times 
of the host
Alteration in 
dynamics of 
host-parasitoid 
system and 
synchronization 
host-parasitoid 
interactions

Klapwijk 
et al. (2010)

Herbivore, 
pollinators, 
seed- 
dispersing 
insects

Plutella xylostella (L.) 
and the generalist 
predator Podisus 
maculiventris (Say)

Changes in 
temperature, 
rainfall 
patterns and 
atmospheric 
concentration 
of gases

Positive and negative 
insect-plant 
interactions; 2–3 fold 
increase in emission 
in plant volatile 
organic compounds 
(VOCs) (such as 
methyl jasmonate or 
methyl salicylate), 
more fragrant 
environment, 
reduction in future 
herbivory rates and 
disruption in 
pollination and 
seed-dispersal 
causing reduction in 
reproduction and 
fitness of plants

Constable 
et al. 
(1999); 
Penuelas 
and Staudt 
(2010)

Parasitoid 
wasp

Cotesia marginiventris 
(Cresson)

Increasing 
temperature

Effects on fecundity 
and 90% reduction of 
off-spring production

Dukes and 
Mooney 
(1999)

Argentine ants Linepithema humile 
(Mayr)

Increasing 
temperature

Distribution 
dissemination to 
northward and 
fecundity disruption 
of more inborn ant 
species

(continued)
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Table 1 (continued)

Insect Technical name

Climate 
change 
associates

Effects and insect 
associated change References

Spruce 
budworm

Choristoneura fumiferana 
(Clemens)

Increasing 
temperature

50% increase in 
fecundity

Régnière 
(1983)

Moth in 
Norway birch 
forests

Argyresthia retinella 
(Zeller)

High 
temperatures 
and droughts

Severe outbreak of 
epizootics

Tenow et al. 
(1999)

Winter moth Operophtera brumata 
(L.)

High 
temperatures

Increased epizootic 
and range in in 
Norway birch forests

Hagen et al. 
(2007)

Pine 
processionary

Thaumetopoea 
pityocampa (Denis & 
Schiffermüller)

Warmer 
winters due to 
rising 
temperatures

Epizootics outbreak 
on Scot pine

Buffo et al. 
(2007)

Oak dieback 
disease and 
ambrosia 
beetle

Platypus quercivorus 
(Murayama)

Global 
warming

Increase in range of 
ambrosia beetle and 
epidemic outbreak of 
oak dieback disease 
in Japan due to 
encounter of beetle 
with fungus.

Kamata 
et al. (2002)

European pine 
sawfly and 
shoot beetle

Neodiprion sertifer 
(Geoffroy) and Tomicus 
destruens (Wollaston)

Global 
warming

Epizootics outbreak 
and severe damage 
on pines

Faccoli 
(2007)

dynamics of insect pests differently in different agro-ecological zones and agro- 
ecosystems. Therefore, it is obligatory to understand and address these issues 
through more research on different aspects (metabolic alterations, prediction mod-
els, evolutionary changes) of insect pests.

2.2  Insecticide Resistance

The indiscriminate use of pesticides posed a major challenge to the targeted pests by 
forcing them to either disperse to novel environment and/or adapt newfangled con-
ditions. Such adaptations could be attributed as gene mutation, alteration in popula-
tion growth rates, and escalation of generations etc., which ultimately cause pest 
resurgence and pest resistant incidents. Pest resistance can be defined as “Heritable 
change in the sensitivity of a pest population that is reflected in the repeated failure 
of a product to achieve the expected level of control when used according to the 
label recommendation for that pest species” (IRAC 2013). The development of pes-
ticide resistance is a most serious bottleneck in the sustainable pest management 
because resistant individuals continue to reproduce and eventually become the dom-
inant part of the population with the passage of time. In 2001, the estimated number 
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of resistant insects and mites was around 700 which were calculated 600 by the end 
of 1990 and this trend is likely to be continued. Pesticide resistance has been 
reported against a number of insecticide groups. According to Rai and Ingle (2012), 
a large number of weed species (270), plant pathogens (150) and insect species 
(more than 500) acquired resistance against herbicides, fungicides and insecticides 
respectively (Rai and Ingle 2012). There are many insect species who developed 
resistance against oganochlorine insecticides like cyclodiene (291 species) and 
DDT (263 species). Similarly resistance has been found in other insecticide groups 
e.g., 260 species have developed resistance against organophosphates followed by 
carbamates (85 species), pyrethroids (48 species) and fumigants (12 species) 
(Dhaliwal et  al. 2006). Almost 330 cases of imidacloprid resistance have been 
reported by APRD (Arthropod Pesticide Resistance Database) followed thiameth-
oxam (130 cases) and acetamiprid (50 cases) resistance (Bass et  al. 2015). The 
insect pests who showed resistance was mainly white fly (Bemisia tabaci Gennadius) 
followed by the green peach aphid (Myzus persicae Sulzer), the cotton aphid (Aphis 
gossypii Glover) and the rice brown plant hopper (Nilaparvata lugens Stål). The 
genetically modified crops with insecticidal toxins from Bacillus thuringiensis (Bt) 
showed resistant against a number of insect pests. But some reports (Tabashnik 
et al. 2003) showed resistance development in major insect pests like diamondback 
moth (Plutella xylostella L), pink bollworm (Pectinophora gossypiella Saunders) 
and American bollworm (Helicoverpa armigera Hübner). Some examples of resis-
tance development in insect pests of economically important crops are given in 
Table 2. Thus, the issue of insecticide resistance always causes pressure to develop 
novel compounds to avoid resistant development in insect pests. Therefore, every 
year around one million insecticidal compounds have been screened out (Resh and 
Cardé 2009) for better management of insect pests.

2.3  Pest Resurgence

Besides resistance development, the pest resurgence is another phenomenon which 
hampers the efforts of sustainable pest management. Pest resurgence is known to 
occur due to many reasons (Dhaliwal et al. 2006) but the use of broad spectrum and 
persistent pesticides is considered as leading cause because of their toxic effect on 
non-target organism especially the insect natural enemies. In literature, many 
pesticide- induced pest outbreaks have been reported (Gill and Garg 2014) but brown 
plant hopper (Nilaparvata lugens Stal) outbreak in rice gained major importance. 
Generally, BPH population was kept under control by different entomophagous 
insects (mirid bugs, ladybird beetles, spiders) but pesticide exposure destroyed the 
BHP natural enemies. Pesticides influenced the fecundity of females (Wang et al. 
2010) which further enhanced BHP resurgence. The other examples of pest resur-
gence are bed bug (Cimex lectularius Latreille) and cotton bollworm (Helicoverpa 
armigera Hübner) which occur due to indiscriminate use of pesticides and resis-
tance development (Davies et al. 2012; Mironidis et al. 2013).
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Table 2 Incidence of insecticide resistance development in insect pests of economically important 
crops

C. Name T. Name Family & order Insecticide Crop Reference

Cotton 
leaf 
hopper

Amrasca 
devastans 
(Dist.)

Hemiptera: 
Cicadellidae

Neonicotinoids Cotton Rabia et al. 
(2017)

Dusky 
Cotton 
Bug

Oxycarenus 
byalinipennis 
(Costa)

Hemiptera: 
Lygaeidae

Pyrethroids, 
organophosphate, 
spinosad, benzoate, 
nitenpyram and 
imidacloprid.

Cotton Ullah et al. 
(2016)

Cotton 
aphid

Aphis 
gossypii 
(Glover)

Hemiptera: 
Pseudococcidae

Neonicotinoid 
(thiamethoxam, 
acetamiprid and 
clothianidin)

Cotton Herron and 
Wilson 
(2011)

Cotton 
Whitefly

Bemisia 
tabaci 
(Gennadius)

Hemiptera: 
Aleyrodidae

lambda-cyhalothrin, 
cypermethrin, 
deltamethrin 
fenpropathrin

Cotton He et al. 
(2007)

Cowpea 
Aphid

Aphis 
craccivora 
(C.L. Koch)

Hemiptera: 
Aphididae

Malathion, 
chlorpyrifos, 
thiamethoxam and 
carbosulfan

Cowpea and 
pulses

Kandil et al. 
(2017)

Cabbage 
aphid

Brevicoryne 
brassicae 
(Linnaeus)

Hemiptera: 
Aphididae

Organophosphate, 
Neonicotinoids

Cabbage Ahmad and 
Akhtar 
(2013)

Cotton
Whitefly

Bemisia 
tabaci 
(Gennadius)

Hemiptera: 
aleyrodidae

Acetamiprid Cotton Basit et al. 
(2011)

Mustard 
Aphid

Lipaphis 
erysimi 
(Kalt.)

Hemiptera: 
Aphididae

neemarin Mustard Kumar et al. 
(2007)

Green 
peach 
aphid

Myzus 
persicae 
(Sulzer)

Hemiptera: 
Pseudococcidae

Pyrethroids, 
carbametes, 
organophosphate

Canola and 
cabbage

Needham 
and Sawicki 
(1971)

Spotted 
bollworm

Earias vittella 
(Fabricius)

Lepidoptera: 
noctuidae

Organophosphate, 
pyrethroid and 
biorational
Insecticides

Cotton and 
okra

Jan et al. 
(2015)

(continued)
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Table 2 (continued)

C. Name T. Name Family & order Insecticide Crop Reference

Cotton 
bollworm

Helicoverpa 
armigera 
(Hübner)

Lepidoptera: 
noctuidae

Endosulfan and 
chlorpyriphos

Cotton Kranthi et al. 
(2002)

Pink 
bollworm

Pectinophora 
gossypiella 
(Saunders)

Lepidoptera: 
noctuidae

Pyrethroids and 
endosulfan

Spotted 
bollworm

Earias vittella 
(Fabricius)

Lepidoptera: 
noctuidae

Cypermethrin

Tobacco 
caterpillar

Spodoptera 
litura 
(Fabricius)

Lepidoptera: 
noctuidae

Chlorpyriphos

Whitefly Bemisia 
tabaci 
(Gennadius)

Hemiptera: 
aleyrodidae

Cypermethrin

Cotton 
mealybug

Phenacoccus 
Solenopsis

Homoptera: 
pseudococcidae

Bifenthrin Cotton Mansoor 
et al. (2016)

Green 
peach 
aphid

Myzus 
persicae 
(Sulzer)

Hemiptera: 
Aphididae

Imidacloprid Nauen and 
elbert (2003)

Corn 
earworm

Helicoverpa 
zea (Boddie)

Lepidoptera: 
noctuidae

Pyrethroids Maize SEMINIS 
(2018)

European 
corn borer

Ostrinia 
nubilalis 
(Hubner)

Lepidoptera: 
crsmbidae

Pyrethroids

Fall army 
worm

Spodoptera 
frugiperda

Lepidoptera: 
noctuidae

Organophosphates 
or carbamate

Whitefly Bemisia 
tabaci 
(Gennadius)

Hemiptera: 
aleyrodidae

Neonicotinoid 
insecticide

Cotton, 
vegetables, 
and 
ornamental 
crops

Nauen and 
Denholm 
(2005)

Colorado 
potato 
beetle

Leptinotarsa 
decemlineata 
(Say)

Coleoptera: 
chrysomelidae

Neonicotinoid 
insecticide

Potato

Army 
worm

Spodoptera 
litura 
(Fabricius)

Lepidoptera: 
noctuidae

Emamectin and 
Indoxacarb

Multiple 
crops

Ahmad et al. 
(2008)

Whitefly 
(biotype 
Q)

Bemisia 
tabaci 
(Gennadius)

Hemiptera: 
aleyrodidae

Acetamiprid, 
Imidacloprid, and 
Thiamethoxam

cotton, 
vegetables, 
and 
ornamental 
crops

Luo et al. 
(2010)

Tomato 
leafminer

Tuta absoluta 
(Meyrick)

Lepidoptera: 
Gelechiidae

Abamectin tomator Lietti et al. 
(2005)

Anopheles 
spp.

Anopheles 
culicifacies 
(Giles)

Diptera: 
Culicidae

malathion Raghavendra 
et al. 1991

Stem 
borer

Chilo 
suppressalis 
(Walker)

Lepidoptera: 
Crambidae

Fipronil Rice Li et al. 
(2007)
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2.4  Pesticides Impact on Non-target Organisms

Biological control is an effective strategy for controlling arthropod pests. Natural 
enemies such as predators, parasitoids and entomopathogens have been utilized for 
crop pest management for centuries. Today the biological control schemes have 
been operated successfully across the globe for the management of pests in agricul-
ture, forestry and horticulture. But it is evident that the pesticides severely affect the 
non-target organisms especially predators, parasitoids, pollinators, earthworms, 
humans, birds, fishes, amphibians (Gill and Garg 2014). Unfortunately, biological 
control agents (parasitoids and predators) are most susceptible to negative effects of 
insecticides. These pesticides are severely affected their viability and efficiency to 
reduce the pest infestation. There are a number of studies which showed the nega-
tive impacts of pesticides on insect natural enemies. Ghananand et al. reported that 
spraying with cypermethrin and imidacloprid caused higher mortality of insect 
natural enemies. On the other hand, spraying with bio-pesticides and neem based 
insecticides were less toxic to coccinellids, braconid wasps and predatory spiders 
(Ghananand et al. 2011). Similarly, more number of arthropods such as coccinellids 
was present in non-sprayed fields compared to fields sprayed with insecticides and 
herbicides to control the insect pests (Amalin et  al. 2009). In addition, different 
pesticides may have different levels of toxic effects on natural enemies. The foliar 
application of spirotetramat, buprofezin and fipronil were significantly less toxic to 
insect natural enemies in comparison with imidacloprid, clothianidin, admire, thia-
methoxam and acetamiprid (Kumar et al. 2012).

2.5  Biodiversity

Before the introduction of synthetic insecticides in agriculture, the forces of poten-
tial creation (biotic potential) of insects and forces of potential destruction (environ-
mental resistance) were playing their roles to maintain a balance (biological 
equilibrium) among the insect population. The use of chemical insecticides caused 
a huge imbalance among phytophagous and entomophagous insect diversity. The 
practice of monoculture for crop production also caused effects on plant diversity 
similar to insecticides. Recent investigation revealed the negative impacts on the 
ecosystem biodiversity as well as the biological control of pests (Geiger et al. 2010). 
Plant biodiversity plays an important role in sustainable pest management. An anal-
ysis of 22 case studies dedicated plant diversity services for orchard pest control 
revealed positive impact on pest control (16 cases) or null (9 cases), but also nega-
tive (5 cases) (Simon et al. 2010). The negative impact could be due to many reasons 
which need further research to identify the processes involved at different levels of 
natural control. Therefore, the biodiversity management could yield effective con-
trol of insect pests on sustainable basis.
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The above mentioned issues are the bottlenecks for the sustainable pest manage-
ment of insect pests in different agro-ecosystems. The climate change impacts can 
be minimized by adapting innovative technological developments, modifications in 
farm production practices and financial management. In addition, the government 
programs and insurance policies are also important. The insecticide resistance and 
resurgence issues are addressable by integration of different pest control options 
like reduce risk pesticides, biopesticides, botanical insecticides, pheromones. 
Furthermore, the use of nanotechnology based nanopesticides also has potential to 
tackle the issues of pest resistance and resurgence. Similarly, the biodiversity and 
genetic diversity at farm level can be maintained by practicing zero tillage and con-
servation agriculture techniques for sustainable pest management of different agri-
cultural insect pests.

3  Pre-requisites of Sustainable Management of Insect Pests

Pest management is a two-strand approach which mainly relies on the knowledge of 
the strategy, pest biology and pest ecology in agroecosystem. The selection of 
appropriate pest control technology as well as its effective and efficient application 
mainly depends upon a comprehensive knowledge about it. The biological and eco-
logical knowledge of pest helps to determine the most appropriate procedure/
method (how), timing (when) and place (where) for effective use of any technology 
and economically effective management of any pest (Buurma 2008; Pedigo and 
Rice 2009).

The knowledge of various aspects of biology and ecology of pests lays the foun-
dation of an efficient and economical pest control strategy and is important for 
achieving key objectives of pest management. For examples, such kind of knowl-
edge reduces the threat of crop failure by endemic or epidemic pest outbreak. Such 
knowledge also strengthens the effectiveness of pest control strategies, reduces 
operational cost of technique used, enhances productivity and profitability by reduc-
ing the amount of inputs and ultimately eliminates or reduces the threats of environ-
mental degradation and hazards of human health (Norris et al. 2002; Pedigo and 
Rice 2009).

Integrated application of multiple and highly compatible tactics; reduction in 
number or effects of pest below defined economic decision levels (EIL and ETL); 
and conservation of environmental quality are the key characteristics/elements of 
sustainable pest management (Knipling 1979; Pedigo and Rice 2009). However, 
Geier (1966) suggests some supplementary characteristics/elements of sustainable 
pest management system that a pest management technology/system should be: (1) 
highly target specific i.e., very selective for pest and safe for non-target organisms; 
(2) Comprehensive and conducive for crop productivity (not be phytotoxic and 
enhance plant-growth and yield); (3) highly compatible with the key principles of 
ecology and (4) tolerant to potential pests but within economically tolerable limit. A 
comprehensive and practical knowledge of above-mentioned elements guarantees 
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the development of an ecofriendly, economical and efficient, crop production and 
protection program (Dhaliwal et al. 2006; Buurma 2008; Pedigo and Rice 2009; 
Alam 2010; Schowalter 2011).

Effective and sustainable insect pest management also depends on economic 
decision levels which are mandatory for determining the course of action, ensuring 
sensible pesticide application, reducing unacceptable economic damages, safe-
guarding the profits of producer and conserving the environmental quality in any 
pest situation (Knipling 1979; Inayatullah 1995; Alam 2010; Jha 2010).

3.1  Information of Insect Pest Biology

Various aspects of pest’s biology that can be helpful in devising efficient pest man-
agement strategies include:

• What kind of habitat does the pest prefer? (Darkness, indoor, outdoor, humid, 
warm, temperate, aquatic, terrestrial etc.)

• What kind of food does the pest prefer?
• What is the total life span of pest?
• What is longevity of incubation period of the pest?
• Where is different life stages found?
• What is the breeding place and season of the pest?
• What kind of behavior does the pest exhibit in its life? (Knipling 1979; Sorby 

et al. 2005; Dhaliwal et al. 2006; Pedigo and Rice 2009; Jha 2010)

An efficient, effective and successful management of insect pests is always 
founded on a comprehensive knowledge of the biology, morphology, internal 
 anatomy, behavior, growth (metamorphosis), life history and ecology of any insect 
pest. The morphological knowledge of an insect helps to develop an appropriate 
technology and selection of appropriate insecticide. Chemotropism based tech-
niques involving attractant or repellents have been developed for various insect 
pests. The development of such techniques depends upon knowledge about chemo-
receptors like, gustatory, olfactory, sensory receptors etc. Development and selec-
tion of color of light for light-traps depend on the knowledge of structural 
components and physiology of compound eyes of insects (Pedigo and Rice 2009) 
which provide information about the type of color which is highly attractive for any 
insect. For example, yellow sticky traps are used for the control of aphids as aphids 
are attracted to yellow color. The knowledge about the types of mouthparts of insect 
pests helps to decide that what type of insecticides should be selected for successful 
control of insect pests. For example, if the infesting insect pests have sucking type 
of mouthparts, then, insecticides with systemic and contact action will be the most 
appropriate selection of insecticides. Unlikely, if the infesting insect pests have 
chewing type of mouthparts then stomach poisons will give effective control. 
Unawareness of the knowledge of the mouthparts of insect pests leads to wrong 
selection of insecticides and ineffective management of insect pest in spite of invest-
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ment of money in form of insecticides application (Dhaliwal et al. 2006; Saha and 
Dhaliwal 2012).

Knowledge of internal anatomy and physiology is also very advantageous in 
devising pest management tactic. For example, so many insecticide molecules based 
on growth and development based hormones, peptides from sting gland of parasit-
oids and pheromones- having IGR or karomone activity have been discovered and 
their analogs have been synthesized for commercialization and management of 
insect pests. The knowledge of spiracle respiration can be helpful in controlling the 
insect pests with fumigation.

The knowledge of insect metamorphosis and its physiology provides so many 
useful cues about the weak links of insect growth stages and their activity periods 
and sites which if targeted can ensure effective management of any pest. Such 
knowledge can also be useful in synchronizing the timing of application of pest 
management tactics with weak-link or susceptible growth stage of insect; thus, ulti-
mately would be helpful in reducing blind use and application intensity of pesticide 
on crop. These facts would lay the foundation of decision on when, where and how 
to use available and recommended insecticides or other pest management tactics. 
Information on the metamorphic stages like, eggs, larvae/nymphs/naiads, pupae and 
adults of insects comprehend the facts that which stage is notorious, devastating and 
damaging one and which are not.

Incorporating pest controls at many different stages and limiting pests’ abilities 
in many small ways are the foundation of ecological pest management (Schowalter 
2011). Production systems that use ecological principles to imitate nature, along 
with multiple tactics and the right information, can: (i) synergize individual impacts 
of strategies when used together, (ii) reduce the risk of crop failure by distributing 
the burden of crop protection across many tactics, (iii) minimize environmental 
disruptions and threats to human health, (iv) slow the rate at which pests adapt or 
evolve resistance to a given management tactic because and reduce operating costs 
and ultimately improve profitability by minimizing inputs (Dhaliwal et  al. 2006; 
Pedigo and Rice 2009)

The study of the behavior of insects also laid the foundation of successful control 
of insect’s pests. Insect’s behavioral studies figure out following important facts of 
their life that can be helpful in controlling them.

3.1.1  Egg Laying Behavior

The some insects are endophytic (fruit flies) and some are exophytic (most of the 
bollworms, borers etc.). Most of the insects deposit exposed eggs while some 
deposit the covered egg masses. Depending on egg laying behavior, pest manage-
ment tactic is decided to control insect pest at egg stage.
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3.1.2  Behavior of Newly Emerged Young Ones

The young ones of most of the borers just after hatching enter into the leaf whorls 
or stem of the plants, avoid the direct exposure of insecticides and become very dif-
ficult to kill with contact insecticides. Similarly, leaf miners just after hatching enter 
into the cortex tissues forming mines and cannot be controlled with contact insecti-
cides. Young ones as well as later instar larvae of cutworm remain hidden in cracks 
and crevices and insecticides direct application on plants during day time will not 
yield effective control. Their effective management can be ensured if chemigation 
of insecticides or bait application is employed.

3.1.3  Feeding Behavior in Young Ones

Feeding habit of insect pest also help in deciding the types of tactics and method of 
their application for effective management of any insect pest. The insect pest which 
prefer to feed underside the leaf can be controlled effectively by application of sys-
temic and translaminar insecticides. Similarly, borers (Insecta: Lepidoptera and 
Coleoptera) exhibit concealed feeding inside the stem which cannot be killed with 
contact insecticides; rather systemic insecticides will be the most appropriate borer 
management tactic.

3.1.4  Breeding Place

Nipping the evil in the bud for insect pests is possible only if their exact breeding 
sites are known. It is possible only through comprehensive studies of their biology. 
The breeding places of mosquitoes are stagnant water and their treatment with lar-
vicides, ovicides or oils help in controlling the breakout of adult population. 
Cockroaches breed in gutter or filthy places which should be targeted with insecti-
cides treatment for their management at bud/root level (breeding places) for termi-
nating their further population buildup and outbreak. For fruit flies, the breeding 
substrates are dropped fruits which should be collected and destroyed for their pop-
ulation management.

3.2  Insect Ecology

The study of insect ecology provides the conceptual and theoretical framework 
which offers the practical ground for the application of pest management discipline. 
Recent advances in understanding the complex effects of insects and their interac-
tions with other organisms on ecosystem services have influenced evaluation of the 
need for insect management (Schowalter 2011). The solution of insect problems 
majorly depends on ecological management which is considered as one of the 
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oldest, least expensive and ecologically the most compatible tactics. Ecological 
studies of insects help in identifying and exploiting the weak links of seasonal life 
cycle of insects. Such studies also help to explore the food and physical factors 
which impact insect’s life negatively. By manipulating of such factors unfavorable 
for insect survival, insect pest’s outbreak, population buildup and damage impacts 
can be avoided in an ecofriendly way (Pedigo and Rice 2009). Study of insect ecol-
ogy also laid the foundation of plant-insect pest-entomophagous insect interactions 
which help to frame out the pest management strategy for any insect pest. In vege-
table system, combining minimum tillage with cover crops and cover crop mulch 
creates enough biological diversity to pests. Such integrated practices resulted in 
conservation of field and increased beneficial insect populations 14 times higher 
than in the conventional fields. Leaving some undisturbed areas on a farm can help 
maintain the balance between beneficial and pest organisms. Many predators and 
parasites that attack crop pests thrive in the less-disturbed areas provided by hedge-
rows, weedy borders, woodlots and riparian buffers on the farm; in grassed alley-
ways in orchards and grassed waterways in field crops; and even in the small areas 
left between crop rows by zone tillage. Small sites allow natural enemies to persist 
and migrate into crop fields to keep pest populations in check. Maintenance of diver-
sity in agroecosystem based on ecological studies of insect life and then diversity 
maintained in the crops grown can reduce pest problems. Maintenance of dissimilar 
types of crops growing at various stages and under diverse management practices 
will results in an encounter of pests with a broader range of stresses, they will face 
difficulties in locating their hosts in both space and time and their resistance to con-
trol measures also will be hampered (Schillhorn et al. 1997; Pattison 2005).

Insect ecological studies also help to select various alternate host plants which 
can serve as trap and cover crops. Such crops, when intercropped or border- 
cultivated, not only recruit entomophagous insects in their battle against insect pests 
on major crops but also create a nice habitat for feeding and overwintering of ben-
eficial insects. The dandelion flowers serve as source of food for nectar- and 
 pollen- seeking insects before mowing them down. Insect ecological studies also 
laid the foundation of insect chemical ecology that yielded the discovery of so many 
semiochemials and their potential implementation in pest management program of 
so many insect pests (Pattison 2005). For example, discovery of pheromones 
(methyl euginol for fruit flies, gossyplure for pink bollworm etc.), allomones, kairo-
mones and synomones are based on insect chemical ecology studies (Dhaliwal and 
Arora 2003; Dhaliwal et al. 2006; Saha and Dhaliwal 2012).

3.3  Information of Control Methods

The various aspects of the knowledge of technology help to select and use an appro-
priate pest management tool (insecticides, equipment). The knowledge of biological 
aspects of pest life highlights the appropriate place (where), timing (when) and 
procedure/method (how) for efficient application of any technology as well as for 
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economically effective management of any pest (Buurma 2008; Pedigo and Rice 
2009). Various aspects of any technology which lead towards its proper and effec-
tive application (Pedigo and Rice 2009) are given below:

• Nature and type of technology
• Mode of its application (aerial, foliar, chemigation, baits, traps etc.)
• Bio/shelf life of the technology
• Equipment required for its application
• Factors affecting the performance of technology
• Compatibility with other management tactics
• Target specific or broad spectrum
• Mode of action

3.4  Economic Decision Levels

The decision staircase of pest management program shows that successful and sus-
tainable pest management depend on certain pillars that basically stand on the foun-
dation of six slabs (biology, ecology, threshold, models, sampling and taxonomy) 
and one of those is economic decision levels (thresholds). Economic decision levels 
(EDLs) are indispensible for devising and implementing insect pest management 
program in an effective and economical way (Dhaliwal and Arora 2003; Dhaliwal 
et al. 2006; Pedigo and Rice 2009). The comprehensive and true practical knowl-
edge of such decision levels ensure the sensible and timely use of insecticides 
because these levels highlight the exact density of insect population that may cause 
economic damage if insecticides are not used. An ignorance of these economic deci-
sion levels leads to ridiculous economic gaffes spending more cost on pest manage-
ment and crop protection. A comprehensive and proper knowledge, understanding 
and use of these economic decision levels can enhance the profit ratio of the growers 
and ensure the conservation of the environment and biodiversity (Knipling 1979; 
Inayatullah 1995; Pedigo and Rice 2009). Briefly, proper and sensible utilization of 
EDLs has following plus-points (Knipling 1979; Pedigo and Rice 2009):

 1. Sensible use of insecticides and avoidance from the indiscriminate use of 
insecticides

 2. Reduction in insecticides use
 3. Increase producer’s profit ratio
 4. Conserve natural biodiversity
 5. Conserve the environment quality
 6. Solution of some problems like ecological backlash (resistance, resurgence and 

replacement), pesticide residues and negative impacts on non-target organisms.

These EDLs include EIL (Economic Injury Level), ETL (Economic Threshold 
Level), GT (Gain Threshold) and DB (Damage Boundary). Among these, ETL is 
the practical operational level which is recommended to and being practiced by the 
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growers for making pest management decisions in many situations. ETL is mostly 
used for making decision about the strategic implementation of curative/therapeutic 
management tactics including insecticides.

3.5  Climate Change Management

Climate is changing due to global-warming associated with anthropogenic activities 
(Pachauri and Reisinger 2007). A comprehensive and long-term monitoring data 
and imperial-approach for feeding in modeling system is required to determine the 
impacts of climate change on distribution, outbreak, and dynamics of pests (Shaw 
and Osborne 2011). Gradual or abrupt increase in seasonal temperature, rise in the 
level of CO2 and higher precipitation intensity are the major climate change manip-
ulating factors (Pachauri and Reisinger 2007) which affect biology, development, 
physiology, epizootiology, phenology, distribution, invasion, population dynamics, 
(Willmer et al. 2000; Lamichhane et al. 2015), life history patterns, evolutionary 
adaptation (Bradshaw and Holzapfel 2011), distribution range (to suitable altitudes) 
(Parmesan 2006), and traveling speed (increases) (Aluja et al. 2011) of indigenous 
and invasive insects pest species (Fig. 1). Global changes also modify the host-pest- 
natural enemies’ synchronization and interactions (both bi- or tri-trophic interac-
tions), Synchronization in mutualistic interactions (pollination and seed dispersion) 
among species intensify losses potentials of pests (VanAsch and Visser 2007; 
Lamichhane et al. 2015), enhance adaptability of pest to changing climate (Trumble 
and Butler 2009), alter pest management protocols and strategies (low pesticide- 
residue IPM) and accelerate pest resistance buildup against control measure in prac-
tice (Lamichhane et al. 2015). A mild elevation in winter temperature due to climate 
change enhances the survival and colonization of previously low-temperature toler-
ant insect species which change their mode of reproduction from sexual to new 
asexual generation (Lamichhane et al. 2015). It has been reported that an increase 
of 2°C in temperature might result in 1–5 additional biological cycles per season in 
insects depending on insect species (Yamamura and Kiritani 1998).

Atmosphere enriched with CO2 and O3 influences plant quality, host plant selec-
tion and herbivory behavior of insects (Peltonem et al. 2006). Elevated ozone level 
in atmosphere indirectly influences insects by regulating insects associated bottom-
 up and top-down factors (Hillstrom and Lindroth 2008). Elevation in the level of 
CO2 and O3 will entirely change the insect community structure (abundance and 
diversity), population dynamics of hosts and biological control system due to sub-
stantial change in abiotic, bottom-up (resource concentrations) and top-down fac-
tors (predation, parasitism, pathogens etc.) (Dermody et  al. 2008; Hillstrom and 
Lindroth 2008). Changes in rainfall, hurricanes and flooding can affect food-web 
dynamics, herbivory patterns, and insect-plant interactions due to alteration in the 
biochemical based plant-defenses (Koptur et al. 2002; Angulo-Sandoval et al. 2004). 
Climate change can also affect the production of plant volatile organic compounds 
(VOCs) which will influence the positive (e.g., pollination and seed dispersal) to 
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negative (e.g., defenses against herbivory) insect-plant interactions (Penuelas and 
Staudt 2010).

3.5.1  Implications of Climate Change and Insect Pest Management

Agriculture and climate resilient sustainable pest management is crucial for sustain-
ability of any pest management program. This imperativeness is attributed to the 
fact that climate change has been declared as one of the imperative factors which 
not only directly regulate agricultural productivity but also indirectly influence it by 
affecting regional and marginal distribution of indigenous and invasive pest species. 
Climate change also has significant effects on the biodiversity of pests, pollinators, 
crops and decomposers etc. It is, therefore, indispensable to execute modeling for 
biodiversity and climate change not only to devise climate resilient IPM but also to 
ensure sustainability of crop production and protection system (Fig.  2). Climate 
change has made the previously detrimental environmental conditions highly 

Fig. 1 Diagrammatic illustration of climate change impact on insect pest associated parameters 
including tri-trophic interaction, pest management practices, biotic potential, evolution and 
adaptations
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favourable and conducive for less adapted indigenous as well as for exotic/invasive 
pest species. The least adapted pest species have become successful survivors under 
conducive climate changes than highly adapted species (Chakraborty 2013; 
Lamichhane et al. 2015). Extreme and excessive climate changes like severe and 
prolong dry, wet and warm condition may hamper crop productivity and effective-
ness of the protection methods and technologies (Chakraborty and Newton 2011). 
Climate change may also cause severe increase in crop losses by pests and threaten 
food security (Lamichhane et al. 2015). Various models like CLIMEX have been 
utilized to predict the insects’ responses to climate changes (Desprez-Loustau et al. 
2007). However, insufficient knowledge on the interactions between climate change 
and disturbances (magnitude, severity or frequency insects’ ecosystem distur-
bances) and inadequate information on climate-change induced modifications in 
insect-biology, host-resistance and phenology/physiology of host–insect interac-
tions are major barriers in the modification of IPM strategies/programs. Following 
strategies can be exploited to address the issue of crop-health and sustainable- 
ecosystem management against insects under climate change.

Fig. 2 Strategies for promising program of crop-health and sustainable ecosystem management 
against insect pests under changing climate conditions
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• Modifying the conventional IPM to degree-day-model based IPM (Stacey and 
Fellowes 2002)

• Ensuring long-term efficient management of crops by coordination of monitor-
ing data on spatial occurrence patterns of insects, ranges of host crops, growth, 
health and mortality of host-plants and efficiency of management tactics 
(Sturrock et al. 2011)

• Forecasting the prospective array of changes across a landscape and insects- 
attack outcomes using a diversity of modeling tools like climate models coupled 
with environmental envelopes, phenomenally diverse model and insects/climate- 
envelopes/host-reactions model (Hamann and Wang 2006; Sturrock et al. 2011)

• Application of crop-health strategies before the outbreak (epidemics) of insects 
using risk/hazard-rating system

• Increasing species and genetic diversity of crops to establish healthy plantation 
resilient to climate change (O’Neill 2008)

• Crop breeding for resistance and tolerance to pests and resilience to climate 
changes (Woods et al. 2010).

4  Stakeholders in Sustainable Pest Management

Stakeholders are individuals and groups of individuals who have a vested/staked 
interest in a particular issue, cause or enterprise (Dent 2000; Yang et al. 2009). Their 
expectations are built on experiences, assumptions and beliefs and will reflect spe-
cific organizational structures (Collins 1994). Within pest management, there are 
numerous stakeholders (Bryan et al. 2010), who can include, for instance, share-
holders, managers, employees, suppliers, customers and communities who are all 
linked to different degrees to a commercial company that produces a chemical 
insecticide. In followings, there is an abridge description of the stakeholders catego-
ries with respective importance and roles.

4.1  Public Sector Agents and Agencies

The stakeholders in government need to establish policies that will work for the 
benefit of all other stakeholders (farmer, private sector, middle man etc.,) (Dent 
2000; Freeman 2010). As stakeholders in pest management are so diverse in their 
interests and needs, henceforth governments perform balancing acts (Dent 2000). 
Public sector is responsible for funding public research interests in their institutes 
and universities; they are also responsible for ensuring that commercial companies 
generate new products which need to be manufactured, employing people, generat-
ing wealth and paying taxes (Altbach 2009; Parker 2009). Government policies 
including tax incentives made the production and use of pesticides attractive to 
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business and farmers (Hall and Matos 2010). Pesticide development, production 
and use became institutionalized and in the same fashion, farmers became increas-
ingly dependent (Zalom 1993; Alford 2000; Lamine 2011). However, with increas-
ingly obvious environmental concerns raised about pesticides, there is also increased 
awareness of the public for these issues; thus, they became politically more impor-
tant (Pimentel 2007; Damalas and Eleftherohorinos 2011). Henceforward, a bal-
ance of policy, which allowed environmental issues to be addressed but that, did not 
influence too heavily on the agribusiness, is required.

4.2  Research and Academia

The development of an IPM program, detailed knowledge of agro ecosystem and its 
components and how they interact in pest management is the job of scientists (Dent 
2000; Feder and Savastano 2006). It has been argued that IPM is the creation of 
scientists, and these are scientists who have largely controlled its evolution, not-
withstanding subject to pressures (Morse and Buhler 1997). The development of 
transgenic crop plants is one such example currently receiving a great deal of inter-
est and, of course, funding (Marris 2008). The changes in seasonal abundance of a 
pest are easily described but much less easily explained. The understanding that is 
central to the philosophy of IPM necessitates an in-depth enquiry by scientists into 
the complexities and subtleties of insect biology and ecology (Dent 2000; Walter 
2005). Despite the obvious role for interdisciplinary research in integrating control 
measures at a research level, the statement made by Pimentel in 1982 and 1985, still 
remains largely true today that: ‘most remain ad hoc efforts by individual pest con-
trol specialists, each developing so called integrated pest management programs 
independently of one another’ (Pimentel 1982; Dent 2000).

4.3  Industry

Commercial enterprises generate income through the provision of services, prod-
ucts or a combination of the two (Sievers and Vandenberg 2007). Within agribusi-
ness, there is a greater emphasis on manufacturing and sale of products rather than 
the service side of the industry. Growers expect to budget for tangible items such as 
machinery, pesticides and fertilizer but the concept of purchasing, for example, is 
less acceptable (Zalom 1993). Whereas chemical pesticides were the predominate 
type of control product in the 1960s, since that time there has been a proliferation of 
different types of pest management products (de Faria and Wraight 2007). 
Proclamation made by Dent (2000) should be written with distinguished marks 
depicting that commercial companies are not in the business of alleviating the 
world’s pest problems, but rather, providing solutions that will generate a viable 
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income and maintain the long-term prospects of the individual companies. The pest 
control business is worth billions of dollars worldwide each year, its presence influ-
ences the whole philosophy of pest management, continually driving for ‘its’ prod-
ucts (Dent 2000; Pimentel 2007). The commercial company stakeholders are major 
players in pest management affecting agricultural policy, R&D and also farmers’ 
expectations and needs. The wealth and taxes, the employment and the assurance 
they generate, provide a powerful incentive for their continued role in the future.

4.4  Growers and Farmers

Farmers have often been viewed as passive recipients of pest management technolo-
gies (Pannell et al. 2006), however, this view is changing and farmers tend now to 
be seen as an integral part of the pest management stakeholder network, with a role 
in defining pest control needs, evaluating their effectiveness and influencing their 
wider adoption (Dent 2000). Farmers, more than any other group are sensitive to 
customer needs and the more competitive and intensive farming becomes the more 
consumers dependent leading to dictate the pest control practices adopted by farm-
ers (Pimentel 2007). Farmers’ objectives may vary. They may, for example, be inter-
ested in the maximization of profit or alternatively the minimization of risk (Zadoks 
1987). Nevertheless, on both respect, their role remains essential in sustainable pest 
declines.

4.5  Final Product Users or Consumers

Consumers in developed countries have increasingly high expectations concerning 
food quality (Grunert 2005). In addition; there is increasing concern about pesticide 
residues on food (Boobis et al. 2008). It will be the need to maintain consumer con-
fidence in the food industry that will continue to drive other stakeholders to invest 
in ‘safe’ technologies (Brunsø et  al. 2002). This approach is being mirrored in 
developing countries that demands high quality standards (Napolitano et al. 2010). 
The concerns first expressed in Silent Spring have been maintained in the public 
arena by vociferous groups committed to environmentalism (Dent 2000). These 
groups, which initially campaigned successfully to maintain a high profile on the 
problems with pesticide use, are now equally vigilant and vocal concerning the 
potential hazards posed by genetically manipulated crop plants. Public concern may 
yet significantly influence the widespread use of these and other novel control pest 
measures (Alford 2000; Pimentel 2007).
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5  Sustainable Legislature, Governance and Other 
Agricultural Regulations

Legislatures are very significant entities in controlling and regulating anything 
working in state area (Hopper 2016). In pest management, governing bodies and 
agricultural ordinances are appearing to be employed at national and international 
fronts to monitor pests, pest-mitigating products, food commodity; and henceforth; 
monitoring of invasive or out-placed pests (WHO 2015). These laws or codes have 
varying forms and formats (Peters and Law 2017). One of the fundamental forms, 
at country scale, is the establishment of quarantine ordinances and departments 
(Topinka 2009). Simultaneously, WTO inspections and agendas are at international 
arenas (Black 2017). Restrictions implied on the use of pyrethroids, on cotton in 
Columbia and in European areas, against Helicoverpa virescens, due to insecticidal 
resistance, is a prominent example at that time (Dent 2000). Ministry of National 
Food Security and Research is the propositional element under Government of 
Pakistan, working to frame Agricultural Pesticide Ordinances and Acts time-to-time 
(Ahmad and Farooq 2010).

5.1  Pesticide Ordinances and Orders

Regulations of pesticides and their products i.e., of biological or synthetic origins, 
are mainly done by government and its related institutes (DPP 2014a). They are 
relating not only to commercial pesticides but also to phytohormones (Alberto et al. 
2016; Javed 2016) in plant protection. EPA and FDA with respective titles of 
‘Environmental Protection Agency’ and ‘Food and Drug Administration’, are the 
basic governing bodies in US addressing these issues (Miller 2015). In Pakistan, 
Plant Protection Institutes-PPIs and PWQCPs ‘Pest Warning and Quality Control of 
Pesticides’ are playing those pivotal roles (DPP 2014a). At international sites, the 
Organization of Economic Co-operation and Development (OECD; an official gov-
erning body with different nations), United Nations Food and Agriculture 
Organisation (FAO) and WHO-the World Health Organisation, are the main work-
ing groups (Haya et al. 2015; WHO 2017).

FAO Article 6.11 in an ‘International code of conduct on the distribution and use 
of Pesticides’ has signify and intensify the considerations of legislations in words as: 
‘governments should take action to introduce the necessary legislation for regulation, 
including registration of pesticides and make provisions for its effective enforcement, 
including the establishment of appropriate educational, advisory, extension and 
health care services’ (Dent 2000). Agricultural Pesticide Ordinance 1971 of Pakistan 
is in compliance with FAO, encloses directives for the importation, manufacture, 
preparations, trade, delivery and use of pesticides in Pakistan (DPP 2014a).
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5.2  GM Crops Regulations

Since the introduction of biotechnology and other genetic tools in living world, 
scientists and others research institutes have to face huge controversies on the 
aspects of their GM crops regular incorporations in human globe (Qiu 2014). The 
removal of direct gene inductions, and making crops capable of self-defense by 
mediated inductive interference resistance, can also yield the equivalent crop pro-
tection and productions results (Javed 2016) without GM debates. Here, the aspects 
of supervisory measures mainly focusing on environmental safety, implications of 
gene shifting from GM to wild and also pollen contaminations of non-GM from 
GM, is prevailing (Qiu 2014).

However, an acceptance to GM crop can be granted, in US and EU, if GM crop 
satisfies and appears at par with the criteria for nearest conventional crop/product, 
i.e., in both botanical attributes and chemical constituency, depicting safety ranks 
for human and ecology (OECD 1993; FAO/WHO 1996). Animal and Plant Health 
Inspection Service (APHIS) are taking directives in US; and in Europe, the European 
Union implemented Directive 90/220/EEC in 1990, contracts with the proclamation 
and commerce of GMOs (Hygnstrom et al. 2014).

5.3  Quarantine Conducts and Orders

With the enhancements in global links and increasing trades across continents, have 
intensified the threat of pest transfer and introduction of potential pests in other 
countries (Dowell and Gill 1989; DPP 2014b) as by nature pests can have a limited 
expansion power by flight etc. Nevertheless fast trades and transports have facili-
tated them to move beyond the hemisphere (Hurley et  al. 2016). Such activities 
preventing the introduction of any across border pests and are denoted under ‘quar-
antine’ with support of ministry of agriculture on legislative grounds (Mittinty et al. 
2015). The things with considerations are plants, crop germ plasms, plant constitu-
ents, agronomic consignments, soil, vessels, stuffing, budding media, or any article 
that theoretically provide anchorage to exotic pests (DPP 2014b).

Government of Pakistan has formulated such conducts under the Department of 
Plant Protection with title ‘Plant Quarantine Act 1976’, the standing body is Ministry 
of Food, Agriculture and Co-Operatives (DPP 2014a, b). International Plant 
Protection Convention or IPPC has already loaded varying instructions and rules to 
prohibit any such cases (Hallman 2017). Any violation or mismanagement of such 
rules/orders lead to havoc as indicated from the plant products importation from 
USA in the form of American native Helicoverpa armigera (Hübner) or commonly 
statured American bollworm, with the present status of destructive key-pests in 
Pakistan and other regional countries (Kriticos et al. 2015). Most important quaran-
tine pests in Pakistan, ‘Plant Quarantine Act 1976’ representing, are Black wart 
(Synchytrium endobioticum Schilbersky), Golden Nematode (Globodera rosto-

A. Nawaz et al.



313

chiensis Wollenweber), Colorado potato beetle (Leptinotarsa decemlineata Say) 
and South American leaf blight (Dothidella ulei Hennings) (DPP 2014b).

5.4  Crop Production and Protection Legislations

Most of the crops are being infested by the pests when they are sown without paying 
any considerations to the prevailing pests’ occurrence time, and thus, crops become 
susceptible to such pests (Sarwar 2012; Javed 2016). Any alternations in crop sow-
ing time, cultural practices (Javed 2016) and changing cropping schemes can pro-
duce healthy crops with profitable results (Medvedev et al. 2015). But making and 
maintain the crop production rules are the sole responsibility of government to 
avoid any such pest threats (Lazpoulos Friedman and Van Camp 2016). Approval of 
warranted crop varieties, improved pesticides, plant defense mediators are need to 
be addressed for pest control. Sowing of rice nursery with planting time manipula-
tion in Pakistan, to avoid yellow stem borer (Scirpophaga incertulas Walker) dis-
posing off the double seeds of cotton to restrict pink bollworm and timely burning 
of crop residues and stubbles to prohibit litter dwelling insect pests, are few pest 
managing legislative examples (Attique et al. 2001). Similarly, on further perspec-
tives, changing the planting geometries and varietal nature can also be helpful for 
such aspects (Sarwar 2012).

5.5  Biological Diversity Conservations

The case of sustainable pest control should not only assimilate the measures to miti-
gate or reduce the pest population/pesticides, rather, for instance, with reference to 
biocontrol agents (de Melo et al. 2018), must involves and encompass the measures 
to conserve biological diversifications of fascinating world (Ong et  al. 2016). 
Biocontrol agents are the natural non-paid labor and farmer assistant with no proper 
attention of crop protection community (de Melo et al. 2018). There should be such 
legislative endeavors to conserve those (Sutherland et  al. 2017). The supreme 
imperative international episode was ‘United Nations Conference on Environment 
and Development (UNCED)’, Rio de Janeiro in 1992 leading to scientific documen-
tation title ‘the Convention on Biological Diversity, that was later ratified in 1995 by 
142 countries around the world with ‘Agenda 21’, embraces a subdivision/chapter 
14 on ‘Promoting Sustainable Agriculture and Rural Development’. This compacts 
utterly with the glitches of pesticide over employment, thus flashing, Integrated Pest 
Management along with, further, to launch operative and collaborative linkages 
among farmers, academics and extension personnel lead facilities to uphold IPM 
task (Dent 2000; Sherman et al. 2017).
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6  Sustainable Management Approaches for Insect Pests

Since the first introduction of integrated control term, integrated pest management 
strategies has increasingly received attention as a practical solution to pests without 
ecological backlashes (Stern et al. 1959). Sustainable pest management techniques 
in crop protection emphasizing systematic approaches focusing on preventive and 
curative methods drawn from a wide array of connotations (Fig.  3). It mostly 
encompasses physical, agronomic, mechanical and biological principles resorting 
to selective reduced risk pesticide when addressing situations cannot be effectively 
managed with other control tactics (Gadanakis et al. 2015). Sustainable manage-
ment approaches aims to mitigate the input of pesticides and lessen detrimental 
effects of chemicals on non-target organisms and the environment. Today sustain-
able management approaches has become a fundamental strategy of sustainable 
agricultural arthropod pest management in developed and developing countries 
(Peshin et al. 2009). Moreover, durability of sustainable control approaches relies 
on the diverse array of solution, rather than repeated use of a single management 
approach (Barzman et al. 2014).

Fig. 3 Sustainable insect pest management techniques (IIPM, IIRM, ICM) in crop protection 
emphasizing systematic approaches focusing on preventive and curative methods drawn from a 
wide array of connotations
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6.1  Integrated Insecticide Resistance Management (IIRM)

Insecticides, being the necessary entities are neither accepted nor denied in sustain-
able agricultural productive mechanics (Rother 2018). Additively, indiscrimination 
or undesirability in employments are making theme to be strongly deterred among 
eco-activists (Joshua 2017; Rowell 2017). But the most prevalent problem of pres-
ent pest management is accompanied to be linked with the pervasiveness of insecti-
cides so there is some sorted ‘tilt at the wind mill’ ignoring judicious strategies. No 
doubt, excessiveness in utilization of pesticides, henceforth creating the insecticidal 
resistance predicaments (Pedigo and Rice 2014; Rowell 2017), is the dire focal 
considerations to discourage insecticides but the blunders on behalf of insecticides 
applicator/farmers need to addressed too (Rother 2018; Sudo et  al. 2018). The 
forum of discussion not only can assist to solve the prevailing resistance issues but 
pave a glaring way toward Integrated Insecticide Resistance Management (Fig. 4). 
IRAC (2018) has asserted a well accomplished integrated approach in this regard. 
This being apparently a single topic, is overwhelmed and encompassed broader 
ranges of resistance responsible representatives (Fig.  4). These may be either of 
operational (prolonged exposure/use of single active ingredient insecticide, high 
lethality/causality pressures, immediate knockdowns, no/zero percent refugia, agri-
advisories insufficiencies) or biological ones (monophagy of pest, multi-volatility 
and high mobility) (Pedigo and Rice 2014; Elahi et al. 2018; Arain et al. 2018; Sudo 
et al. 2018).

Nowadays, the core theme of focus for management and mitigation of pest/insec-
ticides resistance is incorporating the integrative measures at multiple dimensional 
strategies (Fig. 4) i.e., inculcation of moderation, saturation and multiple attacks as 
depicted by Pedigo and Rice (2014).

6.1.1  Mitigation by Moderation

That is basically preventing any paradigm gene shift from vulnerable to resistance 
genes acquisitions by the insects hence making population more insecticide hazard 
free (Pedigo and Rice 2014). On the other, conservation and increments of bio-
control agents along with natural eco-arena is also achieved under ‘moderation’ 
(Arain et al. 2018; Joshua 2017; Rowell 2017). On a broader approach, it uses less 
dosage, leaving some vulnerable pest population, less persistent agro-chemicals and 
localized application as the dire flashing points, i.e., prohibition of all extremes 
(Pedigo and Rice 2014; Rother 2018).
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6.1.2  Mitigation by Saturation

Saturation is basically involving intermingling the pest built-in defenses in such a 
manner that it cannot remain further capable of coping the insecticide exertive pres-
sures (Sudo et al. 2018). This either be achieved by imposing the resistance genes to 
be in susceptible categories especially by making R gene as recessive or may be by 
repressions of detoxifying in insects, e.g., UDP-glycosyltransferases/metabolized 
systematizations in Drosophila (Arain et al. 2018) and by the synergism of pipero-
nyl butoxide in spray mixes (Pedigo and Rice 2014).

Mitigation by multiple-attacks: Multiple-invasions in any cases render the target 
organism to be in confusion, henceforth decline its ability or total collapse to 
counter- act. The same scheme can be applied on field levels, but on lower intensive 
scales for resistance integrated management (Pedigo and Rice 2014; Sudo et  al. 
2018). These may be applying the insecticides in permitted mixtures; compatible 
insecticide sprays in assortment patterns, and of course, insecticides replacements/
alternations with novel modalities (Arain et al. 2018; Sudo et al. 2018).

The other commonly prevailing strategies in normally nominated ‘IIRM’ 
escorted by the fundamental theme point of coordinated techniques with further-
more reconciliation of various administration strategies (Fig. 4), by IRAC (2018) 
and relevant researches, can be elaborated as follows.

Fig. 4 Schematics of integrated insect resistance management occupying sub/genes level to main/
field levels depicting integrative approaches in all aspects
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6.1.2.1 Economic Considerations on Pest Levels

Option of insecticides utilization as final assertion is only if pests square-up ade-
quately to cause financial calamities/monetary loss (Pedigo and Rice 2014). 
Otherwise, on the far side retrospect and prospect, the estimation of insecticides 
abuses not only far reaching but may be aggravated. Aggravation may be apparent 
as deformed fruits, pre-mature crop evacuations or sever defoliation with burnt 
phyto-textures along with pest resurgences (Arain et al. 2018; Sudo et al. 2018).

6.1.2.2 Integrated Insecticide Administration Strategies

The fusion of the most critical possible scope of different insecticidal administra-
tion techniques (Pedigo and Rice 2014; Rother 2018) with incorporation of the 
working efficiencies of chemicals/multiple toxins, botanicals and bio-pesticides 
with simultaneous tendency of parasitoids/entomo-pathogens has always yielded 
commendable outcomes (IRAC 2018; Sudo et al. 2018). But importantly, the incli-
nation toward eco-friendly tactics must not sacrifice the pest decrements, henceforth 
must be assimilated with other cultural crop sanitation programs. It is a key cru-
cially to maintain the action of sphere with pesticides timing, pest dynamicity and 
over-dose despondencies (Pedigo and Rice 2014; IRAC 2018).

Integration of altered insecticide class sprays with cropping/pest cycles: One of 
the key components of powerful resistance-mitigated program and so forth pest 
protection framework, is the utilization of pivoted grouping of altered classes syn-
thetic cum novel pesticides (Arain et al. 2018; Rother 2018). Additionally perpetual 
spray cycles, all through the cropping yield and/or pest cycles, should be rendered 
active by 1 year or so, rather than focusing on single insecticide/seasonal pest opti-
mized management (Sudo et al. 2018). It is of utmost considerations that pest can 
naturally integrate them with cropping patterns/cycles but the integration of spray 
programs must be executed on personal willpower for encouraging pest/resistance 
predicaments hold under proper agri-advisories and ecological safties (Rowell 
2017; Elahi et al. 2018).

6.2  Integrated Crop Management

The development of agriculture production system has advanced into a variety of 
socio-economic and socio-ecological conditions especially in the developing coun-
tries. The wise use of natural resources is the key for the long term sustainable 
production levels in different cropping systems (Meerman et al. 2008). In the recent 
years it has become obvious that the pest management requires selective use of 
control methods for the sustainable agriculture. In the days to come farming system 
is shifting towards a blend of traditional and modern insect pest management 
approaches. Integrated pest management is a part of integrated crop management 
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(ICM) that is not only a form of crop production but a dynamic system that adapts 
the wise use of latest technologies for agriculture productivity. Integrated crop man-
agement is the key in response to farmer’s concern and related economic liabilities 
(Leake 2000). Integrated crop management is a holistic approach that reflects the 
prevailing conditions on the farm with a consideration of sound economic and envi-
ronmental factors for the sustainable agriculture. There are several components that 
involve in the integrated crop management e.g. site selection, crop rotation, soil 
management, crop nutrition and the crop protection (Kumar and Shivay 2008).

6.2.1  Site Selection

Optimal growing condition is the key component of integrated crop management 
that provides appropriate plant growth features from seedling onwards. Adjacent 
crops and environmental conditions should be considered while selecting the loca-
tion of planting new crop. Moreover considerations should be given to overwinter-
ing pests that can move from neighbouring ignored habitats (Pedigo and Rice 2009).

6.2.2  Crop Rotation

Growing different crops in a rotation pattern helps to reduce pest buildup both above 
and below ground regimens especially when the pest has narrow host range, egg 
laying before new crop plantation and the damaging stage not very mobile. Rotations 
have been successful for arthropods that target roots and cannot move out the area 
to obtain their food requisites. Crop rotations with longer period of time and with 
the adding of more new crops in the area can better manage the soil pests of several 
crops (Pedigo and Rice 2009). Furthermore diverse rotation can also reduce the 
impact of weeds and involves breaking the life cycle of antagonists to keep them 
below threshold levels which would ultimately require pesticide application (Leake 
2000).

6.2.3  Soil Management

Soil is the essential natural resource provides stability, structure and fertility to the 
crops; that needs to be managed properly and is vital component of any ICM plan. 
Sometimes erosion caused by various factors (wind, water) triggered unhealthy 
effects on some soil types and it is quite important to minimize those factors. 
Measures might be taken by planting permanent grasses however care should be 
taken while establishing rotation pattern. Moreover alternate ploughing and non- 
inversion techniques should have been adapted in the rotation while establishing 
integrated crop management.
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6.2.4  Crop Nutrition

Diverse soil types exhibit different amounts of nutrients required for healthy plants. 
Plant nutrition management is also another key component of ICM that provides 
necessary nutrients at right time for proper growth of plants. Moreover, planned 
nutrients inputs are the key to enhance the crop production and maintain the eco-
nomically and environmentally sound soil fertility for the longer period of time. 
However care should be taken while fertilizers application that might create 
unhealthy effects on beneficial fauna of the soil.

6.2.5  Crop Protection

The invasion of pests and other diseases is inevitable in any farming systems. Much 
can be done under the umbrella of ICM programs for the effective control of damag-
ing pests without disturbing other practices in the holistic management of the farm. 
One of the essential aspects is the adaptation of prevention strategies as a first line 
of defense to keep the pests below economic threshold levels. Although severity of 
pest and disease may varies depending on the agro-ecology, genotype susceptibility, 
crop growth stage and locality etc. Adaptation of modern crop protection strategies 
using a combination of cultural, physical biological and chemical methods within 
the requirements of ICM can play a pivotal role in sustainable agriculture.

6.3  Integrated Insect Pest Management

Man has to compete with the insect pests from the pre-historic days that cause 
severe economic losses to agricultural crops worldwide. Insect pests are considered 
a major constraint to achieve global food security and poverty alleviation especially 
in the developing countries due to lack of management technology. To overcome 
this problem the use of pesticides for pest management presents additional negative 
impacts on ecosystem; and it is now clear that alternative holistic control methods 
needs to be applied for sustainable agriculture. Integrated insect pest management 
is an important substitute method of rationalizing synthetic pesticides use to avoid 
or delay pest resurgence and to protect the natural enemies in the agriculture ecosys-
tem (Alastair 2003). Integrated pest management has been used in varied inferences 
and the term was first used as “integrated control” by Bartlett in 1956 and was fur-
ther elaborated in 1959 by Stern and his co-workers.

Integrated pest management system is the socioeconomic in the perspective of 
farming system, the associated environment and the population dynamics of pest 
species, utilizes all suitable possible techniques to keep pest below economic thresh-
olds (Pretty et al. 2011; Pretty and Bharucha 2014).

Integrated pest management highlights pest problems followed by simultaneous 
integration of different tactics, the regular monitoring of insect pests and natural 
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enemies and a thresholds assessment for decisions. After the proper identification of 
pest damage and the responsible pests there are different tactics i.e. cultural, physi-
cal, genetic, biological, chemical and regulatory methods to suppress the pests (Ehi- 
Eromosele et al. 2013). Integration or compatibility of these management practices 
is the key in integrated pest management programs for sustainable development. 
Dependency on a single pest management method may have undesirable effects on 
ecosystem. Moreover reliance on a single management practice might favor pests 
that can cause resurgence in future cropping system. So for that IPM takes the 
advantage of using all appropriate management methods in integration with judicial 
use of pesticides. Integrated pest management practices include; planning, regular 
monitoring and timely decision that play a key role for sustainable crop production. 
Some of the important IPM control methods are;

• Cultural methods – these are the practices that make the less favorable condi-
tions for pests’ establishment, their reproduction, dispersal and survival. 
Moreover by adjusting crop location, time of sowing or crop rotation and cultiva-
tion techniques also destroy their food, shelter, breeding habitats and exposing 
them to predators play a significant role to keep pest population below threshold 
levels.

• Mechanical and physical methods  – using these methods pests can be con-
trolled directly or make the conditions unsuitable for them. The insect pests can 
be kept away using barriers and traps or physically remove them from the target 
area. Moreover hot or cold treatments make the environment unsuitable for 
insect pest developments provide control at key times.

• Genetic methods – insect-resistant varieties developed by classical breeding or 
via genetic engineering suppress pest population or elevate plant tolerance level 
through insect movement interfering their feeding behavior or reproduction on or 
in the plant. The resistance can be generated by change in color, thickness of the 
cell walls or plant tissues, surface wax, trichomes (hairs) or spines etc.

• Biological methods – it’s a self-perpetuating use of natural enemies including 
predators, parasites or microbial pathogens to suppress pests for an extended 
period of time than other methods of pest control. Biological control agents can 
help to suppress pest populations by competing with the same pest resources or 
by parasitism or predation of the target pest species.

• Chemical methods – chemical control is a cure-all for pest problems and is the 
best practical and cost effective technique to bring population below economic 
threshold levels. Regardless of the synthetic pesticides used, there are several 
considerations like mode of action, delivery, selectivity and resistance should be 
addressed before application.

• Regulatory methods  – include all forms of legislation and regulations that 
might prevent, establish or the entry or spread of pests and restrict the movement 
from one area to another. Additionally, regulatory control gives growers and pro-
ducers a short reprieve before invasion of the pest and provides a cushion time 
for better management.
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7  Integration of BC with Insecticide Application

As an alternate for the sustainable pest management in the 21st century, the opportu-
nities and demand for the effective biological control are greater than ever before 
(Bale et al. 2008). Although, the level of pest suppression using bio-control agents 
have never been exceeded from 50% (Hall and Ehler 1979; Hall et al. 1980) and the 
success rates may vary depending on environmental conditions. For the sustainable 
insect pest management, biological control is more effective when coupled with 
other integrated pest management (IPM) tactics. Among these strategies, making 
pesticides more compatible with bio-control agents is one of the key combinations 
keeping pest population below economic threshold level with least disturbance of 
ecosystem.

Although pesticides have variety of unpredictable negative impacts on closely 
related beneficial organisms; however pesticides still remains an integral compo-
nent of sustainable pest management strategies (Guillebeau 2004). However pesti-
cides can be used in a variety of modified manner (e.g. selective use of active 
ingredients and formulations, only when economic thresholds dictates, temporal 
and spatial separation of natural enemies and pesticides, use of lowest effective rates 
of pesticides) to protect the natural enemies in the ecosystem (Hull and Beers 1985; 
Poehling 1989; Ruberson et al. 1998). Moreover it is worth to know that natural 
enemies can recuperate quickly even when broad spectrum pesticides have been 
used, particularly if they are easily degradable, and recolonization of population in 
the refuge areas at margins. Differences regarding susceptibility among taxonomi-
cally close species have been documented in some studies and even within the same 
species strains. Adults of Eretmocerus mundus Mercet parasitoid were less suscep-
tible to cypermethrin, amitraz and thiodicarb residues compared to Encarsia for-
mosa or E. pergandiella Howard (Jones et al. 1995). Additionally there are several 
studies that showed predator/parasitoid tolerance against some insecticides even 
when there is no indication of resistance in the natural enemies (Guillebeau 2004) 
resulted unpredictable impact of broad spectrum pesticides on beneficial insects. 
For instance, Chrysoperla rufilabris (Bermeister) adults and larvae showed toxic 
susceptibility towards organophosphates and carbamates; while pyrethroids were 
non-toxic to this natural enemy (Mizzell and Schiffhauer 1990). On the contrary, 
organophosphates were non-toxic to some predatory beetle compared to pyre-
throids. There are clear indications of varying impacts on natural enemies within a 
single group of pesticides. In another study, cypermethrin was recorded less toxic 
than permethrin to parasitoid; but in case of predators reverse effect was observed 
(Wright and Verkerk 1995). Furthermore, the sublethal effects of pesticides on natu-
ral enemies make more complications. For example, some Braconidae minute wasp 
females lay fewer viable eggs when exposed to sublethal doses of carbaryl (Grosch 
1975). Similarly decreased fecundity has been recoded for some coccinellids after 
sublethal effects of organophosphates (Parker et al. 1976). Similarly formulations 
improve the selectivity of pesticides to protect the natural enemies. For example 
dust formulations that are more toxic to beneficial than powders or emulsifiable 
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concentrates that can cause mortality of some parasitioids even in the absence of 
pesticides. Irrespective of the chemical used there are few considerations that should 
be addressed before applications.

• Mode of action: generally mode of action needs to be designed so that the pest 
can be targeted at weaker stage of their life cycle.

• Delivery: pesticides application should supremely be multi-disciplinary in order 
to minimize their impacts on ecosystem and must have target specific.

• Selectivity: while making a treatment decision careful selection of pesticide is 
quite necessary to spare natural enemies. However selectivity sometime differs 
from specificity that is the ability of a compound results higher mortality for the 
particular target pests (Fisher et al. 1999).

• Resistance: information regarding resistance has been observed in either the 
pest or natural enemy or the exposure of target pest to a particular pesticide 
before and the potential for the resistance buildup of in the target pest population 
against a particular chemical should have been carefully examined.

Making pesticides more compatible with biological control system; placement and 
careful timing of pesticide application can minimize the pesticide contact with natu-
ral enemies. Additionally selective treatment with non-persistent pesticides can 
limit overall negative effect on beneficial population of insects in the cropping eco-
system and these types of pesticides should also be considered in integrated pest 
management programs.

8  Use of Insect Behavior Modifiers

The natural phenomena regarding an organism’s behavior in response to external or 
internal stimuli released by other organisms of the same or other species (or differ-
ent phylogeny) play a key role in insect-plant interactions. Eco-physiological, bio-
chemical and behavioral processes involve in insect plant interactions in which 
secondary metabolites play a significant role. For their development insects have 
adapted to these phytochemicals; using them as cues for host recognition or other 
biological activities. Change in structural diversity of plants with the passage of 
time has resulted in synthesize of substances like, phenolic compounds, non-protein 
aminoacids, terpenes, alkaloids and flavonoids that ultimately led to behavioral and 
biochemical adaptations in insects towards plants. Primarily most of the insects rely 
on olfactory receptors to contact with the external environment (Krieger and Breer 
1999). Insect’s attraction towards plants or other host organisms involves the recog-
nition of specific semiochemicals (Fig.  5) or specific ratios of these compounds 
(Bruce et  al. 2005). For the sustainable management of insect pests, there is an 
opportunity to develop interventions using semiochemicals that influence the behav-
ior of noxious insect pests in agriculture, forestry, horticulture, stored food products 
and insect vectors of several diseases. Semiochemicals are signaling chemicals 
naturally produced by insects that transmit chemical messages. Semiochemicals 
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provide environmentally safe, non-toxic and species specific alternative solutions 
for pest management in different cropping systems. Moreover, semiochemical’s 
role as pest repellents and natural enemies attractant can be helpful keeping pest 
populations below economic threshold levels without harming agro-ecosystem. 
Semiochemicals can be classified into allelochmeicals which have interspecific 
interactions and pheromones with intraspecific interactions (Fig. 5). Furthermore 
allelochemicals divided into allomones signals in which emitting species benefits, 
kairomones when receptor species get benefit and synomones when both species 
have the advantage (Nordlund et al. 1981). Antimone are harmful for both emitter 
and the receiver, e.g. non-host chemicals arrest parasitic wasps (honeybees); while 
in case of apneumone chemical signals from nonliving sources like salt and there is 
no benefit damage to the emitter.

One of the most widespread and successful application of semiochemicals is the 
detection and monitoring of pest populations (Witzgall et al. 2010) to justify the 
pesticide use before exceeding the economic thresholds. Pest sampling/scouting is 
always a laborious and expensive especially on large scale areas. In this regards sex 
pheromones are key and have the potential to suppress or eradicate low density 
populations and are effective for tracking invasive species in the establishment 
phase (El-Sayed et  al. 2006; Liebhold and Tobin 2008). Sex pheromones based 
threshold action was taken first time by monitoring pea moth Cydia nigricana in 
England from 1980–1985 (Wall et al. 1987). Similarly, a pheromone-based moni-
toring system was developed at Rothamsted, UK for the orange wheat blossom 
midge (OWBM), Sitodiplosis mosellana; a serious pest of wheat in Northern 
Hemisphere causing severe losses to crop yield (Bruce et al. 2007). In another stud-
ies pheromone based field monitoring for Agriotes spp. have been successfully con-
ducted in Europe and North America (Vernon and Toth 2007; Toth et  al. 2008; 
Sufyan et al. 2013). Apart from pest monitoring, pheromone-based mass trapping, 

Fig. 5 Schematic diagram of different types of semiochemicals (allelochmeicals and pheromones) 
which can be exploited for the management of different insect pests in different crops
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mating disruption and lure and kill techniques has been applied in the integrated 
pest management programs successfully for several decades. From the last four 
decades more than 200 studies have been conducted for mass trapping of pests from 
Lepidoptea, Homoptera, Diptera and Coleoptera (El-Sayed 2012; Alpizar et  al. 
2012). Some of the most successful mass trapping attempts of pest management 
against Leucinodes orbonalis Guenee (Cork et al. 2001, 2003, 2005), Dendroctonus 
spp. and Ips duplicatus Sahlberg (Silverstein et al. 1968; Schlyter et al. 2001) and 
Ephestia kuehniella Zeller (Trematerra and Gentile 2010) has been recoded with a 
significant reduction of pesticides consumption and resulted significant increase in 
crop yield. The blend of mass trapping with insecticides composites into “lure and 
kill” or attracticides (Jones 1998); the approach have been used in integrated pest 
management programs for the last several decades documented in numerous studies 
(El-Sayed et al. 2009). Similarly attract and kill technique has been successfully 
employed for the management of cotton boll weevil (Anthonomus grandis) in USA 
and South America on several thousand hectares (Ridgeway et  al. 1990; Smith 
1998), fruit flies Bacterocera spp. in USA (Cunningham et al. 1990; Hee and Tan 
2004; Vargas et al. 2010; El-Sayed et al. 2009). Correspondingly pheromone medi-
ated mating disruption is also an alternate sustainable pest management strategy by 
disrupting chemical communication among organism that reduce chances of organ-
isms reproduction and ultimately reduce future pest population. The area under mat-
ing disruption has been significantly increased from the last 2–3 decades with 
770,000 ha globally in 2010 (Ioriatti et al. 2011; Witzgall et al. 2010). Mating dis-
ruption is more effective on large areas because the large areas permeated with 
synthetic pheromones reduce the impact of gravid females to immigrate into treated 
areas. A wide range area under the infestation of gypsy moth (Lymantria dispar) in 
North America forests, codling moth (Cydia pomonella) in apple trees globally and 
the grape vine moth (Lobesia botrana) in the EU and Chile grapes fields has been 
managed by permeation of synthetic sex pheromones in the infested areas (Witzgall 
et al. 2010).

The prospects of semiochemicals considered to be an encouraging in the future 
biological pest management programs. Since pheromones are cheaper, easily avail-
able and species specific that facilitate integrated pest management more efficiently 
without harming beneficial insects in agriculture. However much remained to be 
known about plant defense system; that can be improved in future by breeders and 
become as widely used as pheromones in field situations; where pheromones have 
been essential part of pest management programs for the last four decades.

9  Conclusion

Crop pests, diseases and weeds are a serious threat to global food security, poverty 
alleviation and other agricultural products. The sustainable management of insect 
pests is quite challenging due to interference of some biotic and abiotic factors 
especially the climate change and global warming. The extent of losses due to insect 
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pests is expected to increase in future due to changes in crop diversity, pest types 
and changing environmental conditions. Moreover, the changing environment also 
interferes with the normal functioning of various pest management strategies like 
host-plant resistance, biological control methods and chemical control.

Sustainable insect pest management strategies including integrated pest manage-
ment and integrated crop management is much more than just a simple resource- 
conserving technology.

A successful adaptation of IPM plan against certain insect pests also accounts for 
the protection of beneficial insects, secondary pest outbreaks, pest resurgence and 
ecological backlashes. Moreover, the use of non-chemical control methods based on 
the philosophy of integration of indigenous natural enemies with other biological 
control techniques to partially replace the synthetic chemicals is worth considering. 
Although non-chemical control methods of insect pests can be utilized for longer 
period of time; however these measures may be insufficient to manage the outbreaks 
of migratory pests. Therefore, integration of non-chemical control methods with 
synthetic pesticides will be a promising option for sustainable insect pest 
management.

Moreover the use of therapeutic tools (biological, chemical, physical, mechani-
cal and resistance management) are considered primary means of regulating pests 
rather than as occasional supplements to keep them below economic thresholds. 
Additionally the focus should be on the development of farming practices that are 
more compatible with ecological systems and cropping patterns that naturally limit 
an organism to attain pest status. Furthermore, there is need to understand and 
address pest management issues by keeping on board the other crop producing 
stakeholders for the sustainable insect pest management.
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Abstract The disease management strategy represents an important contribution to 
the sustainability of the farming systems. Plant disease management attempts to 
maintain disease levels below economic thresholds because complete elimination of 
disease is unnecessary and may result in unacceptable costs, labour and environ-
mental impacts. Integrated disease management intends to manage plant diseases 
by assembling complementary approaches, depending on the pathosystem involved, 
the geographical location and the pedoclimatic conditions. The current chapter pro-
vides several examples of sustainable disease management, with particular refer-
ence to the control of soilborne diseases of vegetable and ornamentals crops. 
Healthy soils are fundamental to sustainable disease management. Most practices 
designed to improve soil health, such as organic matter supplementation also help 
to suppress the disease development. The use of healthy or treated propagation 
material is an effective tool to prevent native or alien pathogens. Chemical control 
with fumigants and fungicides should be considered when other approaches do not 
achieve the required pathogen control. Rapid and reliable diagnostic methods allow 
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1  Introduction

An important goal of sustainable agriculture is the development of integrated farm-
ing systems with reduced use of natural resources (water, soil, energy), as well as of 
chemical fertilizers and pesticides. Sustainable farming systems should maintain 
and possibly enhance the quantity and quality of crop production, improve the farm-
er’s income, and balance the economic, environmental and social consequences of 
human interventions. An important contribution to the sustainability of the farming 
systems is the choice of the disease management strategy. In fact, despite the use of 
pesticides, 20–30% of production is estimated to be lost due to plant diseases every 
year (Oerke 2006). Such figures would be even higher without any intervention for 
reducing losses causes by plant diseases (Esker et al. 2012). Crop losses due to plant 
diseases affect the potential production in industrialized countries, but in developing 
countries they are even costly in terms of food security, foreign exchange require-
ments for food imports, and income losses to farmers (Oerke et al. 1994).

Plant diseases result from complex interactions among host, pathogen and the 
environment. The disease triangle represents the main elements required for plant 
diseases: a susceptible host plant, a virulent pathogen able to cause disease, and a 
favourable environment. Moreover, time can influence a disease, so the disease tri-
angle could become a tri-dimensional disease pyramid, by including this element. 
Other elements important for some disease could be vectors and human activities, 
which modify the interaction through agricultural practices, genetic resistance and 
fungicide application (Burdon and Thrall 2009).

2  Plant Disease Management

Plant disease management attempts to maintain disease levels below economic 
thresholds because complete elimination of disease is unnecessary and may result 
in unacceptable costs, labour and environmental impacts. Plant disease manage-
ment faces significant challenges due to increasing demands for safe and diversified 
food (Flood 2010); reducing the production potential due to land competition in 
fertile areas; depletion of natural resources; reduction of biodiversity in the agro- 
ecosystems; and increased risk of disease epidemics due to agricultural intensifica-
tion, monoculture, and climate change (Dun-chun et al. 2016). The pathogen spread 
is facilitated by human transportation, but there is an increasing evidence that global 
warming can drive pathogen movement towards the pole, by altering their latitudi-
nal range (Bebber et al. 2013).

In the late 1960s and 1970s, the commercialization of many broad-spectrum pes-
ticides of novel structure and mostly with systemic activity marked an era character-
ized by intensified agricultural production. After some years of intensive chemical 
control, new pathogens became dominant once their competitors were eliminated 
and fungicide resistance developed (Delp and Dekker 1985). To address these 
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 problems, growers intensified the use of fungicides, which increased production 
costs and increased the risk of fungicide residues on crops (Oliver and Hewitt 2014).

Integrated disease management intends to manage plant diseases by assembling 
complementary approaches, depending on the pathosystem involved, the geograph-
ical location and the pedoclimatic conditions. As stated by the European Directive 
on the Sustainable Use of Pesticides, integrated pest management carefully consid-
ers all available plant protection methods and subsequent integration of appropriate 
measures that discourage the development of pathogen populations and keep the use 
of fungicides and other forms of intervention to economically and ecologically jus-
tified levels, by minimising the risks for human health and the environment. Plant 
pathogens are difficult to control partly due to their spatial-temporal dynamics and 
rapid evolution (Strange and Scott 2005), associated with high genetic diversity and 
short generation times that favour their ability to overcome effective disease control 
approaches. Integrated disease management emphasises the growth of a healthy 
crop with the least possible disruption of the agro-ecosystems and encourages natu-
ral disease control mechanisms.

3  Sustainable Plant Disease Management

Sustainable management of plant diseases aims to create environments adverse for 
the pathogens and suitable for healthy plants, by ensuring high yield through the 
efficient use of natural resources (Zhan et al. 2015). An agroecological approach 
should be used for the management of diseases, leading to solutions serving the 
public good by simultaneously fostering agrifood system productivity and resil-
ience, reducing energy consumption and supporting bioenergy production, as well 
as conserving water resources (Kremen and Miles 2012). Agroecology is the sci-
ence of applying ecological concepts and principles to the design and management 
of sustainable food systems (Gliessman 2014). In addition, economic and societal 
impacts should be evaluated for each plant disease management scheme. An agro-
ecological system approach to plant disease management consists of four pillars: (i) 
prevention of pathogen introduction and spread in the cropping system; (ii) reduc-
tion of pathogen populations to levels which can be controlled through natural 
mechanisms; (iii) introduction of practices into the cropping system designed to 
promote beneficial microbiota; and (iv) reduction of fungicide use through the 
adoption of integrated disease management (Chellemi et al. 2016). To achieve the 
goal of sustainable plant disease management, multidisciplinary collaboration 
between disciplines, such as plant pathology, plant breeding, agronomy, horticul-
ture, agricultural entomology, soil science, environmental science, economics and 
social sciences is needed. Agroecology, besides being multidisciplinary, is also 
transdisciplinary, as it incorporates elements of practice and collective action, which 
enable the scaling of agricultural practices from individual farms to larger landscape- 
level (DeLonge and Basche 2017).
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The current chapter provides several examples of sustainable disease manage-
ment, with particular reference to the control of soilborne diseases of vegetable and 
ornamentals crops. Soilborne pathogens can cause heavy losses in vegetable pro-
duction, by affecting both yield and quality. Soilborne pathogens can occur from the 
initial nursey stage, to the harvest. In vegetable production, crop rotations are mini-
mal and soilborne pathogen propagules may accumulate in the soil, which is the 
primary inoculum. Soilborne pathogens are particularly favoured in vegetables, 
which are an intensive and dynamic system, characterized by a wide range of crop 
species and varieties, a continuous introduction of innovative technologies and the 
use of intensive cultivation techniques. For the above-mentioned reasons, the man-
agement of soilborne diseases in vegetable production represents a very interesting 
case study, both in terms of phytopathological issues and innovative strategies 
adopted for their control (Colla et al. 2012).

3.1  Maintaining Healthy Soils

Healthy soils are fundamental to sustainable disease management, as they affect the 
density of pathogens, particularly of the soilborne ones (Janvier et al. 2007), the 
structure of beneficial microbiota, and the availability of organic and inorganic 
nutrition for plants (Larkin 2015; van Bruggen et al. 2016). Agricultural manage-
ment strategies can have a major impact on soil quality with consequent effects on 
disease incidence. Soil organic matter, one of the primary indicators of soil health, 
is fundamental to the long-term sustainability of agroecosystems. Managing soil 
health is a matter of maintaining a suitable habitat for the soil (micro)-organisms. 
The aim of the practices adopted is to achieve the resilience (the capacity to self- 
organize into desirable steady states) and homeostasis (the maintenance of desirable 
steady states) of the soil microbiota. In most cases, regular additions of organic 
matter are necessary to replenish soil resources and improve soil health.

3.1.1  Suppressive Soils

Suppressive soils are those where the disease development is naturally controlled, 
even in the presence of a virulent pathogen, a susceptible plant host, and with envi-
ronmental conditions conducive for the development of the disease. Soil suppres-
siveness is a complex system of biotic and abiotic factors, such as soil structure, 
nutrient and water availability, microbiota (including pathogens and symbionts), 
and plant genotype. Natural soils have a general disease suppression compared to 
the same pasteurised soils, and it is directly related to the microbial activity (Schlatter 
et al. 2017). In cropping systems, a specific suppression is present when a group of 
microorganisms, selected for their antagonistic activity, is directly responsible for 
disease suppression. Soil bacteria and fungi, as Pseudomonas spp. and Alcaligenes 
spp. in the USA (Kloepper et  al. 1980; Yuen et  al. 1985) and Fusarium spp. in 
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France and Italy (Janvier et al. 2007; Garibaldi and Gullino 1987), have been shown 
to be involved in Fusarium wilt suppression. Antagonistic Fusarium spp., isolated 
from the rhizosphere of carnation grown in suppressive soils, showed high rhizo-
sphere competence. When applied to soil and substrates they controlled Fusarium 
wilts on different crops, such as tomato, basil, carnation, cyclamen, and bulb crops 
(Gullino and Garibaldi 2007). Soils suppressive to Rhizoctonia solani are correlated 
with the presence of large amounts of Trichoderma spp. (Chet 1987).

3.1.2  Soil Management for Disease Suppression

Organic matter can be added through agronomic practices, such as crop residues, 
rotations, and cover crops. Crop rotations are one of the most interesting agronomic 
practices, as they are able to combine the optimal use of nutrients with the reduction 
of soilborne pathogens. The evolution of agriculture has led to the abandonment of 
rotations in favour of monoculture, with consequent negative plant disease profile. 
Monoculture, in fact, leads to the progressive soil accumulation of propagules of 
plant pathogens to unacceptable levels, which force the adoption of disinfestation 
practices. Some pathogens (Fusarium spp., Verticillium spp., or Rhizoctonia spp.), 
which show high competitiveness at saprophytic level or differentiate survival struc-
tures, tend to accumulate in the soil. The mechanism underlying the beneficial 
effects of rotation is starving the pathogen when the susceptible host is not culti-
vated. This occurs in the case of organisms with narrow host spectrum, modest 
saprophyte capacity, and lack of survival structures. The level of specialization of 
the parasite is important: crop rotation has higher effect on species-specific patho-
gens (i.e. formae speciales of Fusarium oxysporum) than on the polyphagous ones 
(Sclerotinia sclerotiorum, Verticillium dahliae). Crop rotation can also include the 
alternation of cultivars of the same species with different levels of pathogen 
susceptibility.

Crop rotations are associated with increasing soil microbial activity and diver-
sity, due to the cultivation of different plant species in the soil (Garbeva et al. 2004; 
Welbaum et al. 2004). Crop rotations that maximize diversity of plant and root sys-
tems (mixing legumes, cereals, solanaceous, cucurbits, brassica, etc.) may signifi-
cantly modify soil microbiota and their disease suppression potential.

Cover crops are grown primarily to cover the soil, to protect it from erosion and 
nutrient losses when production crops are not present. Benefits of cover crops may 
include disease control (Larkin 2015).

Green manuring is the incorporation of fresh plant material to enrich the soil 
organic matter. Green manuring results in higher organic matter inputs than tradi-
tional crop rotations or cover crops, producing improvements in soil fertility, struc-
ture, and microbiota, with an effect on disease suppression (Collins et  al. 2006; 
Stark et al. 2007). Most practices designed to improve soil health, such as organic 
matter supplementation also help to suppress the disease development (Welbaum 
et al. 2004; Bonilla et al. 2012a, b; Page et al. 2013).
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3.1.3  Suppressive Substrates

Suppressiveness has been found for several substrates used in horticulture. 
Sphagnum peat mixes can naturally suppress soilborne pathogens, but few weeks 
after potting, they become conducive to diseases (Hoitink and Boehm 1999). Peat 
mixes well tolerate the introduction of biocontrol agents or the addition of composts 
(Hoitink and Locke 2012). When hardwood bark is used, improved plant vigour and 
disease suppressiveness, from richer microbiota, are observed in potted plants 
(Hoitink and Boehm 1999).

Increasing the use of compost as a potting substrate would contribute to waste 
recycling and reduction of chemical fertilizers. Compost is interesting as a peat 
substitute, for the lower production cost and for the increasing concern about the 
environmental impact of peat extraction (Silva et al. 2007). Some composts, particu-
larly those amended with composted bark, suppress most soilborne plant pathogens 
(Hoitink and Boehm 1999; Noble and Coventry 2005; Termorshuizen et al. 2006). 
Composts were demonstrated to be more suppressive than crop residues and peat 
(Bonanomi et al. 2007). Low amounts of compost in growing media avoid the lower 
growth and the phytotoxicity caused by high pH and electrical conductivity (Sullivan 
and Miller 2001). Composts originating from green wastes or municipal biowastes, 
blended with a peat substrate effectively reduced Fusarium wilt on basil, Pythium 
ultimum on cucumber, Phytophthora nicotianae on tomato and Phytophthora cap-
sici on pepper (Pugliese et al. 2014). On the contrary, saline composts were reported 
to enhance Pythium and Phytophthora diseases, while high nitrogen composts could 
enhance Fusarium wilts (Hoitink et al. 2001). The efficacy of compost for disease 
control depends on the raw materials from which the compost was prepared, the 
composting process used, and the compost maturity and quality (Termorshuizen 
et al. 2006). Of particular interest is the use of disease suppressive composts, thanks 
to the introduction of selected antagonists: their use is particularly interesting in the 
case of nurseries (Garibaldi 1988; Hadar 2011; Hoitink and Fahy 1986). In other 
cases, composts have been identified as a potential source of antagonistic microor-
ganisms (Pugliese et al. 2008). In some cases, it is interesting to combine the use of 
compost with that of resistant rootstocks (Pugliese et al. 2014).

Although interesting for field crops and vegetables, the use of organic amend-
ments for disease control is still not widespread, due to many factors such as the 
lack of standardization, the inconsistency in their efficacy, and the complexity of 
their use.

3.1.4  Soilless Media

Soilless cultivation is realized in inert or cation exchange capacity substrates (rock 
wool, perlite, peat), used as a mechanical support for the plant, replacing the soil. 
Soilless cultivation requires a continuous feeding of the plants with a complete 
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nutrient solution. This technique offers numerous advantages, such as better control 
of soilborne pathogens and more effective planning of crop cycles. Soilless cultiva-
tion could permit the production cycle completely free of pathogens. It also permits 
eradication of the soilborne pathogens in the recirculating nutrient solutions (Van 
Os et al. 2012). Soilless cultivation allows excluding soilborne pathogens: the pos-
sibility of contact between the host and pathogen is avoided by growing the plant in 
a pathogen-free environment (Postma 2004; Garibaldi and Gullino 2010). Soilless 
systems, while they strongly limit some pathogens, they could favour pathogens 
that find favourable conditions for their diffusion in the nutrient solution. Pythium 
and Phytophthora are the most frequent pathogen genera in the root system of soil-
less vegetables and ornamentals. Many pathogens (Pythium aphanidermatum, P. 
myriotylum, Phytophthora cryptogea, P. nicotianae) found in hydroponics are the 
same present in normal soil conditions, while others affect plant hosts which are 
resistant when grown in soil. Phytophthora cryptogea in soilless systems becomes 
strongly virulent on lettuce. Pythium dissotocum becomes extremely virulent in 
soilless cultivation of spinach and lettuce. Other pathogens are specific for soilless 
crops, such as Plasmopara radicis-lactucae, reported on lettuce roots.

Among the potential sources of pathogen infection in soilless crops, there are the 
substrates; perlite, vermiculite, rock wool, polyurethane, and polystyrene are gener-
ally considered sterile, but organic materials, such as peat, coconut fibre or non- 
composted bark, represent the main source of infection of Pythium spp., Fusarium 
spp., Olpidium spp. and Thielaviopsis spp. (Van Os 2010). On the other hand, the 
cultivation substrate could show a natural suppressiveness, depending both on 
chemical and microbiological factors. By comparing different substrates, there are 
substantial differences in the microflora established, which generate a different 
degree of suppressiveness.

In closed systems, higher electrical conductivity of the nutrient solution, amend-
ment with potassium silicate, and their combination were effective against powdery 
mildews, downy mildews, leaf spots, and Fusarium wilts (Gullino et al. 2015a, b). 
Silicon provided partial control of powdery mildews on greenhouse crops and soil-
borne diseases on turfgrass (Bélanger et al. 1995; Brecht et al. 2004; Uriarte et al. 
2004): in addition to the deposition of amorphous silica in the cell wall, there is an 
increased lignin production, which could limit the pathogen penetration in the plant 
cell (Gullino et al. 2015a, b).

Soilless systems also permit microbial optimization, thanks to the application of 
microorganisms able to colonize the plant rhizosphere. Slow sand filtration com-
bined with the application of different antagonistic strains of Fusarium spp. and 
Trichoderma spp. was effective against Phytophthora cryptogea in gerbera 
(Garibaldi et al. 2004a).

Pathogen diffusion in soilless cropping systems can be greatly reduced by adopt-
ing proper disinfection methods for the recirculating solution, such as slow sand 
filtration (Van Os 2010). Moreover, preventative methods to increase the plant resis-
tance to diseases and the use of diagnostic tools constitute an integrated approach 
for soilless systems (Van Os et al. 2012).
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3.1.5  Organic Amendments

Organic amendments include manure, crop residues, compost, and organic fertilis-
ers. The application of organic amendments is commonly adopted in traditional 
agricultural systems to provide nutrients to the crop and to improve the soil fertility 
and structure (Bailey and Lazarovits 2003; Bonanomi et  al. 2007; Bonilla et  al. 
2012a, b). Suppressiveness has been found for organic amendments used in agricul-
ture. Several chemical and physical changes in the soil are due to the incorporation 
of amendments and result in control of soilborne pathogens, with reduced applica-
tion of chemicals (Pugliese et al. 2015).

A proper nutritional status makes plants more easily able to react to any kind of 
stress. High nitrogen fertilization, by favouring the vegetative growth of the host 
and the tissue turgidity, is conducive to the pathogen attack. Generally, adequate 
potassium fertilization makes the host resistant to several parasites. Soil amend-
ments can be useful to modify the soil pH. For example, pH values above 7 reduce 
the incidence of Plasmodiophora brassicae on cabbage (Webster and Dixon 1991), 
though at these pH values the occurrence of Erwinia carotovora increases (Bain 
et al. 1996). Alkaline soils are conducive to the spread of the scab of potatoes, as 
Streptomyces scabies usually develops between pH 5.2 and 8.0 (Hooker 1981). It is, 
however, difficult to generalize and to choose a unique intervention practice. For 
example, on carnation, soil pH reduction reduces the attacks of Phytophthora nico-
tianae (Spencer and Benson 1981) and increases the wilts caused by Fusarium oxy-
sporum (Jones et al. 1993).

When added to soil, amendments, such as cow or poultry manure and brassica 
residues, are subjected to microbial degradation that releases toxic and volatile 
compounds directly affecting soilborne pathogens or indirectly increasing micro-
bial soil suppressiveness. Organic amendments can promote the re-establishment of 
a more balanced and suppressive microflora. Furthermore, the development of plant 
disease is reduced thanks to the extended root systems growing in a rich soil 
(Chellemi 2010).

Composts and Brassica pellets are considered among the most promising organic 
amendments. A growing interest is directed to the use of isothiocyanate precursors, 
contained in selected brassicaceae (Brassica juncea and B. carinata), used as alter-
nating species and then applied as green manure or as flour or pellets (Larkin and 
Griffin 2007). The use of Brassica species as green manure is a type of biofumiga-
tion that involves the release of volatile compounds able to control a wide array of 
soilborne pathogens (Larkin and Griffin 2007). Biofumigation, however, provides 
results that are not always univocal: promising efficacy was obtained against 
Colletotrichum coccodes on tomato, Fusarium oxysporum f. sp. on cucumber, 
Verticillium dahliae on eggplant grafted onto Solanum torvum, and Fusarium wilt of 
lettuce, rocket and basil (Garibaldi et al. 2010, 2014a, b). Partial or negative results 
have been observed in other crops, such as Brassica spp., where the inoculum of 
soilborne pathogens could be favoured (Lu et al. 2010). The combination of green 
manure with soil solarisation is also very effective and reduces the period of soil 
mulching with plastic films.
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Organic amendments for disease control are not yet widespread, due to lack of 
standardisation of production parameter, inconsistent efficacy and difficult applica-
tion. Control of soilborne diseases with organic amendments must be considered a 
component of a system approach, where the impact of crop production practices on 
resident soil microflora is addressed.

3.1.6  Soil Solarisation

Solarization is the soil covering with plastic film during the summer. The method 
has been widely exploited in warm and temperate countries (Katan and DeVay 
1991). Farmers are generally sceptical about its adoption, as it requires soil free of 
cultivation for at least 4 weeks. An integration strategy, often adopted to increase 
soil solarization efficacy, is its combination with biocontrol agents, to reduce the 
solarisation period and to permit its use in marginal areas (Minuto et al. 2006). The 
combination of soil solarization and Streptomyces griseoviridis is effective against 
fusarium and verticillium wilts and corky root, and it increases the range of patho-
gens controlled with respect to the single treatments. Significant increases in yield 
and fruit weight were observed, confirming the potential additive effect caused by 
biocontrol agent and solarization in terms of yield increase.

3.2  Planting Material

3.2.1  Healthy Propagation Material

Considering the losses caused by most emerging pathogens, the first preventative 
strategy that should be considered by seed producers and farmers is the use of 
healthy seeds and propagation material. The use of healthy or treated propagation 
material is an effective tool to prevent native or alien pathogens from being intro-
duced in the agricultural environment. It is estimated that almost 800 fungi, over 
150 viruses, 100 bacteria and 20 phytopathogenic nematodes are transmitted 
through propagation material. To avoid this risk, programs have been activated for 
the most important crops aimed at certifying the health of the seed or propagation 
material. This requires specific phytosanitary assays, which consist in estimating 
the possible presence of the pathogen using different biological and molecular 
methods.

The control of propagation material is important for clonal species (carnation, 
geranium, strawberry) for which the use of uncontrolled material could facilitate 
disease outbreaks. The importance of the use of healthy or treated material is par-
ticularly evident in the case of pathogens (viruses, bacteria) with few or ineffective 
control strategies (Gullino and Munkvold 2014). On strawberry, the use of certified 
propagation material, obtained by thermotherapy, meristem cultivation and subse-
quent indexing is a consolidated practice.
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Another important aspect is seed health. Stock seeds should be produced in loca-
tions with low disease risk, characterized by low humidity and dry summer climate, 
to reduce fungal or bacterial epidemics (Munkvold 2009). The choice of proper 
geographical areas, possibly isolating seed and seedling production from the envi-
ronment, and the application of good agricultural practices are critical for producing 
high-quality, pathogen-free seed.

As it is unrealistic to pursue an absolute seed health of the seed, a certain toler-
ance is admitted. Very common is the diffusion of fungal and bacterial seedborne 
pathogens on vegetables (Koch and Roberts 2014). The production of virus-free 
seed must follow appropriate production and certification schemes, which involve 
the controlled cultivation of the mother plants and diagnostic tests both on the 
mother plants and the seed produced (Gullino and Bonants 2014).

To reduce the risks of fungal and bacterial seedborne diseases, it is recommended 
that stock seeds undergo precautionary chemical or physical treatments. Chemical 
seed treatments have successfully been applied to vegetable seeds and are in com-
mercial use for a wide range of crops against different seedborne pathogens 
(Munkvold 2009). Several surface disinfectants (bleach, hydrogen peroxide, etha-
nol) can be applied to remove pathogen inoculum from seed coats (Mancini and 
Romanazzi 2014). Chemical treatments are effective, but they can also negatively 
affect germination and cause phytotoxicity (Axelrood et al. 1995; du Toit 2004), 
besides having negative effects on human health and the environment (Lamichhane 
et al. 2016). Alternative strategies for the control of seedborne pathogens include 
physical seed treatments, treatments with natural compounds, antagonistic microor-
ganisms, and resistance inducers. Physical strategies include mechanical (sorting 
and brushing), heat, ultrasonic, radiations (with microwaves resulting in elevated 
temperatures), UV-C light, and redox treatments (cold plasma and electrons 
(Spadaro et al. 2017). Thermal treatments with hot water, aerated steam or dry heat 
can be very effective, but they need to be optimised for the pathosystems, due to the 
different temperature and time required (Koch and Roberts 2014). Although alterna-
tive seed treatments have been intensively investigated, there are few examples of 
commercial application (Koch and Roberts 2014; Gullino et al. 2014).

Seed treatments can also be an effective means to increase seedling emergence, 
particularly when done on seeds of low vigour and when the seed coat has been 
damaged (Mancini and Romanazzi 2014). In general, the use of healthy or disin-
fected seed is a very useful practice for plant disease management.

3.2.2  Resistant Varieties and Grafting

Host resistance, which is the use of resistant and/or tolerant plant varieties, is one of 
the most effective strategies against pathogens. Varieties, which are resistant or at 
least tolerant to one or more pathogens, are available for many crops and the indus-
try is investing on research in this field. Resistant cultivars of lettuce can control 
Fusarium wilt. Lettuce varieties that are resistant, or at least tolerant, to race 1 of 
Fusarium wilt are available (Garibaldi et  al. 2004b, 2014a, b), but their use is 
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complicated by the presence of different races of the pathogen. Seed breeding com-
panies are currently working hard in order to develop planting material resistant to 
the recently detected race 4 (Gilardi et al. 2017a).

Host resistance, and the integration of such varieties with other management 
strategies is fundamental within the framework of IPM, but few researches focused 
on the integration of plant resistance with other IPM strategies (Stout and Davis 
2009). Moreover, the breeding approach used to date to develop resistant and/or 
tolerant crop varieties should be revised, as most crop cultivars bred to date are 
based on a market-driven approach focused on high yield and remunerative crop 
varieties. This trend has facilitated the adoption of short rotations or monoculture 
practices and ignored the potential that minor side crops may have for IPM. The 
limited range of available minor crop varieties is one obstacle to crop diversifica-
tion, thereby confining certain beneficial practices such as multiple cropping or 
intercropping. Sustainable disease management should develop crop breeding based 
on the competitiveness of crops and their adaptation to diversified cropping systems 
(Lamichhane et al. 2017).

Grafting is used to reduce susceptibility against pests, root rots and wilts, and to 
increase yield (Rouphael et al. 2010). Despite disadvantages associated with graft-
ing, including the additional cost and physiological disorders due to incompatibility 
between rootstocks and scions, the use of resistant rootstock strongly increased, 
mainly for vegetable crops. Despite disadvantages associated with grafting, includ-
ing the additional cost and physiological disorders due to incompatibility between 
rootstocks and scions, the use of resistant rootstock, despite its high cost, strongly 
increased. Grafting on resistant rootstock is becoming popular on pepper and some 
of the commercially available rootstock provide a good control of Phytophthora 
blight (Gilardi et al. 2013). In the case of P. capsici on bell pepper, due to the lack 
of commercial cultivars with resistance, growers are interested in grafting. Grafted 
plants are popular in the case of tomato, to control soilborne pests and pathogens 
and to increase yield (Chellemi 2002; Lee and Oda 2003; Gilardi et  al. 2013). 
Grafting susceptible crops onto resistant rootstocks is interesting also for cucumber 
(Cucurbita vicifolia as rootstock resistant to Fusarium wilt) and melon (Benincasa 
cerifera resistant to Fusarium wilt) (King et al. 2008).

3.3  Chemical and Biological Control Methods

3.3.1  Chemical Control: Fumigants and Fungicides

Chemical control with fumigants and fungicides is an inseparable component of 
plant disease management, and it should be considered when other approaches can-
not achieve the required level of pathogen population density reduction.

Soil disinfestation with fumigants is becoming very difficult due to the loss of 
registered fumigants due to recent regulation strongly limiting their availability 
(Colla et al. 2014). Among the fumigants available, dimethyl disulphide, metham 
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sodium, and dazomet provide significant control of Fusarium wilt of lettuce (Gilardi 
et al. 2017b). Covering the soil with low-density polyethylene film (LPDE) permits 
the reduction of fumigant dosage, with interesting results, both under greenhouse 
conditions and in the open field. Combination of fumigants with alternative meth-
ods, notably solarization, are promising. The combination of solarisation for 
2  weeks and fumigation with reduced dosage of fumigants was effective, and 
allowed a shortening of solarization, permitting a reduction in the non-cultivation 
period (Gullino et al. 2003).

Fungicides are not used to control soilborne pathogens in open field, because of 
their relative high cost, but they could be used for seed dressing, in nursery to pro-
tect the plantlets from damping off and other soilborne diseases, and in potted 
plants. Mechanisms of action and risk of pathogen resistance development should 
be considered, when selecting the active ingredient (Siegwart et al. 2015). Diversity 
of fungicides, concerning their chemistry and mode of action, is essential to ensure 
effective crop protection, to control new threats and to manage fungicide resistance 
(Leadbeater and Gisi 2010). Overuse of many organic fungicides can result in resis-
tant fungal populations, so it is important to use fungicides as part of an overall 
resistance management plan. In the case of Pythium damping off, control is mainly 
accomplished by treatments with fungicides, such as strobilurins and phenylamides. 
However, Pythium spp. can develop resistance to common fungicides, such as 
azoxystrobin or mefenoxam. This further suggests the necessity of using other fun-
gicides and alternative means for damping off control, and an accurate identification 
of Pythium spp. before choosing the appropriate control strategy (Matic et al. 2018).

The use of fungicides in integrated disease management is not aimed at eradicat-
ing the disease but to reduce it at ecological and economical thresholds.

3.3.2  Induced Resistance

Plants have constitutive and induces responses to defend themselves against patho-
gens. Two main types of induced resistance are known: systemic acquired resistance 
(SAR) and induced systemic resistance (ISR) (Vallad and Goodman 2004). SAR 
elicits the death of one or a few cells, known as the hypersensitive response (HR) 
and the production of pathogenicity-related (PR) proteins, such as glucanases, chi-
tinases and thaumatin-like proteins (Shoresh et al. 2010). New growth occurs fol-
lowing HR and salicylic acid plays a role in triggering the signal. SAR is often 
related to the induction via aerial plant parts and it usually takes a certain amount of 
time to be fully expressed in plants. ISR is often triggered by rhizosphere bacteria 
in the soil, it involves jasmonic acid and ethylene, but not salicylic acid and 
PR-proteins.

Induced resistance, mostly SAR, can be triggered by a variety of natural and 
chemical compounds (Walters et  al. 2005). The increasing interest in their use 
depends on their broad spectrum of activity, and on the possibility of reducing the 
number of fungicide sprays (Walters et al. 2013). Very interesting results have been 
observed against Fusarium wilt of lettuce and crown and root rot of zucchini, caused 
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by Phytophthora capsici, using resistant inducers, based on either phosphites or 
acibenzolar-S-methyl, applied as pre-plant treatment in the nursery. Phosphite- 
based products also show a very positive effect on plant biomass (Gilardi et al. 2015, 
2016). The benefits of preventive and repeated treatments with silicates to reduce 
the attacks of P. aphanidermatum (Heine et al. 2007) and Fusarium oxysporum f. sp. 
radicis-lycopersici on tomato (Huang et al. 2011) were demonstrated. The commer-
cial biocontrol agents (BCAs) were able to reduce Fusarium wilt of lettuce, particu-
larly when their application starts at nursery (Gilardi et al. 2016) while they were not 
effective against crown and root rot on zucchini (Gilardi et al. 2015). BCAs can also 
be effectively applied, alone or combined with heat treatments, for seed dressing, in 
the case of seed-transmitted pathogens, such as F. lactucae (Lopez- Reyes et  al. 
2016). The efficacy of resistance inducers is seldom complete, as it is generally 
influenced by several factors (target pathogen, plant genotype, phenotype, environ-
mental conditions, application timing, and formulation) (Walters et al. 2013).

3.3.3  Biocontrol Agents

Many laboratories around the world have developed their own microorganisms and 
this allowed the collection of important contributions about the biology of patho-
gens and antagonists. Biocontrol agents may act in various ways but have specific 
modes of action, including antibiosis, competition, mycoparasitism and induced 
resistance.

Among the antagonists studied, saprophytic Fusarium oxysporum, often isolated 
from Fusarium suppressive soils, have been widely exploited for their activity 
against several Fusarium wilts (Garibaldi et al. 1994; Spadaro and Gullino 2005; 
Gullino et  al. 2015a, b). The good antagonistic attitude of strains belonging to 
Trichoderma spp. has been proved against Fusarium wilts in vegetables and orna-
mental crops (Harman 2006; Gilardi et al. 2016). Plant growth-promoting rhizobac-
teria, such as Pseudomonas spp. and Bacillus spp., can induce host systemic 
resistance against several diseases (Clematis et al. 2009; Lopez et al. 2014).

However, despite the initial great optimism and extensive research efforts, prog-
ress in achieving commercial, large-scale usage of biological control has been slow. 
When trials move towards the farm scale, many antagonists show inconsistent effi-
cacy and lack reliability (Mathre et al. 1999).

Biofungicides still face significant constraints, but there are many possibilities 
for combining various biocontrol agents, with each other, or with agronomical, 
physical or chemical control methods (Spadaro and Gullino 2005). In particular, by 
combining different methods of control, the aim is to obtain a synergistic rather than 
additive effect. For that reason, a complete comprehension of the mechanism of 
control is needed. Combining a biocontrol agent with a fungicide improves the bio-
fungicide efficacy and enables the reduction of the fungicide dosage. Moreover, the 
combination of control methods provides a wider spectrum of control, which is 
needed to replace fumigants.
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3.4  Additional Tools for Sustainable Disease Management

3.4.1  Diagnostics

Rapid and reliable diagnostic methods allow a rational and efficient choice of the 
management options. The easy spread of fungal spores, virus and bacteria com-
bined with the intense trading globalization are key factors to allow the movement 
of pathogens around the world, which can become invasive in new areas and even 
cause the destruction of the crop. Traditional detection methods based on visual 
assessment of plant symptoms, isolation, culturing in selective media, and direct 
microscopic observation of pathogens are frequently laborious, time-consuming 
and require extensive knowledge of classical taxonomy. For many diseases, the 
observation under microscope or stereoscopic microscope is used to determine the 
causal agent, taking into consideration pathogenicity tests and morphological fea-
tures such as size and shape of the propagules and colony characteristics, such as 
colour. However, many microorganisms (including viruses) can produce the same 
symptoms in the plant, making difficult the correct identification of the causal agent. 
As many plant pathogens remain latent in the planting material, and may be present 
in very low numbers, high sensitivity, specificity, and reliability methods are 
required. The impossibility or difficulty of culturing some species in vitro and the 
inability for accurate quantification of the pathogen are other limitations. Early 
detection of pathogens in seeds and plant materials is of key importance to avoid 
further spreading and introduction of new pathogens into growing areas where they 
are not present yet. These limitations have led to the development of molecular 
approaches with improved accuracy and reliability. Molecular techniques are faster, 
more specific, sensitive, and accurate than traditional techniques and they can iden-
tify non-culturable microorganisms and facilitate early disease management 
decisions.

The combination of traditional and molecular techniques permits to characterize, 
detect, identify and quantify different pathogens. In the case of fungal pathogens, 
the Internal Transcribed Spacer region (rDNA ITS) has been selected by the 
Consortium for the Barcode of Life (CBOL) as the primary fungal barcode for spe-
cies identification (Begerow et al. 2010). Other genomic regions are interesting for 
the fungal identification at species level, or even at subspecies level (Srinivasan 
et al. 2010). The 16S rRNA has been selected as universal barcode for bacteria iden-
tification (Weisburg et al. 1991).

An early pathogen detection represents the best preventative measure in several 
pathosystems, as in the case formae speciales and races of Fusarium oxysporum 
from seeds, plants and soil samples (Pasquali et al. 2007; Mbofung and Pryor 2010; 
Thomas et al. 2017; Gilardi et al. 2017a).

Loop-mediated isothermal amplification (LAMP) is a DNA amplification 
method that can be used to amplify nucleic acid in a target specific way without the 
need for thermal cycling (Notomi et al. 2000). LAMP is particularly promising for 
plant pathogen detection, as it is easier and quicker to perform than PCR, it can be 
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performed on hand-held platforms, and it is well suited for in field use. The LAMP 
method has been demonstrated for the detection of bacteria (Hodgetts et al. 2015), 
fungi (Franco Ortega et al. 2018), phytoplasmas (Hodgetts et al. 2011) and viruses 
(Tomlinson et al. 2013).

The limit of detection of pathogens, by comparing the molecular techniques, can 
reach nanograms of DNA for PCR, picograms of DNA for biosensors, and femto-
grams of DNA for qPCR and digital PCR. NGS technologies are having an enor-
mous impact on biological sciences, allowing the determination of genome variation 
within a species or a population. Comparative analysis of the genome sequences 
allows the identification of highly conserved gene families, conserved regulatory 
elements, repeated elements, uncultured pathogens, new species, symbionts, etc., 
on which new markers could be designed. On the other side, the use of field tech-
niques, such as LAMP and portable platforms, is a promising tool to early and 
quickly detect pests and a useful decision support system for appropriate pest and 
disease management. The choice of the diagnostic technique depends on the bal-
ance between the reliability and the cost per sample. Microbiological techniques are 
generally cheap, but time-consuming, while molecular technologies have a higher 
cost, which is counterbalanced by the higher performance. PCR, qPCR and LAMP 
have a progressively lower cost per sample in the order of 2–10 € sample, while 
NGS are more expensive and they are not yet used for routine analysis (Spadaro 
et al. 2018). The development of new instruments and platforms and the continuous 
increase of bioinformatics-data have allowed the use of bioinformatics-based tech-
niques such as metagenomics, comparative genomics and genome sequencing as 
routine analysis tools. The dramatic decrease of the cost of the new sequencing 
technologies permits to foresee a higher adoption rate in diagnostic laboratories in 
the near future.

3.4.2  Forecasting Models

Research tried to develop disease predictions models, also called forecasts or warn-
ings, to help the farmers determine whether and when preventive management mea-
sures are needed. Plant disease models are simplifications of the relationships 
between pathogens, crops, and the environment that cause epidemics to develop 
over time and space. Plant disease models produce predictions about epidemics or 
single epidemic components that can be used as risk indicators. Such models also 
produce predictions about plant disease epidemics that allows growers to respond in 
timely and efficient ways by adjusting crop management practices. A prediction of 
low disease risk may result in reduced fungicide treatments with positive economic 
and environmental effects (Rossi et al. 2010). Disease prediction is most useful for 
economically important, sporadic diseases for which effective management mea-
sures are available. It is also important that growers or technicians be able to operate 
the prediction system themselves, or that there is a good communication tool 
between those who monitor and those who manage the disease.
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3.4.3  Decision Support Systems

Decision support systems (DSS) should be developed through forecasting models, 
results of the early detection tools, as well as pathway, establishment and spread 
models. Data from various sources are interpolated using spatial statistics methods, 
making the DSS able to provide prediction data with high accuracy at field and site- 
specific scale. The DSS should have a user-friendly interface, having Geographic 
Information System (GIS)/mapping functionalities to project the pathogen occur-
rence. They also could provide alerts when a new pathogen has been identified and 
could provide recommendations for treatment applications (ideal timing and dos-
age, optimal sprayer calibration, real-time indicator for tractor speed).

Recently developed DSSs are characterised by holistic treatment of crop man-
agement problems (including pests, diseases, fertilisation, canopy management and 
irrigation); conversion of complex decision processes into simple and easy-to- 
understand ‘decision supports’; easy and rapid access through the Internet; two-way 
communication between users and providers that make it possible to consider 
context- specific information (Rossi et al. 2012).

4  Conclusions

Attempts to control soilborne pathogen populations include the use of pesticides, 
genetic resistance, crop rotations and a variety of cultural practices, aimed at reduc-
ing plant infections. Since these measures not always provide adequate disease con-
trol, fumigants and fungicides are sometimes needed, as part of an integrated disease 
management. Adopting preventative and combined methods of disease management 
has become the choice for the control of soilborne pathogens on economically 
important crops. The management of soilborne pathogen represents a real 
challenge.

The implementation of the concepts of soil health and soil health management 
into agricultural production is essential for sustainable crop production and environ-
mental quality (Larkin 2015). The choice of the appropriate plant disease manage-
ment strategy should not only integrate the impact on the soil and crop health, but 
also on the agricultural and non-agricultural environments, the natural resources, 
and human health. Economic, social, legislative and political issues should be con-
sidered together with regional, national and international regulations.

New disease outbreaks emerge and will emerge, requiring continuous changes to 
the disease management system and reprioritization of goals and objectives. 
Globalization of trade, new consumption habits, shifts in diets, and climate change 
are among the factors influencing the occurrence, frequency and severity of new 
plant diseases, with an important impact on decision-making tools for the related 
disease management measures that should be adopted. Effort for a continuous mon-
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itoring and disease surveillance is necessary. Strategies to produce healthy seeds 
and seed treatment methods need to be investigated and made available to seed 
companies and growers. Plant disease management should be adapted to the geo-
graphical areas, to the crops and to the pathogens. Future plant disease management 
should continue to strengthen food security for a stable society, but also safeguard 
the health of associated ecosystems and reduce dependency on natural resources.
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Abstract The aim of conservation of biodiversity and genetic resources is to secure 
existing genetic biodiversity while allowing evolution and to build a wide base of 
genetic resources that meet demands of present and future uses not only for human 
kind but also for all livings forms on earth. Genetic resources for sustainable agri-
culture are irreplaceable natural sources for food, spice, medicine, fuel, fodder and 
building materials. Genetic diversity is an essential natural resource, like soil, water 
and the sun, without it life may not exist. Unfortunately, the most dramatic decline 
in the genetic diversity occurred with dramatic yield improvement of modern crops 
due to the development of hybrid technologies, synthetic fertilizers, irrigation, pest 
managements and farm machinery. Among 500,000 land species on earth, 100,000–
160,000 are estimated to be under threats or about to enter the red list. It is estimated 
that today 15% of the earth land surface is protected for conservation, however, 
coverage varies widely among ecosystems and countries. Today approximately 
7.4 million germplasm accessions representing more than 16,500 plant species are 
conserved in approximately 1750 gene banks worldwide, and more than two million 
accessions are estimated to be added soon. However, most gene banks around the 
world lack facilities, sufficient funds and staff to successful regeneration of gene 
bank collections and maintenances. Conservation of biodiversity and genetic 
resources is needed more than ever, given the cumulative effects of exploitation and 
destruction that is compounded by climate change. This chapter focuses on a brief 
history of public awareness on biodiversity and genetic resources for sustainable 
agriculture with specific highlights on next generational high-throughput tech-
niques. The application of high-throughput phenotyping genomics and phenomics 
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opens new ways for a substantial enhancement of plant conservation activities for 
sustainable agriculture. Monitoring tools utilizing machine and deep learning 
approaches coupled with traditional plant breeding could not only inform us about 
the risk of genetic erosion through genetic drift and nonrandom viability selection 
within gene banks, but could help us to fight current pest and disease outbreaks, 
would also have the dual effects of contributing to enhanced food production and to 
the conservation of plant genetic resources.

Keywords Crop biodiversity · Gene discovery · Next generation genotyping · 
Phenotyping · Sources of diversity · Threats

Abbreviations

2b-RAD  Type IIB Restriction Enzyme Digestion Restriction Site Associated 
DNA

2D Two Dimensional
3’-UTRs 3’-Untranslated Regions
3D Three Dimensional
5’-UTRs 5’-Untranslated Regions
CBD The Convention on Biological Diversity
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CMOS Complementary Metal Oxide Semiconductor
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CRoPS Complexity Reduction of Polymorphic Sequences
ddRAD Double-digest RAD Sequencing
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GBS Genotyping by Sequencing
GPS The Global Positioning System
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GT-seq Genotyping-in-Thousands by Sequencing
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INDELs Insertions or Deletions
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UV Ultraviolet
VIS Visible
WES Whole Genome Exome Sequencing
WGR Whole Genome Resequencing
WGS Whole Genome Sequencing
X-ray CT X-ray Computed Tomography

1  Introduction

There exist approximately 500,000 land plant species on earth. Although 10–20% 
of earth’s land plant species are not scientifically studied, about 100,000–160,000 
land species are estimated to be threatened. About 15% of the earth land surface is 
protected for conservation, however, coverage varies widely within ecosystem 
(Sharrock et al. 2014; Coetzee et al. 2014; Geldmann et al. 2015; Sajjadi et al. 2015; 
Corlett 2016; Yousef et al. 2018). Conservation of plant biodiversity and genetic 
resources probably begun some 13,000–15,000  years ago when hunter-gatherers 
started to collect plants. Gatherers turned into farmers and discovered to save crop 
seeds they found easiest to process or tasted the best (Zhang et al. 2017). During the 
history of crop domestication, more than 7000 plant species have been cultivated. 
However, today in modern agriculture no more than 500 plant species are being 
grown, among the most widely cultivated crop species include cereals such as 
wheat, maize, rice (Duvick 2005), fiber crops such as cotton, flax, hemp (Uygur 
Gocer and Karaca 2016a), oil crops such as sunflower, canola, soybean (Edgerton 
2009), pulses such as chickpea, lentil, bean (Ince and Karaca 2011a), forage crops 
such as bermudagrass, alfalfa, common vetch (Cakmakci et al. 2006; Karaca and 
Ince 2008), vegetables such as tomato, pepper, lettuce, mushroom, carrot, aspara-
gus, celery, turmeric, artichoke, (Ince et al. 2009a, b, 2010a, b, c; Polat et al. 2010; 
Ince and Karaca 2011b), starch and sugar plants such as potato, sugar beet, cassava 
(Peroni and Hanazaki 2002), medicinal and aromatic plants such as sage, oregano, 
thyme, ginger, jojoba, chicory (Karaca et al. 2008, 2015; Ince et al. 2010d, e, 2011a; 
Ince 2012), ornamental crops such as carnation, rose, lily (Ince et al. 2009c; Ince 
and Karaca 2015a).

During the cultivation periods, genomes of the most cultivated species mentioned 
above experienced intense selection for desirable characteristics, many of which are 
not found in wild and crop wild relatives. On the other hand, wild species and crop 
wild relatives are rich in genes against biotic and abiotic stress factors and secondary 
metabolites such as phenolic compound many of which have economic importance 
(Elmasulu et al. 2009; Ince and Karaca 2009; Karaca et al. 2011). During the domes-
tication periods cultivated crop species received long-standing events include the 
domestication bottleneck (occurs when a subset of the wild populations is brought 
into cultivation), directional selection (diversity can subsequently be lost through 
selective breeding for desirable traits during crop improvement), dispersal bottle-
necks and gradual increase of genetic diversity as a consequence of gene transfer 
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within and between the domesticated species or crop wild relatives. Also cultivated 
species gained or lost allelic combinations via mutations and recombination events 
which could affect conservation of biodiversity and genetic resources for sustainable 
agriculture (Shepherd et al. 2016; Zhang et al. 2017; Kopnina et al. 2018).

In the agricultural history, the most dramatic decline in the genetic diversity 
occurred with dramatic yield improvement due to the development and widespread 
use of new farming technologies such as hybrid technologies, synthetic fertilizers, 
irrigation, pest managements and farm machinery (especially during the period of 
Green Revolution). Modernization of agriculture started in the middle of the nine-
teenth century in Europe and North America leading to the irreversible loss of innu-
merable heterogeneous landraces and other genetic materials. In Asia and other 
developing countries, the Green Revolution started in the beginning of the twentieth 
century and gained momentum in the 1960s. It is important to note that moderniza-
tion of agriculture was evident in Europe and North America long before World War 
II indicating that Green Revolution started during nineteenth century in today’s 
most developed countries (Baur 1914; Harlan 1975).

Biodiversity and genetic resources of plant species and their wild relatives are 
not equally and evenly distributed on earth. Significant amounts of in situ genetic 
resources are within the developing countries while developed countries have ex 
situ genetic resources. It is known that significant amounts of landraces in North 
America and northwestern Europe were lost due to genetic erosion. It is also inter-
esting to note that loss in genetic variations due to genetic erosion has been less 
intensive in remote areas where these traditional varieties are still grown in small 
cultivation and patches of land (Evenson and Gollin 2003; Ince et al. 2009d; Karaca 
and Ince 2011a, b).

Landraces, heirlooms and traditional varieties are old cultivars selected by farm-
ers over hundreds years to best fit their needs. These genetic resources generally 
display greater diversity and many desired metabolomic traits than modern cultivars 
as they have been selected to adapt to local, sometimes hostile environments. 
Metabolomic traits especially taste and health-promoting related traits are contained 
in landraces, heirloom and traditional varieties and thus serve as a good source of 
the best alleles for organoleptic quality improvement (Ince and Karaca 2011a; 
Gascuel et al. 2017; Vlk and Repkova 2017). Therefore, conservation of biodiver-
sity and genetic resources of these valuable resources are very important for sustain-
able agriculture.

Landraces, heirloom and traditional varieties are also beneficial crops for soil 
fertility characteristics that save soil’s organic matter and protect it from soil ero-
sion. Also many of heirloom and traditional varieties contribute to healthy human 
nutrition and potential sources of resistance to abiotic and biotic stresses. However, 
they are less suited for new agricultural technologies and do not provide high yields 
as high as modern cultivars. Due to their less productivity in terms of yield, they are 
not widely cultivated in most parts of the world at present, thus, genetic diversity 
within landraces, heirloom and traditional varieties is seriously reduced. The rapid 
expansion of plant breeding applications during the second half of the twentieth 
century brought the introduction of a big number of improved varieties, which pro-
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gressively replaced old landraces, especially in developing countries resulted in 
genetic erosion. Also the release of a large number of commercial varieties into 
traditional farming systems caused a reduction in the number of varieties cultivated 
in a given area. Unfortunately, almost due to the same reasons biodiversity in other 
valuable genetic materials such breeding lines, genetic stocks, obsolete cultivars, 
landraces, accessions, heirlooms, traditional or heritage varieties of crops along 
with wild species and crop wild relatives (please see the glossary at the end of this 
chapter for short descriptions) is narrowed. In addition, due to the climatic changes 
and monoculture agricultural practices genetic diversity on earth is being eroded 
(Elmasulu et al. 2011; Ince et al. 2010f). Therefore, conservation of biodiversity and 
genetic resources for sustainable agriculture is required to secure existing genetic 
biodiversity and to build a wide base of genetic resources that meet demands of 
present and future utilizations (Evenson and Gollin 2003; Ince et al. 2009e; Karaca 
et al. 2013).

According to the central dogma of conservation genetics, genetic variability is 
beneficial and thus it is worth preserving to the greatest extent (Pertoldi et al. 2007). 
Therefore, conservation of biodiversity is important for maintaining the adaptive 
potential of species and populations for sustainable agriculture. In turn, conserva-
tion of biodiversity ultimately depends on the conservation of genetic diversity and 
increasing genetic variation enhances the probability of population survival 
(Aravanopoulos 2016). Almost everybody on earth agrees that biodiversity is at risk 
from multiple threats including increasing human population and the genetic diver-
sity contained within plant genetic resources needs to be conserved.

There have been two different concepts on what types of biodiversity and genetic 
resources should be conserved. Also important concepts on how biodiversity and 
genetic resources are conserved and how genetic erosion is reduced, and what kinds 
of technologies can be implemented to enhance their conservation and use still need 
attentions. During the second half of twentieth century germplasm collection expe-
ditions adopted an approach called “mission-oriented approach” (Dulloo et  al. 
2013; Buse et al. 2015; Kopnina et al. 2018). This approach focuses on targets spe-
cific to plant breeding projects. Therefore, collected genetic materials are mainly 
used in plant breeding stations. However, this approach, while responding to imme-
diate individual or organizational needs, have limited effects on reducing the genetic 
erosion. Opposite to the mission-oriented approach is the “generalist approach” that 
directs towards collecting and conservation of much possible genetic materials in 
plant centers of origin (Bayerl et al. 2017; Fu 2017).

Today approximately 7.4 million germplasm resources representing more than 
16,500 plant species are being conserved in 1750 gene banks worldwide, and more 
than two million accessions are estimated to be added (Shepherd et al. 2016; Fu 
2017). Conservation of these genetic resources uses in situ strategy and ex situ strat-
egy or both strategies. Although ex situ and in situ conservations are two main strat-
egies for conserving genetic resources for sustainable agriculture, they are equally 
important and should be utilized at the same time as complementary approaches 
(Dulloo et al. 2013; van Kleunen et al. 2015).
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Ex situ conservation is the conservation of genetic resources outside their natural 
habitats and it is generally used to conserve populations that potentially under 
threat. Ex situ conservations in gene banks are in the form of seeds, live plants, 
 tissues, cells and/or DNA materials. On the other hand, in situ conservation is the 
conservation of populations of species at their natural habitats or close their gene 
centers including maintenance and recovery of viable populations of species. In situ 
conservation can be either on farm, requiring the maintenance of the agro- ecosystem 
along with the cultivation and selection processes on local varieties and landraces, 
or in the wild, which involves the maintenance of the ecological functions that allow 
species to evolve under natural conditions (Ince and Karaca 2011a; Korun et  al. 
2013; Buse et  al. 2015; Hernandez-Suarez 2018; Kopnina et  al. 2018; Manhaes 
et al. 2018).

We know that identification of genetic resources is also as important as conserva-
tion of biodiversity for sustainable agriculture. In this chapter, we also discuss the 
novel, and emerging approaches such as next generation phenotyping and next gen-
eration genotyping systems for detecting and conservation of biodiversity and 
genetic resources for sustainable agriculture after a brief historical view on global 
biodiversity and genetic resources, values and current status of genetic resources 
and diversity.

2  A Brief Historical View on Global Biodiversity and Genetic 
Resources

During 1845 and 1849, Irish Potato Famine caused about one million people death 
and a million more migrated from Ireland. One of the main causes of famine was 
potato blight disease that ravaged potato throughout the Europe during 1840s. 
Probably this was the first well know indication of the result of genetic erosions in 
cultivated crops. Second indication of genetic erosion was noted in 1970 with con-
siderable yield loss in United States of America corn production caused by fungus 
Helminthosporium maydis race T, known as the southern corn leaf blight. These two 
events are good examples showing the consequences of the lack of genetic diversity 
and the use of monoculture modern varieties instead of landraces (Fu 2017).

Accumulated scientific, political and public awareness on conservation of biodi-
versity and genetic resources for sustainable agriculture were internationally 
sounded in 1960s and the landmark conferences sponsored by international organi-
zations such as the Food and Agriculture Organization of the United Nations (FAO), 
the International Biological Program (IBP) and World Bank were held. The IBP and 
FAO in 1967 helped to lay the foundation for modern genetic resources conserva-
tion efforts (Goulart et al. 2018; Li et al. 2018). Table 1 summarizes some events, 
conferences and establishments concerned conservation of biodiversity and genetic 
resources of the world.
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Table 1 Events relevant to the establishment and evolution of international instruments related to 
the conservation and sustainable utilization of plant genetic resources during the period 
1961–2018

Event Some underpinning principle(s)/agreements

1961–1973 Rising concern about formulating criteria for the conservation, 
diversity and genetic resources for sustainable agricultureFAO technical meeting on 

plant exploration and 
introduction, (Rome, 1961)

The use of ex situ and in situ conservation strategies as a 
complementary strategy to conserve gene erosion of landraces 
and wild relativesFAO/IBP technical conference 

plant exploration, utilization 
and conservation of plant 
genetic resources, (Rome, 
1967)

Priority geographic areas for exploration and conservation of 
plant genetic resources.
Establishment of the technical advisory committee for 
conservation of plant genetic resources
Establishment of the world network of genetic resources centers
Establishment of a coordinating center support to gene banks 
already existing in international agricultural research centers 
(IARCs) of the consultative group on international agricultural 
research (CGIAR)

Third session of the FAO 
panel of experts on plant 
exploration and introduction, 
(Rome, 1969)
Founding meeting of the 
consultative group on 
international agricultural 
research (CGIAR), 
(Washington, DC, 1971)
UN conference on human 
environment, (Stockholm, 
1972)
Establishment of the 
international board for plant 
genetic resources (IBPGR) 
group, (Beltsville, 1972)
FAO/IBP technical conference 
on genetic resources, (Rome, 
1973)
1981–1991 Suggested clarity regarding the legal situation of the ex situ 

collections
FAO/IBP technical 
conference on genetic 
resources, (Rome, 1981)

Suggesting the need for an international agreement to ensure the 
conservation, maintenance and free exchange of plant genetic 
resources

21st session of the FAO 
conference, (Rome, 1981)

Adoption of the international undertaking on plant genetic 
resources establishment of the commission on plant genetic 
resources for food and agriculture (CGRFA) and of the global 
system on plant genetic resources

22nd session of the FAO 
conference, (Rome, 1983)

Plant breeders’ rights are not inconsistent with the international 
undertaking, recognition of farmers’ rights

(continued)
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Table 1 (continued)

Event Some underpinning principle(s)/agreements

National forum on 
biodiversity (Washington 
1986)

Requested FAO a code of conduct for biotechnology to be used 
in conservation of genetic resources
International board for plant genetic resources (IBPGR) was 
transformed into the international plant genetic resources 
institute (IPGRI)

25th session of the FAO 
conference, (Rome, 1989)
3rd regular session of 
CGRFA, (Rome, 1989)
26th session of the FAO 
conference, (Rome, 1991)
1992–1994 Plant genetic resources of nations are recognized the sovereign 

rights of nations
The United Nations 
conference on environment 
and development (UNCED) 
(Rio de Janeiro, 1992)

Agreement on the development of the 1st state of the world’s 
plant genetic resources and global plan of action on plant genetic 
resources

1st extraordinary session of 
the CGRFA, (Rome, 1994)

Agreement on risk assessment and management of all aspects of 
biotechnology

The convention on biological 
diversity (CBD, 1992)

Agreement on international policy framework for the 
conservation of plant genetic diversity

Establishment of the 
Scarascia Mugnozza 
community genetic resources 
center, (Chennai, 1994)

Agreement to hold the designated germplasm in trust for the 
benefit of the international community

1995–1999 Stating that biodiversity loss is not only an important 
environmental problem, but also a socio-economic, political and 
ethical problem

28th session of the FAO 
conference, (Rome, 1995)

Ex situ conservation of plant genetic resources are essential but 
must be integrated by in situ, on farm, a community level 
conservation strategy

Science academies summit at 
the M. S. Swami Nathan 
research foundation, (Madras, 
1996) Genetic resources should be conserved and made available to 

scientists and farmers, but access should be regulated by 
international agreements

4th international technical 
conference on plant genetic 
resources, (Leipzig, 1996)
World Food Summit, (Rome, 
1996)
1st extraordinary meeting of 
the conference of the parties 
to the CBD, (Cartagena, 
1999)

(continued)
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Table 1 (continued)

Event Some underpinning principle(s)/agreements

2000–2004 Protecting biological diversity from the potential risks posed by 
living modified organisms (LMOs).Resumed session of the 

conference of the parties to 
the CBD, (Montreal, 2000)

Recognition of farmers’ rights access to plant genetic resources 
and equitable sharing of the benefits derived from their use

31st session of the FAO 
conference, (Rome, 2001)
6th ordinary meeting of the 
conference of the parties to 
the convention on biological 
diversity, (Hague, 2002)

The rate of loss is still accelerating and the threats must be 
addressed

UN world summit on 
sustainable development, 
(Johannesburg, 2002)

Ensuring an absolutely requirement of funding for the 
conservation of plant genetic resources
The world conservation union (IUCN) red list categories and 
criteria were preliminary constructed to assess the threatened 
status of species or lower taxa on a global scale. Red data lists 
can play a crucial role by focusing attention on species most in 
need of conservation action

Convention on biological 
diversity (CBD, Paris 2002)
Establishment of the global 
crop diversity trust (now 
renamed crop trust) (2004)
2005–2009 Stated that over the past 50 years, humans have changed 

ecosystems and have substantial net gains for their well-being, 
but at growing environmental costs

Publication of the millennium 
ecosystem assessment (2005)

Degradation of ecosystem services could grow significantly 
worse during the first half of this century

1st meeting of the governing 
body of international treaty 
for plant genetic resources 
(ITPGR), (Madrid, 2006)

Standard material transfer agreement (SMTA) is the legal 
instrument through which the multilateral system of access and 
benefit sharing operatesEstablishment of the Svalbard 

global seed vault, (Svalbard, 
2008)

Recognition of the crop trust as an essential element of the 
treaty’s funding strategy, in regard to ex situ conservation and 
availability of plant genetic resources12th Regular session of the 

CGRFA, (Rome, 2009)
36th session of the FAO 
conference, (Rome, 2009)

Ex situ gene bank collections are put under the international 
treaty for plant genetic resources (ITPGR)

2010–2012 Establishing more predictable conditions for access to genetic 
resources, helping to ensure benefit-sharing when genetic 
resources leave the country providing the genetic resources

International technical FAO 
Conference on agricultural 
biotechnologies in developing 
countries (Guadalajara, 2010)

Target for 2020, establishment of an online flora of all known 
plants
Status and trends of biotechnologies applied to the conservation 
and utilization of genetic resources for food and agriculture and 
matters relevant for their future development

10th meeting of the 
conference of the parties to 
the convention on biological 
diversity, (Nagoya, 2010) Biotechnologies largely used for conservation and use of plant 

genetic resources in developed countries but many developing 
countries do not have biotechnological capacities

13rd regular session of the 
CGRFA, (Rome, 2011)

Need for a roadmap on climate change and genetic resources for 
food and agriculture

143rd session of the FAO 
council, (Rome, 2011)

(continued)
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During the period of 1961 to 1991, a large number of scientific and technical 
conferences, and workshops were held mainly in Europe and United States of 
America. These activities were among the initiatives on rising the concern about 
conservation of biodiversity, sustainable use of its components and a fair and 
 equitable sharing of its benefits. For instance, the term genetic erosion was coined at 
the Technical Conference Plant Exploration, Utilization and Conservation of Plant 
Genetic Resources of FAO/International Biological Program, held in Rome in 1967 
to describe this loss of individual genes and combinations of genes. The concept of 
biodiversity was first conceived by Walter G. Rosen from the National Research 
Council/National Academy of Sciences (NRC/NAS) in 1985, while planning to 
conduct a forum on biological diversity (Sonnino 2017; Kopnina et al. 2018).

During the last decades of twentieth century, plant genetic resources-related 
activities were primarily focused on the collection and ex situ conservation of germ-
plasm. Ex situ conservation strategy, which was suggested in 1973, was reinforced 
in 1981 by the FAO/IBP Technical Conference on Genetic Resources. However, 
several scholars expressed concern that the storage of seeds in gene banks (ex situ 
conservation) not allowed natural evolution to proceed (Brown and Hodgkin 2015). 
Centre for Plant Conservation (CPC, 1991) set ex situ guidelines range from rela-
tively small targets (e.g. collection of seed from 10 individuals in each of five popu-
lations) to comprehensive collections of germplasm. Furthermore, in 1996, the 
Leipzig Declaration appropriated both the ex situ and in situ approaches, consider-

Table 1 (continued)

Event Some underpinning principle(s)/agreements

2012–2018 Need to promote, enhance and support more sustainable 
agriculture that improves food security, eradicates hungerUnited nations conference on 

sustainable development 
(UNCSD), (Rio de Janeiro, 
2012)
14th regular session of the 
CGRFA (Rome, 2013)

Conserving land, water, and genetic resources, biodiversity and 
ecosystems and enhancing resilience to climate change and 
natural disastersInternational symposium on 

forest biotechnology for 
smallholders, (Foz do Iguacu, 
2015)

Importance of genetic resources for food and agriculture for 
coping with climate change
Biotechnologies can be used in production systems, based on 
agro-ecological principles, to enhance productivity while 
ensuring sustainability, conservation of genetic resources and use 
of indigenous knowledge

39th session of the FAO 
conference, (Rome, 2015)
FAO international symposium 
on the role of agricultural 
biotechnologies in sustainable 
food systems and nutrition, 
(Rome, 2016)

Although in June 2017, United States announced the withdrawal 
for the Paris agreement, in May 2018, 195 UNFCCC members 
have signed the Paris agreement, and 177 have become party to 
it

United Nations Framework 
Convention on Climate 
Change (May 2018)

The Paris agreement aims long-term goal of keeping the increase 
in global average temperature to well below 2 °C above 
pre-industrial levels, and to aim to limit the increase to 1.5 °C, 
since this would significantly reduce risks and the impacts of 
climate change
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ing them as not mutually exclusive, but complementary components of conservation 
programs. The Convention on Biological Diversity (CBD) promotes ex situ conser-
vation, via the establishment of protected areas and natural parks. In addition, 
 on- farm conservation is often adopted to grow, utilize and conserve landraces, 
native varieties and other local materials, within their original landscapes and tradi-
tional farming systems (Kopnina et al. 2018).

The United Nations Conference on Environment and Development (UNCED) 
(also known as the Rio de Janeiro Earth Summit) was a major United Nations con-
ference held in Rio de Janeiro from 3 to 14 June 1992. In 2012, the United Nations 
Conference on Sustainable Development was also held in Rio de Janeiro from 13 to 
22 June, and is commonly called Rio + 20 or Rio Earth Summit 2012. Among issues 
addressed in these two conferences included systematic scrutiny of patterns of pro-
duction of toxic components, such as lead in gasoline, or poisonous waste including 
radioactive chemicals, alternative sources of energy to replace the use of fossil fuels 
which delegate linked to global climate change, new reliance on public transporta-
tion systems in order to reduce vehicle emissions, congestion in cities and the health 
problems caused by polluted air and smoke and the growing usage and limited sup-
ply of water (Ogwu et al. 2014; Kopnina et al. 2018). The Convention on Biological 
Diversity was opened for signature at the Earth Summit, and made a start towards 
redefinition of measures that did not inherently encourage destruction of natural 
eco-regions and so called uneconomic growth. USA failed to sign the proposed 
Convention on Biological Diversity. In order to ensure compliance to the agree-
ments at Rio delegates to the Earth Summit established the Commission on 
Sustainable Development. In 2013, the Commission on Sustainable Development 
was replaced by the High-level Political Forum on Sustainable Development that 
meets every year as part of the United Nations Economic and Social Council 
(ECOSOC) meetings, and every fourth year as part of the General Assembly meet-
ings. Critics point that many of the agreements made in Rio have not been realized 
regarding such fundamental issues as fighting poverty and cleaning up the environ-
ment (Sonnino 2017; Kopnina et al. 2018).

3  Genetic Resources, Conservation and Values

3.1  Genetic Resources

Genetic resources are genetic materials of actual or potential values that are used in 
the future improvement of crops utilized in food, spice, medicine, fuel, fodder and 
building material production. Genetic resources consist of genotypes or population 
of landraces, advanced cultivars, domestically bred cultivars, old local cultivars, 
genetic stocks, wild relatives and weedy species which are maintained in the form 
of seeds, plants, tissues etc. Genetic resources should be properly monitored in 
order to reduce the risk of within-gene bank erosion or in situ conservations. In the 
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absence of such monitoring, some unique germplasm accessions are lost and this 
reduces the biodiversity coverage present in a gene bank collection or in situ conser-
vations (Krishnan et al. 2013; Brown and Hodgkin 2015; Kopnina et al. 2018).

Genetic resources of crop wild relatives on earth are not evenly distributed geo-
graphically, therefore, there exist great differences among the gene banks in terms 
of number and biodiversity. Due to global warming conditions efforts to collect 
germplasm of crop wild relatives have gradually increased (Castaneda-Alvarez 
et al. 2016). However, gene bank capacities and low funding limit the success of 
these efforts. Crop wild relatives usually have low germination rate, and require 
taxonomic evaluation, specialized pollinators and different life cycle. Many gene 
banks have insufficient capacity to maintain both old and newly acquired germ-
plasm, affecting the efficacy of long-term germplasm conservation (Ogwu et  al. 
2014; Kopnina et al. 2018).

Conservation of genetic resources for sustainable agriculture is the art and sci-
ence for the benefit of genetic improvement of crops in present and future genera-
tions. Researchers and staff involved in germplasm conservation through ex situ and 
in situ methods are expected to have knowledge and experiences in a variety of 
fields including biology, molecular biology, molecular genetics, plant systematics, 
population genetics, plant pathology, plant physiology, plant ecology, biochemistry, 
computer science, legal science, economics, and political science. This indicates 
that conservation teams should have special training, however, there is no specific 
institutes providing comprehensive professional training in the germplasm conser-
vation. In the developing countries many researchers and staff working in gene 
banks since the 1970s have retired or will retire soon (Fu et al. 2015). That means 
some useful knowledge and experience in germplasm conservation for sustainable 
agriculture are being lost without replacing young and dynamic researchers due to 
restricted financial supports.

Gene banks in different parts of the world may suffer catastrophic events and can 
collapse. For instance, the N. I. Vavilov Institute of Plant Genetic Resources was 
damaged during World War II. Genetic resources in gene banks of Guinea-Bissau, 
Liberia and Sierra Leone have been damaged due to civil wars. Afghanistan’s gene 
bank in Kabul and Iraq’s Abu Ghraib national gene bank in Baghdad were looted. 
Syria’s gene bank at the International Center for Agricultural Research in the Dry 
Areas (ICARDA) in Aleppo was probably damaged during civil war although the 
center has been relocated to Terbol, Lebanon (Bhattacharya 2016). Some gene 
banks have been destroyed due to natural disasters too. For instance, national seed 
bank of Nicaragua was lost in the 1971 earthquake. The national seed bank of 
Honduras was demolished by hurricane Mitch in 1998. The Thai gene bank was 
flooded and some of the 20,000 unique rice accessions were lost forever in 2011. 
The typhoon Milenyo damaged the Philippines’ national gene bank in 2006 and was 
again destroyed by fire in January 2012. Destruction due to increased frequency of 
flooding, typhoons and civil war disasters rationalized for constructing the Svalbard 
Global Seed Vault in 2006 for long-term safety backup of valuable germplasm (Fu 
et al. 2015; Fu 2017).
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3.2  Conservation of Genetic Resources

Genetic resources can be conserved either in situ (in their natural setting) or ex situ 
(outside their natural setting). Ex situ conservation is the dominant method of con-
serving natural ecosystem. On the other hand, ex situ conservation is commonly 
used by plant breeders. However, agricultural resources can also be held in situ. 
Many farmers developed landraces contain significant diversity and encouraging 
use of these varieties is one method to conserve agro-biodiversity in situ. Wild rela-
tives of cultivated varieties may also be conserved in situ on wild land. More recent 
approaches view the ex situ and in situ forms of conservation as complimentary, 
rather than as substitutes (Ogwu et al. 2014; Kopnina et al. 2018).

The ex situ conservation method needs to obtain genetic materials from their 
ecological environment and grow them in different environment for long-term con-
servation. Ex situ examples include gene banks, national parks, botanic gardens, 
arboretums, museums, zoos and protected areas. Compared to in situ conservation 
certain methods of ex situ conservation can be used to store large amounts of genetic 
material at relatively low cost. Gene banks can hold a large amount of germplasm 
resources, for instance, the world’s gene banks presently hold more than four mil-
lion accessions, or specific samples of certain crop varieties (Ogwu et al. 2014). On 
the other hand, the in situ conservation method does not remove the genetic materi-
als from their environment, instead genetic materials remain in their natural habi-
tats. Most of the world’s genetic diversity is found in situ. For agriculturally 
important species, the greatest diversity in landraces and in wild relatives may be 
found in or near their primer and seconder centers of origin, or the places in which 
they were first domesticated (Uygur Gocer and Karaca 2016b; Kopnina et al. 2018; 
Li et al. 2018).

Conservation of ex situ genetic resources is an efficient and economical way by 
seed conservation (seed bank). Seed bank represents the most cost-effective ex situ 
conservation strategy. Although most crop seeds can be stored for long periods 
under low relative humidity and low temperature conditions, it is not feasible for 
some species that cannot stand desiccation below a relatively high critical water 
content value (10–12% or 20%). Therefore, seed bank conservation is for the stor-
age of predominantly orthodox seeds to maintain the allelic integrity and identity of 
a sample (Chandrakant et  al. 2017). For those non-orthodox seeds gene bank 
requires essential infrastructure for short- and long-term seed storage, but also the 
efficient management of germplasm from safety backup to regeneration and charac-
terization, germplasm distribution, and data management (Hernandez-Suarez 2018; 
Li et al. 2018).

Conservation of ex situ genetic resources may consist of following procedures; 
(i) collection, identification and characterization, (ii) regeneration, (iii) conserva-
tion, (iv) data management, (v), distribution, (vi) evaluation for subsequent use, 
(vii) acquisition, (viii) characterization, (ix) re-evaluation for supportive research 
and germplasm enhancement. All newly arrived plant seed samples are controlled 
for health and purity. Primarily a seed viability and some other related tests are 
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made and seed samples having the required standards are dried and stored. Seed 
drying is an important step to assure a long viability of seeds and it is carried out 
gently using temperatures below 25 °C. Seeds are dried to 4–8% moisture, filled 
into glass containers with vapor proof covers and placed into moving shelves in 
cooled chambers. The storage temperature is below −18 °C for the base collections. 
Seed viability as well as seed supply are regularly monitored during long-term stor-
age. Regeneration of multiplied accessions is initiated when one of these parameters 
drops below the standard level. Recent years witnessed dramatic development in 
freezer technologies and thus ultra-low temperature freezers became much cheaper 
for preserving excised embryos, embryonic axes, or dormant buds of many non- 
tropical and some tropical species, avoiding the need to replace liquid nitrogen as it 
evaporates. It is likely that cryopreservation will become cheaper and easier and, 
become more widespread in next decades (Ogwu et al. 2014; Fu et al. 2015; Fu 
2017; Li et al. 2018).

The information about the level of allelic diversity of a species is very important 
to capture a high proportion of the total genetic diversity in ex situ conservation such 
as gene bank. Genetic screening studies would provide information about the 
genetic diversity of the population. It is possible that a large number of individuals 
can be represented by a few genotypes or a few individuals can represent a large 
number of genotypes. Because genetic drift in gene banks is caused by the use of 
inadequate sample sizes, greater numbers of accessions are stored to guarantee that 
a particular proportion of possible genotypes has been preserved, but this can lead 
to prohibitively large sample sizes. Therefore, coverage of a sample is very impor-
tant for conservation of biodiversity for sustainable agriculture. In simpler terms, 
the coverage of a sample can be defined as the fraction of individuals in the popula-
tion that is represented in the sample. Clearly, the goal of conservation of biodiver-
sity and genetic resources for sustainable agriculture is to achieve high coverage at 
all loci and accurately estimate the proportion of existing alleles in a genome that is 
included in an accession. The use of next generation phenotyping and genotyping 
method could be very useful on screening of accessions (monitoring) for high cov-
erage and high level conservation of biodiversity in ex situ approaches (Truong et al. 
2012; Karaca and Ince 2017).

3.3  Values of Genetic Resources

Today the agriculture of virtually every country is heavily dependent on a supply of 
genetic resources from other parts of the world. The United States of America and 
Australia, for example, place considerable reliance on many species originating in 
other regions of the world for their major food and industrial crops. Sub-Saharan 
Africa is estimated to be 87% dependent upon other parts of the world for the plant 
genetic resources, and the figure is estimated to be about 90% in Europe and 62% in 
East and Southeast Asia. Many countries hold a significant amount of plant genetic 
diversity in their gene banks, farmers’ fields and natural habitats for food and 
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agriculture. In the medium- to long-term, however, these countries are likely to 
require additional genetic resources from the crop species’ centers of diversity, the 
majority of which are restricted to eight crop diversity hotspots identified early in 
the last century (Vavilov 1926). Although developing countries contain many of the 
Vavilov centers of crop diversity and therefore have much of the world’s genetic 
resources. However, many of developing countries struggle to conserve genetic 
resources, and they have limited technologies of advanced molecular and genomic 
tools and the corresponding expertise to use the genetic wealth for their own benefit. 
The onus is on the developed countries to work with those developing countries to 
conserve agricultural plant genetic resources, including diversity of crop wild rela-
tives for sustainable agriculture (Phelps and Webb 2015; Castaneda-Alvarez et al. 
2016; Vavilov 1926; Karaca and Ince 2017).

It is not possible to determine an organism’s value if it is not used in direct or 
indirect by humans. However, if the organism is valued in agriculture (including all 
types of activities such as landscaping, forestry, arboriculture, horticulture, floricul-
ture, viticulture, aquaculture etc.), its value arises from the direct use of genetic 
resources for sustainable agriculture. Direct use values include the use of genetic 
resources to produce food and fiber, or to help create new varieties of crops. 
Otherwise the value of genetic resources is not typically revealed by markets, 
because genetic resources are not directly traded in the markets. Conserved genetic 
resources could have more economic value in the future even if the resources are not 
currently being used or known. Therefore, an organism that is not presently eco-
nomically valued, may have considerable value in the future, though this value is 
difficult to measure at the present. For instance, prior to 1980s, the economic value 
of bacterium Thermus aquaticus that lives in hot springs and hydrothermal vents 
was not known. Taq DNA polymerase of this bacterium and polymerase chain reac-
tion brought $2 billion in royalties (Polat et al. 2010; Korun et al. 2013; Timmermann 
and Robaey 2016; Pavan et al. 2017).

Plant genetic resources could be used by breeders to develop new and improved 
varieties for agricultural production. This process of genetic enhancement has pro-
duced substantial economic benefits for the producers and plant breeders. Plant 
breeders are requested to provide genetic diversity to farmers’ fields in order farm-
ers produce the agricultural products. Therefore, well conserved genetic diversity 
and genetic resources such as crop wild relatives and landraces have replicable val-
ues in the development of new varieties resistant to biotic and abiotic stresses, as 
they are drought, insect, pest, disease tolerant and resistant to biotic and abiotic 
stresses (Sharrock et al. 2014; Timmermann and Robaey 2016; Li et al. 2018).

Due to the genetic recombination, gene flow, mutations and the intensities of pest 
pressure in the field farmers need to replace their seeds used for production. 
Although depending on many factors it was estimated that new varieties are resis-
tant for an average of about 5 years, while it generally takes about 10 years to breed 
new varieties (Karaca 2001; Ince and Karaca 2011c). Breeders often rely on landra-
ces, old cultivars or crop wild relatives as a last resort to gain alleles of interest from 
these materials (Ince et al. 2010g). These genetic resources are constantly required 
as repertories into the continuing process of enhancement through selective  breeding 
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(Ince et al. 2010h). Because pests and diseases evolve over time, new alleles and 
epialleles are continually needed to transfer from outside the utilized stock, landra-
ces, and wild relatives to maintain or improve yields (Ince and Karaca 2011a, 2016). 
Genetic resources are not only utilized to transfer resistance to pests and diseases, 
and tolerance to non-biological stresses, such as drought but also include rapid and 
simultaneous germination, flowering, and maturation of crops (Ince et al. 2011b; 
Ogwu et al. 2014; Ince and Karaca 2015a, b; van Kleunen et al. 2015; Uygur Gocer 
and Karaca 2016b).

4  Biodiversity

Biodiversity refers to variation in number and frequency within the natural system. 
In another word it refers to the variety of all forms of life in the world. Reduction or 
decline in genetic diversity, also called genetic erosion, in many commercially 
important plant species has been observed (Ince and Karaca 2012; Aavik et al. 2017; 
Dorey and Walker 2018). One reason for this decline in diversity has been the loss 
of genetic resources such as landraces and wild relatives of cultivated crops. It is a 
widely held belief that modern agriculture, particularly the transition from landra-
ces to modern varieties as exemplified in the twentieth century’s green revolution, 
has profoundly narrowed the genetic base of modern crop varieties. In the broadest 
sense, however, genetic alteration and narrowing began with the first domestication 
of wild plants (Karaca and Ince 2008, 2016; Ince et al. 2010i; Ogwu et al. 2014; 
Aavik et al. 2017; Manhaes et al. 2018).

Principle threats causing adverse effects on the status or sustainable use of any 
component of biological diversity include habitat alteration or destruction, over- 
harvesting or over-exploitation of biological resources, weather, water or soil or 
biological pollution, introduced or invading species, climatic changes, and expand-
ing human population (Karaca et al. 2015). Increased demand for resources results 
to land use changes hence loss to genetic diversity, species reduction and increased 
ecosystem changes such as random population changes, habitat fragmentation and 
many others resulted in biodiversity losses. Population size and habitat fragmenta-
tion differ in response to inbreeding depression and environmental adaptations. 
Levels of genetic diversity are affected from population size along with habitat frag-
mentation. Therefore, if not well conserved, ex situ populations can become geneti-
cally different from their original source populations, may lose adaptation to their 
source environment, and may become inbred (Karaca et al. 2015; Aavik et al. 2017; 
Li et al. 2018).

Major sources of threats for genetic diversity include (i) plant loss, fragmenta-
tion, and degradation, (ii) over-exploitation (including over-collection and over- 
grazing), (iii) invasive species, (iv) increased air, soil water or biological pollution 
and nitrogen deposition, (v) severe climate change and (vi) wrong land uses and 
urbanization (Shearman et al. 2012; Ogwu et al. 2014; Sharrock et al. 2014; Goettsch 
et  al. 2015; Phelps and Webb 2015; Specht et  al. 2015; ter Steege et  al. 2015; 
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Thomas and Palmer 2015; Corlett 2016; Timmermann and Robaey 2016; Dorey and 
Walker 2018). Plant loss, fragmentation, and degradation are among most important 
threats to plant diversity particularly in the tropics. Tropical forests have been 
replaced with monoculture of oil palm, rubber, soybean (ter Steege et  al. 2015). 
Also logging, fire, and other impacts, including fuelwood harvesting in densely 
populated areas are among the main threats in developing countries and regions 
(Specht et al. 2015). Furthermore, mining of stone, construction of wide roads in the 
regions of endemic plant species are among other threats (Ince et al. 2014; Ogwu 
et al. 2014; Dorey and Walker 2018).

Over-exploitation (including over-collection, over-harvesting and over-grazing) 
of the whole plant, seeds or reproduction systems reduces the chance of survival. 
Over-harvesting results when individuals of a particular species are harvested at a 
higher rate than that they can be sustained by the natural reproductive. This could 
lead to extinction of the biological resources, eventually leading to loss of species. 
It is known that over-exploitation is usually species-specific and it is well correlated 
with its value. Horticultural trade for private collections is important threat to some 
plant species such as cacti, orchids as well as cycads and ornamental species (Ogwu 
et  al. 2014; Sharrock et  al. 2014; Goettsch et  al. 2015; Phelps and Webb 2015; 
Dorey and Walker 2018; Li et al. 2018). In some other plant species overexploita-
tion of animals may also threaten plant species in the long term, by restricting seed 
dispersal or pollination. Also in the tropical forests, it is known that over-logging is 
the main threat factor (Shearman et al. 2012; Dorey and Walker 2018).

Species that are not habitats but were introduced in an ecosystem may cause 
changes in the host (existing) ecosystem. Introduced species are those species aris-
ing in areas/habitats in which they were previously not native. Such some intro-
duced species could refer to as biological pollutants. These kinds are also called as 
invasive alien species that have potentially threat to native species. A study of van 
Kleunen et al. (2015) showed that more than 13,000 species of the world’s vascular 
plant flora naturalized somewhere outside their native range as a result of human 
activity. It is known that invasive plant species can reduce native plant diversity by 
changing hybridization, out competition, disruption of original ecosystem, plant 
pathogenic influences, disease transmission, fire regimes, nutrient cycling, pollen 
transfer and some other physiological requirements, disruption of food webs and to 
some situations extinction (Thomas and Palmer 2015; Dorey and Walker 2018; 
Manhaes et al. 2018).

Any chemical, thermal, air, soil, water or biological pollution is a threat to biodi-
versity. Species in habitats are increasingly being harmed by industrial activities 
and pollution from excessive use of chemicals such as dichlorodiphenyltrichloro-
ethane (DDT), oil spills, acid precipitation etc. Due to human activities the concen-
tration of the major greenhouse gases (CO2, CH4, N2O) changed, thus, plants on 
earth today are exposed to an atmosphere that differed significantly in composition 
from any that their ancestors experienced. Burning of fossil fuels is the major source 
of air pollution and primary pollutants are SO2 and NO.  Ozone produced from 
hydrocarbons and nitrogen oxides in the presence of sunlight is the most important 
secondary pollutant. According to Corlett (2016) air pollution is declining in Europe 
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and other developed regions, but increasing in much of Asia. Zhu et  al. (2015) 
informed that wet and dry deposition of nitrogen compounds dramatically changed 
nutrient cycles in southern China due to its acidifying effects on the soils.

Impacts of climate change caused by humans are complex and mostly unpredict-
able, and even more pervasive. The rate of evolution of plant species is driven by 
their genetic makeup and mainly climate. When the climate changes in a local area 
in where plant populations adapt, a plant can either adjust physiologically within the 
lifetime (acclimation), or evolves by evolutionary changes over multiple genera-
tions (evolution), or move to some other places where with a more suitable climate 
(migration), or vanish (extinction). Although the problem is not directly attributable 
to climate change, it has been reported that crop yields of wheat, barley, and canola 
have been reduced by over 40% in Australia due to drought (Hijioka et al. 2014). It 
has been estimated that rising temperatures and reduced precipitation would affect 
semiarid regions and reduce yields of maize, wheat, and rice over the next 20 years. 
It is known that extinctions of some species at local have occurred at the climatic 
margins of species ranges (Buse et al. 2015) and some species have extended their 
ranges escaping regions where the high temperature and water are limiting factors 
(Hijioka et al. 2014; ter Steege et al. 2015; Castaneda-Alvarez et al. 2016).

Land uses, urbanization, hydroelectric dam construction, road construction for 
transportation and competitions in global market economies do strongly contribute 
indirect negative effects on biodiversity. Also the use of alien species and chronic 
weed infestation have increased the number of threatened species. A significant of 
damage for the biodiversity is also caused by collection for local and global mar-
kets, often by professional collectors. Many countries have laws against inappropri-
ate collections, but often commercial collection makes use of legal loopholes which 
urgently need to be closed (Corlett 2016). Furthermore, it is known that many pro-
tected areas fail to prevent over-exploitation of valuable plants. In these regions ex 
situ conservation requires effective monitoring to ensure that viable plant popula-
tions of threatened species persist within protected areas. Unfortunately, in many 
developing countries many protected areas are subject to encroachment by farmers 
or their fires. For instance, it has been reported that the expansion of rubber planta-
tions and the promotion of biofuel crops such as physic nut (Jatropha curcas) in 
southern Yunnan’s Xishuangbanna region in China was reduced two-thirds of a 
unique rainforest (Heywood 2015; Corlett 2016; Chandrakant et al. 2017).

5  Next Generation High-Throughput Phenotyping

Next generation high-throughput phenotyping consists of collection of huge quanti-
ties of image data and safe storage, fast and well-organized working flow, economi-
cal and time-saving analysis procedures, and dissection of objective data (without 
influence of human perception). The lack of accession-level information on con-
served germplasm is one of the major limitations to wider germplasm utilization and 
conservation for sustainable agriculture. Varying among the gene banks around the 
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world a majority of the conserved genetic resources show only with basic germ-
plasm description records such as passport data. However, due to a lack of detail in 
the passport data, factors influencing genetic diversity like sampling strategy, regen-
eration procedures and selection during regeneration could not be well reconstructed, 
fortunately next generation phenotyping approaches could be used to add valuable 
and detailed information to passport data that could be used in sustainable agricul-
ture (Cobb et al. 2013; Song et al. 2015; Afonnikov et al. 2016; Walter et al. 2018).

Many activities may be classified as genomic research or simply genomics, 
including mapping the genome of an organism; sequencing a single individual or 
several individuals from a given species; identifying a large number of genes; study-
ing genetic variability within species; studying genetic similarities and differences 
within and among species; discovering a large number of genes’ function, and the 
relationship between gene structure, protein synthesis, and metabolic pathways; 
studying gene regulation, including gene activation and silencing; studying gene 
interaction and phenomena dependent on many genes (Ogwu et al. 2014; Karaca 
and Ince 2017).

Genomics is expected to provide a comprehensive view of genetic capacity, how-
ever, the information it contains is cryptic and does not directly explain the differ-
ences between cells and all plant phenotypes. On the other hand, some phenotypic 
traits provide more direct information about plant production and health than 
genomic data. The recent improvement in phenotyping methods enable us to 
broaden the concept of phenotyping and include both molecular mechanisms (pro-
teomics and metabolomics) and all intermediate layers that result in macroscopic, 
physiological and phenological traits (Ubbens and Stavness 2017).

Phenotyping can be performed at different depth scales such as high or low reso-
lution, and high or low throughput volumes. High-throughput techniques in general 
involve the analysis of the whole plant with medium-low resolution, therefore, it is 
suitable for conservation of biodiversity and genetic resources for sustainable agri-
culture. High-throughput techniques could be used in ex situ and in situ conserva-
tion fields for phenotyping and crop monitoring which could allow the screening of 
hundreds of accessions per day in a nondestructive manner with automated systems. 
The integration of genomics and phenomics has promised to revolutionize the field 
of plant breeding indicating that these high-throughput methods can be used in con-
servation of biodiversity and genetic resources for sustainable agriculture (Breccia 
and Nestares 2014; Lobos et al. 2017; Sun et al. 2017.

Phenomics is driven by large-scale and economical generation of phenotype dif-
ferences coupled with increasingly sophisticated and comprehensive sensors and 
cameras called high-throughput phenotyping (phenomics). The aim of plant phe-
nomics is to characterize all the possible phenotypes under different environmental 
conditions of a given genotype or species. For that purpose, phenomics includes 
phenotyping at multiple levels of organization (ranging from cellular components to 
whole plant and canopy level) and comprises structural, physiological, and 
performance- related traits (Busemeyer et  al. 2013; Breccia and Nestares 2014; 
Lobos et al. 2017; Sun et al. 2017; Crain et al. 2018; Thompson et al. 2018; Walter 
et al. 2018).
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Satellite imaging technologies have become an extremely useful tool for collect-
ing data for various agricultural applications including conservation of biodiversity 
and genetic resources. However, the major limitations of using the currently avail-
able satellite sensors include the high cost, the lack of spatial resolution for the 
identification of desirable traits, the risk of cloudy scenes and the long revisit peri-
ods. To data many field-based high-throughput phenotyping methods and platforms 
have been developed for high-throughput phenotyping. Some of the platforms use 
push carts, tractor mounted systems and aerial vehicles (Crain et al. 2018). Advanced 
plant phenotyping platforms include phenomobiles, phenotowers and blimps 
equipped with a global positioning system, navigation device and sensors, however, 
although performing well, they are quite costly, data acquisition and handling needs 
for specialized personnel (Araus and Cairns 2014; Lausch et al. 2017; Habib et al. 
2018; Tripodi et al. 2018). Therefore, these platforms are not easily affordable in 
many developing countries where they are needed most. Although still often used in 
practical phenotyping, manual measurements of crop traits have significant limita-
tions and drawbacks such as they are time-consuming, labor intensive and subject to 
human error due to fatigue and distractions during data collection (Arend et  al. 
2016; Yang et al. 2017; Jimenez-Berni et al. 2018).

Studies of conservation of biodiversity and genetic resources for sustainable 
agriculture could utilize phenotyping and monitoring technologies. These technolo-
gies include spectral laboratory and phenomics facilities, close-range, airborne and 
satellite approaches (Lausch et  al. 2017). For phenotyping purposes, images 
obtained from satellite, manned and unmanned aerial vehicles typically have a low 
spatial resolution (in the context of ex situ and in situ conservation), poor sensitivity 
under cloudy conditions, and slow data transmission and expensive. Most long- 
distance remote sensing technologies could sufficiently capture the fine data suit-
able for the studies of conservation of biodiversity and genetic resources for 
sustainable agriculture. On the other hand, spectral laboratory and plant phenomics 
facilities provide biochemical-biophysical, structural variables in organs (roots, 
leaf, stem) and whole plants. These close-range remote sensing methods or plat-
forms include field spectrometers, wireless sensor networks, towers and next gen-
eration unmanned aerial vehicles provide taxonomic, phylogenetic, genetic, 
epigenetic or morphological-functional features. Therefore, spectral laboratory and 
phenomics facilities could be used to detect biochemical-biophysical and morpho-
logical traits (Lausch et al. 2017; Jimenez-Berni et al. 2018; Thompson et al. 2018).

Among the phenotyping and monitoring technologies proximal sensing carts and 
unmanned aerial vehicles (UAV), both can be called as phenomobiles, are suitable 
in the application of conservation of biodiversity and genetic resources for sustain-
able agriculture. UAVs are equipped with multiple sensors [some of visible light 
imaging sensors, spectral sensors, infrared thermal sensors, fluorescence sensors, 
digital camera (RGB), multispectral camera, infrared thermal imager, hyperspectral 
camera, Light Detection and Ranging (LiDAR), three-dimensional camera and syn-
thetic aperture radar (SAR)], using communication technology and GPS positioning 
technology to rapidly and non-destructively acquire high-resolution images 
(Table 2). The typical UAVs used for phenomics include multi-rotors, helicopters, 
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Table 2 Some sensing and imaging techniques used next generation phenotyping

Technique Short description of the technique

Magnetic resonance 
imaging (MRI)

It is based on nuclear magnetic resonance (NMR) analysis, allows 
measuring resonance signals produced from H, C, and N isotopes. With 
this technology, 3D acquisition can be accomplished to acquire 
information on plant phenotype with high resolution

Tomography imaging It uses radio frequency (RF) magnetic fields to construct tomographic 
images. It produces imagines by sections or sectioning, through the use 
of any kind of penetrating wave. For instance, x-ray computed 
tomography (x-ray CT) employs x-rays to produce tomographic images 
of specific areas of the scanned object. The process of attenuation of rays 
together with a rotation and axial movement over objects produces 3D 
images

Light detection and 
ranging (LiDAR)

It uses short pulses of laser light distributed from a scanning device 
across a wide area and their reflections from different objects are 
recorded by the sensor. It produces set of 3D points, which represent the 
scanned surfaces from where the pulses were reflected. LiDAR provides 
an alternative approach for 3D plant model reconstruction.

Synthetic aperture 
RADAR (SAR)

SAR uses a receiver (an antenna) to transmit microwave pulses in a 
specific waveband (or frequency) at an oblique angle to the target area. 
Radio waves that are reflected off the object back (from the target area) 
to the source can be acquired in a variety of modes

The time of flight 
camera (ToF camera)

It is one of the recent imaging devices to be incorporated into automatic 
plant phenotyping. ToF has as a general principle the measurement of 
the distance between the objective of the camera and each pixel. This is 
achieved by measuring the time it takes for a signal emitted in near 
infrared (NIR) to come back, reflected by the object. This allows a 
precision 3D reconstruction.

Multispectral 
imaging sensor

Multispectral imaging sensors are defined as hardware that are capable 
of sensing and recording radiation from invisible as well as visible parts 
of the electromagnetic spectrum, which have been widely used for crop 
phenotyping due to the advantages of low cost, fast frame imaging and 
high work efficiency; however, they are limited by the low number of 
bands, low spectral resolution, and discontinuous spectrum. 
Hyperspectral imaging sensors are cameras that can obtain a large 
number of very narrow bands and continuous spectra. Compared with 
multispectral imagers, hyperspectral imagers have the advantages of 
more band information and higher spectral resolution and can accurately 
reflect the spectral characteristics of the crop in the field and the spectral 
differences between crops

Hyperspectral 
imaging sensor

Thermography 
imaging/Thermal 
imaging

Thermographic cameras are able to acquire images at wavelengths 
ranging from 300 to 14,000 nm allowing the conversion of the irradiated 
energy into temperature values once the environmental temperature is 
assessed. Thermal imaging uses infrared detectors and an optical 
imaging lens to receive infrared radiation and produces time series or 
single-time-point analysis based data

Fluorescence imaging It belongs to spectroscopy but differs greatly from reflectance, 
absorbance, and transmittance measurements in the way by which plant 
tissues interact with electromagnetic radiation. It uses a low-light 
camera/sensor and appropriate filters to collect fluorescence emission 
light from samples
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fixed-wing, blimps and flying wing. Among this one or more are selected based on 
the purpose and budget (Busemeyer et al. 2013; Sun et al. 2017; Virlet et al. 2017; 
Thompson et al. 2018).

Past three decades witnessed the development of large number of phenotyping 
technologies. Those phenotyping techniques using high-throughput and high reso-
lution are called next generation phenotyping methods that contain more than one 
sensing (multi-sensor) approaches or platforms. It has been shown that sensor char-
acteristics (spatial, radiometric, spectral, temporal or angular resolution) and the 
sensing approaches (hyperspectral, multispectral, digital (RGB), LiDAR, SAR and 
passive microwave sensors) show different level of discriminate between certain 
plant species, populations, communities, habitats. Advanced phenotyping methods 
and platforms based on multi-sensor remote sensing would be able to discriminate 
and monitor threatened plant species or invasive species, bio-pollutants, the pattern 
and spatial distribution and diversity of plant species and communities as well as 
natural disasters and disturbance regimes, i.e., volcano eruptions, wildfires, beetle 
infestations, and the global carbon cycles (Perez-Sanz et al. 2017; Sun et al. 2017; 
Virlet et al. 2017; Thompson et al. 2018).

Various studies have shown that the implementation of multi-sensor approaches 
improves the discrimination of plant properties over time and thus the accuracy of 
estimation of population indicators. Multi-sensor systems on single platform enable 
the simultaneous acquisition of information related to different spectral traits and 
ensure the same illumination conditions, weather conditions and flight parameters 
for all mounted sensors. The package of a platform may include RGB camera, infra-
red thermometers, active spectral reflectance, and light or ultrasonic sensors. Next 
generation phenotyping platforms can be classified considering many different 
characteristics. For instance, they can roughly be divided into the categories of point 
sensors (spectro-radiometers and fluorimeters) and imaging sensors that allow the 
acquisition of spatial information of the detected data. We classified some pheno-
typing techniques based on the sensors and platform and depicted in Table 2.

Recent developments in remote and proximal sensing for high-throughput field 
phenotyping have led to proposed alternatives to the destructive sampling, including 
the use of digital photography and sensors, across multiple scales, using both aerial 
and ground platforms. High-throughput phenotyping spectral traits (Table 3) suit-
able for conservation of biodiversity and genetic resources for sustainable agricul-
ture include plant structure and morphogenetic traits; abiotic and biotic stresses, 
adaptation to abiotic and biotic limiting conditions, metabolomics traits, quality 
traits and physiological traits (Perez-Sanz et al. 2017; Yang et al. 2017; Espina et al. 
2018; Jimenez-Berni et al. 2018).

Next generation phenomobiles equipped with infrared thermal imagers can 
quickly and non-destructively acquire the crop canopy temperature, which can 
effectively identify the temperature differences in the crop canopy under different 
environmental conditions. The canopy temperature can be used to predict plant 
yield when a significant positive correlation between lower canopy temperature and 
higher yield under conditions of high temperature and drought exists. Leaf water 
potential could be estimated since the stomatal closure results in the leaf tempera-
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ture increase under osmotic stress caused by excess salinity and high temperature. 
Also drought and salinity can induce the same effects on stomatal conductance and 
photosynthesis (Hoyos-Villegas et al. 2014; Tripodi et al. 2018).

Crop yield of conserved genetic resources could be estimated using next genera-
tion phenotyping approaches such as using phenomobiles. Since the crop canopy 
temperature is related to photosynthesis, the canopy air temperature difference, 
which is the ratio of the canopy temperature and air temperature, can be used to 
predict crop yield when there is a significant negative correlation between the air 
temperature difference and yield of plant as seen in sorghum. In wheat it has been 
seen that there existed a significant positive correlation between air temperature 
 difference and wheat yield under water stress conditions. The water deficit index 
obtained from thermal imaging data can be used to determine the water status of crop 

Table 3 Spectral traits suitable for conservation of biodiversity and genetic resources

Category Traits suitable for analysis

Structure and 
morphogenetic traits

These traits include plant height, chlorophyll content, biomass, yield, 
length of the growth period, flowering, crop canopy cover, canopy 
spectral texture

Plant physiological 
traits

These traits include chlorophyll, pigment content, carotenoids, pigment 
indices photosynthesis, protein content, malnutrition, crop vigor and 
water status

Plant yield and 
quality traits

These traits include total oil, protein, starch, moisture content, fatty acid 
and amino acid compositions. Yield prediction is defined as building the 
relationship between the canopy spectra and crop yield based on the 
biological characteristics of crops for yield prediction using spectral data 
at different crop growth stages

Plant geometric 
traits

These traits include crop height, vegetation cover fraction, fraction of 
intercepted radiation, leaf area, leaf area index, lodging, 3D structure, leaf 
angle distribution, tiller densities, and emergence

Plant biotic and 
abiotic stress

These traits include water stress and deficit, low temperature, high 
temperature, high salinity, environmental pollution, susceptibility to pests 
and diseases, stomatal conductance, canopy temperature difference, leaf 
water potential, senescence index

Metabolomic traits These traits include flavor, phenolic, vitamins, sugars, organic acids, and 
volatile compounds. Metabolomics plays a remarkable role in assessing 
genotypic and phenotypic diversity in plants, in defining biochemical 
changes associated with developmental changes during plant growth and, 
increasingly, in compositional comparisons

Quality traits These traits include fatty acid and amino acid compositions, fiber quality, 
nitrogen concentration and protein content, seed traits such as total oil, 
protein, starch, moisture content

Ground canopy 
cover

It is an important parameter related to the crop photosynthesis and 
transpiration. It is dynamic during the crop growth stages and is reduced 
as a result of leaf rolling or wilting under drought stress conditions, which 
can be used for studying the response of crop varieties under abiotic/
biotic stress.

Qualification and 
selection

These traits include leaf/pod/fruit counting, vigor ratings, injury ratings, 
disease detection, age estimation, and mutant classification
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leaves and to estimate the stomatal conductance (Rascher et al. 2011; Ecarnot et al. 
2013; Simko et al. 2016; Padilla et al. 2017; Crain et al. 2018; Tripodi et al. 2018).

Cell structures could be estimated using next generation phenotyping methods. 
The reflectance of plant leaves in visible light (about 390–700 nm) is affected by the 
contents of chlorophyll, carotene and lutein in the palisade tissue. The reflectance of 
plant leaves in the near-infrared (NIR) band is closely related to the cell structure 
and can be used to estimate several spectral traits including plant physiological trait, 
geometric traits and ground canopy cover (Perez-Sanz et  al. 2017; Espina et  al. 
2018; Jimenez-Berni et al. 2018). Biodiversity and genetic resources could be vali-
dated, monitored or conserved using plant cell structures based on the next genera-
tion phenotyping techniques and platforms such as phenomobiles. Phenotypic 
information plays an important role in revealing the resistance of crops to stress, 
therefore, rapid phenotyping is also essential for conservation of biodiversity and 
genetic resources for sustainable agriculture. Infrared canopy temperatures provide 
an efficient method for rapid, non-destructive monitoring of whole plant or popula-
tion response to water stress, which has been widely used to screen drought toler-
ance in domesticated plant species. Biotic and abiotic stress factors, including water 
deficit, low temperature, heavy metals, high temperature, high salinity, environmen-
tal pollution, pests and diseases, can have significantly adverse effects on plant 
growth and development. Abiotic stress during early canopy development can 
decrease plant biomass and height, reduce leaf area, and abbreviate green area dura-
tion. Effects of most of these biotic and abiotic stress factors affect plant’s mem-
brane permeability, the chlorophyll content, hormone and enzymatic activities 
under stress conditions, thus, they can be detected by spectroscopy at early growth 
stage if an effective correlation or regression method is available (Liebisch et al. 
2015; Crain et al. 2017, 2018).

The absorption and reflection characteristics differ between spectral bands in the 
crop leaves, with strong absorption in the visible band and strong reflection in the 
near-infrared band, providing the physical basis of crop growth monitoring by 
remote sensing suitable for conservation of biodiversity and genetic resources. 
Digital cameras in the range of visible spectrum (400–700 nm, VIS) allow capturing 
2D images in which raw data are recorded in the red (about 600 nm), green (about 
550 nm), and blue (about 450 nm) array using charge coupled device (CCD) or 
complementary metal oxide semiconductor (CMOS) silicon-made sensors. These 
kinds of 2D images show many limitations, especially when used for plants that 
have a high degree of structure complexity, therefore, 3D images are preferred for 
the estimation of plant biomass, leaf area and leaf area index, and plant morphology. 
The use of stereo cameras and computer programs produce 3D images taken by 
multiple angulations allow drawing sophisticated models for the reconstruction of 
plant structures. Also digital cameras offer further characteristics that deal with 
plant color analysis, however, to the specific purpose of plant structure and biomass 
analysis, the most widely adopted technologies are based on light detection and 
ranging (LiDAR) by using laser-scanner sensors. LiDAR provides direct measure-
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ments of canopy architecture and organ distribution for the estimation of plant vol-
ume, leaf area index, and biomass. LiDAR allows plant growth analyses from the 
vegetative to reproductive stages (Jin et al. 2017; Tripodi et al. 2018).

Measurements for different data can be obtained in the range of ultraviolet (UV), 
visible (VIS), near-infrared (NIR), and infrared (IR) radiation using the electromag-
netic spectrum. Instruments working in the hyperspectral range (from tens to hun-
dreds of wavelengths) offer more flexibility analysis than multispectral analysis 
(from two to tens of wavelengths) or single-wavelength measurements since the 
broader the covered wavelength range and the number of measured wavelengths, 
the higher the detection capabilities are obtained. Crop growth rates based on 
changes in crop height could be used to assess the efficiency and effectiveness of 
management strategies. Ultrasonic sensors are most commonly used sensors to 
measure crop height in agriculture applications. However, the main disadvantage of 
an ultrasonic sensor is that the field of view becomes larger as the distance between 
the sensor and the object increases due to the sensor’s relatively wide angle diver-
gence of ultrasonic waves. This reduces the accuracy of ultrasonic measurements. 
Furthermore, the ultrasonic sensor is sensitive to temperature variations, which lim-
its its outdoor use (Sun et al. 2017).

LiDAR equipped on an airborne vehicle could detect fallen dead trees and the 
remains of large branches on the ground in forests indicating that LiDAR and simi-
lar remote sensing techniques could be used in conservation of biodiversity and 
genetic resources. For instance, they provide opportunities to monitor endangered 
plant and animal species for conservation purposes. However, the application of 
LiDAR is costly because it is limited to airborne missions covering local to regional 
areas (Lausch et al. 2017). Aerial LiDAR has been successfully used to obtain forest 
structure attributes such as tree height, leaf area, and branch detection. However, 
aerial LiDAR was not as effective in annual crops phenotyping activities since it has 
limited capability to provide high resolution information for crops which are much 
smaller than trees. This indicates that aerial LiDAR is not suitable for conservation 
of biodiversity and genetic resources for sustainable agriculture. On the other hand, 
terrestrial LiDAR has the potential to provide denser point over a relatively small 
area, from which high resolution information could be extracted. Therefore, it has 
been increasingly used in field phenotyping. Comparison studies of ultrasonic sen-
sors and LiDAR indicated that LiDAR was generally more precise than data 
obtained with ultrasonic sensors (Sun et  al. 2017). One of major limitations of 
image based methods is that data quality can be significantly affected by the vari-
able environment, since shadows and sunlight can result in under or over exposure 
and limit automatic data processing (Araus and Cairns 2014; Walter et al. 2018).

Fluorescence imaging has been used in a large number of experimental setups, as 
ultraviolet (UV) light in the range of 340–360 nm is reflected by different plant 
components as discrete wavelengths. Chlorophyll fluorescence emits in red and far- 
red (690–740 nm). Chlorophyll fluorescence imaging (CFI) is a step forward in fluo-
rescence analysis, accomplished by the support of CCD cameras. In CFI, different 
lamps are used to induce fluorescence excitation while the plant response is moni-
tored by the digital camera measuring fluorescence at different wavelengths in the 
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typical spectral ranges of blue (440 nm), green (520–550 nm), red (690 nm), far-red 
(740 nm), and NIR (800 nm). Fluorescence imaging can be utilized in phenotyping 
of crops to asses biotic and abiotic stresses, tissue chemical composition and char-
acterization, and different plant physiological conditions (Zarco-Tejada et al. 2012; 
Hoffmann et al. 2015; Virlet et al. 2017; Yang et al. 2017; Tripodi et al. 2018).

Thermography is a widely used technology in plant phenotyping. Plants are 
induced to open stomata in response to environmental cues and circadian clock 
depending on the type of photosynthetic metabolism they have. With this imaging 
method the evapotranspiration can be assessed with thermography, and quantifica-
tion can be made at different scales, such as a leaf, a tree, a field, or a complete 
region. Thermography imaging provides monitoring and detecting water stress, irri-
gation management and plant diseases where all the specimens are located under 
strict control conditions: However, temperature, wind velocity, irradiance, leaf 
angle, and canopy leaf structures are potential issues for quality image acquisition. 
Both thermographic and fluorescent images capture a single component, and images 
are in principle easy to analyze but require sophisticated data analysis methods to 
obtain quality data, but it is an emerging solution (Prashar and Jones 2014; Perez- 
Sanz et al. 2017; Tripodi et al. 2018).

Synthetic Aperture RADAR (SAR) is an imaging radar used for conducting 
coherent processing of the obtained echo in different fields or area locations to 
obtain high-resolution data. SAR is a type of active microwave sensor and high- 
resolution radar images can obtain in a fashion similar to optical sensor. RADAR 
data can be acquired in a variety of modes, including standard polarizations (hori-
zontal (H)- vertical (V), HH, VV, VH), polar metric and interferometric way (two 
signals at slightly different incident angles). This technique can obtain images in 
very low visibility weather conditions and can work around the clock, which can be 
used for crop identification, crop acreage monitoring, key crop trait estimation and 
yield prediction, providing strong technical support for large-scale crop growth 
monitoring by remote sensing. It is suitable in in tropical areas where persistent 
cloud cover, or in northern boreal areas where low sun angle effects can reduce the 
quality of optical model estimates. SAR is very effective in the determination of 
above ground biomass, fire impacts and forest inundation. It is clear that forest 
removal, disturbance and degradation analysis and monitoring using RADAR is 
very important for conservation of forest biodiversity and genetic resources (Perez- 
Sanz et al. 2017; Thompson et al. 2018; Tripodi et al. 2018).

Thermal infrared imaging sensors equipped with infrared detectors and optical 
imaging lens receive infrared radiation energy and can produce time series or single- 
time- point analysis (Gonzalez-Dugo et al. 2015). As the stomatal conductance, pho-
tosynthetic characteristics and transpiration rate are closely related to canopy 
temperature. Canopy temperature in the infrared thermal imaging technology can 
be used to determine the response of crops under stress conditions, to estimate leaf 
water potential and stomatal conductance, the cell structure and can be used to 
 estimate plant physiological trait, geometric traits and ground canopy cover 
(Thompson et al. 2018; Tripodi et al. 2018).
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The digital camera, multispectral camera, hyperspectral camera, thermal infrared 
imager and LiDAR have been widely used to field-based phenotyping. The use of 
phenomobiles in the studies of conservation of biodiversity and genetic resources 
will enhance our ability to conserve and widen genetic resources on earth since they 
provide the advantages of high operation efficiency, low cost, suitability for com-
plex field environments, and high resolution. The limiting factors for phenomobiles 
based phenotyping for conservation of biodiversity and genetic resources include 
the strict airspace regulations and higher costs in many countries, the lack of meth-
ods and researchers for fast data processing and models for estimating complex 
traits under different environmental conditions. Also low payload and short endur-
ance in air are among disadvantages. Improving the phenomobiles with machine 
learning approaches, reducing the cost of sensors, speeding up data processing and 
developing strategies for analyzing crop phenotype by remote sensing are future 
trends to be used in conservation of biodiversity and genetic resources. Fortunately, 
it is expected that with the advancement of new technologies with larger payload 
and longer endurance, low-cost sensors, improved image processing methods and 
effective airspace regulations, phenomobiles will find wider applications in high- 
throughput phenotyping and would be very suitable in conservation of biodiversity 
and genetic resources for sustainable agriculture (Perez-Sanz et al. 2017; Thompson 
et al. 2018; Tripodi et al. 2018).

6  Next Generation High-Throughput Genotyping

A DNA marker may be defined as a DNA sequence or fragment that is detected and 
its inheritance can be monitored. A DNA marker can be as small as a single base or 
it can be as long as several hundred or more bases. A marker must show at least two 
different forms (polymorphism) so that genotype carrying a form can be distin-
guished from other genotype with the other forms. Following the first DNA marker 
technology developed in the 1980s, a larger number of polymerase chain reaction 
(PCR) based DNA markers were developed and acted as versatile tools in finger-
printing of varieties, mapping of genes and quantitative trait loci, marker assisted 
breeding, positional cloning of genes, identification of chromosomes or/and chro-
mosome segments, inferring and establishing phylogenetic relationships among 
species, building and detection of gene pyramiding; and maintenance and utilization 
of genetic resources (Bostein et al. 1980; Jeffreys et al. 1985; Bilgen et al. 2004; 
Ince et al. 2008; Karaca et al. 2008; Wang et al. 2009a, b; Zhang et al. 2009; Ince 
and Karaca 2011a; Ince et  al. 2011c; Jonah et  al. 2011; Ince and Karaca 2012; 
Olarte et  al. 2013; Saebnazar and Rahmani 2013; Erbano et  al. 2015; Ince and 
Karaca 2015b; Will et  al. 2015; Aydin and Karaca 2016; Karaca and Ince 2017; 
Song et al. 2017).

Traditional (Karaca et  al. 2005a, b; Ince et  al. 2007, 2010j; Karaca and Ince 
2017) and next generation sequence (NGS)-based DNA markers (Ali et al. 2016; 
Jiang et al. 2016; Du et al. 2017; Karaca and Ince 2017) are single (such as single 
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nucleotide polymorphism, SNP) or larger nucleotide sequences (fragments) that are 
located within or between regulator sequences (promoters, enhancers and silencers) 
and gene bodies (5’-UTRs, exons, introns and 3’UTRs). DNA marker polymor-
phisms could result from substitutions, insertions or deletions (INDELs), variation 
in repeats (such as simple sequence repeats, SSRs) and copy number variations 
(CNVs). Those DNA markers associated with phenotypic/physiologic trait varia-
tions are called functional DNA markers, gene based markers or perfect markers. 
Functional DNA markers are divided into two main groups. Those functional mark-
ers that closely associated with the phenotypic trait variations are called direct func-
tional markers whereas those functional markers that less or not directly associated 
with the phenotypic traits due to recombination and genetic interaction are called 
indirect functional markers (Karaca and Ince 2017). Functional DNA markers have 
advantages over general DNA markers including: (i) not lost due to the recombina-
tion between marker and gene of interest; (ii) more meaningful in plant breeding; 
(iii) more useful in determination of population dynamics, germplasm collections, 
and monitoring evolutionary changes (Ince et al. 2007, 2010j, 2011d; Salgotra et al. 
2014; Michael and van Buren 2015; Kage et al. 2016; Karaca and Ince 2017).

High-throughput sequencing technologies opened new ways for development of 
novel types of DNA markers, increased our ability to genotype larger numbers of 
genomes and individuals, and dramatically improved our understanding of how 
evolutionary processes shape genetic variation across populations, species, and 
genomes of plant species. High-throughput approaches provide great help and mon-
itor the transfer of genes from distantly related species into breeding programs. 
Wild species and crop wild relatives have already contributed significantly to 
improving food production using traditional DNA markers. For instance, Asian rice 
is one of the clearest examples on application of biotechnological techniques for the 
genetic improvement of crops. More than 7000 lines were screened to find one from 
wild Oryza nivara that possessed a resistance to the grassy stunt virus; this resis-
tance can now be found in most rice crop germplasm (Li et al. 2018). It has been 
some time that plant breeding has been supplemented with newer processes involv-
ing chromosomal manipulation, embryo rescue, alien introgression lines, mapping 
populations, marker-assisted selection, and the use of doubled haploids to create 
inbred lines, allele mining, map-based cloning, the analysis of quantitative trait loci, 
gene isolation, and genetic modification. Many of these approaches can be used in 
conservation of biodiversity and genetic resources for sustainable agriculture (Ogwu 
et al. 2014; Li et al. 2018).

Sequencing of whole genomes involves considerable time, labor, and financial 
and other resources. In order to reduce time, labor and cost of whole genome 
sequencing, genotyping by sequencing methods have been developed (Huang et al. 
2009; Rife et  al. 2015; Rowan et  al. 2015). Although the term genotyping by 
sequencing (GBS) method was first introduced to plant science by Elshire et  al. 
(2011) it had been already available since the earliest form of GBS methods such as 
complexity reduction of polymorphic sequences (CRoPS), restriction site- associated 
DNA sequencing (RAD-seq) and reduced-representation library (RRL). Whole 
genome sequencing and resequencing (WGS and WGR) along with GBS methods 
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produce polymorphisms of SNPs, insertions/deletions (InDels), microsatellites 
(SSRs) and copy number variation (Kozarewa et al. 2009; Andolfatto et al. 2011; 
Mascher et al. 2013; He et al. 2014; Yang et al. 2015; Voss-Fels and Rod 2016; Zhu 
et al. 2016; Furuta et al. 2017; Scheben et al. 2017; Stetter and Schmid 2017).

High-throughput sequencing methods could be mainly divided in two approaches; 
reduced representation sequencing (RRS) and whole-genome resequencing (WGR) 
approaches (Table  4). Although both RRS and WGR methods profit from prior 
genomic information, reference sequence is a prerequisite only for WGR methods. 
This relative independence from prior genomic information means that RRS shows 
particular promise for characterizing the genomes of non-model species. The 
sequencing read depth can be affected by some biological factors of a target species, 
including: genome size, genome complexity, ploidy, and expected heterozygosity. 
Read depth differs between RRS and WGR. Low read depth in WGR methods is 
typically less than 1x and this low read depth can cause problems when genotyping 
heterozygotes. On the other hands, read depth in most GBS methods is grater but 
varies from 1× to 15× depending on the type of GBS methods used (Table 4). Read 
depth in GBS methods can be increased by reduced numbers of genotypes per 
library, use of rare cutting restriction enzymes, double digestion, and multiple 
sequencing runs for a library (Deschamps et  al. 2012; Stolle and Moritz 2013; 
Beissinger et al. 2013; Rife et al. 2015; Du et al. 2017; Karaca and Ince 2017).

GBS methods are derivatives or improvement of approaches that have mainly 
evolved from reduced representation library (RRL) or reduced representation 
sequencing (RRS). The use of RRL for single nucleotide polymorphism discovery 
was first based on Sanger sequencing (Altshuler et al. 2000). In this method, pools 
of DNA from multiple individuals are reduced in complexity by the type II DNA 
restriction enzyme digestion and fragments produced by complete digestion of 
enzymes are size selected. The use of restriction enzyme digestion has the advan-
tages of reducing the fraction of the genome present in the RRL by one to two 
orders of magnitude and ensuring that independently constructed libraries contain 
nearly identical fragment populations. Other strategies for genome reduction such 
as multiplexed amplification of target sequences, molecular inversion probes or the 
use of probes to capture DNA fragments by direct hybridization prior to sequencing 
are available but in comparison to the use of restriction enzyme they can be labor 
intensive. RRS approach is suitable for simultaneous de novo discovery of high- 
quality SNPs and population characterization of allele frequencies of any species 
with at least a partially sequenced genome. RRS is a general category of techniques 
that sequence a subset of the genome following different strategies and can be 
obtained using restriction enzymes, mechanical shearing or amplification, or natural 
resources such mRNA populations. High-throughput sequencing RRS can be clas-
sified in three major approaches: Restriction site Associate DNA sequencing (RAD- 
seq) and related method collectively called genotyping by sequencing (GBS), 
sequencing of cDNA obtained from mRNA and other non-coding RNA (RNA-seq) 
and whole exome sequencing (WES) (van Orsouw et al. 2007; Baird et al. 2008; van 
Tassell et al. 2008; Ali et al. 2016; Karaca and Ince 2017).
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The reduced representation sequencing approaches select a fraction of the whole 
genome for sequencing and reduce the cost and labor for high-throughput genotyp-
ing. For instance, hypo-methylated regions of a genome can be obtained (selected) 
for sequencing. The genomic DNA of the target individual is digested with a 
5-methylcytosine-sensitive restriction enzyme and the digest is subjected to electro-
phoresis; fragments of 100–600 bp are separated and used for sequencing using a 

Table 4 Some high-throughput sequencing (next generation) methods currently available, divided 
into reduced-representation sequencing (RRS) and whole genome resequencing (WGR)

Reduced-representation sequencing based methods References
Reduced representation shotgun sequencing (RRS) Altshuler et al. (2000)
Complexity reduction of polymorphic sequences (CRoPS) van Orsouw et al. (2007)
Restriction site-associated DNA sequencing (RAD-seq) Baird et al. (2008)
Reduced-representation library (RRL) van Tassell et al. (2008)
Paired-end reduced representation libraries (pERPLs) Kerstens et al. (2011)
Multiplexed shotgun genotyping (MSG) Andolfatto et al. (2011)
Simple genotyping-by-sequencing (GBS) Elshire et al. (2011)
Two-enzyme genotyping-by-sequencing (GBS) Poland and Rife (2012)
Double-digest RAD sequencing (ddRAD) Peterson et al. (2012)
Sequence-based genotyping (SBG) Truong et al. (2012)
Paired-end reduced representation libraries Deschamps et al. (2012)
Type IIB endonucleases restriction-site associated DNA 
(2b-RAD)

Wang et al. (2012)

ezRAD Toonen et al. (2013)
Restriction fragment sequencing (RESTseq) Stolle and Moritz (2013)
Specific length amplified fragment sequencing (SLAF-Seq) Sun et al. (2013)
Scalable genotyping by sequencing (GBS) Sonah et al. (2013)
Genotyping by genome reducing and sequencing Chen et al. (2013)
GBS with one enzyme digest Beissinger et al. (2013)
Ion torrent genotyping by sequencing Mascher et al. (2013)
Flexible and scalable GBS Heffelfinger et al. (2014)
GBS with two enzyme digests Gardner et al. (2014)
Improved RRLs (iRRL) Greminger et al. (2014)
Genotyping-in-thousands by sequencing (GT-seq) Campbell et al. (2015)
Spiked genotyping-by-sequencing (sGBS), Rife et al. (2015)
Multiplexed inter-SSR genotyping by sequencing (MIG-seq) Suyama and Matsuki (2015)
RAD capture (Rapture) Ali et al. (2016)
Tunable genotyping-by-sequencing (tGBS) Ott et al. (2017)
Random amplicon sequencing (RAM-seq) Bayerl et al. (2017)
Whole genome resequencing (WGR) methods References
Sliding window WGR Huang et al. (2009)
Parental inference WGR Xie et al. (2010)
Parental inference WGR with individualized model Rowan et al. (2015)
Skim genotyping-by-sequencing (SkimGBS) Bayer et al. (2015)
Whole-genome shotgun (WGS) SMRT sequencing Du et al. (2017)
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suitable platform of NGS technologies. Alternatively, WES or RNA-seq (also called 
transcriptome sequences) could be used for genotyping studies. There are several 
different strategies or approaches for DNA and RNA studies such as sequence cap-
ture approach of NimbleGen SeqCap, Agilent SureSelect method and RainDance 
Targeted Sequencing System (Cui et al. 2011; Levy and Myers 2016; Karaca and 
Ince 2017).

Knowledge of the biologic system and genomic resources can assist in selecting 
among RRS (RAD-seq and other GBS methods), RNA-seq, WES or WGR.  It is 
important to select correct high-throughput method to be used in conservation of 
biodiversity and genetic resources. Clearly it depends on the aim of study, biologi-
cal system, genomic resources available, the genetic architecture of phenotypic 
traits, background of the researchers and ultimately on funding. For example, if 
selection is operating on a specific tissue, stage or development time, RNA-seq 
would be very appropriate for assessing genetic variation in the genomic regions 
expressed at time of sampling. On the other hand, if the genes of interest are already 
known, then GBS such as target capture could be the best strategy. However, if no 
candidate genes are known, a higher density screening methods such as WES or 
WGR could be preferable. When selection acts on protein-coding parts of the 
genome, the use of WES would be a cost-effective approach than WGR. On the 
other hand, if selection could be acting in regulatory elements or could be mediated 
by large structural variations and the research focus is the analysis of neutral pro-
cesses, then WGR could be the best choice because it provides the highest DNA 
marker density. When, WGR would not be necessary as RRS methods would excel 
for an affordable price (Bayerl et  al. 2017; Fuentes-Pardo and Ruzzante 2017; 
Karaca and Ince 2017).

In a typical high-throughput RRS method, different samples from the related 
organisms are pooled and pooled samples are then digested with a type II DNA 
restriction enzyme. Enzyme treated DNA samples are size selected and selected 
DNA fragments are ligated with adapters required for sequencing on a NGS plat-
form. Ligated fragments are again size selected and purified. Purified DNA frag-
ments are amplified and the PCR products are sequenced using an Illumina platform 
(van Tassell et al. 2008; Kerstens et al. 2011). One of the main limitations of RRS 
method is that it requires reference sequence of the species under study. A reference 
genome sequence is used to order SNPs within the sequence assembly. However, 
this challenge may be overcome by genotyping linkage mapping populations or by 
using comparative genomic information to infer likely or relative genome position 
(Elshire et al. 2011; Deschamps et al. 2012; Karaca and Ince 2017).

RAD-seq refers to a group of RRS methods such as RAD, ddRAD, ezRAD, 
RAD-cap that evaluate the genetic variation present within and at the restriction cut 
sites. The selection of frequent or rare cutter restriction enzyme determines marker 
density making these methods flexible and customizable. RAD-seq typically exam-
ine thousands of low-density genome wide SNPs located in neutral and putatively 
functional loci that can be genotyped by sequencing in multiple individuals and 
populations for a relatively low cost. A typical RAD-seq is performed as follows: 
genomic DNA samples are individually digested with a restriction enzyme and 
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adaptors with nucleotide barcodes for unique identification of each sample are 
ligated to DNA fragments. Fragments with 300–700 bp are size selected and differ-
ent DNA samples are pooled. Pooled DNA fragments with adapters are randomly 
sheared by sonication, and ends are ligated with a second type adapters. Purified 
fragments are PCR amplified and sequenced using a high-throughput sequencing 
(NGS) such as reversible dideoxy based Illumina sequencing which uses either 
sequencing one (one read, single end) or both (two reads, paired end) ends of each 
fragment and currently gives reads of up to 300 bp in length (Karaca and Ince 2017).

High-throughput RNA sequencing analysis (RNA-seq) focuses on genetic varia-
tion of genome transcribed in a particular time/tissue. RNA-seq is able to reveal 
genes that are being actively expressed in specific tissue and species of interest, and 
facilitate the discovery of potential molecular marker of SNPs, microsatellites or 
InDels markers, some of which could be functional DNA markers. This type of 
analysis is useful in non-model organisms where the full genome data is still not 
available for comparison. Sequences that are targets for RNA-seq analysis do not 
contain repetitive genomic regions and rich in regulatory sequences 5’-UTR, 
3’-UTR, miRNA and gene bodies. Furthermore, these regulatory sequences and 
genes are present in only those genes that are transcribed in a particular tissue/organ 
during the given developmental stage and under the environmental conditions. 
RNA-seq is mostly used as a cost-effective approach for gene expression quantifica-
tion research (Li et al. 2010; Yan et al. 2010; Fuentes-Pardo and Ruzzante 2017; 
Yamanaka et al. 2018).

Although RNA-seq provides abundant information on gene expression, gene 
regulation and amino acid content of proteins, it is limited to only those genes that 
are transcribed in the concerned tissue/organ during the given developmental stage 
and under the environmental conditions prevailing at the time of sample collection. 
Therefore, a fair number of organs/tissues, developmental stages should be sampled 
to ensure the representation of most, if not all, of the genes present in the genome of 
the concerned species. For a typical RNA-seq analysis, mRNA, RNA with polyA 
tails is isolated from total RNA and reverse transcribed to cDNA with reverse tran-
scriptase and polyT or polyU primers (Wang et al. 2009a, b; Hua et al. 2011; Du 
et al. 2015; Waiho et al. 2017). To isolate micro (miRNA), small (sRNA), and long 
(loRNA), these non-coding RNA molecules are selectively ligated to 3′ and 5′ 
adapters and reverse transcribed to cDNA (Li et al. 2010; Yan et al. 2010; Batovska 
et al. 2017; Waiho et al. 2017; Wei et al. 2017).

Whole genome exome sequencing (WES) provides a cost and time effective 
alternate to whole genome sequencing. The goal of WES is to determine DNA 
sequence information for regions of a genome that code for proteins. Target regions 
are referred to as exons. WES selects exonic regions of interest and separating them 
from non-exon regions of the genome. It is fast and cost effective approach to iden-
tification of variants (SNPs, copy number variations (CNVs), small InDels), link-
age, association and conservation pedigree studies. WES is often chosen as a 
substitute for whole genome sequencing because of its lower cost, lower data stor-
age and analysis requirements. RNA-seq and WES differ in the first steps of creat-
ing a sequencing library. WES uses genomic DNA regions while RNA-seq utilizes 
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RNA molecules. WES is a cost-effective alternative to RAD-seq, RNA-seq and 
whole genome resequencing (Elshire et al. 2011; Altmann et al. 2012; Krumm et al. 
2012; He et al. 2014; Suyama and Matsuki 2015; Yamanaka et al. 2018).

Whole genome sequencing and resequencing (WGR) could produce complete or 
nearly complete genomic DNA sequences of an organism using and assembling 
numerous shotgun reads that cover the genome multiple times. WGR studies could 
use four different approaches such as the sequencing of individuals to a high depth 
of coverage with resolved haplotypes and unresolved haplotypes, the sequencing of 
population genomes to a high depth by pooling the same amounts of individual 
DNA, the sequencing of multiple individuals from a population to a low depth. 
WGR allows the discovery of a huge number of DNA markers such as SNPs, InDels, 
copy number variations, and presence/absence variations (PAV) in crops and pro-
vides deep insight into genome evolution. Moreover, the combination of WGR with 
bulked segregant analysis allows rapid identification of genes and causal mutations 
in crops (Huang et  al. 2009; Xie et  al. 2010; Bayer et  al. 2015; Du et  al. 2017; 
Fuentes-Pardo and Ruzzante 2017). Unfortunately, WGR is not currently cost- 
effective for particularly those species with large genomes, or for those studies 
requiring large numbers of individuals (Jamann et al. 2017; Karaca and Ince 2017; 
Vlk and Repkova 2017; Parchman et al. 2018).

A typical WGR method is performed as follows: genomic DNA is fragmented to 
about 500 bp by sonication and the fragments are end repaired before adding dATPs 
to generate a protruding 3′ A for ligating with the adaptor carrying a three-base 
index. Three based indexes are linked to adapters and the indexed DNA samples are 
run on 2% agarose gels to purify fragments of 150–180 bp. Each sample is ampli-
fied by PCR for about 18 cycles and DNA samples of individuals with different 
indexes are mixed in an equal molar concentration and are loaded into one lane of 
the Illumina GA for 36-cycle sequencing, with the Illumina PhiX sample used as 
control. Image analysis and base calling are performed using Illumina GA process-
ing pipeline (Huang et al. 2009; Xie et al. 2010; Bayer et al. 2015; Du et al. 2017; 
Karaca and Ince 2017).

WGR methods based on NGS technologies and platforms are theoretically capa-
ble of identification all genetic variants among individuals of populations. WGR is 
more robust than WES for the detection of exome variants as it provides a more 
homogeneous sequence read coverage and a better sequencing quality overall. 
Another advantage of WGR approaches is that they examine multiple types of 
genetic variations simultaneously including structural variations (deletions, inser-
tions, substitution, rearrangements, and copy number variation) and mutations in 
regulatory elements. In contrast, RRS techniques are mostly restricted to one base 
changes (i.e., SNPs), and RNA-seq and WES are for detection of variation within 
coding sequences (Fuentes-Pardo and Ruzzante 2017). Although WGR provides 
complete resolution of any genome it is cost-prohibitive for researchers in develop-
ing countries and indeed WGR may be unnecessary for many studies involving a 
large number of individuals. The parental genomes with high-quality sequences and 
a reference sequence are often required for WGR. It differs from RRS, in the lack of 
complexity reduction steps before sequencing. WGR is well suited to genotyping 
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biparental cross populations with complex, small and moderate sized genomes. It 
provides the lowest cost per marker data point. Compared to WGR methods, RRS 
approaches differ in their suitability for various tasks, but demonstrate similar costs 
per marker data point. However, RRS approaches are generally better suited for de 
novo applications and more cost-effective when genotyping populations with large 
genomes or high heterozygosity. On the other hands, WGR offers the greatest cost- 
efficiency per marker data point, and is particularly useful when recombination is 
high and many markers are needed for a well-resolved genetic map in a species with 
a small or moderate sized genome. WGR has the added benefit of increasing the 
chances of finding causative SNPs, InDels or genes, which allow development of 
“perfect” or “functional” markers. In the light of the decreasing costs of sequencing, 
the use of WGR to increase the resolution of mapping studies is likely to become 
more common in the future (Huang et al. 2009; Rife et al. 2015; Rowan et al. 2015).

WGR could be used in the detection of biodiversity, selection of genetic resources 
and the characterization of the genetic basis of phenotypic traits and diseases affect-
ing survivor. RRS approaches can also be used for this purpose at the fraction of the 
genome screened, although their success may depend on the proportion of the 
genome covered. With the help of high resolution of high-throughput genotyping 
approaches (high-throughput sequencing) measures of nucleotide diversity and 
divergence can be estimated. For instance, deviation from neutrality can be readily 
tested, and identification of thousands of genes altered can be achieved. In typical 
genetic conservation studies about 10–50 variables are used but conservation 
genomics based on high-throughput sequencing involves tens of thousands of genes. 
Conservation genomics, in particular the availability of genome-wide sequences 
permits the simultaneous study of the effects of demographic history, migration and 
selection (Bayerl et al. 2017).

High-throughput sequencing based genotyping provides higher resolution for 
phylogenomics, hybridization and taxonomical studies, all of which relate with con-
servation of biodiversity and genetic resources. The successful implementation of 
conservation plans relies on the correct identification of the taxonomic status of 
organisms that are targeted for conservation of biodiversity and genetic resources. 
Whole or nearly whole-genome data provide a complete record of a species evolu-
tionary process. However, more works are required to be done to resolve algorithm 
limitations associated with the analysis of such large amount of genomic data. In 
some cases, genome rearrangements, lateral gene transfer, incomplete lineage sort-
ing make analyses more difficult (Aravanopoulos 2016; Karaca and Ince 2017; 
Yousef et al. 2018).

High-throughput sequencing based genotyping could provide data on species 
demographic history, migration patterns, range expansion and changes in historical 
effective population size. Such data also allow obtaining information regarding bar-
riers to gene flow, anthropogenic disturbance, climate change, historical demo-
graphic processes, population structure and admixture. It is very important to 
maintain high genetic diversity in vulnerable species with lower population size for 
genetic conservation. Because most natural populations are structured in local sub-
populations, genetic differences may occur among subpopulations over time as a 
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result of gene flow, genetic drift and local adaptation. Because high-throughput 
sequencing based GBS and WGS approaches provide the highest marker density, 
these methods allow the simultaneous evaluation of genome wide patterns in neutral 
and functional loci that act as a record of demographic and historical events, and 
adaptation. GBS and WGS provide data on the identification of genomic regions, 
which involved in adaptation to local environmental conditions. These data are cru-
cial for conservation biology because of the importance of functional genetic diver-
sity. Furthermore, these data provide connection between genotype, phenotype and 
fitness (Fuentes-Pardo and Ruzzante 2017; Karaca and Ince 2017).

High-throughput sequencing based genotyping provides valuable data that could 
be used assessment of genetic diversity, which is essential for the organization, con-
servation and use of genetic resources to develop strategies for optimal germplasm 
collection, evaluation and seed regeneration. Next generation genotyping methods 
have advantages for characterizing gene bank accessions such as a major advantage 
is their applicability to any species. These do not cost much per individual data, but 
provide sufficient power for genome-wide analyses of population structure and 
genetic relationships. The main disadvantage of high-throughput sequencing is the 
presence of a high proportion of missing data that may reduce the power for correct 
estimation of population parameters. Also, high cost of high-throughput sequencing 
and the elevated demand for computing resources limit their implementations in 
conservation of biodiversity and genetic resources (Aravanopoulos 2016; Yamanaka 
et al. 2018; Yousef et al. 2018).

Genomics provides an unprecedented level of resolution for population genetic 
studies since next-generation sequencing data will be more powerful and accurate, 
especially in cases where significant adaptive differentiation is expected among 
evolutionary significant units considered as candidates for gene conservation. Today 
because of high-throughput resequencing platforms, it is feasible to substantially 
increase the numbers of populations, individuals per population and loci per indi-
vidual studied at a fraction of earlier experimental costs (Pertoldi et al. 2007; Karaca 
and Ince 2017). With the use of NGS based genotyping approaches genomics offers 
high precision estimates of genetic and demographic parameters and could result in 
high-resolution characterization of adaptive genetic variation in nature. Therefore, 
studies dealing with conservation of biodiversity and genetic resources would pro-
vide considerable benefits for humankind (Bayerl et al. 2017; Jamann et al. 2017; 
Scheben et al. 2017).

The use of genomics in genetic monitoring of biodiversity is very important since 
genetic monitoring provides valuable information regarding an early detection 
mechanism that leads to management decisions aimed to lessen potential harmful 
effects before permanent damage occurs. In another word, genetic monitoring is an 
effective prognostic tool to secure genetic diversity in natural populations. It could 
provide plenty information on natural selection, genetic drift, mating system, migra-
tion, gene flow and health of population. For instance, the effects of natural  selection 
may lead to differentiation associated with local or regional adaptation, while genetic 
drift can lead to genetic erosion (Ali et al. 2016; Jiang et al. 2016; Du et al. 2017). 
Second generation based GBS technologies use DNA enrichment methods prior to 
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amplification, resulting in relatively short sequencing templates. Third generation 
sequencing platforms are capable of producing significantly larger read lengths and 
sequencing through traditionally difficult sequence templates with high GC content 
(Du et al. 2017). Third generation sequencing platforms seem best suitable method 
for conservation of biodiversity and genetic resources when several associated dis-
advantages are mitigated (Beissinger et al. 2013; Sun et al. 2013; Heffelfinger et al. 
2014; Karaca and Ince 2017; Scheben et al. 2017; Elbasyoni et al. 2018).

7  Conclusions and Future Prospects

It is estimated that the global population is approaching to nine billion by 2050, and 
demand for food and fiber crops is expected to increase by about 60% (Sun et al. 
2018). Although phenotypic, metabolomics, proteomics and genetic diversity are 
more heavily reduced in cultivated germplasm, fortunately international movement 
on conservation and sustainable use of biodiversity and genetic resources for agricul-
ture have greatly sounded during the last 50–60 years. Today approximately 7.4 mil-
lion germplasm accessions, representing more than 16,500 plant species are secured 
in 1750 gene banks worldwide. However, unfortunately conservation programs are 
chronically underfunded and the impact of climate change on crop genetic diversity 
is not completely understood. In many parts of the world, appropriate capacities and 
adequate infrastructures to explore biodiversity are still lacking and genetic erosion 
is far from being stopped (Sari et al. 2005; Davey et al. 2011; Fu et al. 2015).

The genetic drift in gene banks is caused by the use of inadequate sample sizes. 
Also regeneration delays cause genetic integrity loss for some cross-pollinating spe-
cies in gene banks. Furthermore, gene bank conservation gets less strengthen politi-
cal support in todays’ capitalist world. In many developing countries there exist 
inadequate germplasm evaluation and characterization. Efficient conservation of 
genetic resources requires efficient and effective global networking of gene banks 
around the world. Effectively upgrading gene bank information systems is also 
important and required. In many countries there exist low diversity coverage and 
inadequate gene bank capacities. Unfortunately, private sectors not interested in 
conservation of biodiversity and there is inadequate gene bank support from stake-
holders. Many stakeholders are mainly interested in germplasm for economic 
potential and do not provide supports for management of gene banks and establish-
ment facilities for long-term conservation (Fu 2017).

Over-grazing, over-exploitation, urbanization, hydroelectric dam construction, 
roads and global market economies have caused the impoverishment of many native 
forests and grasslands. For instance, heavy collection of aromatic and medicinal 
plant species narrowed genetic diversity in the Mediterranean basin of Turkey. It is 
known that over-exploitation in some other parts of the world threatened genetic 
biodiversity of many plant species. Increasing water and air pollution along with 
deforestation and biologic pollution contribute to the genetic erosion of both culti-
vated and wild species. In turn, the unsustainable use of natural resources such as 
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forests and ponds has resulted into disturbed water balance and severe erosion. Also 
in many countries current legislations discourage the use of landraces and also have 
a strong negative impact on their conservation. For instance, Italy reports that out of 
41 farms growing landraces of forage legumes in the 1970s only one now carries 
through this activity (Fu et al. 2015; Manhaes et al. 2018).

In order to conserve the biodiversity and genetic resources for sustainable agri-
culture next generation based genomic and phenomic monitoring should be consid-
ered and used simultaneously. NGS based phenotyping and genotyping could be 
effectively used in monitoring of genetic diversity during seed regeneration and 
plantation. These technologies would allow to manage diversity within accessions 
to mitigate some disadvantages of small population sizes of ex situ conservation 
(Davey et al. 2011; Poczai et al. 2013; Jia et al. 2016; Tsai et al. 2015). But most of 
these techniques are not yet widely available in developing countries where they are 
most needed such as in tropics regions including many threatened species (Fu et al. 
2015; Kang et  al. 2016; Manhaes et  al. 2018). Most phenotypic traits involved 
in local adaptation survival are polygenic, and the importance of epistasis, transpos-
able element activity or epigenetics plays significant roles. Since polygenic traits 
could be effectively analyzed using GBS technologies, genomic monitoring based 
on GBS is very suitable for conservation of biodiversity and genetic resources for 
sustainable agriculture. GBS could be used to estimate population parameters 
including allelic richness, expected heterozygosity and the total and the effective 
number of alleles, outcrossing and inbreeding rate, out coming gene flow and effec-
tive population size (Kang et al. 2016; Watanabe et al. 2017).

The presence of dramatic climate changes and the direct adverse anthropogenic 
influence and activity are two major issues that are driving the need for immediate, 
extensive and comprehensive conservation of genetic resources of world. It is 
expected that global temperature will rise about 1.8–4.0 °C during the twenty-first 
century and this will cause a shift of species spatial distributions more than 6 km 
towards the poles and 1 m in elevation, per decade. This may result in population 
spatial shifts, fragmentation, reduction of population size or even extinction in 
mountainous ranges (Aravanopoulos 2016). As a final sentence, we believe that a 
well-designed, genomic and phenomic tools-monitored, and well-managed systems 
coupled with ex situ and in situ conservation strategies (seed banks, cryogenic stor-
age, living collections in botanical gardens, arboreta, and similar facilities where 
necessary) is enough to protect many endangered plant species and conserve biodi-
versity through the several decades of rapid global change. However, people on 
earth should learn to live with nature as a part of nature not against to nature for 
long-term conservation for themselves and for the nature surrounding them, and 
should listen the nature while it is still able to speak.
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Abstract In the scenario of a new agriculture, breeding techniques are asked to 
play an important role in order to make productive processes more sustainable under 
environmental, economic and social point of view. New crops need to be more effi-
cient as for use of water and other resources, resilient and adaptable to different 
environments, able to produce healthy food products, but also other renewable 
material from their biomass to be used with an eco-logical approach in the different 
ambits of human activity. Plants will have to resist to new biotic and abiotic stresses 
where a drastic reduction of chemicals for their efficient production is expected. 
Also, plants will be more and more asked to fit new human needs such as the pro-
duction of medicines and vaccines, or the detoxification of water and soils. The 
challenges facing breeders are highly demanding. However, breeding has always 
guided agriculture, improving performance and enabling the achievement of impor-
tant goals, particularly during the “green revolution” age. The integration of differ-
ent techniques and the development of both in vitro techniques and molecular 
strategies have accompanied the development of innovative breeding strategies dur-
ing the last 50 years. New techniques have been utilized either directly for breeding 
or indirectly to obtain a more thorough understanding of the traits to be improved. 
Plant genetic resources have played a key role in this process. The use of New 
Breeding Techniques (NBTs) based on exhaustive knowledge of the genome of spe-
cies and varieties will enable the development of new results that overcome the limi-
tations of classical breeding techniques and their length and limiting the risks of the 
first generation of molecular breeding tools. In such a scenario, plant genetic 
resources are once again motivating breeders to achieve new results.
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1  Introduction

Plant breeding (synonym: plant genetic improvement) represents one of the 
approaches to develop agriculture in different areas (Tester and Langridge 2010). 
This particular sector of plant science encompasses the study and the manipulation 
of plant heredity to develop novel plants with enhanced characteristics of interest 
that can be readily employed in agriculture with direct benefits to human society. 
Unlike other agronomic techniques, plant breeding approaches to improve the yield 
and quality of agricultural products rely on the inner characteristics of the plant and 
not on the external factors that can be modified with the adoption of agronomic 
techniques (fertilization, irrigation, the use of chemicals for pest and disease con-
trol, and the use of protected cultivation). In such a context, modifications made into 
plants through breeding are permanent and due to propagation, they can be spread 
in time and space (Acquaah 2007).

The needs for manipulating plant features and their behaviour are different and, at 
some level, they can change during time (Blum 2018). Generally, plants provide 
humans with food, feed, energy, shelter, fibers, and several other products, including 
pharmaceuticals. In addition, plants are often used for their ornamental value in vary-
ing contexts. However, plant breeding has been particularly important to satisfy the 
need for food by improving the yield and quality of several major crops, including 
cereals, corn, potato, vegetables and fruits (Edgerton 2009). The integration of tradi-
tional and modern techniques has improved the effectiveness of breeding methods 
and the achievement of new results in more efficient ways (Fig. 1). This challenge, 
particularly important during the “green revolution” period, is still needed to meet 
the world population increase expected over the next decades and to manage land 
scarcity and the competition for alternative uses. As a consequence, agriculture is 
expected to produce more food on less land such that agronomy and breeding are 

Genome editing

Genomic selection

Genome sequencing

Marker assisted selection

Genetic transformation (GMO)

In vitro culture

Mutagenesis

Conventional breeding methods (including crosses and backcrosses, selection, etc.) 

1960 1970 1980 1990 2000 20101950

Fig. 1 Plant breeding: evolution of methods and role of biotechnologies. (Source: Cattivelli and 
Valè 2017)
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required to contribute to this challenge, especially in developing countries, where 
most of the population growth is estimated (Acquaah 2012; Tester and Langridge 2010).

2  Role and Primary Objectives of Plant Breeding

The scenario in which plant breeders work changes during time and space. Global 
climate change requires the development of new varieties that can be successfully 
cultivated in different environments and that could face new and somewhat unpre-
dictable climatic constrains (Pereira et  al. 2012). Therefore, new cultivars are 
needed for environments that are becoming warmer, colder, drier or saltier (Blum 
1985). In addition, pests and diseases are important stress conditions for crops, and 
their control by chemicals is often difficult or environmentally hazardous. Thus, 
there is increasing urgency to develop plant types that can also resist these stresses 
(Hussain 2015). Breeding is also required to develop new varieties that can be 
adapted to new cultivation areas, such as low-chilling varieties of pome and stone 
fruits that can be adapted to warmer climates or photoperiod-insensitive varieties of 
different seed and grain crops (Khush 2001). Another important input to the activity 
of breeders comes from the economic sustainability of the production process. Due 
to labour and other input costs, there is an increasing requirement to facilitate crop 
production and optimize the whole process. An example is the search for varieties 
more adapted to mechanical harvest or, particularly for fruit trees, dwarf plants that 
enable more intensive plantation systems and higher water use efficiency (Condon 
et al. 2004). The demand for new varieties of ornamentals is highly acute to help 
meet the consumer requirements for new colours, shapes, and other morphological 
features with increased appeal (Cadic and Widehem 2001; Smulders and Arens 
2018). The agro-food industry seeks the improvement of specific traits, since qual-
ity requirements are often different from those of products that are consumed fresh. 
In addition, the particular uses of the products indicate the important diversification 
of breeding goals to be considered (final consumers or processers). This is the case, 
among the others, for grapes (table grape versus wine grape) and tomato or potato 
for specific uses (Murphy 2007).

Of course, some of the objectives of the breeding programmes are broad and 
common to different species. However, many other goals are specialized and spe-
cific for single crops or designed for particular needs. Increasing yield has been and 
continues to be one of the most important (Annichiarico 2002). There are several 
biochemical and physiological processes involved in yield mechanisms, including 
photosynthesis, respiration and transpiration. In addition, a distinction must be 
made between biological yield and economic yield. Biological yield generally cor-
responds to the biomass produced, while economic yield depends on how the bio-
mass is partitioned in a crop (Hay 1995; Zhu et al. 2010). Breeders consider also 
other aspects when selecting new cultivars, such as the yield stability along time to 
avoid losses due to alternate bearing (for fruit species), lodging (for cereals) or 
 shattering (for grains or dry fruits). Other traits linked to reproductive biology have 
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been successfully modified in fruit tree species. In fact, the procurement self-fertile 
varieties that produce without being pollinated from different varieties is a goal of 
paramount importance, especially for cherry and almond but also in pear. Different 
sources of this character are available for each species and have been used for breed-
ing programmes, especially those conducted via hybridization (Company et al. 2015).

The reduction of plant height is another trait that is often considered when select-
ing for yield. The use of dwarf or semi-dwarf cultivars (or rootstocks) is common in 
several annual and perennial crops and is often associated with lodging resistance. 
Dwarf genotypes can be used for more closely spaced fields, thus allowing more 
efficient orchard management. Photoperiod and temperature strongly affect flower-
ing in plants and influence the shift from vegetative to reproductive phases and for 
some species, their adaptability to different growing areas. This is the case for pome 
and stone fruits in which the accumulation of a certain number of hours below a 
temperature is necessary to induce flowering (Byrne et  al. 2000; Darnell 2000). 
New varieties with low chill requirements have enabled the diffusion of these spe-
cies into hotter climates (Lyrene 2005). Alternatively, photoperiod insensitivity is a 
very desirable trait to grow crops at different latitudes, such as for cotton or tomato 
(Wallace et al. 1993). The synchronization of flowering time is also important for 
breeders when they plan to use different varieties in crossing-based breeding 
programs.

Maturity is another complex phenomenon in plants. For some fresh fruit species 
in particular, such as peach, mandarin, apricot, and grape, the search for early or late 
ripening varieties has driven the breeding programmes. In the first case, early matu-
rity, also coupled with temporary or permanent protected cultivation, allows culti-
vars to escape environmental stresses and to attain better performance in the market. 
In contrast, late maturing cultivars fully exploit the growing season, allowing opti-
mal yield and the display of qualitative features in terms of colour, sugar and vita-
min content (Laurens et al. 2018).

Quality in agricultural products is a very complex issue whose comprehension 
includes several aspects. Of course, an indirect but relevant appraisal of quality is 
provided by the market value of a product, which is, in turn, given by its correspon-
dence with the needs of final users, including consumers and transformers. As an 
example, seedlessness in fresh fruits, such as mandarins or table grape, has become 
a must in the last decades and has driven the breeding of these species (Perl et al. 
2000; Cruz-Hernández and Paredes-López 2012). In the case of citrus, seedless fruit 
formation is due to the particular form of sterility coupled with parthenocarpy (the 
ability of a plant to set fruit without fecundation or with a precocious seed abort).

In the case of grain crops, milling quality, cooking and processing aptitude, and 
nutritional quality are the most important traits that determine their value as per-
ceived by bakers and other product transformers (Battenfield et al. 2016; Rutkoski 
et  al. 2017). Of course, both agricultural production regions and the production 
method (i.e. organic versus conventional) play an important role. Based on the dif-
ferent parts or organs of a plant used for food, the nutritional quality can have very 
different effects, and as a consequence, also the aims of the breeding programmes. 
The increase of the protein content (or of some essential amino acids) remains one 
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of the most important goals for important crops, such as cereals and tubers (Jansen 
and Flamme 2006; Alvarez and Guzmán 2018). For rice, the primary approach to 
increase nutritional value consists of the augmentation of vitamin A, particularly 
using genetic transformation techniques (Paine et al. 2005). The improvement of 
fatty acid composition is also being considered as an important objective in those 
species cultivated for oil production (Fehr 2007).

For those species that supply fresh products, such as fruit and vegetables, the 
extension of shelf life represents a high priority objective for breeders (White 2002; 
Anwar et al. 2018). The most important results have been attained so far studying 
ethylene biosynthesis and regulating the cell wall modifying enzymes in tomatoes, 
apples and peaches (Brummel and Harpster 2001).

Apart from food production, plants are important for human for many other spe-
cific products, including biomass for energy, gums, cellulose, amylopectin, pharma-
ceuticals, enzymes, and vaccines, or functions, such as soil detoxification and 
phytoremediation (Gomes 2012). Of course for these specific uses, breeding, and in 
particular molecular breeding, is utilized to modify specific pathways to enable the 
production or functioning of specific mechanisms (Grabowski et al. 2014; Ho et al. 
2014). Thus, most of the results achieved to date involve species that can be easily 
manipulated in vitro for regeneration (corn and tobacco in primis).

As already discussed in this book, insect-pests and disease represent important 
limiting factors to the sustainable cultivation of many species and a threat to safe 
post-harvest product storage. The presence of plant pathogens and pests often 
requires the adoption of chemical, biological or agronomic strategies for their con-
trol with the use of chemicals increasingly being debated for the risks associated 
with their residues (Bebber et  al. 2014; Pertot et  al. 2017). Biological control 
includes the use of resistant or tolerant varieties. Therefore, obtaining these varieties 
through breeding is among the high priority goals for several crops. In addition, for 
some virus and bacterial diseases, particularly for those affecting fruit tree species 
(Citrus Tristeza Virus in the case of citrus, Plum Pox Virus in the case of stone fruits, 
Xylella fastidiosa in the case of olive trees inter alia), the adoption of tolerant root-
stocks and/or varieties remains the sole way to control disease and avoid important 
losses and complete plant death (Basile and DeJong 2018; Cuenca et  al. 2018; 
Marini and Fazio 2018). Of course, quarantine laws are also important methods for 
disease control in these and other cases. The defence mechanisms that plants pos-
sess differ substantially based on avoidance, resistance and tolerance strategies and 
based on the availability of natural resistance, several breeding strategies could be 
adopted. The wild relatives of cultivated crops are a critically important source of 
resistance genes for most of the crops. The inclusion of different resistant genes in 
one variety is an important strategy to manage different races of one pathogen, a 
strategy known as gene pyramiding (Fuchs 2017).

Plant performance depends largely on the interaction between the genotype and 
the conditions of the environment where cultivation occurs (Hall 2018). Stressing 
conditions determine a reduction in plant growth and productivity. Within some 
limits, the environment in which a plant is cultivated can be modified, such as in 
protected cultivation. However, the environment can determine several stressing 
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conditions for crops that can hamper their genetic yield potential. This implies that 
prior to their release in the market, novel varieties are tested on different environ-
ments, and their response in terms of production and/or trait stability is evaluated. 
The most relevant results in this topic to date have been achieved for salt tolerance 
(Arzani and Ashraf 2016) and thermal stress (both cold resistance and heat stress 
conditions) (Schwarz et al. 2010). In perennial crops, the late frost susceptibility in 
various species has been partially overcome by the use of late sprouting and flower-
ing varieties. Resistance to waterlogging conditions, oxidative stress and heavy 
metal toxicity (also for plants to be used for phytoremediation) represent other 
important traits that are pursued in specific breeding programmes (Hasanuzzaman 
et al. 2012).

3  Selection and Other Breeding Strategies

The selection of living organisms, including plants, has been happening since very 
ancient times and determined slow but important changes in gene frequencies and, 
in turn, contributed to the diversity of plant life now present (Gepts 2004). Along 
their history, plants have been changing, and genotypes with higher survival poten-
tial or fitness became predominant. With the advent of agriculture, humans started 
to select for traits considered desirable. Selection is effective only when the observed 
variation in the population is due to a genetic component (Chen et al. 2017). In natu-
ral conditions, each species has a specific level of genetic diversity distributed at 
different hierarchical levels until that of individuals, each with a specific allelic 
composition. In a population, the allelic distribution in different groups is respon-
sible for the adaptability of species to different conditions and environments (Lopes 
et al. 2015). In a cultivated species, the genetic diversity level is higher because of 
their exploitation as crops that determined relevant impacts on their genetic struc-
ture for different processes, including domestication, diffusion from centres of ori-
gin, selection, adaptation to different environments, hybridization, and breeding. 
However, the biodiversity level of most species in many cases has been substantially 
eroding (van de Wouw et al. 2009). The aspects related to the preservation of such 
an important heritage from erosion risk, the identification of the most suitable strat-
egies for its conservation, and the sustainable and fair use of genetic resources are 
discussed in Chap. 12 of this volume.

The success of a breeding programme largely relies on selection methods. This 
assumption is particularly true for traditional breeding programmes, while molecu-
lar breeding strategies are more precise and can allow the acquirement or modifica-
tion of desired traits in a faster and more precise manner (Al-Khayri et al. 2015). 
The reproductive mechanisms of each species dramatically affect the choice of the 
genetic improvement methods that can be applied, and hybridization plays a key 
role in crop development and evolution (Soltis and Soltis 2009). Plants species 
exhibit a wide range of reproductive systems spanning from cleistogamy (strict self- 
pollination) to obligate outcross. Hybridization for plants has played an important 
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role for crop development and modification, and breeders often refer to gene pool 
models to assess crop germplasm cross compatibility (Fig. 2).

The first gene pool refers to cultivated varieties and wild progenitors of a given 
crop. Within this group, crosses are easily performed and result in fertile progenies. 
The second and the third pools include related species that can still be crossed with 
the target one but with an increasing loss of fertility and/or with an increasing dif-
ficulty, rendering the use of embryo rescue or other in vitro techniques for embryo 
recovery. The fourth gene pool includes species that cannot be crossed but can rep-
resent sources of useful genes to be transferred with molecular breeding and new 
breeding techniques (Lee 1998).

Classical breeding has historically been performed by crossing. The choice of 
parents with superior traits and selection within the progeny obtained from the per-
formed crosses of those individuals with a suitable combination of the desired char-
acters of both parents until the release of a new variety are the most important steps 
of a breeding programme (Johnson 2000). However, the choice of the selection 
scheme and the type of variety to be released strongly relies on the reproductive 
method of each species. Schematically, we can consider different approaches that 
can be used for self-pollinated species, cross-pollinated species and those species, 
which are mostly propagated vegetatively. However, the distinction between these 
categories is not strict, and some of the breeding schemes that have been initially set 
up for one of these categories can be applied for another one (Table 1). The genetic 
structure of self-pollinated species requires the exploitation of the genetic diversity 
that can be found in natural populations or local varieties (Duc et al. 2015). Mass 
selection, pure-line selection and pedigree selection are the most common proce-
dures that can be applied with the latter based on a selection scheme that follows the 
application of a breeding strategy aimed at generating new variability, such as hybrid-
ization or, to a lesser extent, the use of polyploidy or induced mutagenesis (Fig. 3).

IV

Genes isolated
from other species

III
II

I

Target crop
and eventual
wild relatives

Species

Genus

Increasing difficulty
for crossing

Fig. 2 The “Gene Pools” model. (Source: Gepts 2000)
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Bulk population breeding is a strategy that has been primarily used for wheat, 
barley and some beans in which after a first cross, all the products are cultivated, 
primarily under natural conditions for some generations, and artificial selection of the 
bulk population is delayed and performed after some years (Ortiz et al. 2007). The 
single seed descent method has been proposed to speed up the process and overcome 
the limitations of the previous methods. In Fig. 4, a general scheme of plant breeding 
activity is reported, including the search or arrangement of a new trait, its selection, 
and the release of improved varieties for their use after their multiplication.

Table 1 Types of varieties released by breeders according to crop and pollination methods

Crop Pollination method Main released cultivar typology

Rice Self Purelines and hybrids
Wheat Self Purelines
Maize Cross Hybrids
Potato Cross (not for cultivar) Clonal
Sorghum Mainly self Hybrids and purelines
Barley Self Purelines
Sunflower Cross Hybrids and populations

Source: Chrispeels and Sadava (2003)

Generation
Number
of plants

50–100

Action

Select parents and cross

Space plant for easy
visual selection

Select and plant in spaced rows

Establish family progeny rows;
select individual plants to advance
each generation

Conduct preliminary yield trials;
select individual plants to advance

Conduct advanced yield trials with
more replications and over locations
and years

Cultivar release

Identity superior rows; select 3–5
plants to establish family in progeny
rows

Bulk seed; space plant for
higher yield

2000–5000

200

25–50

15

5–10

1

100

Year 1

Year 2 F1

Year 3 F2

Year 4 F3

Year 5 F4

Year 8 F7

Year 6–7 F5–F6

Year 9–11 F8–F10

P1 × P2

Fig. 3 Steps of pedigree selection. (Source: Acquaah 2012)
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For cross-pollinated species, breeding mostly focuses on the improvement of a 
population rather than of single plants. In these species, hybridization could be dif-
ficult due to the necessity of avoiding extraneous pollen “contamination” different 
from that of the species or variety that has been chosen as the pollen donor. Cross- 
pollinated species are subjected to inbreeding depression. The genetic structure of 
the varieties of these plants corresponds to a number of heterozygous plants, often 
released as a population (Posselt 2010).

4  Role of Hybridization

F1 hybrids can be obtained either from cross- or self-pollinated species. F1 hybrids 
offer several advantages, and their diffusion represents one the most important mile-
stones in the breeding history of some important crops. Maize represents the first 
species for which the importance of heterosis with increased yields than the better 
parents was shown at the beginning of 1900 and was soon deeply exploited. The 
release of hybrid varieties implies the possibility for breeding companies to protect 
their seeds or improve their parental lines (that are not sold to farmers). In fact, 
hybrids highly uniform at the F1 stage undergo segregation and a reduction of their 
potential at the F2 stage, discouraging growers from re-planting (Rouphael et al. 2010).

In addition to obtaining F1 hybrid varieties, crossing methods can be used to 
introduce a particular trait to a specific variety, such as resistance to a disease or a 
morphological trait, such as the gene for shortness in wheat. If breeders find a resis-
tance trait that is under the control of one or few genes, this trait can be transferred in 
a sexual compatible genotype via backcrossing. Backcrossing is a method in which 
a recurrent parent is used as a donor to add the specific trait (Semagn et al. 2006).

Of course, many other characters are not easily transferred via backcrossing, 
since they are controlled by several genes and in a complex manner (quantitative 
traits). In addition, the expression of complex traits is influenced by non-genetic 
factors. Because of the large number of genes involved in complex trait expression, 

Genetic resources 

Old varieties, landraces, ecotypes
(found in germplasm banks, 
collections or owned by breeders)  

Genetic variability
Recombination  

Mutagenesis Genetic transformation

Hybridization and self-crossing

Ploidy manipulation

Selection

Field trials
Stress resistance tests

Marker  assisted selection

Improved 
variety

Registration

Multiplication

Commercialization

Fig. 4 Exemplificative diagram of genetic improvement programs for plant breeding
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breeders often refer to these clusters of genes as quantitative trait loci (QTL). For 
these traits, plant breeders try to combine the most favourable alleles of each gene 
in one variety, but this implies substantial efforts to perform a very high number of 
selections until the desired phenotypes are obtained (Udall 2003; Semagn et al. 2010).

5  Mutagenesis

As previously discussed, the presence of variability is a pre-requisite for breeding. 
The availability of an appropriate genotype, distinguished for one or more interest-
ing traits, is necessary to start a breeding programme. In nature, mutations arise 
spontaneously and are important for natural evolution. If this is not the case, vari-
ability can be induced by mutagenesis in particular. Mutagenesis in breeding can be 
used directly for new variety development, or indirectly, since the mutants can be 
used as the parent in breeding programmes (Broertjes and van Harten 1988; 
Ahloowalia et al. 2004).

Several techniques can be used to induce mutations. Physical and chemical 
agents can be applied to seeds or plant tissues from which it is possible to regenerate 
plants to be evaluated for the presence of new traits. In the case of vegetatively 
propagated crops, and primarily in fruit tree species, most of the results have been 
obtained using physical agents, while chemical agents, such as colchicine, often use 
to obtain tetraploids, has been used to a lesser extent (Ahloowalia and 
Maluszynski 2001).

Among the physical mutant agents, different sources of radiation must be 
described. In particular, gamma rays, X-rays and cobalt isotopes were among the 
first mutagens used. These agents are to be used on buds, scions, or even on in vitro 
multiplied shoots to be propagated after treatment. Among the most interesting 
results so far achieved with mutation breeding, at least for woody plants, we report 
the selection of pink grapefruit varieties, seedless mandarins or clementines (Tango 
mandarin, Monreal apireno clementine) and the mutation determined in sweet 
cherry at the locus S, responsible for the self-incompatibility character to obtain 
self-fertile varieties (Bado et  al. 2015). In this case, the inducing treatment was 
performed on pollen (Table 2).

A particular aspect to be considered in the evaluation of mutations concerns their 
stability. In fact, there are rare cases of the regression of mutations and the subse-
quent reappearance of the original character, i.e., from the spur phenotype to the 
normal phenotype in the apple tree. This could depend on the layers of the bud apex 
involved in the mutagenic event. In particular, mericlinal chimaeras, in which only 
a few portions of the outer layer are mutated, are unstable, and the regression 
towards the original phenotype are frequent. Alternatively, the sectoral or periclinal 
chimaeras are more stable, and the solid or total mutations are stable (Fig. 5). For 
the reasons described above, obtaining new varieties through this technique involves 
a long selection phase with successive multiplication cycles during which the single 
buds must be evaluated individually and possibly further propagated, which length-
ens the whole process (Oladosu et al. 2016).
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Table 2 Origin of some sweet cherry varieties and their allelic profiles at locus S. S4′allele is 
responsible for self-compatibility

Origin
Allelic status at 
locus S

JI2420 Self-compatible selection obtained by mutagenesis from cultivar 
Napoleon. It contains S4′ mutated allele

S4S4′

Stella Lambert (S3S4) × JI2420 (S1S4′) S3S4′
Lapins Stella (S3S4′) × Van (S1S3) S1S4′
Blaze star Lapins (S1S4′) × Durone Compatto di Vignola (?) S4′S6

Sunburst Van (S1S3) × Stella (S3S4′) S3S4′
Early star Burlat (S3S9) × Stella compact (S3S4′) S4′S9

Sweetheart Van (S1S3) × Newstar (S4′S1) S3S4′

Fig. 5 Origin and phenotype in different kind of induced bud mutation. (a) periclinal, (b) mericli-
nal, (c–d) sectorial. (Source: Frank and Chitwood 2016)
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6  Somaclonal Variability and in vitro Selection

Another interesting strategy that could be adopted for woody species refers to the 
possibility of selecting somaclonal mutants that can be obtained by imposing selec-
tive conditions to specifically prepared in vitro cultures (Krishna et  al. 2016). 
Somaclonal variability represents a portion of the variability that can arise in cells 
or tissues cultured in vitro. This variability may involve different characters and can 
be “fixed” in selected cellular lines. The origin of this variability involves different 
types of mutations at the gene, chromosomal or whole genome level, including 
ploidy variation (Sattler et al. 2016). A fundamental prerequisite of this technique is 
that the selected cellular lines are able to produce whole plants once the selection 
cycles are complete. The origin of somaclonal variability may be very different, 
since the different variations may arise spontaneously during in  vitro culture or 
manifest themselves as a result of the particular culture conditions, which may 
favour the manifestation of unexpressed levels of variability in the pool of the cells 
placed in culture. Growth regulators, in particular auxins, and other components of 
the culture substrate can also favour the onset of variations, since they can deter-
mine accelerated growth rates (Larkin and Scowcroft 1981).

Finally, somaclonal variability can be increased, even in a targeted manner, by 
using selective agents and stress conditions. There are numerous references in the 
literature that show examples of modifications for fruit tree species obtained through 
this technique, ranging from changes in the vegetative habit of the plant, to changes 
in the morphological and physiological characters related to reproductive and fruit-
ing biology (Anis and Ahmad 2016; Lestari 2016). In vitro selection protocols more 
specifically refer to selective processes determined by the presence of a selective 
pressure of a stress factor applied to the in vitro culture (Smith 2000). This tech-
nique can be applied to a wide range of agents allowing better control of the selec-
tive pressure exerted by varying the concentration or intensity of the treatment. The 
agents that can be applied are represented by chemical compounds that induce resis-
tance to their high concentrations in soils, such as NaCl, or toxins extracted from 
pathogens. For example, using this last technique, some apple rootstocks have been 
selected that possess resistance to Phytophthora and lemons that can resist fungal 
disease (Gentile et al. 1992; Predieri 2001).

7  Advent of Molecular Breeding

The extraordinary progress of molecular biology has provided a decisive impulse to 
research in agriculture since the 1980s, enabling the possibility of deciphering gene 
functions and manipulating many genes of agronomic interest in the genome. In 
addition, several important molecular mechanisms involved in biological processes, 
such as seed germination, the fruiting cycle, ripening process, resistance to diseases, 
and the adaptability of cultures to abiotic stress have been well studied and fully 
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characterized (Giovannoni 2001; Seymour et al. 1993). Other important tools for 
modern breeding stem from the manipulation techniques using the in vitro culture 
of different organs, such as cells, protoplasts, and anthers that enable the use of dif-
ferent breeding techniques, such as somatic hybridization, in vitro selection, genetic 
transformation, or the obtainment of useful materials for subsequent applications, 
such as haploids and double haploids. Certainly, a first tangible result of the devel-
opment of knowledge in the field of molecular genetics concerned the constitution 
and the progressive “saturation” of genetic maps. In many cultivated species, these 
maps contain useful information for geneticists, such as the position of the genes 
responsible for traits of agronomic interest and their association with the available 
markers (Barabaschi et al. 2016). In addition, this information is often shared with 
related species, such as in the genus Prunus, and enables the easy extension of this 
information from one species to another. Interesting examples include information 
on the frequency of recombination, assumed in turn as the measurement of the dis-
tance between two genes (or between a gene and a marker) (Fig. 6). This informa-
tion can also allow the “cloning by position” approach of the genes of interest, as 
was the case for the scab resistance gene in apple. Additional approaches have been 
based on the substantial sequencing of ESTs from different tissues, organs or exper-
imental conditions. Currently, collections of expressed sequences, often organized 
in microchips (arrays) with thousands of oligonucleotides used for the analysis of 
expression, are available for exhaustive and cheap analyses for all the most impor-
tant cultivated species (Ganal et al. 2012; Voss-Fels and Snowdon 2016).

More recently, the new generation sequencing (NGS) approaches offer a signifi-
cant impact to genetics and breeding studies. The progressive decrease of sequenc-
ing costs enabled the whole genome sequencing of an increasing number of the 
most important cultivated plant species (Barabaschi et al. 2011; Wendel et al. 2016), 
and for many other species, genome sequencing is in progress. For recent updates 
visit: http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi; http://phytozome.jgi.doe.
gov/pz/portal.html.

Fig. 6 Comparative analysis of QTLs and genes identified from maize mutant studies or based on 
rice seed size or weight genes. (Source: Liu et al. 2017)
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Such tools enable the resequencing of the different varieties, and this has simpli-
fied the identification of genes of interest and QTL.  The latter are of particular 
importance given the polygenic nature of many characters, including those most 
involved in yield determination and qualitative aspects of the fruit, such as size, 
shape, consistency, important biosynthetic pathways of synthesis and the degrada-
tion of carbohydrates and organic acids (Collard et al. 2005).

The investigation of the relationship between phenotype and genotype will be 
increasingly affordable in the future with molecular based screening protocols and 
with their interaction with all the technologies able to accurately measure many 
parameters related to different characters and allow time course evaluations. Among 
the characters to be taken into consideration are many that concern qualitative 
parameters and organoleptic characteristics with many genes involved in complex 
biosynthetic pathways. NGS also includes, in addition to the re-sequencing of vari-
eties (Whole Genome Re-sequencing, WGRS) applications for genotyping by 
sequencing (GBS) and the resequencing of the transcriptome or RNA-Seq with use-
ful outputs for complex analyses, such as chips (Illumina technology) and arrays 
(Affymetrix technology) that enable the analysis of thousands of well-distributed 
markers in the entire genome of a species as already occurred in grapevine, apple, 
peach and many other herbaceous and woody crops (Edwards and Batley 2010; 
Thomson 2014; Kim et al. 2016).

Resequencing also allows the identification of genes that are present only in 
some accessions and enables researchers to decipher the whole pan-genome of a 
species (Morgante et al. 2007).

8  Somatic Hybridization and Ploidy Manipulation

One of the most reliable applications of in vitro culture techniques, especially for 
herbaceous crops, refers to the possibility of obtaining protoplasts, i.e., cells 
deprived of the cell wall. Such cells can be used for different biotechnological appli-
cations, including the direct introduction of exogenous DNA, or the in vitro  selection 
protocols described above. However, the most interesting application for the genetic 
improvement of plants to date refers to the possibility that these cells can be 
“merged” with each other and enable the production of somatic hybrids (Waara and 
Glimelius 1995). These are individuals who possess the genetic makeup of both 
parents. The removal of the cell wall to obtain the protoplasts can be done mechani-
cally or, more frequently using cell wall degrading enzymes, while the protocols 
useful for the “fusion” of the protoplasts can refer to the application of small electri-
cal impulses (electrofusion) or the use of chemical compounds, such as polyethyl-
ene glycol (PEG). One of the most interesting aspects of somatic hybridization 
refers to the possibility that the process concerns cells isolated from sexually incom-
patible individuals, whether or not they belong to the same species. In these cases, 
if the fusion process is symmetrical, the individual obtained contains the genetic 
information of both protoplasts.
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Alternatively, the “addition” of the genetic material to one of the two cells can 
only concern the cytoplasmic material, and therefore, the extranuclear DNA har-
boured in the chloroplasts and mitochondria. In this case, the hybridization product 
is called a “cybrid”. Somatic hybridization has been successfully applied to citrus, 
and particularly for rootstocks, since efficient regeneration protocols are available 
starting from protoplasts for many of these species. This approach has also been 
successfully used in the Solanaceae and other horticultural species (Cardi and Earle 
1997; Cardi 2001; Orczyk et al. 2003; Prabhu Shankar et al. 2013; Rotino et al. 
2014; Singh et al. 2015).

An additional application of in vitro culture techniques refers to the possibility of 
obtaining cells with alterations in the ploidy level (Sattler et al. 2016). Currently the 
most interesting application concerns of tetraploids, i.e., individuals with a 4n chro-
mosome kit. These individuals, used in the breeding programmes of mandarins and 
mandarin-like, and hybridized with diploid individuals have led to the obtainment 
of triploid individuals, constitutionally sterile, and which, in particular parthenocar-
pic species, such as mandarins, allow the production of seedless fruits (Ollitrault 
et al. 2008). An additional application refers to the possibility of obtaining haploid 
individuals from the in vitro cultures of ovules and anthers, and, from these, double 
haploids (fertile and homozygous). This type of material is especially important for 
basic genetic studies, the identification of genes for specific characters and genome 
sequencing (Jiao and Schneeberger 2017).

9  GMO Parabola

Heritable variation can arise through natural phenomena or can be artificially 
induced via mutagenesis. Another method for artificial variation induction is the 
direct modification of the genetic material. Both hybridization and mutagenesis 
require a long time before the expected results can be achieved. Modern breeding 
tools have been developed in the last 40 years and are available for molecular breed-
ing and genetic modifications. The most powerful method is the recombinant DNA 
(rDNA) technology (Gosal and Wani 2018). Through this technique, it is possible to 
transfer and integrate genes coming from the most diverse sources stably inside the 
genome, bypassing the sexual process and thus, expanding the transfer possibility to 
individual species that are very distant phylogenetically. For example, a gene from 
a bacterium can be transferred and integrated into the genome of a cultivated plant 
species (Broothaerts et al. 2005). In other terms, breeders have the opportunity to 
enlarge the gene pool, which can provide a source of variation and useful traits. In 
fact, DNA and its structure, as well as the mechanisms of coding, transcription, 
duplication and transmission to the descendants, represent a common heritage 
shared between all living beings. Of course, such a powerful technique implies dif-
ferent consequences and the need of new and accurate selection schemes. The prod-
ucts of this method of genetic improvement are known as Genetically Modified 
Organism (GMO, or GMP in the case of plants) and, according to the European 
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directive 2001/18 can be defined as “an organism, with the exception of human 
beings, in which the genetic material has been altered in a way that does not occur 
naturally by mating and/or natural recombination”. The first genetically modified 
(transgenic) plants were obtained in the early 1980s, and since then, there have been 
many applications regarding different traits and an increasing number of species 
and varieties. In addition, the potentials of the technique allow the hypothesis of 
uses that go beyond the traditional use of plants for food or energy and open new 
frontiers related to the use of plants for other purposes, such as the production of 
vaccines or other substances with pharmacological action, detoxification and reme-
diation from pollutants. Genetically modified plants, and in particular, soybeans, 
cotton and corn, have been the subject of over 20 years of increasing diffusion in 
some areas of the globe but with strong limitations in most of the countries of the 
European Union (Clive 2015; Gould et al. 2016).

The techniques used for the constitution of genetically modified varieties refer to 
two different methods, one indirect based on the use of the agrobacterium 
(Agrobacterium tumefaciens) and a direct one, which involves the insertion of DNA 
using the biolistic method (Fig. 7).

In both cases, the prerequisite for a successful establishment of transgenic plants 
is the availability of efficient in vitro culture protocols of cells for each specific 
genotype to be transformed. These must be suitable both to be transformed and to 
give rise to new plants. However, only those cells that can both receive the T-DNA 
(transfer-DNA) from the agrobacterium and regenerate whole plants will allow a 
transgenic plant to be obtained (Chrispeels and Sadava 2003). In fact, for some 
varieties recalcitrant to in vitro culture, such as some Prunus species or some cere-
als, the absence of suitable protocols represents the primary obstacle to the applica-
tion of transgenesis (Flachowsky et  al. 2009). The research aimed at obtaining 
tissues with a high regenerative capacity in vitro in the various species and varieties 
is important to achieve a high number of cells, somatic, competent for transforma-
tion and regeneration. Reduced rates of regeneration render it impossible to obtain 
transformed clones, and this is the primary limitation for many tree species. 
However, highly efficient meristematic platforms for genetic transformation have 
been developed for many species (Sabbadini et  al. 2015; Limera et  al. 2017). 
Another aspect to be considered is that the use of young tissues, more easily manip-
ulated in vitro, or the rejuvenation to which explants undergo during the cultivation 
and regeneration phases, prolongs the time needed to select the transformed clones 
for woody plants in particular. To overcome this problem, the use of tissues from 
adult plants for the transformation (for example in sweet orange, with subsequent 
grafting on vigorous rootstocks) or the transformation with genes able to induce 
fruit set in plants independently from their juvenile stage, have been proposed 
(Cervera et al. 1998; Wu et al. 2015). Most of the protocols refer to regeneration 
from somatic tissues, such as internodes and leaf portions. These must possess high 
regeneration efficiency, especially for organogenesis (the formation of new organs 
starting from somatic tissue). Less frequent and more recent is the use of protocols 
that provide for regeneration using somatic embryogenesis (Kumar and Van 
Staden 2017).
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The mechanism by which agrobacterium can transfer portions of its genetic 
material to other living organisms represents the molecular genetic assumption that 
allowed the establishment of the first genetically modified plants. The identification 
of this mechanism represents an exciting page of the history of the sciences of the 
last century. Agrobacterium tumefaciens is naturally responsible for the crown gall 
disease that affects many cultivated species and whose pathogenesis is determined 
by the transfer within the infected cells of a portion of the bacterial DNA (T-DNA) 
contained inside the circular nucleic acid molecule (plasmid) of the bacterial cell 
(Chilton 1979). Through the introduction of T-DNA into the plant cell, the bacte-

Agrobacterium
tumefaciens

Ti plasmid carrying
desired genes

Particle gun

Particles coated
with DNA encoding
desired genes

Bombardment of
plant pieces with
particles

Cocultivation of
Agrobacterium with
plant pieces

Plant cell Nucleus

Chromosomes with
integrated DNA
encoding desired genes

Plant with new trait

Shoot regeneration
followed by root
regenerationCell multiplication (callus)

Agrobacterium method Particle gun method

DNA transferred
to plant cells

Fig. 7 Two different ways to create transgenic plants. (Source: Mirkov 2003)
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rium is able to modify the biosynthetic pathways of the plant whose cells start to 
multiply and to synthesize substances that the bacterium uses to proliferate. The 
strains of bacteria used for the first genetic transformation experiments were 
deprived of the genes responsible for the disease. Instead, genes of agronomic inter-
est were included. Today, the modern plasmids used for genetic transformation are 
said to be “disarmed”, because they are not pathogenic, and “engineered”, because 
they contain the gene of interest with the regulatory sequences essential for their 
functioning inside the host cells. They also contain other marker genes, selectable 
or reporter, useful to direct the process or monitor it. The presence within the plas-
mids of selectable marker genes, in particular the neomycin phosphotransferase 
gene, nptII, allows efficient selection process. These genes provide the transformed 
cells with the ability to grow on selective substrates due to the presence of an anti-
biotic or other selection factor. The selection process continues during the regenera-
tion until the molecular confirmation of the transformation to the analysis of 
expression and the evaluation of the effects of the transformation on the phenotype 
(Stewart et al. 2011).

During selection, particular attention must be paid to the possible presence of 
chimeric individuals, i.e., regenerated from a set of transformed and unprocessed 
cells, or the presence of explants that have escaped the selection process (escapes). 
The transformation process, including in vitro culture phases and the interaction 
between two living organisms is subjected to the influence of numerous factors. The 
virulence of the agrobacterium strain is one of these, since some species can only be 
transformed by more virulent strains (e.g., EHA105). The virulence of the different 
strains can be somewhat enhanced and modulated by increasing the presence of the 
vir genes responsible for the infection process (Ghorbel et al. 2001). The process of 
infection can also be altered by the different conditions of the substrate where the 
infection takes place, including temperature, pH, osmotic pressure, and the presence 
of different compounds (Hu et al. 2016). Also important are the physiological stage 
of the plant and explants, as well as the residence time of the bacterium. In this case, 
it is necessary to find a balance between the efficiency of the infection process and 
the need, during the subsequent selection phase, to eliminate the bacterium once it 
has completed its T-DNA transfer action (Leifert et al. 2000).

The possibility to monitor the transformation process and to adjust the parame-
ters that reduce its efficiency is crucial. To this end, and to be able to eliminate the 
use of selectable marker genes, considered as potentially harmful to human health, 
it is possible to use reporter marker genes and, among these, especially the vital 
marker genes, such as the green fluorescent protein (GFP) that allows the monitor-
ing of the transformation process permitting the recognition in a set of cells or tis-
sues in which the transformation event successfully occurred. The transformed cells 
re-emit a green colour following exposure to illumination with particular light 
sources (ultraviolet). This gene reporter ultimately makes it possible to monitor the 
transformation process until the complete transgenic plant is obtained (Stewart 2001).

When selectable marker genes are used, it should be possible to remove them 
through gene cleaning techniques once the selection process has been completed. 
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This approach allows one of the most discussed security aspects to be resolved with 
regard to the acceptability of GMPs even if, to be honest, the nptII gene was consid-
ered by the European Food Safety Authority (EFSA) to be “safe for use as select-
able marker” (Delaney et al. 2017).

10  New Breeding Techniques

The development of new techniques for genetic improvement is necessary to 
increase the efficiency of the use of plant genetic resources speeding up the release 
of new crop varieties. The latter goal is very important to promptly respond to pres-
ent and future agricultural challenges in a frame of climate changes that are becom-
ing increasingly dramatic.

During the last decades, the improvement of sequencing technologies has made 
it possible to decipher the genomes of many important crops (from grapes to the 
last, in order of release, wheat) (Galbiati et  al. 2017). Functional genomic, that 
enable the establishment of a strict relationship between gene and phenotype, has 
allowed the development of so-called second-generation biotechnologies and their 
application in breeding (new breeding techniques or NBTs), aiming to isolate genes 
underlying the characters of interest and their precise modification or transfer into 
targeted varieties (Gruskin 2012; He et  al. 2014; Lusser et  al. 2012; Varshney 
et al. 2014).

Among the NBTs, the most promising methods for the genetic improvement of 
crops are the cisgenesis and genome editing approaches that, exploiting the accu-
racy of the biotechnological approaches, maximize the similarity with the tradi-
tional methods of genetic improvement, and specifically, gene transferring by 
crossing and mutagenesis, respectively.

The first one is based on the transfer of only genes and regulatory sequences 
from one species that acts as donor to another that is the recipient without sexual 
reproduction. The crucial point is that the method is applied between genotypes that 
are of the same or sexually compatible species, and the result of this method will be 
a genotype that could have been obtained by sexual crossing and further selection. 
However, even if gene transfer within the same or evolutionary close species can 
also achieved by conventional breeding, the cisgenic approaches considerably 
reduce both the time for selection, and this is particularly important for fruit tree 
species, and the linkage drag (Tanuja and Kumar 2017).

The insertion of the cisgene can mediated by Agrobacterium or by the particle 
gun system similar to what is used for the production of GMO, but, in contrast to 
that procedure, the plant that will be regenerated after cigenesis will only contain 
the genes that encode the characters to be modified and no other DNA fragment. For 
this reason, a number of technologies can be adopted to avoid the presence of a 
selectable marker, generally used for the in vitro selection of transformed cells 
(Holme et al. 2013).
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Cisgenesis has already been applied to improve pathogen resistance and quality 
traits in several crops. Among those, poplar, durum wheat, apple, and grape some of 
the first cisgenetic plants have been already subjected to additional manipulations to 
eliminate microbial regulatory sequences or selectable markers. Recently, cisge-
netic lines of apple resistant to Venturia inaequalis (Wurdig et al. 2015) and potato 
expressing resistance to late blight have been obtained (Jo et al. 2014), both marker 
free, using an alternative recombinase system and PCR for the selection of trans-
formed plants.

To enable a wider application of cisgenesis to genetically improve plants, some 
drawbacks have to be overcome. These include the random insertion of the cisgene 
in the host genome and the number of gene copies integrated. In addition, an effi-
cient protocol for in vitro regeneration is required.

In Europe, the regulation of the product obtained by cigenesis is at the moment 
under the same regulation as the GMO plants, even if the EFSA concluded that 
cisgenic plants pose the same risk of plants obtained by conventional breeding 
(EFSA Panel on Genetically Modified Organism (GMO), 2012), and several reports 
confirmed a greater acceptance of cisgenic products compared to transgenic ones by 
consumers (Delwaide et al. 2015).

The other promising NBT is genome editing, more recent than cisgenesis but 
very powerful. The term genome editing refers to a number of techniques that share 
the possibility to specifically modify the genomic sequences of interest. They are 
based on the induction of cuts in the double-strand DNA, which are then repaired 
with two different process: the non homologous end-joining (NHEJ) and the 
homology- directed repair (HDR). The breaks in the double strand DNA can be 
induced by four systems based on specific enzymes: meganucleases, zinc finger 
nucleases (ZFN), trascription activator-like effector nucleases (TALEN) and cluster 
regular interspaced short palindormic repeats/CRISPR-associated nucleases 
(CRISPR/Cas). The latter has been developed in 2013 and represents the most suit-
able method, due to its high ease of use and flexibility, to determine a precise useful 
modification without the insertion of further sequences in a cultivated variety.

Essentially, genome editing can be considered an upgrade of conventional muta-
genesis, utilised without chemicals or physical mutagens, because the induction of 
the mutations is not random in the genome but is limited to the genes of interest. 
Because of the conventional random mutagenesis, unwanted mutations can occur 
throughout the entire genome, and large-scale screens of mutagenized populations 
are needed to identify those plants with the mutations of interest.

The delivery of various components for genome editing into plant cells has been 
accomplished by transformation methods, such as Agrobacterium-mediated proce-
dures, biolistic methods and protoplast systems. The choice will depend on different 
conditions, including the possibility of protoplast isolation and plant regeneration. 
During the last 5 years, many studies have been published that report the modifica-
tion of traits of agronomic interest in different crops using genome editing 
approaches (Cardi 2016). Since genome-edited plants are free from sequences 
encoding nucleases and other components, they are indistinguishable from similar 
plants obtained by natural or induced mutations.
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The NBTs also represent a useful tool to exploit plant genetic resources to iden-
tify genes and superior alleles and to use this knowledge to edit gene sequences in 
elite crop varieties, targeting specific sites and inducing relevant mutations leaving 
the genetic background and other traits untouched. To this extent, genome-editing 
technology has been recently used to establish a de novo domestication of a tomato 
wild species. In particular, Zsögön and colleagues (2018) edited six loci underlying 
agronomical traits of interest through the use of a CRISPR-Cas9 genome editing 
strategy. By doing so, it was possible to combine those desirable traits with useful 
traits of the wild species Solanum pimpinellifolium. The engineered S. pimpinellifo-
lium variety showed a three-fold increase in fruit size and a ten-fold increase in the 
number of fruits compared to the wild parent, while the lycopene accumulation 
increased by 500%. This approach can be readily used in other crops as well, and 
can represent a valuable strategy to stem genetic erosion.

Of course, the application of both cisgenesis and genome editing  methods 
requires the knowledge of the gene that encodes the specific agronomic traits and 
the availability of an efficient system of in vitro culture for the genotype that is 
going to be modified. Unfortunately, the latter represents a severe bottleneck for 
many species and genotypes that reduces the possibility to apply the NBTs to many 
important crops and to specific cultivars. For this reason, many laboratories are 
developing strategies to significantly increase the in vitro regeneration of different 
crops and make the regeneration procedure independent of the genotype used. Some 
interesting results have been already obtained for monocots (Lowe et al. 2016).

A vigorous debate is underway in Europe regarding the opportunity to include 
plants obtained by genome editing into the GMP regulations. A very recent (July 
2018) sentence of the European Court of Justice states that the plants obtained by 
mutagenesis have to be considered GMOs except those obtained by means of cer-
tain mutagenesis techniques that have a long safety record. This indicates that the 
NBTs, such as genome editing, will fall into the GMO regulations.
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Abstract Climate change, a change in the statistical distribution of weather pat-
terns for an extended period, is caused by natural factors such as variations in solar 
radiation, and human activities. Climate change is expected to affect the frequency, 
distribution, intensity, and location of extreme events, and thus will affect the sus-
tainability of agriculture. In this regard, management and adaptation strategies to 
mitigate the climate change effects are direly needed to ensure stable yields in the 
world and food security. Sustainable agriculture provides a potential solution to 
enable agricultural systems to feed a growing population while successfully operat-
ing within the changing environmental conditions. International cooperation in 
research and actions is very important and may yield great benefits to cope with the 
climate change challenges. This chapter introduce the issues of climate change, 
describe its characteristics, discusses its impacts on sustainable agriculture and 
highlight the potential risks involved. Strategies for sustainable agriculture under 
climate change have also been proposed.

Keywords Adaptation strategies · International cooperation · Natural factors · 
Stable yields

1  Introduction and Context

1.1  Basic Issue

Over 200 years of modern agriculture with great achievement to feed the increasing 
population in the latest history, more and more people rethink the effects of modern 
agriculture on resource and environment. More new models of agriculture develop-
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ment were discussed heated, including sustainable agriculture, which was accepted 
widely around the world nowadays. Sustainable agriculture has been described in 
many international reports or literatures, which could understand that an integrated 
system of plant and animal production practices having a site-specific application 
that will last over the long term, to satisfy human food and fiber needs, to enhance 
environmental quality and the natural resource base upon which the agricultural 
economy depends, to make the most efficient use of non-renewable and on-farm 
resources and integrate natural biological cycles and controls, to sustain the eco-
nomic viability of farm operations, and to enhance the quality of life for farmers and 
society as a whole (Gold 2009). The concept emphasized on two points, namely 
resources-saving and environmental-friendly, aiming to resolve problem of agricul-
ture and natural resource and environment through the cooperation and collabora-
tion with different skills.

In meanwhile, climate change, another environmental issue, also draw more 
attention in the world. Climate change is a change in the statistical distribution of 
weather patterns when that change lasts for an extended period, refer to a change in 
average weather conditions, or in the time variation of weather around longer-term 
average conditions (IPCC 2014a). Climate change is caused by natural factors such 
as variations in solar radiation, and human activities which have been identified 
recent climate change. Climate change will affect the frequency, intensity, and loca-
tion of extreme events. Climate-related disasters are among the main drivers of sus-
tainable agriculture development, both in the aftermath of a disaster and in the long 
run. Drought is a major driver of crop production and contributes to a negative 
impact on nutrition. Floods and tropical storms also affect agriculture by destroying 
livelihood assets. The world population reached 7.0 billion in 2011, and expected to 
reach 8.0 billion in the midst of 2020. Global food production must increase by 50% 
to meet the projected demand of the world’s population by 2050 (see Table 1). The 
relationship between climate change and food production depends to a large degree 
on when and which adaptation actions are taken.

The progress towards food security was uneven across regions (Table 1). The 
MDG hunger target was achieved in Latin America, the eastern and south-eastern 
regions of Asia, the Caucasus and Central Asia and the northern and western regions 
of Africa. In total, 73 developing countries out of the 129 monitored reached the 
target. In sub-Saharan Africa, Southern Asia, the Caribbean and Oceania progress 
was too slow, and the prevalence of undernourishment is still relatively high (over 
14% of the total population) (Table 1).

Sustainable agriculture is facing not only population boost, water resources 
decrease, and soil environment degradation, but also encountering climate change. 
Furthermore, the latter is more complicated and uncertain (Reyes et  al. 2018) 
(Table  2). World and regional figures include other regions and countries not 
reported separately. Aggregate food production is an index, by weight, of cereals, 
meats, fruits and vegetables, oilseeds and pulses. Per capita food consumption is a 
projection of daily dietary energy supply. Estimates of the number of people at risk 
of hunger are based on a quadratic specification of the relationship between national- 
level calorie supply and the share of population that is undernourished as defined by 
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the FAO  (FAO 2008). Values reported for 2010 are calibrated model results. 
Projections for 2030 and 2050 assume changes in population and income as reflected 
in the Intergovernmental Panel on Climate Change’s (IPCC) Shared Socioeconomic 
Pathway 2 (IPCC 2014b). Climate change impacts are simulated using the IPCC’s 
Representative Concentration Pathway 8.5 and the HadGEM general circulation 
model (Table 2).

It is important to excellent management of agriculture to adapt to climate change 
so that to ensure stable yields in the world and food security, at least taking some 
potential adaptation co-benefits of food system mitigation strategies and explore the 
potential implications of such strategies on food systems (Niles et al. 2018). At the 
same time, there are several countries have been pioneers in developing ways to 
simultaneously increase agricultural yields and quality, protect water and soil envi-
ronment. Studies showed that a warming climate has a negative effect on crop pro-
duction and generally reduces yields of staple cereals such as wheat, rice, and 
maize. Elevated carbon dioxide (CO2) could benefit crops yields in the short term by 
increasing photosynthesis rates; however, there is big uncertainty in the magnitude 
of the CO2 effect and the significance of interactions with other factors, especially 
in a long term (Hovenden and Newton 2018).

Table 1 Estimated prevalence of undernourishment in the world over the last 25 years

Regions/sub-regions
1990–
1992

2000–
2002

2005–
2007

2010–
2012

2014–
2016

World 18.6 14.9 14.3 11.8 10.8
  Developing regions 23.3 18.2 17.3 14.1 12.9
   Northern Africa <5.0 <5.0 <5.0 <5.0 <5.0
   Sub-Saharan Africa 33.2 30.0 26.5 24.2 22.9
   Latin America and the Caribbean 14.7 11.4 8.4 6.4 5.5
    Caribbean 27.0 24.4 23.5 19.8 19.8
    Latin America 13.9 10.5 7.3 5.5 <5.0
   Eastern Asia 23.2 16.0 15.2 11.8 9.6
    Eastern Asia excluding China 9.6 14.6 13.9 15.1 14.6
   Southern Asia 23.9 18.5 20.1 16.1 15.7
    Southern Asia excluding India 24.5 21.0 19.0 17.5 17.0
   South-Eastern Asia 30.6 22.3 18.3 12.1 9.6
   Western Asia 6.4 8.6 9.3 8.9 8.4
   Oceania 15.7 16.5 15.4 13.5 14.2
   Caucasus and Central Asia 14.1 15.3 11.3 8.9 7.0
  Developed regions <5.0 <5.0 <5.0 <5.0 <5.0
  Least Developed Countries (LDCs) 40.0 36.5 31.4 28.0 26.5
  Landlocked Developing Countries 

(LLDCs)
35.6 33.6 28.1 24.5 22.7

  Small Island Developing States 
(SIDS)

24.5 22.5 21.3 18.2 18.0

Source: FAO (2016)
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1.2  Similar Expectations

It looks that there is no correlation between climate change and sustainable agricul-
ture, however, there are so many similar core and object both for sustainable agri-
culture and climate change. They are crossing and containing each other, all of 
improvement and achievement for each of them is benefit to another. Agriculture 
has an enormous environmental footprint, and is simultaneously leading to huge 
amounts of environmental changes globally and being hugely impacted by these 
climate changes. The human population is continuing to grow rapidly at a rate 
which will require an increase in food production globally. This is complicated by 
the fact that the Earth is undergoing rising amounts of environmental risks. 
Sustainable agriculture provides a potential solution to enable agricultural systems 
to feed a growing population while successfully operating within the changing envi-
ronmental conditions (Rockstrom et al. 2016). In sustainable agriculture, changes in 
lower rates of soil and nutrient loss, improved soil structure, and higher levels of 
beneficial microorganisms are not quick. The changes could helpful to reduce 
greenhouses gases emission from soil land and mitigate global warming, even ben-
efits to controlling weeds, pests, etc. (Carolan 2006).

Climate change is one of the most important environmental issues facing human 
beings in the world today, and it affected directly and indirectly on the sustainable 
agriculture development in a widely scope and levels. Global warmer and drier 
severely exacerbate the water shortage and soil erosion in most arid and semi-arid 
regions, adverse impacted on crops yield harvest and grain quality and diseases and 
pest worsen as well. Climate change is also a developmental issue facing all coun-
tries, it brings burden on the balance of economic development and resources utili-
zation and environment protection (Editorial board 2015). In agricultural fields, 
disasters such as flood and drought, showed an extensive tendency, which limited 
the climate resources utilization and production potential capacity, exacerbate sta-
bility of agriculture (Xie and Feng 2009).

1.3  Common Concerns

Climate change and sustainable agriculture are two greatest challenges facing 
human beings and they are highly interlinked. On the one hand, climate change puts 
pressure on food production and security, on the other hand, agriculture activities 
contribute to anthropogenic greenhouse gas emissions. Climate change impacts on 
agricultural supply chains and on food systems are not linear and involve multiple 
interactions between social, political and biophysical systems (Lin and Xie 2014). 
Identifying the uncertainties and the benefits expected from climate smart strategies 
is required. In addition, improved means for communicating risks and uncertainties 
to policy-makers and stakeholders need to be investigated. It is well known that 
although actions with zero or negative cost may exist, their adoption will require 
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overcoming multiple barriers, e.g., through better information, decision support and 
capacity building. The analysis of barriers for action has therefore to be completed 
by the design of decision-support tools, integrating different aspects of a given 
regional and sub-regional and national and local context.

Climate smart agriculture which was first articulated in 2009 in an FAO publica-
tion, is a way to achieve short-and-long-term agricultural development priorities as 
facing climate change and serves as a bridge to other development priorities (Mann 
et al. 2009). It emerged as a way to square the goals of climate change mitigation 
and adaptation with the need to increase productivity in the agricultural sector 
through the promise of a triple-win solution. It seeks to support countries and other 
actors in securing the necessary policy, technical and financial conditions to enable 
them to sustainably increase agricultural productivity and incomes in order to meet 
national food security and development goals, build resilience and the capacity of 
agricultural and food systems to adapt to climate change, seek opportunities to miti-
gate emissions of greenhouse gases and increase carbon sequestration (Saj et  al. 
2017; Xie et al. 2014). Metrics to address jointly agricultural sustainability and cli-
mate change dimensions are still draw more attention both from scientific field and 
practice reality. Developing a common understanding of these metrics is required 
for guiding sustainable agriculture. Such metrics are enabling firstly to identify sus-
tainable agriculture practices and then to measure their impacts in a consistent way 
on sustainability.

2  The Main Characteristics of Climate Change

2.1  The Average Situation

According to the Intergovernmental Panel on Climate Change (IPCC) Assessment 
Report 5 (AR5) (IPCC 2014a). The globally averaged temperature showed a warm-
ing of 0.85 °C based on that of the period 1880–2012, The total increase between 
the average of the 1850–1900 period and the 2003–2012 period is 0.78 °C and the 
total increase between the average of the 1850–1900 period and the reference period 
for projections, 1986–2005 is 0.61 °C, based on the single longest dataset available. 
For the longest period when calculation of regional (1901–2012), almost the entire 
globe has experienced surface warming. Climate change has already affected and 
will continue to affect the natural world, human well-being, and the global econ-
omy. Relative to 1986–2005, the global mean surface temperature by the end of the 
twenty-first century will increase by 0.3–4.8 °C. Based on World Meteorological 
Organization (WMO) Statement on the State of the Global Climate in 2017 (WMO 
2018), global mean temperatures the year 2017 were 0.46 ± 0.1  °C above the 
1981–2010 average, and about 1.1 ± 0.1  °C above pre-industrial levels. By this 
measure, 2017 and 2015 were effectively indistinguishable as the world’s second 
and third warmest years on record, ranking only behind 2016, which was 0.56 °C 
above the 1981–2010 average (Fig. 1).
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2.2  Atmospheric Greenhouse Gasses Concentration

Observations of CO2 concentrations are globally averaged temperature are gener-
ally well within the range of the extent of the earlier IPCC projections. The atmo-
spheric abundance of CO2 was 390.5 ppm (390.3–390.7) in 2011; this is 40% greater 
than in 1750. Based on WMO Statement on the State of the Global Climate in 2017 
(WMO 2018), Greenhouse Gases (GHGs) concentrations in the end of 2016 reached 
new highs with CO2 at 403.3 ± 0.1 parts per million (ppm), methane (CH4) at 1853 
± 2 parts per billion (ppb) and nitrous (N2O) at 328.9 ± 0.1 ppb. These values con-
stitute, respectively, 145%, 257% and 122% of pre-industrial (before 1750) levels. 
The increase in CO2 from 2015 to 2016 was larger than the increase observed from 
2014 to 2015 and the average over the last decade, and it was the largest annual 
increase observed in the post-1984 period (Fig. 2).

2.3  Extreme Climate and Weather Events

According to the IPCC special report, Managing the Risks of Extreme Events and 
Disasters to Advance Climate Change Adaptation (SREX), there has been an overall 
decrease in the number of cold days and nights, and an overall increase in the num-
ber of warm days and nights. These changes have also occurred at the continental 
scale in North America, Europe, and Australia. There is a warming trend in daily 
temperature extremes in much of Asia. Daily temperature extremes in Africa and 
South America generally varied depending on the region (see Fig.  3). In many 
regions over the globe that the length or number of warm spells, or heat waves, has 
increased (IPCC 2012).
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Fig. 1 Global mean temperature anomalies, with respect to the 1850–1900 baseline, for the five 
global datasets. (Source: WMO 2017)
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The number of heavy precipitation events over land has increased in more regions 
than it has decreased. Some regions of the world have experienced more intense and 
longer droughts, in particular in southern Europe and West Africa, but in some 
regions, droughts have become less frequent, less intense, or shorter, e.g., in central 
North America and North-western Australia. There has been a poleward shift in the 
main Northern and Southern Hemisphere extra-tropical storm tracks.

3  Impacts of Climate Change on Sustainable Agriculture 
and Potential Risk

3.1  Agricultural Production and Food Quality

Generally, climate change will negatively impact four the major crops (wheat, rice, 
and maize) production for local temperature increases of 2 °C or more above late- 
twentieth- century levels. Projected impacts vary across crops and regions and 
 adaptation scenarios, with about 10% of projections for the period 2030–2049 
showing yield gains of more than 10% and about 10% of projections showing yield 
losses of more than 25%, compared to the late twentieth century. After 2050, the 
risk of more severe impacts increases. Besides, climate change will increase pro-
gressively the inter-annual variability of crop yields in many regions (see Fig. 4). 
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Fig. 2 The trend of atmospheric greenhouse gases in recent years. Top row: Globally averaged 
mole fraction (measure of concentration), from 1984 to 2016, of CO2 in parts per million (left), 
CH4 in parts per billion (middle) and N2O in parts per billion (right). The red line is the monthly 
mean mole fraction with the seasonal variations removed; the blue dots and line depict the monthly 
averages. Bottom row: The growth rates representing increases in successive annual means of mole 
fractions for CO2 in parts per million per year (left), CH4 in parts per billion per year (middle) and 
N2O in part per billion per year (right). (Source: WMO 2017)
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Studies had demonstrated that lots of negative sensitivity of crop yields to, both 
from several crops and regions, which existed throughout the growing season, 
extreme daytime temperatures around 30 °C. Temperature trends were important 
for determining both past and future impacts of climate change on crop yields in the 
global, and precipitation projections remained important factors for assessing future 
impacts for a regional scales. Stimulatory effects of CO2 in most cases and the dam-
aging effects of elevated tropospheric ozone (O3) on crop yields (Porter et al. 2014).

Fig. 3 Droughts in the context of food security in West Africa. Global-scale trends in a specific 
extreme may be either more reliable (e.g., for temperature extremes) or less reliable (e.g., for 
droughts) than some regional-scale trends, depending on the geographical uniformity of the trends 
in the specific extreme. During the period from 1970 to 2008, over 95% of deaths from natural 
disasters occurred in developing countries. Middle income countries with rapidly expanding asset 
bases have borne the largest burden. During the period from 2001 to 2006, losses amounted to 
about 1% of GDP for middle income countries, while this ratio has been about 0.3% of GDP for 
low income countries and less than 0.1% of GDP for high income countries, based on limited 
evidence. In small exposed countries, particularly Small Island Developing States, losses expressed 
as a percentage of GDP have been particularly high, exceeding 1% in many cases and 8% in the 
most extreme cases, averaged over both disaster and non-disaster years for the period from 1970 to 
2010. (Source: IPCC 2012)
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Climate change could result in many crops growth period go ahead, the total 
growth season shortened, Study showed the growth season of maize could short-
ened by 4.3–13%, 10.8–22.5%, and 12.3–30.3% respectively (Tao and Zhang 2013) 
if temperature increased 1 °C, 2 °C and 3 °C, whereas wheat could shortened by 
3.94%, 6.90% and 9.67% (Liu and Tao 2013). If temperature increased in night 
2.5 °C, wheat could bring forward 5 days for maturity and 4 days for milk ripe stage 
and shorten 5  days for grain filling process. When annual mean temperature 
increased 1.0 °C, the growth period of rice could be shortened 4.1–4.4 days (Zhang 
et al. 2013). The growth period of winter wheat, about 30% total planting area in the 
whole country, was shorten, whereas the period of heading to maturity of winter 
wheat about 60% total planting area increased (Tao et al. 2012; Xiao et al. 2013).

The different methods consistently showed negative temperature impacts on crop 
yield at the global scale showed that, without CO2 fertilization, effective adaptation, 
and genetic improvement, each degree-Celsius increase in global mean temperature 
would, on average, reduce global yields of wheat by 6.0%, rice by 3.2%, maize by 
7.4%, and soybean by 3.1% (Zhao et al. 2017) (See Fig. 5). Case study on China 
showed that significant adverse impacts of climate change on crops yield has been 
occurred at least for the three main crops, rice, maize and wheat. The situation 
should be still keeping in the future (Tao et al. 2016; DaMatta et al. 2010). Besides, 
an increased heat extreme temperature stress or a decreased cold extreme tempera-
ture stress could be expected a large spatial variability of yield loss in the future 
(Zhang et al. 2017c).

Climate change affects crop quality by altering carbon and nutrient uptake and 
biochemical processes that produce secondary compounds or redistribute and store 
compounds during grain development. Cereals grown in elevated CO2 show a 

Fig. 4 Summary of projected changes in crop yields, due to climate change over the twenty-first 
century. The figure includes projections for different emission scenarios, for tropical and temperate 
regions, and for adaptation and no-adaptation cases combined. Relatively few studies have consid-
ered impacts on cropping systems for scenarios where global mean temperatures increase by 4 °C 
or more. For five timeframes in the near-term and long-term, data (n = 1090) are plotted in the 
20-year period on the horizontal axis that includes the midpoint of each future projection period. 
Changes in crop yields are relative to late-twentieth-century levels. Data for each timeframe sum 
to 100%. (Source: IPCC 2014a)
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decrease in protein (Porter et  al. 2014). Extreme temperatures and elevated CO2 
concentrations reduce milling quality of rice by increasing chalkiness but can 
improve taste through reduced amylase concentration (Xie et al. 2016; Yang et al. 
2007). For example, high temperature could speed filling rate of rice, shorten filling 
period, as to adverse effect on grains filling degree, brown rice recovery, and milled 
rice percentage. Moreover, grain protein content of rice decreased, the amylose con-
tent increased, and some of trace element benefit to human health, such as Fe and 
Zn could decreased (Xie and Feng 2009). Double CO2 concentration could reduce 
the nitrogen content in grains by 9–16% for C3 crops, and by 7% for C4 crops. 
Increasing of both temperature and CO2 concentration could reduce protein content, 
lysine content and fat content in maize grain, generally, the quality of maize was 
decreased under the circumstance of climate change (Porter et  al. 2014). Meta- 
analysis finds decreases between 10% and 14% in edible portions of wheat, rice, 
barley, and potato, but only 1.5% in soybeans, a nitrogen-fixing legume, when 
grown in elevated CO2, and decreases in zinc, sulphur, phosphorus, magnesium, and 
iron in wheat and barley grain; increases in copper, molybdenum, and lead; and 
mixed results for calcium and potassium (Porter et al. 2014) (see Fig. 6).
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Fig. 5 Global crop yield changes in response to temperature increase. (a) Impacts on crop yields 
of a 1 °C increase in global temperature in grid-based simulations (Grid-Sim), point-based simula-
tions (Point-Sim), field-warming experiments (Point-Obs), and statistical regressions at the coun-
try level (Regres_A) (9) and the global level (Regres_B) (8). Circles, means of estimates from each 
method or medians for Grid- and Point-Sim. Filled bars, means of the multimethod ensemble. 
Error bars show 95% CIs for individual methods (gray lines) and the ensemble of methods (black 
lines). The loss in yield for each degree Celsius increase in global mean temperature is largest for 
maize (with multimethod average ±2 SE) of −7.4 ± 4.5% per degree Celsius. For wheat, the aver-
age estimate is a 6.0 ± 2.9% loss in global yield with each degree-Celsius increase in temperature. 
Results agree more closely on the impact on wheat (−7.8 to −4.1% per degree Celsius) than on 
maize yields. Global increase in temperature of 1 °C will reduce global rice yield by an average of 
3.2 ± 3.7%, much less than for maize and wheat. The global average reduction in soybean yield is 
3.1% per degree-Celsius rise. (b) Projected changes in yield due to temperature changes by the end 
of the twenty-first century. CIs of 95% are given in square brackets. (Source: Zhao et al. 2017)
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Fig. 6 The impact of elevated CO2 and temperature on grain quality of rice grown under open-air 
field conditions. Concentrations of (a) total protein, (b) albumin, (c) globulin, (d) prolamine and 
(e) glutelin in rice grains. Rice plants were exposed to ambient or elevated (200 μmol mol−1 above 
ambient) CO2 in combination with either ambient or elevated (1 °C above ambient) temperature 
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3.2  Diseases Pest and Weed Damage

Climate change affects the geographic range of specific species of insects and dis-
eases for a given crop growing region. Migratory insects could colonize crops over 
a larger range in response to temperature increases, with subsequent reductions in 
yield. Climate change is also a factor in extending the northward migration of agro-
nomic and invasive weeds in North America (Ziska et al. 2011). Milder winters may 
enable crop pests better able to over-winter, and their active scope could be enlarged 
to the region with high latitude and damage more, besides, the pest generations 
could become more densely, and their reproductive capacity become more stronger 
(Huo et al. 2012). Because of that, the frequency of pest epidemics would increase, 
and the impact could be even more serious when combined with the effects of 
drought and warm weather.

Taking northeast of China as example, the most important diseases were rice 
blast (Pyricularia grisea) during last century, but rhizoctonia (Rhizoctonia solani) 
and flax leaf spot (Xanthomonas axonopodis) have become regular diseases and 
cause heavy damage now. Only Crioceridae (Oulema oryzae) and rice leaf miner 
(Hydrellia griseola) occurred during crop seedling stage 50  years ago, but stem 
borer (Chilo suppressalis) has become the main pest now. The complex interaction 
of temperature, water supply, higher CO2 concentration and changing growth condi-
tions impact on the host-pathogen interaction, and the details of these interactions 
will require careful research to assess the potential for crop loss in the future 
(Chakraborty and Newton 2011).

Meanwhile, climate change and CO2 concentration might enhance the distribu-
tion and increase the competitiveness of agronomical important and invasive weeds. 
Rising CO2 could reduce the effectiveness of some herbicides. The effects of cli-
mate change on disease pressure on food crops also showed that could change geo-
graphical ranges of pests and diseases. In most of regions, diseases and pest 
occurrence intensified and damages worsen.

Fig. 6 (continued) from tillering to maturity. Bars indicate ± SD. Bars not sharing the same letter 
differ significantly at P < 0.05. AT ambient temperature, ET elevated temperature. The nutritional 
quality of rice is mainly determined by the protein concentration of rice grains. Elevated CO2 and 
temperature had opposite effects on total protein concentration of rice grains: elevated CO2 
decreased total protein concentration by 21.1% at ambient temperature and 15.6% at elevated 
temperature; in contrast, elevated temperature increased total protein concentration, with the incre-
ment more pronounced at elevated CO2 than at ambient CO2. Elevated CO2 also reduced the con-
centration of each protein component, i.e. albumin, globulin, prolamine and glutelin. The impact 
of temperature elevation varied with atmospheric CO2 level: a trend of decrease by elevated tem-
perature at ambient CO2 but an increase at elevated CO2 on the concentrations of albumin, globulin 
and prolamine was observed, which was also indicated by the significant CO2 × temperature inter-
actions for the three components. Temperature elevation had no clear effect on glutelin concentra-
tion. (Sources: Jing et al. 2016)
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For example, in northeast of China raw rice has never been a serious weed before 
but is now present in many regions and causes significant damage (Xie et al. 2014). 
The differential effects of climate and elevated CO2 will change the competitive 
ability of crops and weeds so that changes in weed communities can be expected. A 
Free Air CO2 Enrichment (FACE) study elevated CO2 enhanced the competitive 
ability of rice (C3) was enhanced relatively, while that of the common weed barn-
yard grass (C4) weakened (Zeng et al. 2011). However, similar the host-pathogen 
interactions, the effects of climate change on weed-crop competition will require a 
detailed understanding of the response to several factors, including water supply 
and temperature, although the actual interactions and impacts will be highly specific 
(Ziska and Goins 2006; Ziska 2003). Besides, the competitive ability of long term 
between C3 and C4 under elevated CO2 still need clarify for long term experiment 
(Reich et al. 2018).

With respect to control, a number of studies have, to date, indicated a decline in 
herbicide efficacy in response to elevated CO2 and/or temperature for some weed 
species, both C3 and C4 (Manea et al. 2011). The decomposition of microorganism 
in soil organic matter is accelerated with global warming, which required more 
fertilizer application for meeting crop growth and development. Studies indicated 
that with 1 °C increasing, available nitrogen release could increase 4%, and release 
duration shortened 3.6 days. That means, if you want to maintain the same fertilizer 
effect, you must apply to extra 4% fertilizer at the same time (Editorial 2015).

3.3  Soil and Water Environment Pollution

Climate change not only result in extreme weather events and diseases and pests 
increasing, but also led to soil resources and water resources decreasing, soil ero-
sion and desertification, and rural and agricultural environment worsen more (Lin 
et al. 2018; Mohawesh et al. 2015). Global grain yield depends on chemical input, 
including fertilizer and pesticide in some certain. Studies estimated that varieties 
and field management taken half roles in the increasing yield to most crops. 
However, many studies showed fertilizer utilization has increased 30% yield incre-
ment for most crops (Mueller et al. 2012). At the same time, overuse of chemical 
maters brings lots of new environmental issues, soil and water pollution, restrict the 
soil productivity as desertification and erosion, even affected the air as greenhouses 
gas emission, harmful to agriculture sustainable development. So, it is important to 
control the chemical materials overuse, and protect the agricultural environment. 
Climate change also brought adverse effects on forest, grassland, wetland and bio-
diversity those important environmental system closed to agriculture (Phalan et al. 
2011; Balmford et al. 2012).

Under the circumstance of climate change, Potential soil evaporation capacity 
enlarged, soil moisture decreased, and soil organic matter content decreased (Zhang 
et al. 2017a; Piao et al. 2010). As a result, soil agriculture quality decreased, soil 
environmental quality and soil health quality decreased, salinization of soil tend to 
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be serious, Nitrogen fertilizer application need to increase (Basu et al. 2018; Lal 
2018). Case study on the northeast of China showed that, in recent years, the crop 
land organic matter content decreased dramatically, though some regions soil qual-
ity increased a little. The same situation also occurrence in the north west of China 
(Lin et al. 2018).

Sustainable agriculture is helpful to adapt to climate change, protect agricultural 
environment and maintain biodiversity (Carberry et al. 2013; Zhang et al. 2015). 
Some new ideas on agriculture, such as ecology-agriculture, cycle-agriculture, 
green-agriculture, concern about both from resources utilization and environment 
protection, could be as supplement to sustainable agriculture (Sayer et  al. 2013; 
Sayera and Cassman 2013).

3.4  Food Access and Food Security

All aspects of food security are potentially affected by climate change, including 
food access, utilization, and price stability (Fig. 7). The food supply stability could 
be affected through the changes in precipitation induced by the climate change 
where increases in the prevalence and severity of droughts and floods give rise to 
swings in food availability and prices, increased prices during drought years out-
weigh the decline in prices during the wetter years, resulting in small increases in 
prices under climate variability assumptions (Gohar and Cashman 2016). However, 
there remains limited quantitative understanding of how non-production elements 
of food security will be affected, and of the adaptation possibilities in these domains.

In recent decades, there have been several periods of rapid food and cereal price 
increases following climate extremes in key producing regions, indicating a sensitiv-
ity of current markets to climate extremes, among other factors (Wossen et al. 2018; 
Porter et al. 2014). Even small-scale farmers in developing countries because of cer-
tification and market barriers, also could influence food security primarily (Jouzi et al. 
2017). Certainly, a range of potential adaptation options exist across all food system 
activities, not just in food production, but benefits from potential innovations in food 
processing, packaging, transport, storage, and trade are insufficiently researched.

4  Suggestions for Sustainable Agriculture under Climate 
Change

Climate change and its consequences have affected sustainable development, espe-
cially in agriculture. When and how does take adaptive actions to climate change 
not only involved in achievements, but also related to closely budgets input, includ-
ing financial, materials and human resources. The basic work to climate change is 
improving the recognition to vulnerability and resilience of climate change, evaluat-
ing scientific adaptive capacity, and then strengthening integrated capacity to adapt 
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to climate change in all levels, including rural region in particularly. Though, it is 
not depending on rural region itself only to adapt to climate change, the govern-
ment, the administration apartment and research institute and all the stakeholder’s 
relatives should be collaborative and unitive to the challenges.

Fig. 7 Relative food surplus (%) in per capita terms, or the food security index (FSI), as evaluated 
using census data during 1949–2009 and as projected in 2030 and 2050. Horizontal bars represent 
the average FSI levels at the decadal time scale. The food security index (FSI) values in China, 
evaluated from a food supply–demand point of view using census and estimated data for the pre- 
2009 and model simulated crop yields under socio-economic and agronomic scenarios in associa-
tion with the SRES A2 and B2 climate change scenarios. China’s food security status was 
significantly improved soon after the long-lasting wars that ended in the late 1940s. At the end of 
the first 5-year plan, the FSI increased from −2.4 in 1949 to 31.4 in 1957, showing that the sup-
ply–demand relationship turned from a 2.4% deficit to a 31.4% surplus. The peak FSI value of 38.5 
appeared in 1984, coinciding with the record harvest of 390 MT in the same year. Although higher 
productions (~500  MT) were achieved consecutively during 1996–1999, the FSI values in the 
same period were not higher than that of 1984, reflecting the combined effects of a larger popula-
tion and a higher standard of living. Extreme climatic events and natural hazards, which caused 
notable production losses during 2000–2003, were responsible for the second largest drop in the 
FSI values after the period of the Great Leap Forward (1957–1961). China has achieved record 
harvests for six consecutive years since 2004, reaching the level of 530 million tons in 2009. 
However, the average FSI level of 18.8 during the first decade of the twenty-first century is consid-
erably lower than the average level of 31.9 in 1990s or 26.3 in 1980s, showing the dragging effect 
of steadily increasing consumption levels on FSI. This suggests that food utilization (safe, bal-
anced and nutritious food, etc.) is gaining momentum and attention is needed on how to integrate 
it into existing food security assessment frameworks which took food availability as the primary 
indicator. (Source: Ye et al. 2013)
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4.1  Management in Agriculture Production 
(Technology-Oriented)

In general, the basic and important purpose of agriculture adaptation is ensuing 
sustainable development of agriculture, so keeping the crop yields enough and sta-
ble in certain region is the basic requirement. Adaptation to climate change requires 
that appropriate adjustments to crop management are undertaken (Martin-Guay 
et al. 2018; Pittelkow et al. 2015). For example, adjusting agriculture layout and 
distribution, aiming at consequences of recognize of radiation, heat and precipita-
tion from global warming, developing new crop planting zone with new planting 
technology, including field management technology, crop cultivars selecting tech-
nology, and new rotation system (Bai and Tao 2017; Dong et al. 2016). Ensure the 
stress insistence and restorability of agricultural production system. Ensure that 
high yield and stability in key crop production regions.

The process of adapting to climate change has seen significant changes in the 
types of major crops grown, the cultivars selected and the crop rotations used in 
most of regions and countries, for example, proportion of rice grown has increased 
remarkably and the wheat area has significantly reduced in the Northeast of China, 
as a result, the rotations employed have changed into maize-rice systems from 
wheat-maize systems (Xie et al. 2011). The current rotations have developed to take 
full advantage of more favorable thermal conditions and the relatively abundant 
water resources. This has resulted in a substantial increase in the total rice output 
specifically and food production in general.

Over the past few decades, more mid to late season maturity species and cultivars 
with drought tolerance, water logging, and salinity tolerance have been grown in 
high latitude, including semi-arid region. These changes have extended the growing 
season and achieved greater production levels in China. In response to changes in 
the recent climate, crop breeding has paid more attention to develop high yielding 
cultivars better adapted to high temperature and long growth duration, as well as 
with resistance to cold damage. Despite the progress to date, there is still a need to 
broaden the range of species and varieties available to ensure that adaptation to 
climate warming continues. Researchers found that, during 1981–2009, the growth 
period of rice in most region of China shortened gradually, but some of them in 
Northeast of China has prolonged a little. This is just because rice variety changed 
under climate change, which was got more heat resources than previous varieties 
(Tao and Zhang 2013). Due to changes in temperature and heat conditions, crop 
growth and development process will change so that new agronomic packages will 
be needed. As an example of the importance of integrating cultivar, management 
and environment, simulation studies have shown that maize yields could increase 
when maize sowing times are adjusted and current maize cultivars are replaced with 
middle-late maturing (Zhang and Huang 2013). From this, important strategies to 
adapt to future climates are to adjust the sowing date in order to meet the better soil 
moisture and temperature, even miss the peat occurrence date, change to late- 
maturing high-yielding crop cultivars, and change to conservation tillage systems. 
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Which could improve the capacity to prevent extreme climate events and disease, 
pest and weed in the field.

With the temperature increasing and heat resources enhancement, the northern 
boundary of multiple cropping in China is expected to move towards the region of 
high latitude and high altitude. Several studies showed that the north boundary of 
double cropping in China during 2011–2040 and 2041–2050 probably expanded to 
130 km and 160 km, respectively, comparing to that of 1951–1980, and the north 
boundary of triple cropping could move 40–200 km and 70–300 km (Yang et al. 
2010). Besides, maize planting area is expected to expand among the semi-arid 
region in northwest of China. Adaptation will need to continue incorporating refine-
ments that build on the past adaptations, as well as the inclusion of strategies only 
just being used. The adoption of automation and precision farming technology 
could promote sustainable agriculture, reduce the cost of production, and improve 
land utilization efficiency and output efficiency (Editorial board 2015).

4.2  Public Perceptions and Capacity Building 
(Public-Oriented)

The key strategy, for developing countries, to overcome climate change ensuing 
sustainable agriculture is promoting adaptability and reducing vulnerability through 
strengthening infrastructure and capacity construction and increasing public aware-
ness. In the case of the agricultural sector, reactive adaptation is particularly impor-
tant rather than pro-active response, especially in developing countries since this 
sector is a substantial source of national income for the developing countries and it 
is to be effective within a very short gestation gap. The benefit of adaptation is huge 
compared to costs of adaptation, and the early action costs are little for the early 
periods, whereas if the adaptation is to be taken late, the cost would increase 
(Al-Amin and Ahmed 2016; Wijaya et al. 2018).

Sustainable agriculture is a process of agriculture development with plenty of 
contents, including adaptation to climate change. Due to climate change, the 
extreme climate and weather events become more and more frequently and brought 
more and more damages and losses both from safety of life and property. So, 
strengthening the capacity construction should pay more attention (Xie et al. 2014). 
Firstly, improving the predictive accuracy on meteorological disasters and the time-
lines of disasters early warning. With global warming, some weather disasters, such 
as hot damage, chilly damage, and rainy sparse sunlight, come to more serious in 
some regions. Besides, as there exit uncertainties on the impacts scale from spatial 
and temporal of climate change on agriculture, so adaptive actions on sustainable 
agriculture must have more foreseeability. Secondly, developing a flexible and 
adjustable risk management mechanism, in all levels of national, regional and com-
munity, is benefit to minimum the vulnerability and risk in sustainable agriculture 
both from present and future (Lin and Xie 2014). Thirdly, apart from adjusting field 
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management technologies, agricultural extension system should be established and 
strengthened, as to enhance the conversion rate of scientific research achievements. 
Through the comprehensive agricultural extension system, speeding new varieties 
extension, implementing effective utilization for water and fertilizer, and integrated 
managing diseases and pest. Besides, new media and the internet should be included 
for agriculture extension.

In concert with the large hydrological projects, improved small scale water stor-
ages to store rainfall will help reduce surface runoff and improve soil water drain-
age, increased local infiltration of precipitation, and improve water and soil 
conservation and fertilizer responses (Pradhan et al. 2018). New effective water- 
saving technology for agriculture, including drip irrigation and trickle irrigation, 
should be developed, to improve water use efficiency, which will assist the develop-
ment and optimization of the existing water resources therefore improving the adap-
tive capacity of the water resources system to deal with climate change impacts. 
Irrigation reduces crop susceptibility by mitigating the impacts on productivity of 
the crops’ water shortage during drought periods. Adopting irrigation technologies 
not only benefits food producers but also provides some benefits for consumers as 
well (Gohar and Cashman 2016).

4.3  Effective Governance and Government Roles 
(Governance-Oriented)

It requires effective governance during dealing with the two issues, climate change 
and sustainable agriculture. Adapting to climate change is more than just imple-
menting a new technology but is also about enhancing the broader resilience of the 
community in ways that will ensure its long-term viability. To achieve this, it will be 
necessary for different components of government and other institutional actors to 
work together to improve the adaptation capacity of farmers in the future (Brown 
et al. 2016). Besides farmer’s autonomous adaptation by empirical agronomic mea-
sures, the governments and scientists should provide systemic programs and corre-
sponding effective and economical techniques, to reduce climate risk and 
vulnerability, make farming more productive and environmentally sustainable (Luo 
et al. 2017).

Among them, the governmental function of strong organization and leadership is 
not replaced by any part, because it requires lots of inputs including human input, 
material input, and financial input, any individual, farmer and enterprise cannot bear 
this responsibility (Castellano and Moroney 2018; Kerr et al. 2018; Valipour et al. 
2015). In order to address climate change, large-scale collective (e.g. policy) deci-
sions on infrastructure, land-use patterns, built environment, and social mobiliza-
tion are required. Institutional barriers need to be addressed, and partnerships 
created between the research, private, and practitioner communities for faster adop-
tion of sustainable technologies and greater knowledge diffusion. Strategic 
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 coordination between levels of government and other relevant actors is necessary 
for the effective implementation of policies and strategies that generate social learn-
ing and policy innovation that can influence behavioral change at the macro-, meso-, 
and micro-levels (Burch et al. 2014).

For example, over-exploitation of groundwater has affected the normal water 
resources cycle, meanwhile relatively low efficiency of water utilization in agricul-
ture, and consequently there has been a decline in water resource security, which 
climate change and increased drought will only exacerbate. Improved management 
of the current water resources is the core measure to adapt to future climate change 
(Xia et al. 2016). The key strategy is to strengthen water infrastructure construction, 
develop improved mechanisms and structures for farmland water conservation and 
in making those plans consider the impact of drying climates on storage capacity 
(Editorial board 2015). This should be done by linking specific water requirements 
to construction projects. As well as providing improved water security for irrigation, 
new water storages linked to long-term flood prevention and control will reduce 
production losses due to flood, drought and other climate related disasters. It is no 
doubt that only effective governance organized by government could be imple-
mented the whole thing. Based on definitions for the integration of climate change 
adaptation policy into disaster risk reduction policy, taking Zambia as an example, 
addressed the importance of its horizontal (inter-ministerial) and vertical (intra- 
ministerial) dimensions, pilli-Sihvola suggested that increasing potential inefficien-
cies in governance and policy implementation (Pilli-Sihvola and 
Vaatainen-Chimpuku 2016).

Studies supported the point that assets at both household and community levels 
have significant effects on farmer’s decision on taking physical adaptation to cli-
mate change. Higher level of household assets in terms of education, social capital 
and wealth facilitates farmers to take their adaptation decision (Hou et al. 2015). 
The community assets such as village’s access to government’s technical service 
and easiness of communication or information flow also can play an important role 
in facilitating farmers to make their decision to take adaptation measures. So, a 
crucial area to improve adaptation capacity both from farmers and community is to 
improve their education and social capital, and enhancing the adaptive capabilities 
of the poor in vulnerable regions in responding to climate risks should be one of 
prioritized areas for policy interventions. Furthermore, the government’s technical 
service related to resistance of disaster should be enhanced since it is of particular 
importance in facilitating farmers to take adaptation measures for reducing crop loss 
from drought, there is a great room to play in providing information and service on 
resistance of extreme weather events to local farmers (Wang et  al. 2014; 
Kurukulasuriya and Mendelsohn 2017).
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4.4  International Cooperation in Research and Actions 
(Institution-Oriented)

The international climate regime is dealing on public goods and requires scarce 
strategic resources allocation. The evolution of the climate regime combines efforts 
from scientific studies, international political and economic development, stake-
holders, and other aspects (Richard 2017). Global climate governance is in the right 
direction of seeking on-confrontational and win–win cooperation. Governments, 
companies, and civil societies are gathering together and sharing the benefits of 
green transformation (Zhang et al. 2017b). The international level cooperation in 
climate change have yielded varying levels of success, leading to an increasing 
focus on the multi-level governance, focusing on the recognition that GHG emis-
sions and vulnerability emerge out of a complex web (Burch et al. 2014).

Despite the presence of institutional arrangements for the integration of climate 
change and development strategies, the capacity to move towards CCD in develop-
ment planning at sub-national levels is limited due to a number of barriers (Pilato 
et al. 2018). The climate change strategy and policy of adaptation and mitigation 
requires consideration of complex interaction of economy, environment as well as 
social needs of a nation and it is important to align efforts of both developed and 
developing nations (Bosomworth 2015). The efficiency of the global climate regime 
could be evaluated from the aspects of environmental performance, economic per-
formance, distribution impacts, and institutional capability (Nordhaus 2007). So 
sustainable agriculture requires to launch long term adaptive policy and institution 
to adapt to climate change and ensure to avoid and mitigate agricultural damage 
(Schaafsma et al. 2018). In some extend, global mechanism and institution on the 
research field and practice field should be established. Because there is no signifi-
cant indirect effects of a global pathway where past climate experiences affect 
global climate change concerns and then the adoption of adaptation practices. 
Instead, the adoption of climate adaptation practices is influenced mostly by a local 
pathway where past experiences influence local concerns about future climate 
change (Niles et al. 2015). Therefore, the international cooperation and collabora-
tion both from research and practice should be encouraged. Sharing the advanced 
knowledge on climate change is benefitted to adjusting global cognition and actions, 
and local and regional successful practice to climate change could enlighten other 
regions and nations. So, institution construction included multiple levels, such as 
regional level, national level and international level.

Countries differ in terms of climate change impacts and progress made in adapta-
tion strategies and actions. This creates both challenges and opportunities to inter-
national cooperation and learning. Given the urgent need for developing response 
strategies to global change and the emphasis on learning processes, an improved 
understanding of learning through international cooperation is needed (Vinke-de 
Kruijf and Pahl-Wostl 2016; Hazard et al. 2018). In various regions, specific knowl-
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edge transfer opportunities were created due to an extreme event or policy develop-
ment. The governance system was supportive in some regions due to the presence 
of cooperation structures and leadership and restrictive in other regions due to lack 
of support, leadership or political will. Study confirmed that combinations of 
partner- specific, process-specific and process-external conditions influence learning 
at different levels. This implies that participants and partners can make a difference, 
especially when it comes to transferring lessons learned (Vinke-de Kruijf and Pahl- 
Wostl 2016).

5  Conclusion

The impacts of climate change on sustainable agriculture and food production are 
evident in several regions of the world. Negative impacts of climate trends have 
been more common than positive ones. These are expected to continue with nega-
tive impacts on nutrition and food security in coming days. The future agriculture 
will bear more and more responsibility, however, as the primary industry, agricul-
ture still facing more potential risk to feed the large population under the circum-
stance of climate change, particularly in some developing countries. Agriculture is 
one of the most vulnerable industries which was affected by climate change, with a 
big vulnerability and a small resilience. There are a very common conscious that 
climate change had already adverse impact on sustainable agriculture, and the 
adverse impacts has large uncertainties, which means how extend adverse impacts 
on sustainable agriculture could be rather than whether the impact was occurred. It 
was convinced that taking promptly actions would be more helpful to adapt to cli-
mate change in agriculture development.

With concerned actions, we strongly encouraged that to develop the adaptive 
measures and technologies based on local situation, only the local adaptation mea-
sures could be international adaptation measures. Meanwhile, promoting interna-
tional cooperation in research and actions also was necessary and benefit. Global 
warming is becoming one of the obstacles for agriculture sustainable development, 
which should have been overcome, on one hand, a suitable climate in helpful to 
maintain good environmental and ecological conditions to promote agriculture sus-
tainable development, on the other hand. Both climate change and sustainable agri-
culture are main development issues facing human beings in the world today, there 
was countless ties between climate change and sustainable agriculture. The world 
should try to work together, enhance communication and cooperation, as to get the 
win-win situation.
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Abstract The climate of earth has been experiencing an unprecedented change 
possibly due to the rapidly increasing amount of greenhouse gases (GHGs) in the 
atmosphere. If the release of GHGs into atmosphere continued at current rate, global 
warming will make the earth’s atmosphere uninhabitable for living beings in near 
future. There is an urgency to discreetly devise multiple strategies to offset the cur-
rent release of GHGs into atmosphere. The CO2 has a prominent share in global 
warming amongst all GHGs in atmosphere. Soil carbon sequestration is a promising 
approach to offset the raising amount of CO2 in the atmosphere. Both partially 
degraded and agricultural soils have a considerable potential to minimize the ele-
vated CO2 levels in the atmosphere. On a global scale, the soils can retain twofold 
more C than that present in the atmosphere or captured in vegetation. The tempera-
ture, soil moisture and elevated CO2 levels are the dominant climatic factors affect-
ing the soil C sequestration. Soil C sequestration is also strongly influenced by 
various edaphic factors i.e. soil texture, soil structure, soil porosity, soil compaction, 
soil mineralogy, and soil microbial community composition etc. Additionally, agri-
cultural practices like land-use changes, plant residue management, agro-chemicals 
etc. influence soil organic carbon (SOC) stocks, either directly e.g. by altering the 
amount of C being added in the soil, or indirectly e.g. influencing soil aggregation 
and thereby accelerating microbial decomposition processes. Besides offsetting the 
rapidly increasing atmospheric GHGs, soil C sequestration may potentially improve 
the soil quality and advances the food security. It may play a crucial role in sustain-
able agriculture (SA) because it is highly sustainable and environment-friendly 
approach. It can enhance the soil quality by improving soil health parameters fol-
lowed by improved crop production on sustainable basis.
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1  Introduction

Climate change is a continuous phenomenon of nature and the climate of earth has 
experienced it throughout history. The phenomenon of climate change may proceed 
at an unprecedented rate from decades to millennia IPCC (2007), but the current 
warming trend is crucial because >95% of its probability is the result of anthropo-
genic activities since the mid-twentieth century. Undoubtedly, specific ranges of 
GHGs induce warming in the Earth’s atmosphere and make it livable for living- 
beings, however the current warming is happening approximately ten times faster 
than the average rate of ice-age-recovery warming (NRC 2007). The increasing 
concentration of GHGs in the atmosphere as a result of anthropogenic activities is 
the major driver behind the global warming (Santer et al. 1996). Carbon dioxide 
(CO2) is the most prevalent and long-lived component of the atmosphere’s gaseous 
composition. Current projections of climate models suggest that the rise in average 
surface temperature of planet is about 1 °C since the late nineteenth century and is 
largely attributed to higher atmospheric concentration of CO2 (IPCC 2007). 
Globally, almost 50% of the warming effect is attributed to the sole CO2 out of all 
GHGs (IPCC 2014). The CO2 is delivered to atmosphere through natural processes 
such as soil respiration and volcano eruptions as well as through anthropogenic 
activities such as combustion of fossil fuels, deforestation and land-use changes. 
The anthropogenic CO2 emission through humans has increased about threefold 
since the inception of industrial revolution. The industrial sector being a major con-
tributor in human-emitted CO2, has elevated the level of atmospheric CO2 from 280 
parts per million (ppm) to 400 ppm during the previous 150 years (IPCC 2014).

The sustainability in agriculture specifically lies on the principle that we must 
fulfill our present needs without making compromise on the ability of future genera-
tions to meet their demands. Sustainable agriculture is an ecosystem-based approach 
to agriculture while ensuring three basic intents i.e. healthy environment, securing 
economic profitability and maintaining social and economic equity. Sustainable 
management of agriculture may protect the biodiversity of ecosystem as well as 
fostering their development and maintenance. The sustainable approach to agricul-
ture discourages the use of resource-intensive inputs i.e. toxic pesticides, synthetic 
fertilizers, genetically-modified seeds, and different malpractices that make soil, 
water, or other natural resources liable to degradation. It emphasizes on the utiliza-
tion of recent resource-conservative techniques i.e. crop rotation, conservation till-
age, and pasture-based livestock husbandry to ensure the efficient utilization of 
non-renewable resources. It is an integration of practices that are used for the 
acquirement of plant as well as animal production over long-term basis. Detrimental 
practices such as land degradation, excessive tilling of the soil (leading to erosion) 
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and inadequate drainage (leading to salinization) pose potential risks to  environment. 
The aim of sustainable agriculture is to replenish the soil while minimizing the reli-
ance on the use or demand of non-renewable resources (Gold 2009).

Technically-sound and economically-feasible strategies are being demanded to 
lessen the effect and amount of global atmospheric CO2 as well as improve the soil 
health and quality. Carbon sequestration is a promising approach to decrease the 
concentration of CO2 in the atmosphere with the aim of offsetting global climate 
change along with improving the soil health for better plant growth. In broader 
sense, carbon sequestration describes both natural and deliberate processes by 
which CO2 is either directly eliminated from the atmosphere or redirected from 
emission sources and stored in the C sinks i.e. ocean and terrestrial environments 
(vegetation, soils, and sediments). Carbon sequestration is typically related to the 
capture and storage of C in the terrestrial ecosystems as humic substances or car-
bonates particularly in subsoil for extended period of time, approximately 
15–50 years (Eswaran et al. 1993). The net amount of C sequestered by a soil is the 
equilibrium between C uptake and C release on long-term basis.

The fulfillment of food demand of rapidly increasing population without any 
significant increase in the agricultural area and environmental degradation is a great 
challenge for agriculture sector (Stevenson et al. 2013). The C sequestration is one 
of the most stunning approaches to ensure the food security and agricultural sustain-
ability along with the reduction of global atmospheric CO2 level. Agricultural man-
agement practices i.e. minimum- or zero-tillage systems, application of synthetic 
fertilizers along with organic amendments, crop rotation, and crop residue incorpo-
ration can potentially escalate the soil C storage and ultimately agricultural sustain-
ability (Six et al. 2002a).

This chapter briefly explores the impacts of different climatic and edaphic fac-
tors on soil C sequestration. The magnitude of C sequestration in soil and agricul-
tural practices are closely interlinked. The impacts of different agricultural practices 
on soil C sequestration i.e. land-use changes, crop rotation, intensive tillage, plant 
residue management, organic amendments, agro-chemicals, and irrigation have 
been discussed in detail. In addition, the role of C sequestration in sustainable agri-
culture and its possible effects on soil health i.e. physical, chemical, and biological 
health have been described in detail. The scope of soil C sequestration towards SA 
in response to cropping intensity and patterns has been concisely discussed. 
Furthermore, the potential impacts of soil C sequestration on crop productivity and 
global environment have also been described.

2  Factors Affecting Carbon Sequestration

The quantity of carbon sequestered into soil can be regulated by various factors such 
as climate, soil parent material, topography, vegetation type, and soil microbial 
community composition (Jenny 1941). These factors can be categorized into cli-
matic and edaphic factors as well.
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2.1  Climatic Factors

The rising temperature, changing soil moisture regimes, and elevated CO2 levels 
have drastic direct or indirect impact on soil microbial activities which can poten-
tially influence the extent of soil C sequestration. Among climatic factors, tempera-
ture and precipitation are the major covariates that control soil organic carbon 
(SOC) accumulation under various climatic conditions and at different elevations. 
Heterotrophic microorganisms are the dominant agents for the decomposition of 
organic matter. This microbes-mediated decomposition process is highly influenced 
by climatic conditions i.e. temperature, moisture, elevated atmospheric CO2 levels, 
and prevailing soil conditions which consequently lead to the release of plant nutri-
ents particularly nitrogen (N), phosphorus (P), and sulfur (Murphy et al. 2007).

2.1.1  Precipitation

Soil moisture within the optimum range (field capacity to permanent wilting point) 
induces positive impacts on soil carbon sequestration because it enhances the veg-
etation on soil and favors plant growth ultimately increase the plant residue input in 
soil. Any fluctuation in soil moisture from the optimum range has negative impacts 
on soil C sequestration probably due to reduced addition of plant inputs. Limited 
moisture (<permanent wilting point) in the soil reduces the vegetation and likely 
negatively impacts the soil C sequestration. Drought influences the plant-microbes 
interactions and ecosystem functioning in terrestrial conditions (Sanaullah et  al. 
2011, 2012), it may also perturb the C partitioning between atmosphere and terres-
trial ecosystems. For instance, longer period drought in North America in 2002 
resulted in a decrease of C uptake from 650 to 330 Mt by soil and vegetation (Peters 
et al. 2007). The amount of C sequestered into soil is continuously decreasing since 
the inception of frequent drought and heat periods (Mearns et al. 1984).

The unsaturated/anaerobic conditions in soil also have reducing impacts on C 
sequestration owing to enhanced activity of anaerobes in the soil which respire C in 
the form of methane gas. Numerous studies documented that flooding condition in 
rice fields drastically influence the SOC dynamics by inducing anaerobic conditions 
through depletion of O2 (Bronson et  al. 1997). The change in SOC dynamics in 
flooded soil is governed through alteration in redox potential of soil, soil pH and by 
reduction of C, N, and sulfur (Fageria et al. 2011). The SOC is depleted from flooded 
soils as CO2 and CH4 via sequential oxidation-reduction reactions mediated by a 
variety of microbial species (Faulkner 2004).

The nitrous oxide (N2O) emissions from nitrification and de-nitrification pro-
cesses relatively occur at higher redox levels than the redox level of CH4 production 
(Masscheleyn et al. 1993). This may induce a higher SOC loss and causes additional 
impact on global warming through the emission of N2O emission in comparison 
with the continuously flooded systems. Similarly, alternate wetting and drying 
increases the labile SOC portion which is easily prone to loss followed by soil 
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 disturbance (Shrestha et  al. 2002). Accordingly, intermittent drainage of flooded 
soil induces more rapid and larger loss of SOC, compared with continuously flooded 
soils due to high aerobic activities (Cassman et al. 1996).

2.1.2  Temperature

The soil C cycling processes are highly sensitive to temperature and even a small 
rise of temperature may have the potential to release a substantial amount of C 
from soil (Classen et al. 2015). Higher temperature enhances the decomposition of 
organic matter by accelerating the activities of soil microorganisms. The shifts in 
the activities, processing, and community composition of microbes are highly 
influenced by rising temperature (Bradford et al. 2008). The increase in soil micro-
bial activities induced by high temperature could have positive feedback to global 
warming, whereas this increase can be negated in case of lower moisture condi-
tions in soil.

The process of photosynthesis in all plants is highly sensitive to temperature. 
Increasing temperature has a negative impact on soil C sequestration possibly by 
adversely affecting the plant growth and through accelerating the microorganism 
activities in the soil. Higher SOC content in cooler climatic condition is attributed 
to moderate or low temperature and higher precipitation rates that favor the exten-
sive vegetative growth due to lower soil organic matter (Ransom et al.) decomposi-
tion (Gami et al. 2001). Comparatively lower SOC in tropical regions than temperate 
ones is owing to its higher oxidation and mineralization rates under high ambient 
temperature (Ghimire et al. 2017).

In a 10-year soil warming study, the warming induced an increase in CO2 flux by 
28% in initial 6 years, while the impact of warming on CO2 release was found non- 
significant in the subsequent years (Melillo et al. 2002). Dan et al. (2016) investi-
gated the impact of temperature on the decomposition rate of SOM and they 
concluded that the changes in SOM decomposition were more sensitive to increas-
ing temperature rather than changing soil moisture, and the thermal sensitivity of 
SOM (which expresses a change in SOM decomposition rate in response to 10 °C 
rise in soil temperature) was observed significant among different altitudes. In addi-
tion, the interaction of both moisture and temperature significantly accelerated the 
SOM decomposition.

2.1.3  Elevated CO2

Elevated atmospheric CO2 levels have both direct and indirect impacts on soil qual-
ity and plant growth. It is well-understood that elevated CO2 enhances the plant 
growth and photosynthesis, particularly in case of highly fertile soils (Curtis and 
Wang 1998). It may increase the C flux to roots via rhizo-exudations of labile sug-
ars, proteins, and organic acids (Zak et al. 1999). The increase in rhizo-depositions 
may indirectly influence the soil processes by promoting plant growth and returning 
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atmospheric CO2 to soil through biological disintegration of litter, roots, and rhizo- 
deposits (Kuikman et al. 1991; Van de Geijn and Veen 1993). Under elevated CO2, 
alterations in the rates of addition and composition of these rhizo-deposits can 
strongly influence the composition, biomass, and activity of rhizosphere microor-
ganisms. Elevation in atmospheric CO2 levels may induce the alterations in the 
entire ecosystem. The microbe-soil-plant root system can also be modified by ele-
vated atmospheric CO2 level possibly by changing the soil moisture content and 
enhancing the root growth as well as rhizodeposition.

Elevated CO2 has resulted in a relative increase in plant root to shoot ratios 
(Rogers et al. 1992) but this increase may vary appreciably among plant species, 
possibly owing to differences among plant species and environmental conditions. 
Patterson et  al. (1996) demonstrated that an established pasture ecosystem had 
higher below-ground net primary productivity by 25% at 525 ppm CO2 concentra-
tion, and 33% at 700 ppm CO2 concentration, compared with a 350 ppm CO2 con-
centration control. Elevated level of atmospheric CO2 enhances the water-use 
efficiency (WUE) of plants viz. C fixed/water transpired. Consequently, higher root 
development induced by elevated CO2 can improve the nutrient acquisition of plants 
in relatively lower amount of water (Rogers et al. 1992).

Marhan et al. (2010) investigated the influence of elevated atmospheric CO2 for 
5 years on net soil C sequestration in a temperate spring wheat agro-ecosystem. The 
observations included that elevated CO2 levels pragmatically enhanced the plant C 
inputs into soil and resulted in accumulation of additional C (40–50 g C m−2) rela-
tive to soil receiving only ambient CO2.

2.2  Edaphic Factors

Compared to atmosphere, almost 2.5 times more C can be retained by the combina-
tion of soil and vegetation (Singh et al. 2010). The capacity of soil to entrap a large 
amount of C can potentially help to cushion the anthropogenic climate change by 
reducing the GHGs emissions. The C storage capacity of soils is nearly double than 
atmosphere which renders the soil a largest terrestrial sinks for carbon globally 
(Willey et al. 2009) which is largely dependent on various soil attributes, mentioned 
below:

2.2.1  Soil Texture

The clayey particles are negatively charged, and clayey soils have more micro-pores 
than macro-pores. The SOM can be more protected in clayey soils, as compared to 
coarse-textured ones. This higher protection of organic matter (OM) within clayey 
particles enhances the scope of soil C sequestration in these soils. The physical 
protection and stabilization of SOC in the mineral soils is largely associated with 
their cation exchange capacity (CEC) or clay contents (Hassink et al. 1997; Baldock 
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and Skjemstad 2000). Similarly, Masscheleyn et al. (1993) proved the positive cor-
relation between clay particles and protected SOC. The interactions of clay mineral 
and SOC are largely influenced by types of clay minerals and organic C present, and 
their respective specific surface areas (Krull et al. 2001). The specific surface area 
(SSA) of fine-textured soils is also higher which enhances the OM adsorption on 
clay particles due to their higher SSA than coarse-textured soils (Keil et al. 1994; 
Ransom et al. 1998).

2.2.2  Soil Structure

Soil structure renders biological stability to SOM via its impacts on the availability 
of water and oxygen (O2), physical protection from microbial communities, and 
affecting the dynamics of soil aggregation (Krull et  al. 2001). Free particulate 
organic matter (f-POM) is more prevalent in less-structured soils and therefore, 
higher OM degradation occurs in these soils. While occluded particulate organic 
matter (o-POM) occurs predominantly in well-structured soils which eventually 
results in reduced SOM decomposition. In this way, well-structured soils have posi-
tive impact on soil C sequestration, whereas poorly-structured soils may reduce C 
storage in the soil.

The encapsulation of organic C within aggregates renders it more preservation 
and stability against biological attack due to higher physical stability and lower 
turnover of aggregates (Amelung and Zech 1996). More protection of SOC has been 
achieved via development of macro-aggregates (>250 μm) in zero-tilled soils as 
compared with conventionally-tilled soils. Stable macro-aggregates in cultivated 
soils have been shown to contain more and relatively younger C than the C present 
in micro-aggregates (Six et al. 2002b). In case of higher aggregate stability and their 
lower turnover, physical protection of SOC within stable macro-aggregates is higher 
(Amelung and Zech 1996). The greater protection and aggregation were attributable 
to the intra-aggregate particulate organic matter (i-POM) which was relatively more 
in forested ecosystems than agricultural ones. This greater protection rendered to 
SOC within soil aggregates can potentially enhance the extent of soil C sequestra-
tion and aggregation of soil is imperative for long-term storage of C in soil.

2.2.3  Soil Porosity

The continuum of pores varying in size from micro-pores (<0.1 mm) to the macro 
ones (>20 mm) in soil constitutes the soil porosity. The processes of OM decompo-
sition and mineralization are optimized by the enough availability of water and O2 
within soil pores. Clayey soil having higher proportion of micro-pores has prag-
matic impacts on soil C sequestration possibly by providing protection against soil 
micro-biota. The alterations in the pore size distribution through progressive con-
version of clayey soil to sandy soil having higher proportion of macro-pores which 
can enhance the mineralization of SOC possibly due to an increase in air-filled 
porosity (Franzleubbers 1999).
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The pore size distribution of soils has strong impact on the access of microorgan-
isms towards organic substances available within soil pores. Kilbertus (1980) impli-
cated that soil bacteria can reach to the SOC present in pores having >3 mm size. 
For the decomposition of SOC present within pores having <3 mm size, microbes- 
secreted enzymes travels towards it via diffusion and the product of enzyme reac-
tion also gets back towards the microbes through diffusion (Krull et al. 2001).

2.2.4  Soil Compaction

Soil compaction is the compression of soil particles into a smaller volume and 
reduced pore spaces for air and water. It can possibly reduce the SOC by declining 
the addition of plant litter and pooling of C in above soil layers. The extent of soil C 
sequestration is largely reduced in case of compacted soils possibly due to increase 
in soil bulk density and reduction in plant inputs to the soil. Brevika et al. (2002) 
investigated the impact of soil compaction for 150 years and found that bulk density 
was relatively higher in compacted soil from 5 to 20 cm soil depth than the non- 
compacted one. While, SOC was higher in non-compacted soil. On the other hand, 
C mineralization in compacted soil severely reduced at a bulk density of 1.6 Mg m−3 
via reduction of microbial activity and the decrease of C mineralization in such soils 
helped in increased soil C sequestration (Tan and Chang 2007).

2.2.5  Soil Mineralogy

Soil C storage capacity is greatly affected by the soil mineralogical characteristics. 
The adsorption and protection capacity of clay minerals for organic C is poten-
tially determined by the mineralogy, surface charge distribution as well as precipi-
tation of Fe and Al oxides on clay minerals (Mizota and Reeuwijk 1989; Batjes 
1996). The interactions of organic substances with clay minerals are caused by 
following two major mechanisms i.e. complexes formation through physical and 
chemical retention and stabilization via sorption of organic particles onto the sur-
faces of clay particles (cation and anion exchange, H-bonding, and polyvalent cat-
ion bridging) and physical stabilization of organic matter by its piercing into 
interlayer spaces of expanding clay minerals (Stevenson 1994). The stabilization 
of organic matter via these mechanisms induces its encapsulation and protection 
resulting in reduction of its accessibility to decomposing soil microbial commu-
nity or their secreting enzymes. The role of aluminum (Al), iron (Fe), and allo-
phane minerals increases the stability of OM by suppressing the microbial activities 
through their toxic impacts on microbes especially in Andosols (Varadachari et al. 
1994; Parfitt et al. 2002).
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2.2.6  Soil Microbial Community Composition

Soil microbes are the predominant drivers of cycling of C and nutrients in ecosys-
tem and their activities are largely influenced by abiotic and biotic factors i.e. tem-
perature, moisture, amount and quality of plant residue inputs etc. The ratio of fungi 
to bacteria can be altered due to changes in precipitation and soil moisture content 
(Williams 2007). A wide range of soil microbes i.e. fungi, bacteria, actinomycetes, 
and microalgae play a fundamental role in degradation of SOM, nutrient cycling, 
and various chemical transformations in soil (Murphy et al. 2007). The amount of C 
in soil becomes lower in case of an increase in the activity of soil communities pos-
sibly due to higher decomposition rates relative to inputs from plant litter, which 
may escalate the positive C feedback to atmosphere (Wieder et al. 2013). A large 
proportion of terrestrial C is stored by wetlands, peatlands, and permafrost likely 
due to limited microbial communities prevailing there (Castro et  al. 2010). Any 
structural changes in microbial community composition can influence the SOM 
decomposition as well as their interactions with plants (Bardgett et al. 2008). Six 
et al. (2006) provided a convincing suggestion that more stable C can be formed in 
soil in case of higher prevalence of fungal biomass rather than bacterial ones. The 
fungi can form a higher biomass per unit of C assimilated due to higher C-use effi-
ciency. The storage of C is considered more persistent in case of fungal dominance 
and more labile in case of bacterial dominance (Bailey et al. 2002).

3  Carbon Sequestration and Agriculture Practices

The carbon budget of a soil is the net result of the C entering as plant litter and rhi-
zodeposition and leaving it in the form of CO2 and CH4. All the agricultural prac-
tices influence C sequestration in soil, either directly e.g. by modifying the amount 
of C which enters in soil, or indirectly e.g. modifying the aggregation thereby the 
protection afforded to SOC from microbial decomposition (Fig. 1). Moreover, the 
direction and the quantitative effect of an agricultural practice on carbon sequestra-
tion may vary across soil types. The significance and mechanisms by which differ-
ent agricultural practices modify C sequestration are given below:

3.1  Land-Use Changes

Land-use changes determine the amount of time for which the land will remain 
covered with vegetation round the year. Moreover, the disturbance or absence 
thereof in the soil structure as a result of a particular land use determine the turnover 
rate of SOC.
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Deforestation or land clearing for agriculture decreases SOC stocks by halting or 
significantly reducing the amount of plant derived C input in soil and by increasing 
the decomposition of the SOC. For instance, a meta-analysis of 385 studies on land- 
use changes in tropics concluded that the 25%, 30% and 12% of SOC is lost when 
primary forest is converted into croplands, perennial croplands and pastures, respec-
tively (Don et  al. 2011). Moreover, intensive cropping to raise farm profits and 
ensure food supply has further depleted the SOC stocks around the globe (Lal 
2004a, b). The conversion of degraded croplands into permanent pastures, shrub 
lands, or forests builds up part of the SOC being lost due to intensive agriculture and 
land clearing in the long run. Afforestation increases the SOC stocks with time since 
afforestation being the major determinant of the size of the increase (Laganière 
et al. 2010). The other factors which determine the rate of SOC sequestration are 
aggregation of soil is extremely indispensable for long-term storage of C in soil, soil 
type, previous land use, tree species planted (broadleaved vs. pine plantations) and 
soil clay content.

Converting a cropland to forest results in highest increase in SOC stocks among 
the land use change types i.e. 26–53% (Guo and Gifford 2002; Laganière et  al. 
2010). Moreover, the rate of SOC accumulation is higher in broadleaved (i.e. hard-
wood) than pine (i.e. softwood) and in evergreen than deciduous forests (Laganière 
et al. 2010; Deng et al. 2014).

In a grand ‘Grain-for-green’ program in China, research projects were carried 
out to evaluate the SOC stocks in degraded croplands converted into forests, shrub-
lands or grasslands. In a meta-analysis of 135 publications on the subject in the said 
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program, all the land-use changes from croplands to permanent vegetation cover 
significantly increased SOC stocks (Deng et al. 2014). Lands converted to forests 
showed a significant decrease in SOC in the first 5 years. However, the SOC stocks 
increased afterwards at varying rate for over 40 years of chrono-sequence and in 
surface (0–20 cm) and subsoil (20–100 cm) layers. The rates of soil C change were 
−0.93, 0.89, 1.30, 0.05 and 0.13 Mg ha−1 year−1 for 0–20 cm soil during the periods 
0–5, 6–10, 11–30, 31–40 and >40 years, respectively. The same were −3.15, 0.83, 
3.59, 1.15 and 0.02 Mg ha−1 year−1 for 20–100 cm during 0–5, 6–10, 11–30, 31–40 
and >40 years, respectively. Similarly, the conversion from cropland to shrubland 
increases SOC stocks in the first 10 years of restoration. However, thereafter, grad-
ual decrease was recorded till 30 years after restoration and the SOC was signifi-
cantly higher after 30  years. The rates of change in SOC were again higher in 
0–20 cm than 20–100 cm soil layer. Like shrublands, the grasslands established on 
degraded croplands showed increase in SOC in the first 30 years of restoration with 
the highest SOC values achieved in the 11–30 years’ duration and afterwards SOC 
decreased significantly.

The effect of deforestation and subsequent land-use changes on soil organic C 
has been explored by Eleftheriadis et  al. (2018) and a comparison between two 
lands; the first type of land had undergone deforestation since three dates (25, 34, 
and 72 years) and the other one was adjacent land which was still under forest, was 
made for the soil organic C status. The amount of coarse particulate organic matter 
(cPOM) was most significantly higher in forest plots (14.8 g kg−1) against that of in 
cultivated plots (2.8 g kg−1), compared with others soil health attributes. While the 
SOC in fine sand fraction in agricultural soil (8.6 g kg−1 soil) was markedly lesser 
than the same in forested soil (40.6 g kg−1 soil). In case of land-use changes, the 
shift from forest to cultivated soil caused a considerable decrease in SOC, N and 
cPOM contents of soil by 70%, 65% and 80% respectively.

A meta-analysis of 385 land-use change studies conducted in tropics showed that 
the conversion of croplands into any form of permanent vegetation cover i.e. forests, 
shrublands or grasslands significantly increased the SOC stocks (Don et al. 2011). 
Conversely, converting any land-use type into cropland resulted in loss of SOC 
stocks; where the SOC loss varied according to initial land-use type. For example, 
the highest SOC loss occurred when primary forests were converted into croplands 
(−25%), whereas the SOC loss was equal to −12% when the same are converted to 
grasslands. Afforestation on the same degraded croplands achieved SOC stocks 
even higher than the loss occurred due to deforestation in the first place (i.e. +50%). 
Conversion of forest initially into grasslands, and then after some years of grazing, 
converting that grassland into a cropland is a typical scenario in tropics. This cas-
cade of land-use changes results into the loss of SOC at each conversion step. 
However, this loss is mainly restricted in the uppermost layer (~0 to 20 cm), and the 
subsoil usually maintains its SOC stocks due to higher inputs of crop residues in 
case conventional tillage is practiced (Don et al. 2011). The reconversion of crop-
lands into grasslands, as in case of reconversion to forests, builds the lost SOC.

Hinge et al. (2018) investigated a change in regional carbon fluxes in response to 
different land-use changes in Northeast India. They experienced a varied trend 
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between different regions in terms of effect of LUCs on SOC status. In some states, 
a net accrual of SOC by up to 3.91, 0.22, 0.13 Tg C was experienced. In contrast, 
net reduction in carbon biomass was observed by nearly 0.43, 1.51, 0.31, and 
0.49 Tg C in some of the states. Importantly, the conversion of forest to grassland 
led to a marked increase in carbon emissions. The similar trend was observed upon 
shift from grassland to cultivated land. So, the importance of proper land manage-
ment also arises to combat the climate change.

3.2  Crop Rotation

Growing of crops in succession on a piece of land to avoid exhausting the soil and 
suppress weeds, pests and diseases is known as crop rotation. The aboveground 
biodiversity that is observed in natural ecosystems on spatial scales is, therefore, 
absent in cropping systems and can only be found on temporal scale because of crop 
rotation. Greater biodiversity in prairie grasslands has been shown to increase pri-
mary productivity, resource use efficiency, nutrient availability and to a large extent 
ecosystem stability (Tilman et al. 1997; Lambers et al. 2004; Waldrop et al. 2006). 
In cropping systems, the suppression of weeds and diseases by adopting suitable 
rotation is known since long. Recently, several belowground benefits of adopting 
crop rotation e.g. enhanced nutrient cycling, SOC content, microbial biomass and 
activity, improvement in soil structure through aggregation etc. have been reported, 
and these co-benefits of crop rotation become more emphasized in combination 
with no-till practices (Nunes et al. 2018).

The legumes have the capability to become a potential alternative for mineral N 
fertilization. Inclusivity of legumes in cropping sequence has been reported to mini-
mize the losses of C and N from different agricultural ecosystems (Drinkwater et al. 
1998) along with the net accumulation of SOM, as SOC is incorporated into the soil 
because of higher rate of addition and turnover of biomass (Gregorich et al. 2001). 
Minimal application of mineral nitrogen is one of the most suggested strategies for 
climate-smart soil management (Paustian et al. 2016).

The combined influencing impact of inclusion of leguminous (clovers and beans) 
and non-leguminous (corn) in cropping sequence in combination with different 
mineral fertilization treatments (zero fertilization, PK fertilization and NPK fertil-
ization) on the buildup of SOC and N was studied by Hobley et al. (2018). The 
results demonstrated that addition of legumes into crop rotation enhanced the C 
density with higher available K (>152.4 mg kg−1) but in the absence of N fertilizer. 
During the 34 years of the study, the increase in profile SOC in the PK fertilized 
leguminous system demonstrated an average annual return of 4.1‰, compared with 
the corn-based system. In this way, the leguminous system in the absence of N fer-
tilization was found well-aligned with the objectives of the 4 per 1000 imagination 
of the Lima-Paris Action Agenda (Chabbi et al. 2017). Parihar et al. (2017) found 
that inclusion of chickpea and mustard-mung bean into the cropping sequence 
enhanced the SOC storage by 102% and 34%, respectively (Fig. 1).
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In a recent meta-analysis of 122 studies on crop rotation, adding one or more 
crops in a monoculture was found to increase SOC content by 3.6% and total N 
content by 5.3% (McDaniel et al. 2014). Another meta-analysis showed that enhanc-
ing the rotational diversity of crops can sequester 20 + 12 g C m−2 year−1, signifi-
cantly higher than monocropping or less diverse crop rotations (West and Post 
2002). The quantity and quality of the plant derived organic matter entering into 
soils improves with increasing complexity of crop rotation thereby resulting into 
enhanced microbial processing and stabilization of the plant derived C as SOC 
(Dijkstra et al. 2006; Tiemann et al. 2015). The benefits of a crop rotation in terms 
of SOC and nutrient stocks and cycling depend on the type of the crops present in 
the rotation. For instance, adding a cover crop into a rotation increased the total 
SOC content by 8.5% and total N content by 12.8% in the foresaid meta-analysis 
(i.e. McDaniel et al. 2014), however the benefits are multiplied when legumes are 
used as cover crop. On the contrary, adding soybean which is a legume, in corn 
monocropping did not increase SOC than the corn monocropping (McDaniel et al. 
2014), which underlines that the positive changes in soil functions brought by 
legumes cannot be generalized and that they depend on the residue chemistry, pro-
ductivity and specific physiology of a legume crop.

Crop rotational diversity also improves the fast cycling of soil-carbon pools. For 
instance, it may enhance soil microbial biomass by 21%, an estimate based on meta- 
analysis of 122 studies (McDaniel et al. 2014). The improvement in microbial bio-
mass and a change from bacteria-dominated to fungal-dominated microbial 
community structure considerably enhances the soil aggregation which in turn sta-
bilizes and improves the sequestration of organic matter (Tiemann et  al. 2015). 
Moreover, increasing the complexity of a crop rotation ensures the inputs of higher 
quality organic matter which has been shown to be major contributor to SOC 
(Cotrufo et al. 2015).

3.3  Intensive Tillage

Minimal to zero tillage operation to ensure minimum working of the soil are known 
as conservation tillage. The cultivation of forests and grasslands i.e. replacement of 
permanent vegetation cover with annual crops, has resulted into an estimated loss of 
20% of the initial C stock or about 1500 g m−2 C has been lost from the top 30 cm 
of the soils (Mann 1986). Another estimate reported 30% loss of the initial C after 
20 years of cultivation of a forest or grassland and most of this loss occurs during 
first 5 years of cultivation (Davidson and Ackerman 1993). Most of the loss of C is 
due to the intensive working on soils which exposes the soil-protected organic mat-
ter and improves aeration fostering microbial decomposition. Consequently, con-
servation tillage i.e. reduced till (RT) or no-till (NT) is proposed as a strategy to 
sequester C.

In 67 long term agricultural experiments, West and Post (2002) compared the 
rates of C sequestration among treatments pairs of conventional till vs. RT vs. 
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NT. They found that the C sequestration did not differ between conventional till and 
RT. However, shifting from conventional tillage to NT resulted into a significant 
increase in C sequestration representing 48 ± 13 g C m−2 year−1. Moreover, this shift 
of tillage in wheat-fallow crop rotations did not change the C sequestration rates. 
Therefore, when the authors excluded this cropping system from their calculations, 
the C sequestration enhanced up to 57 + 14 g C m−2 year−1 by shifting to NT. The 
authors also concluded that the change in tillage system for various crop rotations 
also differed in terms of C sequestration. Overall, the C sequestration benefits were 
significantly higher for all crop rotations compared to monocultures when the shift 
to NT was adopted. In the light of this study based on 93 paired treatments of con-
ventional tillage versus NT from 67 experiments, it was concluded that the no till 
was indeed an excellent management practice for sequestering C in 
agro-ecosystems.

There was a caution in these conclusions which was revealed when the soil was 
sampled deeper than 30 cm in some long-term conservation tillage experiments, it 
was shown that the rooting densities are higher in upper 0–5 cm for no-till systems, 
whereas they are significantly higher in deep layers in the plowed soils (Qin et al. 
2004). It is, therefore, intuitive to expect higher deposition of root-derived C in deep 
layers in plowed systems in addition to mixing of the surface residues in deep layers 
due to plowing. This indicated the importance of assessing the C sequestration in 
the surface and subsurface layers while evaluating the benefits of no-till. In a syn-
thesis of studies comparing conventional till with no-till systems in Canada, 
accounting in the deep soil layers for C sequestration produced surprising revela-
tions. When the sampling depth was 30 cm or less, 37 studies out of 45 reported 
higher SOC in NT than that of conventionally tilled soils. However, when the sam-
pling depths was more than 30 cm, 35 of the 51 NT treatments showed less SOC 
than the conventional tilled plots. The similar SOC content in no-till and conven-
tional tillage treatments were confirmed in a recent meta-analysis of 69 paired treat-
ments of conventional versus no-till where soil was sampled deeper than 40  cm 
(Luo et al. 2010). This study found that adopting no-till significantly increased SOC 
by 3.15 ± 2.42  t ha−1 in the top 10 cm soil whereas it decreased the SOC in the 
20–40 cm by 3.30 ± 1.61 t ha−1. Overall, the adoption of no-till did not enhance 
SOC when compared to conventional tillage; it just re-distributed the SOC along the 
soil profile. Zhang et al. (2018) estimated the effects of no-tillage and conservation 
tillage practices on SOC dynamics and GHGs i.e. CO2, N2O emissions through 
modelling approach. They found that SOC stocks significantly increased (3755 ± 
942 kg C ha−1 year−1) in case of no-tillage practices. However, soils receiving con-
ventional tillage also showed increased SOC content (3443 ± 1078 kg C ha−1 year−1). 
The reduced SOC stocks under no-tillage system was attributed to lower rates of 
soil respiration. They concluded that no-tillage system with the inclusivity of crop 
residues can potentially enhance the SOC storage, as compared with traditional till-
age practices. The adoption of no-tillage significantly enhanced the SOC stocks up 
to 23%, as compared with conventional tillage (Álvaro-Fuentes et  al. 2009). 
Swanepoel et al. (2018) reported the impact of reduced tillage practices on SOC 
stocks and found that SOC contents increased from 54.9 to 57.9  Mg C ha−1 in 
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response to reduced till practices. Ghimire et al. (2012) found that no tillage prac-
tices increased the SOC contents from 32.4 to 35.4 Mg C ha−1 in collation with 
traditional practices.

In the light of the above results, it can be concluded that the jury is still out on the 
effect of conservation tillage on overall C sequestration in a soil profile. While the 
no-till management safeguards SOC present in surface from microbial decomposi-
tion as well as enhances rhizodeposition, it gradually results in loss of the subsur-
face SOC. On the other hand, conventional tillage, while exposing the surface soil 
to aeration and temperature and facilitating accessibility of SOC for microbial 
decomposition, also enhances the root densities in the subsurface layers resulting in 
higher rhizodeposition. Moreover, it also mixes the surface residues into the subsur-
face layers thereby enhance the SOC in subsurface layers. While the other benefits 
of no-till or reduced till i.e. control of erosion, weed suppression etc., cannot be 
denied (Baker et al. 2007).

3.4  Plant Residue Management

The SOC is primarily result of plant derived carbon stabilized through microbial 
processing with its stability depending upon various edaphic, climatic and environ-
mental factors. The quality and quantity of the input carbon also determines the 
SOC stocks. Extractive agricultural management practices -the removal of all or a 
major part of aboveground biomass from the field- are a norm in agriculture, par-
ticularly in developing countries (Lal 2004a, b). It is considered that these practices 
are making the world soils depleted in SOC and reversing these practices i.e. leav-
ing or incorporating major portion of aboveground biomass of a crop in the field can 
restore and increase the SOC stocks (Lal 2004a, b, 2006). Increasing the crop resi-
due inputs and static or reduced losses of C from soils should result in increased 
SOC until a new dynamic equilibrium is achieved after which increasing the inputs 
cause little SOC increase (Aune and Lal 1998). However, the increase in SOC in 
response to a certain amount of plant residue input depends on its conversion- 
efficiency into SOC which is modulated by many factors i.e. residue quality in 
terms of chemical complexity, tillage practices, climate, soil type and all of the 
management practices (Duiker and Lal 1999). Among these, the factors that can be 
controlled to a certain extent on a farm are tillage and other management practices 
if the aim is to sequester SOC.

In a long term field experiment of wheat straw application combined with differ-
ent tillage methods, the SOC was found to be increased linearly for first 7 years of 
experiment in all tillage practices (Duiker and Lal 1999). However, in the 8th year 
of experiment, these trends continued for plow and no-till but not for the ridge till. 
Similarly, it is suggested that the SOC content are linearly related with the amount 
of residue inputs (Christopher and Lal 2007). However, in many studies it has been 
shown to be true for few early years; then on, there is little or no increase in SOC in 
response to increased crop residue inputs. For example, soil C levels were similar 
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between residue-removed and residue-incorporated treatments after 10 years with 
the overall SOC decreasing than the beginning (Soon 1998). In an experiment span-
ning over 30 years, varying fertilizer treatments and rotations were compared with 
different treatments varying up to 50% in terms of residue return to the soil. Despite 
the large difference in the amount of residue return, the SOC levels at the end of the 
experiment did not differ (Campbell et al. 1991). Rumpel (2008) compared the SOC 
stocks and composition in residue-burned and residue-incorporated plots and found 
that the SOC stocks were similar between two residue management strategies even 
after 30 years. These results signify that the residue retention/incorporation does not 
always translate into increase soil C sequestration. Rather, sometimes the C input 
may also lead to a decrease in existing SOC– a phenomenon defined as the priming 
effect whereby addition of external organic matter accelerates the mineralization of 
existing SOC (Kuzyakov 2002; Fontaine et al. 2004; Shahzad et al. 2012). It appears 
that most of the SOC is the microbial-processed organic matter which needs a cer-
tain amount of nitrogen, phosphorus, and sulfur atoms against assimilation of a 
certain amount of C, H and O atoms (Richardson et al. 2014). These elements have 
fixed ratios (more or less) in different microbial groups and to maintain these ratios, 
which are known as stoichiometric ratios, soil microorganisms need them in certain 
proportion. If soil microorganisms have C source abundantly available but are lim-
ited by inorganic nutrients, e.g. nitrogen, they would mine/decompose the extant 
soil organic matter, which is usually rich than the plant residues, to obtain that nutri-
ent in order to assimilate the externally added plant residues (Fontaine et al. 2011; 
Kaneez-e-Batool et  al. 2016). In doing so, they destabilize the extant and stable 
SOC thereby resulting in neutral or negative SOC budget even after addition of 
plant residues. Similar to soil microorganisms, the C:N:P:S ratios of soil organic 
matter of a large dataset of world soils were found almost constant indicating that 
the microorganisms process them in a similar way in different soils according to 
their own stoichiometry (Kirkby et al. 2011). Moreover, these elements were found 
correlated with C content of the relevant soils indicating that the need of the nutri-
ents of a particular soil to stabilize externally added plant residue can be estimated 
replenished (Kirkby et al. 2011). Similarly, Walia and Dick (2018) determined the 
impact of crop residue addition on SOC buildup and found that addition of crop 
residues along with mineral fertilizers increased the SOC storage from 4.38% to 
4.44%.

Hence, it is evident that increasing the plant residue input to a soil could enhance 
soil C sequestration – if the mineral nutrients to stabilize the input C are sufficiently 
present in that soil.

3.5  Organic Amendments

Organic amendments cover the addition of animal manure (livestock, pig or poultry 
etc.), biosolids and sludge application in agricultural soils. Consistent amendment 
with animal manure over long term have been shown to markedly increase the soil 
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C stocks when compared to reference sites receiving or not receiving mineral fertil-
izers. For example, 10 years of poultry litter addition increased the surface SOC 
stocks by 3.2 Mg C ha−1 in comparison to mineral fertilized plots in southeastern 
USA (Sainju et al. 2008). Similarly, 25 years of annual cattle manure applications 
raised the SOC stocks by 19.1 Mg C ha−1 in surface soil (0–30 cm) compared to 
unfertilized plots in Nepal (Gami et al. 2009). In China, more than 3.8 Mg C ha−1 
SOC stocks were recorded after 25 years of pig manure application than the mineral 
fertilizer alone treatments (Huang et al. 2010). Maillard and Angers (2014) con-
ducted a meta-analysis of 42 articles reporting 130 observations from 49 sites 
around the world where animal manure (cattle, pig, and poultry) was applied for at 
least 3 years (average duration of the studies was 18 years). They compared the 
SOC stocks in manure applied treatments with mineral fertilized and unfertilized 
reference treatments. The average SOC stocks were higher by 9.4 Mg C ha−1 when 
compared to unfertilized treatments whereas they were higher by 5.6 Mg C ha−1 
when compared to mineral fertilized treatments. Overall, the cumulative manure-C 
input was found in a strong linear relationship with the SOC stocks explaining 53% 
of variability in SOC when compared to mineral fertilized or unfertilized treat-
ments. Li et  al. (2018) conducted a long-term study for 26 years to evaluate the 
effects of organic manure and mineral fertilizers on SOC accumulation and reported 
a 86% increase in SOC stock through applying the organic manure in comparison 
with only mineral fertilizers. Gai et  al. (2018) also found that applying organic 
manure caused 27% increase in SOC stocks for 22 years. Datta et al. (2018) con-
ducted the study to compare the impact of mineral fertilizers and FYM on SOC 
sequestration rate. Compared with mineral fertilizers, integrative application of 
FYM and inorganic fertilizers significantly enhanced the total organic C of soil by 
6.0%, and higher SOC sequestration rate (0.15 Mg C ha−1 year−1) as well.

There are two ways whereby an organic amendment could increase SOC concen-
tration and/or stocks: (i) direct contribution after microbial processing of the 
manure-C, (ii) enhanced organic C input from plants after the manure application 
raises the plant productivity thereby leading to higher plant derived C inputs in soil 
(Maillard and Angers 2014). Consequently, it may be argued that organic amend-
ment may be more effective in enhancing SOC stocks than the plant-derived organic 
inputs i.e. straw application, residue incorporation etc. The conversion of part of the 
applied C into SOC is measured as manure/straw/residue-C retention coefficient 
(%), where higher retention coefficient means that higher percentage of the applied 
C is becoming part of the SOC.

Based on seven individual studies, Bhogal et al. (2009) calculated the C-retention 
coefficient for manure as 23% after 9 years of application whereas the same for crop 
residues was 22% after 23 years of application. This study, however, could not be a 
true comparison between these organic amendments possibly due to a large differ-
ence in the number of years following application of these amendments. In a rela-
tively short-term study, where the application duration of sheep feces and crop 
residues was similar (9 years), C-retention coefficient was 30% for sheep feces and 
19% for crop residues. Consequently, it can be argued that animal manure is more 
efficient for enhancing SOC stocks than crop residues (Thomsen and Christensen 
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2010). However, the meta-analysis of Maillard and Angers (2014) concluded that 
the C-retention coefficient for manure application studies was 12% for an average 
duration of 18 years of study. This low coefficient for animal manure C based on 42 
long term studies indicates that it is incorrect to conclude that organic amendment 
in the form of manure is more efficient for enhancing the SOC stocks. However, in 
the short run, the animal manure is indeed more efficient than crop residues for 
enhancing SOC stocks.

3.6  Agro-chemicals

There are two major classes of agro-chemicals that are used in agriculture i.e. pes-
ticides and fertilizers. The former does not affect the C cycling and storage directly, 
although they may affect it indirectly through influencing plant productivity and soil 
biodiversity which in turn determine the quality and quantity of plant C going into 
soils and the C cycling processes in soil, respectively (Pelosi et al. 2014).

Among chemical fertilizer nutrients, the interaction of nitrogen with C cycling 
has been extensively studied since both these cycles are tightly coupled in soils 
(Stockmann et al. 2015). External addition of organic matter stimulates the miner-
alization of existing organic C, a process known as priming effect (Kuzyakov 2010; 
Shahzad et al. 2012). Under limited N conditions, priming of existing organic mat-
ter upon C inputs decreases soil C stocks instead of increasing it. Whereas, excess 
N availability reduces priming effect in addition to stabilizing the externally added 
C in soil (Fontaine et al. 2004; Dijkstra et al. 2013).

Although, phosphorus (P) is the second most abundant mineral form of fertilizer 
that is applied to agricultural soils, its interaction with C-cycle in soil has been little 
studied. From the few studies that have been carried out on the topic, it emerges that 
the P deficient soils have lower basal respiration (Jing et  al. 2017). Moreover, P 
deficiency leads to higher mineralization of the externally added C thereby reducing 
its retention as soil C (Jing et al. 2017). On the other hand, the additional availability 
of labile C empowers soil microbes to stimulate the release of P from unavailable 
forms into available ones (Spohn and Kuzyakov 2013; Guo et al. 2017). Sainju et al. 
(2008) evaluated the effects of nitrogen fertilizer sources and long-term tillage prac-
tices on SOC accrual. They reported that application of poultry litter enhanced the 
SOC stocks by 9% and C sequestration rate of 510 kg C ha−1 year−1 compared with 
mineral N fertilization. They found that applying poultry litter can potentially 
increase the SOC stocks in the long-run while enhancing the soil quality (Fig. 1).

Another nutrient whose role in C retention and stabilization in soils has been 
studied to some extent is sulfur (S). The stoichiometric ratios of C:N:P:S across the 
world soils and particularly, in Australian soils have been found fairly consistent 
indicating two things: (i) the soil C is the microbially-processed C and the stabiliza-
tion of plant-derived C as such does not seem plausible, (ii) the nutrient demand for 
C stabilization in a particular ratio is real (Kirkby et al. 2011).
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Summing up, many studies showed that consistent inputs of C may not necessar-
ily lead to increase the soil C stocks (Baker et al. 2007). However, the increased 
stabilization of soil C stocks is mediated by the increased availability of inorganic 
nutrients i.e. N, P and S (Richardson et al. 2014). Therefore, to build soil C from 
rich C inputs, management of inorganic nutrients is an important consideration.

3.7  Irrigation

Soil microbes need certain amount of moisture to perform their activities at opti-
mum level. Their extracellular enzymatic activity is facilitated by presence of suit-
able amount of moisture (Schimel et  al. 2011). Briefly, extracellular enzymes 
released by microbes diffuse towards soil C as well as the monomers formed after 
decomposition travel to microbes through diffusion (Xiang et  al. 2008; Dungait 
et  al. 2012). In agroecosystems, the moisture conditions do not remain same 
throughout a crop’s cycle. There are drying-rewetting (DRW) cycles that are more 
acute in arid and semi-arid regions. These DRW cycles have varying effects on soil 
C mineralization. A spike of soil respiration occurs immediately following rewet-
ting of a dry soil – a phenomenon is known since long as “Birch effect” (Birch 
1958). This is an important process that occurs across all soil types although in 
varying amounts (Butterly et al. 2010). The extra mineralization may come from 
two sources; extra availability of soil C and microbial stress. Briefly, the rapid 
rewetting ensures the disruption of aggregates thereby releasing soil C for microbial 
decomposition. Moreover, gradual rewetting may also cause cracking thereby 
releasing extra substrates (Fierer and Schimel 2002; Schimel et al. 2011). According 
to microbial stress mechanism, the microbes accumulate solutes (osmolytes) inside 
their cells to retain the limited amount of moisture available in time of drought. The 
rapid release of C after rewetting has been attributed to these microbial solutes 
released from cells. Initially, it was thought that the cell death occurs in this process 
thereby resulting extra availability of soil C. However, the later investigations have 
shown that the cells survive this release of osmolytes following rewetting (Fierer 
and Schimel 2002; Schimel et al. 2007).

4  Role of Carbon Sequestration in Sustainable Agriculture

The complex interactions among climate and soil processes (physical, chemical, 
and biological) determine the level of organic C in soil at any time. Soil C sequestra-
tion may play a crucial role in sustainable agriculture because it is highly sustain-
able and eco-friendly approach. It does not only offset the anthropogenic rise of 
atmospheric CO2 but also improves the soil quality. Improved soil quality is highly 
indispensable determinant of global food security.
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4.1  Effect on Soil Health

Soil organic C has not only multifarious benefits on physical, chemical, and biologi-
cal health of soil but also buffers the polluting substances present in the soil (Fig. 2). 
Soil carbon sequestration has two co-benefits i.e. mitigating the global warming by 
entrapping the atmospheric CO2 as well as improving the soil quality and health. 
The balance between C inputs (plant residues and rhizo-deposition) and C outputs 
from soil via microbial degradation of SOM as well as plant respiration determines 
the absolute amount of available SOC. Under any climate and soil type, the rate of 
C incorporation into soil is a good indicator in determining the extent of C seques-
tration in soil (Paustian et al. 1997). The SOC is an indispensable component of the 
natural C cycle and soils can retain nearly twice as much C as in the atmosphere as 
well as vegetation on a global scale. Miller and Miller (2000) reported that applica-
tion of organic matter to cropland can potentially impact the soil properties but the 
effects may not be temporally detectable.

4.1.1  Soil Physical Health

Aggregate stability is the driving factor for better soil fertility and can be escalated 
through appropriate management of organic amendments and improving the soil C 
content, which consequently improve the soil structure. The improvement in soil 

� Aggregate stability
� Pore size distribution
� High water retention
� Root proliferation
� Physical protection against erosion

� Higher organic matter status
� Higher cation exchange capacity (CEC)
� High buffering capacity of soil
� Higher soil fertility

� Proliferated microbial activity
� Increased nutrients cycling 
� Higher nutrient availability
� Increased enzyme activity

Physical

Pragmatic impacts of SOC on soil health 

Chemical

Biological

Fig. 2 The pragmatic impact of carbon sequestration on soil health parameters
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structure could enhance the pore size distribution of soil which is highly suitable for 
gaseous exchange, water retention, better root proliferation, and microbial activity 
(Van-Camp et  al. 2004). Soils with greater proportion of organic matter are less 
vulnerable to water erosion than soils with lower proportion i.e. in arid and semi- 
arid regions (Durán and Pleguezuelo 2008). The SOM with labile components (eas-
ily decomposable) has transient and large impacts on aggregate stability, whereas 
the impacts of recalcitrant organic material (lignin and cellulose) are relatively 
lower but may persist for longer time periods.

The soil structure is possibly stabilized by these two mechanisms with concur-
rent increase of organic matter: (1) by improved cohesive forces among particles 
within aggregates and (2) increase in their hydrophobicity. While, Van-Camp et al. 
(2004) reported that the subsequent proliferation in microbial activity after the addi-
tion of organic matter may also enhance the stability of soil structure. Abiven et al. 
(2008) found that numerous biological agents have been observed responsible for 
the aggregation as well as aggregate stability. Microbially-synthesized polysaccha-
rides especially at the inception of OM degradation may enhance the inter-particle 
cohesive forces and adsorption of mineral particles on organic residues. Thus, 
enhancing soil C content may improve the aggregation and structure of soil.

The soil aggregate stability was found higher (28.3%) in case of non-leguminous 
organic matter followed by their combined treatment (22.4%) at the end of experi-
ment probably due to higher amount of humic acids which directly improved the 
formation of complexes between clay and organic matter (Tejada et  al. 2008). 
Another study is evident that after ten cycles of rice-wheat cropping, the amount of 
hydrophobic aggregates was substantially higher in plots receiving rice-straw com-
post amendment in comparison with the inorganic amendments (Sodhi et al. 2009), 
the greater aggregate stability was assigned to intermittent incorporation of organic 
matter into soil which consequently enhance the microbial activity and formation of 
microbial products, leading to greater binding of soil particles.

4.1.2  Soil Chemical Health

Chemically, SOM has a strong influence on the CEC and the buffering capacity of 
soil for pH (Walsh and McDonnell 2012). Crop residue is a prime substrate for the 
accumulation of SOC and enhancement of soil productivity. The plant residual 
material upon decomposition and mineralization yield essential plant nutrients, and 
advances soil fertility.

The increase in soil C storage through the addition of organic amendments 
caused a considerable increase in the CEC of soil possibly due to the negative 
charge of soil organic matter (Kaur et al. 2008). This increase in CEC of soil by 
organic amendments improves the availability of nutrients to plants. The humic 
substances rank among chemically most active substances in the soil having cation 
and anion exchange capacities much larger than those of clay particles and being the 
long-lived decisive chemical component may persist in the soil from decades to mil-
lennia (Mayhew 2004). Numerous researches provide the evidences that consistent 
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addition of organic matter into soil for a longer period caused an increase in both 
soil C and N stock, and enhanced the accumulation of C and N, rendering it higher 
stability likely due to aggregation (Sodhi et al. 2009).

4.1.3  Soil Biological Health

The SOM serves as the primary source of food and energy for soil microbial and 
plant biomass. A chemically and biologically fertile soil without the ability to physi-
cally support the plant growth is unable to attain required agronomic potential. Soil 
productivity is evaluated through the influence of SOM on the physical, chemical, 
and biological characteristics of the soil.

The decomposer microorganisms utilize the organic C which is subsequently 
either incorporated into microbial cells or released as carbon dioxide via soil respi-
ration. Consequently, the macronutrients i.e. N, P, and S, present in the soil organic 
matter are mineralized. Later on, these inorganic nutrients are either immobilized or 
released into soil available nutrient pool (Baldock and Skjemstad 2000). The use of 
organic amendments i.e. composts and farm yard manures, can sustain the micro-
bial biomass population for a relatively longer period of time possibly due to slow 
release of nutrients following their decomposition, as compared with inorganic fer-
tilizers (Murphy et al. 2007). Another pragmatic impact of composts on the micro-
bial activity was observed which tended to improve the higher availability of plants 
nutrients. Ginting et al. (2003) found the residual effects of composts and manures 
on soil microbial biomass after 4 years of application and documented that these 
organic amendments promote the microbial biomass from 20% to 40%, as com-
pared with inorganic fertilizers. Research showed that single addition of municipal 
waste for 17 years caused an increment of 70% in the soil organic matter in semi- 
arid Mediterranean conditions (Bastida et al. 2008).

Several researches evidenced that humic substances positively influence the 
activities of enzymes i.e. urease, β-glucosidase, alkaline phosphatase, and 
o- diphenyloxidase, and thereby improve the soil health and biochemistry as well 
(Kaur et al. 2008). Both the quality and quantity of organic matter are important 
drivers for controlling the profusion and activities of microbial communities impli-
cated in nutrient cycling. For instance, addition of composted material enhanced the 
organic C and enzyme activities more and at an accelerated rate than the addition of 
fresh paper mill residuals (Leon et al. 2006).

4.2  Cropping Pattern and Intensity

The impact of cropping intensity and fallowing of land on the rate of C sequestra-
tion was determined by Maysoon et al. (2010). The different crops viz. winter wheat, 
corn, pearl millet, dry pea, and fallows were included in the cropping intensities. 
The results showed that crop rotations with higher intensity caused a considerable 
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increase in the level of soil C sequestration than those ones with fallows. The pres-
ence of dry pea (legume) in crop rotation induced non-significant impact on C 
sequestration when observed with rotations with summer fallows. The higher crop-
ping intensity induced the formation of macro-aggregates with grasses in no-tilled 
soil, while aggregate development was recorded minimum in less intensive rota-
tions. Higher macro-aggregates formation under higher cropping intensity favored 
the preservation of particulate organic matter and soil organic matter in most inten-
sive crop rotations. Therefore, most intensive crop rotations posed pragmatic 
impacts on soil C storage as well as its protection and stabilization within soil 
aggregates.

Shukla et al. (2017) evaluated the level of soil C sequestration in two cropping 
systems viz. rice-wheat and sugarcane-ratoon-wheat. The observations showed that 
the bulk density was higher in rice-wheat system (1.145 Mg m−3) than the sugarcane- 
ratoon- wheat system (1.10 Mg m−3). Soil porosity was observed (58.68%) higher in 
sugar-ratoon-wheat system, as compared with rice-wheat system. The amount of C 
sequestered was found (19.51%) higher in sugarcane-ratoon-wheat system than the 
other one up to 0–15 cm soil depth. In addition, nutrient status and availability was 
also higher in the soil with sugarcane-ratoon-wheat system than the soil with other 
system. The management practices enhancing the soil C storage also improve the 
soil health and crop productivity. Different regions have variable potential to seques-
ter the C probably due to variations in their climate, soil conditions, and cropping 
systems.

4.3  Effect on Crop Yield and Productivity

Behind offsetting the amount of atmospheric GHGs, both restoration and improve-
ment of soil C pool are vital to increase the agronomic production as well as food 
security. Increasing C sequestration is indispensable to improve the soil quality and 
health as well as for greater efficacy of applied agricultural inputs (agro-chemicals 
and water). The lucrative impacts of precious farm inputs i.e. improved varieties, 
advanced agro-chemicals, and improved management practices can only be realized 
through improving the soil C status.

Soil C storage for long time poses beneficial impacts on plants, soil health and 
productivity and mitigating the climate change (Goh 2004). The pragmatic effects 
of SOM on crop productivity are attributed to its higher nutrient status, suitability 
for soil physical condition, favorable conditions for soil health and involvement in 
nutrient cycling processes. The grain yield and soil productivity improved with 
increasing SOC levels (Edmeades 2003). The benefits of increased soil C sequestra-
tion on soil health and productivity are congruent with their role in mitigation of 
climate change. Beneficial effects include SOM acting as a source of major plant 
nutrients, a promoter of favorable soil physical conditions, soil biota population, 
and nutrient cycling processes. Tittarelli et al. (2007) highlighted that approxima-
tion of organic matter and nutrient supply is the simplistic method to determine the 
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agronomic efficiency of stabilized fraction of organic matter (humus). The agricul-
tural management practices that enhance the soil organic matter content are consid-
ered sustainable practices because they simultaneously improve the environmental 
quality through preservation of farming output (Lal 2004b).

The fertility level of soil is highly based on the soil organic C which may yield 
huge amount of nutrients i.e. N, P, Ca, S, and Zn upon mineralization. The SOM as 
a highly reactive and omnipresent soil quality parameter, influences the physical 
stability as well as productivity of soil (Lal 2006). Regular addition of organic mate-
rials enhances the soil fertility with respect to its strong influence on the aggregate 
stability of soil and this rise in soil fertility possibly leads to potential higher soil 
productivity and cropping yield. Higher organic matter as a result of C sequestration 
improves the fertility status of soils by enhancing the supply and availability of 
nutrients through its decomposition. The increased C stock in soil has a pragmatic 
impact on agricultural soil and crop productivity and can potently ensure the food 
security.

4.4  Effect on Global Environment

Increasing SOM contents in soil has a great potential to cushion the climate change 
through potentially reducing the amounts of GHGs in the atmosphere. Current 
numerous studies provide the evidence that partially degraded and most of the agri-
cultural soils can substantially minimize the raising global CO2 levels. Currently, 
soil organic matter has been emerging as a critical component of soil for potentially 
acting as a source or sink of atmospheric GHGs responsible for global warming (Lal 
2002). Globally, soils retain about twofold more C than that present in atmosphere 
or captured in vegetation (Trumbore et al. 1996). The extent of C sequestration var-
ies from 100 to 1000 kg ha−1 year−1 for soil organic C and 5–15 kg ha−1 year−1 for 
soil inorganic C, reliant on the soil properties, climatic conditions, land-use changes, 
and cropping patterns (Lal 2009). Climate change prediction models project that the 
annual decrease of 3.5–4 Gt in CO2 emission might have the potential to control the 
increase in temperature by 1.5–2 °C till 2050. But this annual reduction in atmo-
spheric CO2 concentration can be substantiated only by enhancing the C storage in 
the deeper layers of soils (Minasny et al. 2017).

5  Conclusion

Carbon sequestration is a promising approach to decrease the concentration of CO2 
in atmosphere with the aim of offsetting the global climate change and improving 
the soil health for better plant growth ensuring the food security. Amongst climatic 
factors, SOM decomposition is more sensitive to increasing temperature than pre-
cipitation and elevated CO2 level. While, soil texture is the predominant edaphic 
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factor that may affect SOC accumulation. The impact of agricultural practices on C 
sequestration largely differs among different soil types. Soil physical and biological 
characteristics are the major drivers that could potentially control the amount of 
SOC in response to different agricultural practices during a short time period. The 
loss of C through intensive tillage can be halted by adopting the conservation tillage 
or no-till practices; however, its benefits in increasing the organic fraction of soil 
can be enhanced substantially in combination with proper cropping sequence and 
pattern. The addition of legumes into the cropping schemes may be a suitable option 
to enhance the SOC storage in the soil. The strategy of C sequestration may be an 
advantageous tool in achieving the goals of sustainable agriculture because it not 
only improves the physical, chemical, and biological health of soil but also buffers 
the polluting substances present in soil.
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Abstract Biochar is an emerging soil amendment in agriculture with many facets 
contributing towards agricultural sustainability. The increased population burden 
had shrunken the global cultivable area, putting tremendous pressure in agricultural 
productivity. This has led to an increased use of chemicals in the form of pesticides, 
herbicides, insecticides or inorganic fertilizers polluting the whole environment. 
Increased use of inorganic nitrogenous fertilizer sources lead to leaching of nitrogen 
that contaminate the water bodies and deteriorate soil heath. It also increases emis-
sion of greenhouse gas (GHG) nitrous oxide from the agricultural fields contribut-
ing towards global warming. Use of biochar in agriculture has shown encouraging 
results in mitigating soil pollution and decreasing soil acidity. Reduced greenhouse 
gas emission and improved soil fertility is obtained under biochar application due to 
its physico-chemical properties such as higher porosity, alkalinity and nutrient con-
tents. Thus, the role of biochar in soil fertility, pollution remediation, greenhouse 
gas emissions, abiotic stress and disease management makes it an important tool of 
sustainable agriculture.
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1  Introduction

Excessive use of inorganic fertilizers in agriculture for yield improvement has con-
tributed immensely to greenhouse gas emission leading to global warming, climate 
change as well as soil and water pollution (Zheng et al. 2007; Annabi et al. 2011). 
Moreover, long-term cultivation builds soil acidity, deplete soil organic matter 
stock, and erode the top soil layer leading to formation of degraded land (De Meyer 
et  al. 2011). Thus, the rising concerns about these global environmental issues 
necessitate the use of alternative sources of fertilizers. In addition, the requirement 
of a sustainable agricultural system along with economic improvement of the farm-
ers demanded key changes in agricultural crop management practices. Manures and 
composts have been used as alternative sources of inorganic fertilizers from long 
back. But, they contain pathogens and have the potentiality to release the green-
house gases i.e. methane, nitrous oxide, etc. (Lehmann et al. 2011) and increase the 
mineralization of SOC stock (Sarma et al. 2017a). In recent studies, biochar is iden-
tified as a promising resource for soil’s fertility management (Lone et  al. 2015). 
Biochar also gained attention for its higher adsorption capacity and extensively 
studied to reduce the pesticide bioavailability (Ahmad et al. 2014; Khorram et al. 
2016). Being a renewable source of amendment as well as its agronomic, environ-
mental and economic benefits (Fig. 1), the importance of biochar is expanding glob-
ally (Liu et al. 2013; Stavi and Lal 2013).

The production of biochar is done through the process of pyrolysis in an oxygen- 
deficient environment where the thermal conversion of biomass and organic mate-
rial is completed to a charred compound at varying temperatures (Joseph et  al. 
2010). The produced biochar is highly porous, rich in carbon (C) and also contains 
other plant nutrients like nitrogen (N), phosphorous (P), sulfur (S) along with ash, 
hydrogen (H), oxygen (O), (Duku et  al. 2011; Lehmann and Joseph 2015). The 

Fig. 1 Potential applications of biochar application in sustainable agriculture
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porous surface of biochar also contains numerous functional groups (Lehmann and 
Joseph 2009) and extractable fulvic- and humic-like elements (Lin et  al. 2012). 
Furthermore, due to the presence of more aromatic C, the molecular structure of 
biochar possesses higher degree of stability both in terms of microbially and chemi-
cally (Cheng et al. 2008).

The production conditions like duration of pyrolysis, temperature during pyroly-
sis, type of raw materials used are the dominant parameters governing the charac-
teristics of biochar (Joseph et al. 2010; Bruun et al. 2011). A variety of raw materials 
such as hard- and soft-wood chips, agricultural waste, sewage sludge, organic waste, 
industrial waste, manure especially poultry manure, etc. are being used as feed 
stock for biochar production (Sohi et al. 2010; Hossain et al. 2010; Yuan et al. 2011; 
Khan et al. 2017; Yang et al. 2017).

The analysis of biochar has exhibited the presence of H, N and micro-nutrients 
like Mg, Ca, Na, Zn, Fe (Zhang et al. 2015; Sarma et al. 2017b). Studies reported an 
increase in ash and C content of biochar and surface area with increasing pyrolysis 
temperature from 300 to 600 °C (Tan et al. 2017). Biochar also has a number of 
polar and non-polar groups, which help in adsorbing heavy metal ions and nitrates 
(Schmidt et al. 2015; O’Connor et al. 2018).

1.1  Effects on Soil Nutrient Status/Soil Fertility

Biochar affects soil fertility in numerous ways. It can add nutrients by itself or make 
them more available for plant uptake or reduce decomposition rates of other organic 
material and thereby increasing soil C concentration in long run. Moreover, the 
large surface area of biochar facilitates increased cation exchange capacity (CEC), 
which in turn restricts nutrient leaching (Lehmann and Joseph 2009). Lehmann 
et al. (2003) also reported a significant decrease in leaching of applied fertilizers 
after addition of biochar with an increased plant uptake of nutrients like P, K and Ca. 
The improved CEC of soil after biochar application help in absorbance of added 
fertilizers to the biochar surfaces and thereby ensure nutrient sufficiency to plants 
(Steinbeiss et al. 2009). The availability of nutrients and its uptake are affected due 
to alteration of soil pH because of biochar addition (Lehmann and Joseph 2009). 
The basic ions in biochar also have a significant effect on soil pH. The base ions in 
biochar exchange with the H+ and Al3+ ions, that decreases the acidity of soil and 
increase soil alkalinity (Van Zwieten et al. 2010a). The nutrient availability in bio-
char amended soil is a function of many factors including the type of feedstock used 
for the production of biochar (Lehmann et al. 2003). For example, the total nutrient 
concentration in biochar can be high, however the proportion of plant available 
nutrients vary among different biochars. Nutrients like N and S in organic com-
pounds, are tightly bound and therefore less available to plants, which has been 
demonstrated in previous studies (Lehmann and Joseph 2009; Nelissen et al. 2015; 
Nguyen et al. 2017; Sarma et al. 2018). Wolf (2008) found an average C concentra-
tion of 47.6% in biochar when produced from agricultural wastes. However, Gaskin 
et al. (2010) showed that C concentration in biochar produced from poultry manure 
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and pine chips can range between 40% and 78%. In general, biochar has a high C/N 
ratio (mean value of 67%) which indicates that immobilization of N can occur when 
applied to soil. Thus, the application of biochar contributes towards higher N reten-
tion (Güereña et al. 2013) by decreasing leaching losses of NO3

−. This reduction of 
NO3

− leaching under biochar addition is owing to its sorption to biochar, immobili-
zation by microbes (Zheng et  al. 2013) along with eventual uptake by the plant 
(Steiner et al. 2008). Rondon et al. (2007) reported that addition of Eucalyptus deg-
lupta biochar produced at low temperature (350 °C) improve legume growth and 
yield in alkaline soil through better fixation of biological nitrogen due to lowering 
of soil pH. This increased biological N fixation due to biochar application in alka-
line soil under legume cultivation increases nutrient availability, particularly P and 
N that contributes to the increased crop yield. The increased biological N fixing due 
to biochar application can be attributed to biochar-induced availability of P (Tagoe 
et al. 2008), K (Mia et al. 2014), and micronutrients like boron and molybdenum 
(Rondon et al. 2007). Because of the stability of C in biochar, it cannot easily be 
digested by microbes and therefore, it acts as source of slow release of nutrients 
especially N (Lone et al. 2015). The surface area can be colonized and small pores 
act as refugee site for microbes to avoid grazers (Thies and Rillig 2009). The porous 
nature of biochar shows a positive influence on mycorrhizal fungi i.e. biochar pro-
vides the physical environment required for its growth (Solaiman et  al. 2010). 
Biochar increases the association between mycorrhizal fungi and plant roots that 
promoted higher P availability (Garcia-Montiel et  al. 2000). However, the better 
microbial population straightaway after application of biochar can be accredited to 
the labile components of the added biochar (Smith et al. 2010). Thus, by providing 
a positive impact on the availability of both micro- and macronutrients in soil, bio-
char helps in soil fertility improvement.

1.2  Effects of Biochar on Soil Physico-chemical Properties

Biochar incorporation into soil has an impact on soil aggregate stability, porosity 
and other hydrological functions such as water holding capacity. Application of 
biochar influences soil physico-chemical characteristics through several mecha-
nisms. For example, the improvement of soil pores is due to its higher porous sur-
faces, which also augments spaces for microbes between the pores and surrounding 
soil aggregates, and thus significantly alters soil characteristics.

The persistence of soil pore is also enhanced under biochar application due to 
better aggregate stability (Hardie et al. 2014). Many studies have specified the posi-
tive effects of biochar on soil water retention capacity (Githinji 2014; Sarma et al. 
2017b). Biochar, due to its lighter texture, decreases soil bulk density, which in turn 
increases the porosity and water retention (Abel et  al. 2013; Karhu et  al. 2011). 
However, these changes are largely dependent on biochar properties such as rate of 
application, particle size and feedstock (Li et al. 2018; Narzari et al. 2015). The 
biochar-induced responses are also dependent on soil type. Jeffery et  al. (2015) 
found no significant improvement in hydrological functions of sandy soil due to 
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addition of biochar. Likewise, no significant difference was obtained between bio-
char treated loamy sand soil and soil without biochar with regard to its physical 
properties and water availability (Hardie et al. 2014). Haefele et al. (2011) reported 
variable effect of biochar application in different soil types with decreased bulk 
density in the top layer of clay soil but found no effects on loamy sand soil. In addi-
tion to soil physical and water retention properties, biochar potentially alters soil pH 
(Glaser et al. 2002). Unger (2008) and Chintala et al. (2014) reported increased pH 
of acidic soil while in alkaline soil pH decreased. Column experiments reported by 
Bruun et al. (2014) showed increased pH of sub-soil from 6.8 to 9.2 with the addi-
tion of slow pyrolysed straw biochar but found no effect when the same quantity of 
wood biochar produced at pyrolysis temperature of 450–480 °C was added. In an 
incubation experiment, Laird et al. (2010) reported increased pH by one unit after 
application of mixed biochar at a rate of 20 g kg−1 soil. Thus, the alteration of bulk 
density, porosity, hydraulic characteristics and soil pH under biochar application is 
not consistent and vary with soil type and biochar properties.

Biochar application is also associated with the modification of soil nutrients 
availability and soil CEC (Table 1). When added to soil, biochar is exposed to water 
and oxygen that causes spontaneous surface oxidation leading to increased anion 
contents and hence a higher CEC value (Agegnehu et al. 2017). A recent study by 

Table 1 Influence of biochar application on soil nutrients/pollutants

Feed materials Parameters studied Results obtained +/− References

Switchgrass, water oak 
and biosolids

Sorption of nitrogen 
(as NH4

+, NO2
− and 

NO3
−)

Switchgrass: +NH4
+; 

−NO2
− and NO3

−
Li et al. (2018)

Biosolids: decrease in NH4
+ 

retention with increasing 
pyrolysis temperature

Rice straw Nitrification and 
nitrate leaching

Increase in nitrification and 
decrease in leaching

Zhao et al. 
(2013)

Peanut hull, pine chip N, P, K, S, Ca, Mg Peanut hull: + N P K Ca 
Mg

Gaskin et al. 
(2010)

Pine Chip: −Ca, K
Sugarcane bagasse, 
peanut hull, Brazilian 
pepperwood and bamboo

Sorption of nitrate, 
ammonium, and 
phosphate

Reduced nitrate, 
ammonium, and phosphate 
leaching

Yao et al. (2012)

Mixed wood Ca, Mg, K, P, Sr, Al +K, Sr, P; decrease in Ca 
and Mg loss; −Al

Major et al. 
(2010a)

Papermill waste Exchangeable Al, Ca −Exchangeable Al 
+Exchangeable Ca

Van Zwieten 
et al. (2010a)

Miscanthus (Miscanthus 
x giganteus) straw, 
willow (Salix sp.) wood 
chip

NO3 –N; NH4
+−N NO3 –N >NH4

+−N Prendergast- 
Miller et al. 
(2014)

Sewage sludge NH4
+, NO3

−, PO4
3−, 

K+ leaching
Reduced NH4

+, NO3
−, 

PO4
3−, K+ leaching

Yuan et al. 
(2016)

Chicken manure Ca, Fe, K, P, Cu, 
Mn, Ni, Zn

+ Ca, Fe, K, P, Cu, Mn, Ni, 
Zn

Hass et al. 
(2012)
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Gautam et al. (2017) reported increased K+ availability upon biochar addition (5 t 
ha−1) in silty loam Nepalese soil. Biochar also affect the soil C/N ratio, which is a 
key function for alteration of many other soil parameters (Wang et  al. 2015). 
However, the total N content decreased with an increase in pyrolytic temperature 
during biochar production (Feng et  al. 2012). Nutrient contents in biochar are 
widely studied and found to be the function of feedstock used for biochar produc-
tion. Biochar derived from manure is rich in soil nutrients such as N, P, Ca, Mg, and 
K (Cantrell et al. 2012) while that of sludge- derived biochar has higher N and P 
concentrations (Hossain et  al. 2011). Thus, application of biochar with various 
nutrient contents results in alteration of the soil chemical properties (Table 1).

1.3  Biochar and Its Impacts on Crop Growth and Yield

Biochar is being promoted as a potential soil amendment, which illustrates differen-
tial responses to crop growth and yield (Table 2). These biochar-mediated positive, 
negative or no effects on crop growth can be attributed to the factors such as types 
of crop and soil, soil mineralogy, biochar properties such as rate and age of biochar, 
raw materials used and pyrolysis conditions during biochar production (Sarma et al. 
2017b). In biochar amended Ferrosol, increased biomass was noted in radish while 

Table 2 Impact of biochar application on crop growth and yield

Biochar sources Crop types
Effect on soil properties/soil 
quality changes References

Teak and rose wood 
biochars (4–16 t ha−1)

Rice and 
sorghum

Improved plant growth and 2–3 
times yield increment

Asai et al. (2009) 
and Steiner et al. 
(2007)

Oil palm fruit bunch 
biochar (10, 20 and 40 t 
ha−1) green waste compost

Rice Increase in grain yield under 
organic system of rice 
intensification by 141–472%

Bakar et al. (2015)

Mango wood (8, 16 t 
ha−1), corn stover (2.6–91 t 
ha−1)

Maize Increase in plant biomass form 
30–43% and grain yield by 
22%

Rajkovich et al. 
(2012)

Maize straw (20,30 and 
40 t ha−1)

Choy sum 
and 
amaranth

Increase in grain yield by 
28–48%

Jia et al. (2012)

Citrus wood biochar (1, 3 
and 5% by volume in pots)

Pepper and 
tomato

Increase in leaf area, canopy 
dry weight, number of nodes 
and yield

Graber et al. 
(2010)

Biochar from whole tree 
green waste of acacia 
green fowl manure (10 t 
ha−1)

Apple Increase in tree trunk girth 
without any effect on yield or 
quality

Eyles et al. (2015)

Rice husk char (25, 50, 
and 150 g kg−1)

Lettuce and 
cabbage

Increase in biomass by 903% Carter et al. (2013)
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no significant effect was found for wheat and soybean. While in Calcarosol, biochar 
application increased soybean biomass, but reduced wheat and radish biomass (Van 
Zwieten et al. 2010b). The responses of biochar to plant growth is directly due to 
supply of nutrients or indirectly due to amelioration of soil physico-chemical prop-
erties (Agegnehu et al. 2016a) and increased microbial activities (Wang et al. 2016). 
Vaccari et al. (2011) reported higher wheat yield due to addition of hardwood bio-
char. Similar results were also reported by Sarma et al. (2017b). Major et al. (2010b) 
reported no significant increase in maize yield under biochar addition during 1st 
year of experimentation. However, 28%, 30% and 140% increased maize yield over 
control was recorded in subsequent 3 years of experimentation with the addition of 
20 t ha−1 biochar. This signifies the long term benefits of biochar in terms of crop 
yield which might be due to slow release of nutrients along with stabilization of 
higher organic matter and retention of cations (Lehmann 2007). Martinsen et  al. 
(2014) stated that addition of K due to biochar application aid an increased maize 
biomass under nutrient stress condition. The growth rate of sorghum was also 
increased (15–32 times) in a nutrient- poor soil after amended with algal biochar 
(Bird et al. 2012). Biochar application (25 t ha−1) along with farmyard manure (5 t 
ha−1) results in improved maize growth with lower weed population till 30–60 days 
of sowing (Arif et al. 2012). Application of biochar also significantly increased N 
uptake in wheat grown in fertilizer-amended ferrosol, resulting in a concomitant 
increase of 250% biomass production compared to the control attributable to 
improved fertilizer use efficiency. Nevertheless, a number of studies on biochar- 
mediated impacts on crop growth and yield reported negligible or insignificant 
responses in temperate regions (Schmidt et al. 2014). Thus, the impact of biochar on 
crop growth and development is a function of numerous factors including the soil 
properties, climatic conditions, crops and characteristics of the applied biochar.

2  Biochar Application and Emission of GHG 
from Agricultural Soil

As soil amendment, biochar has shown promising results in increasing soil fertility 
and altering soil physio-chemical properties that enhance crop production 
(Table 2). Due to its recalcitrant nature, biochar helps in C sequestration (Harvey 
et al. 2012). However, the presence of some amount of labile C in biochar is min-
eralized over time and leads to CO2 emissions from the applied soils (Hilscher 
et al. 2009; Kuzyakov et al. 2009; Zimmerman 2010). Many studies conducted to 
observe the CO2 emission rate from the soil under biochar application. These stud-
ies delineate that though the emissions are significantly high at initial stages of 
application, but become sable after the labile C has mineralized (Ameloot et al. 
2013). Besides CO2, biochars are also known to interfere with emission of other 
greenhouse gases such as N2O and CH4 from soil (Wang et al. 2011; Saarnio et al. 
2013; Scheer et al. 2011).
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2.1  Biochar Application and Soil N2O Emission

Agriculture is the main source of the global anthropogenic N2O emission (Smith 
et al. 2008), mostly due to the extensive use of synthetic nitrogenous (N) fertilizers. 
Though some studies described that N2O is produced via. abiotic redox reactions 
(Samarkin et al. 2010; Rubasinghege et al. 2011), but predominantly it is generated 
by the microbial transformations of reactive N in soil (Baggs 2011; Thomson et al. 
2012; Butterbach-Bahl et al. 2013). Moreover, soil can act not only as a source but 
also as a sink for N2O (Chapuis-Lardy et al. 2007; Thomson et al. 2012). Nitrous 
oxide can be used by some heterotrophic bacteria, as well as by some autotrophic 
bacteria for respiration and is further transformed to N2 (Chapuis-Lardy et al. 2007). 
Nitrification and denitrification are the two processes that drive soil N2O production 
(Davidson et al. 1986) and enhancing crop available N is an effective strategy to 
reduce N losses through direct and indirect emissions (Mosier et al. 1998). Singh 
et al. (2010) and Van Zwieten et al. (2010b) suggested that biochar application could 
affect N transformation and N fate in soils. Furthermore, when biochar applied to 
soybean crop and grass covered fields Rondon et al. (2005) reported 50–80% reduc-
tion in soil N2O emissions. Stimulation or inhibition of N2O emission by biochar 
depends upon the initial soil moisture during the soil rewetting period (Yanai et al. 
2007). Soil bioavailable or reactive N in soil constitutes both organic as well as 
mineral N species, including nitrate and ammonium, which are readily utilized by 
microorganisms and plants (Huygens et  al. 2008). Biochar application in soils 
reduces the N stock that are available for denitrification as soil ammonium retention 
is much enhanced under biochar application (Singh et al. 2010; Steiner et al. 2010). 
Biochar addition in soil decreases the soil NH4

+ -N and NO3-N concentration that 
reduces the soil N2O emission potential (Wang et al. 2011). Zwieten et al. (2009) 
also reported that the degree of reduction in N2O emission under biochar application 
also depends on the feedstock used to produce biochar, soil type and rate of applica-
tion along with soil moisture content. Biochar properties such as pH and C/N ratio 
affect the soil N dynamics (Cavigelli and Robertson 2001; Yanai et al. 2007; Rondon 
et al. 2007; Warnock et al. 2007; Zwieten et al. 2009). Alkaline nature of biochar 
increases the soil pH which favors the activity of enzyme such as N2O reductase in 
denitrifying bacteria (Yanai et  al. 2007), while inhibiting the reductases activity 
involved in the conversion of nitrite to nitrate and ultimately to N2O (Zwieten et al. 
2009). Biochar alters the microbial abundance and community composition 
(Lehmann et  al. 2011) including ammonium oxidizer community composition 
(Dempster et  al. 2012) in soil. Theoretically, the ratio of nitrifiers to denitrifiers 
within the soil affected under biochar application. The effect of biochar on soil N2O 
emission is not always positive. For example, increased biological nitrogen fixation 
in legumes under biochar application (Nishio 1996; Rondon et al. 2007) can likely 
increase N within the soil system and may ultimately rise the potential for N2O 
emissions. Studies done so far suggest that though biochar has the ability to reduce 
soil N2O emission, but the degree of reduction depends upon the soil type, soil 
moisture content and biochar properties, that vary with the feedstock material and 
pyrolysis conditions.
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2.2  Biochar Application and Soil CH4 Emission

Methane is produced naturally under waterlogged anaerobic conditions by metha-
nogenic archaea by the process of methanogenesis (Conrad 2007). Methanotrophy 
on the other hand takes place in soils under aerobic condition and is considered the 
sink of methane. Methanotrophic bacteria such as groups of α- and γ-proteobacteria 
are the primary drivers of this process that completely feed on methane along with 
some bacteria of genera Methylocapsa and Methylocella that are facultative metha-
notrophs (Pratscher et al. 2011; Knief 2015). These two processes undergoing in 
soil decide whether the soil act as a source or sink of CH4. Biochar is known to alter 
soil physical and chemical properties such as increase pH, soil aeration and decrease 
bulk density. Higher soil porosity and potential to decrease bulk density under bio-
char application facilitates soil aeration. Theoretically, this situation should promote 
methanotrophy over methanogenesis. But, the studies done so far do not provide 
ample evidences about the processes driven by soil biochar addition with regards to 
CH4 emission. For example, Rondon et al. (2005) found complete suppression of 
CH4 emissions when soil was amended with biochar at the rate of 20  g kg−1. 
Whereas, Knoblauch et al. (2008), Feng et al. (2012), Dong et al. (2013) and Reddy 
et al. (2014a), Zhang et al. (2010) and Spokas and Bogner (2011) observed no sig-
nificant changes in soil CH4 emissions when amended with biochar with respect to 
non-amended soils. However, quite a good number of studies were conducted on 
soil CH4 emission under biochar application, but the mechanisms proposed are only 
assumed, hypothesized or remain unclear. The mechanism which affects CH4 fluxes 
due to biochar include sorption of CH4 to its surface (Yaghoubio et al. 2014) and 
enhancement of soil aeration that may upsurge diffusive CH4 uptake (Van Zwieten 
et al. 2010a; Karhu et al. 2011), as microbial CH4 oxidation in upland soils is mostly 
substrate-limited (Castro et al. 1994). Moreover, under anoxic conditions, the labile 
C pool of biochar may act as methanogenic substrate and thus promote CH4 produc-
tion (Wang et al. 2012). Biochar has also shown to encourage methanotrophic CH4 
consumption under aerobic/anaerobic interfaces in anaerobic conditions and reduce 
CH4 emissions via the “biofilter” function of CH4 consumption (Feng et al. 2012; 
Reddy et al. 2014b). The studies done so far reveal that application of biochar has 
positive, negative and no significant effect on CH4 emission and further studies 
needed to confirm the mechanisms involved there in.

2.3  Biochar Application and Soil CO2 Emission

Converting biomass into biochar can stabilize organic C and thus has the potential 
to reduce CO2 emissions (Lehmann et  al. 2006; Steiner et  al. 2007; Major et  al. 
2010b), though biochar can be decomposed by microbes to some extent (Czimczik 
and Masiello 2007). Abiven and Andreoli (2011) and Jones et al. (2011) found that 
biochar application does not enhance the mineralization of soil organic matter, but 
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the decomposition of biochar itself increases the soil respiration rate. However, 
degradable portion of biochar is very small and decomposed very quickly as com-
pared to the time it required to sequester the non-mineralized portion (Jones et al. 
2011; Bruun et al. 2012). Kuzyakov et al. (2009) found that the decomposition of 
biochar was relatively quick during the first 3 months following its addition to soil 
and slow, partial decomposition occurred during the following 3.2  years of the 
experiment. Pyrolysis temperature plays a vital role in mineralization of the biochar 
and thus CO2 emission from the soil. Zimmerman et al. (2011) concluded that bio-
char produced at temperatures below 400  °C stimulate C mineralization which 
decreases with increasing pyrolysis temperature. The differences in pyrolysis tem-
perature induces significant changes in physiochemical structure as well as compo-
sition of the biochar (Asadullah et  al. 2010; Li et  al. 2006; Scott and Glasspool 
2007) responsible for CO2 evolution as observed in several studies (Baldock and 
Smernik 2002; Nguyen and Lehmann 2009). Furthermore, the decomposition rate 
of biochar and ultimately CO2 emission vary under varying soil environments such 
as water regime (Nguyen and Lehmann 2009) and native soil organic carbon con-
centrations (Kimetu and Lehmann 2010). The pyrolysis temperature and the feed-
stock material determine the degree of polarity (i.e. O/C ratio) as well as the 
aromaticity (i.e. H/C ratio) of the produced biochar. Low aromaticity and high 
polarity indicate the presence of higher amount of labile C and thus more CO2 emis-
sion form the soil after its application (Khodadad et al. 2011). Similarly, high aro-
maticity and low polarity of biochar designate lower amount of labile and higher 
amount of stable C that leads to high sequestration potential of the biochar and 
ultimately lower amount of CO2 emission from the soil (Chun et al. 2004).

Thus, biochar can be used to extract more CO2 from atmosphere into soils and its 
use can be an effective approach to combat global warming in the coming future.

3  Pollutant Bioavailability in Agricultural Soil 
Under Biochar Application

To feed the immensely growing population of the world, the need of higher agricul-
tural production from the limited cultivable area is become a matter of concern in 
present time. This has led to the dependence of the farmers to the inorganic fertil-
izers and pesticides and non-judicious use of these chemicals cause pollution of the 
agricultural soils. The global use of pesticides, insecticides and herbicides is in huge 
amount and the accurate data for which is not available (Benbrook 2016). In the 
1990s, about $13,280 million worth of pesticides, herbicides and insecticides were 
sold globally (Khan 2016). This indicates the magnitude of pesticides, herbicides 
and insecticides used globally. Soil remediation methods such as soil washing, 
flushing, vapor extraction and bioremediation are proposed by many researchers to 
remediate the contaminated soil (Kong et al. 2014). However, the feasibility of all 
these methods in agricultural soil is debatable because of the difficulties arising in 
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their application such as high maintenance cost, nutrient leaching, soil erosion or 
simply the unavailability of soil due to lack of fallow period (Kumpiene et al. 2008; 
Powlson et al. 2011; Kong et al. 2014). Hence, cost effective, in situ method by 
application of soil amendments to remediate the polluted agricultural soil is of 
immense importance (Lehmann and Joseph 2009).

During initial period, as soil amendment biochar gained importance in agricul-
ture and other qualities of biochar such as C sequestration, GHG emission reduction 
(Spokas et al. 2009; Zhang et al. 2010; Gomez-Eyles et al. 2011) has also come into 
light. The role of biochar in reducing bioavailability of pesticides and heavy metals 
has also not gone unnoticed (Cabrera et al. 2011; Barrow 2012; Chen et al. 2012; 
Ahmad et al. 2014). Properties of biochar like high porosity, presence of various 
functional groups, higher surface area and cation exchange capacity CEC make it 
potent soil amendment for correction of agricultural pollution (Park et  al. 2011; 
Jiang et al. 2012; Zhang et al. 2014).

Martin et al. (2012) reported that biochar is one of the most efficient sorbents of 
several groups of pesticides. The physio-chemical properties of biochar such as 
organic carbon content, specific surface area and porosity determine the pesticide 
adsorption capacity of biochar (Spokas et al. 2009; Dechene et al. 2014; García- 
Jaramillo et al. 2014; Sopena et al. 2012; Wang et al. 2010; Cabrera et al. 2014; Xu 
et al. 2008). Later on it is documented that biochar not only improves the pesticide 
sorption capacity of the soil but also affects the sorption mechanism and the bio-
availability of pesticide residue for organisms (Yang and Sheng 2003; Yu et  al. 
2006; Kookana et al. 2011). Pesticide mobility in biochar amended soils have been 
studied previously by various researchers (Wang et al. 2010; Sopena et al. 2012; 
Spokas et al. 2009; Cabrera et al. 2009). Wang et al. (2010) reported a higher adsorp-
tion of terbuthylazine in soil when amended with pine wood biochar. Sopena et al. 
(2012) observed that biochar obtained from Eucalyptus dunni had greater adsorp-
tion capacity for herbicide like isoproturon. Similarly, Spokas et al. (2009) found 
higher adsorption capacity of sawdust biochar to atrazine and acetochlor, whereas 
Cabrera et  al. (2009) documented almost a complete sorption of herbicides ben-
tazone and aminocyclopyrachlor by silt loam soil when amended with high specific 
surface area biochar obtained from wood pellets. These studies specify that the 
addition of C rich amendments to soil generally decrease pesticide leaching in soil 
due to an increased adsorption by the process of its entrapment into the micro pore 
network and/or pore deformation of the biochar (Larsbo et al. 2013; Li et al. 2013; 
Marin-Benito et al. 2013). Studies also documented reversible results on pesticide 
adsorption in biochar-amended soils. The process of this reversible adsorption can 
take place via different mechanisms such as the swelling of sorbent during adsorp-
tion process that results in deformation of macropore network (Sopena et al. 2012; 
Khorram et al. 2015) and weak bonding between biochar and the tested particles of 
pesticides (Tatarkova et al. 2013; Khorram et al. 2015). Adsorption and entrapment 
are not the only processes that are responsible for the reduced bioavailability of the 
pollutants in the soil. Studies have also revealed that microbial stimulation by bio-
char is also responsible for enhanced pesticide biodegradation leading to reduced 
bioavailability of the pesticides (Lopez-Pineiro et al. 2013; Zhang et al. 2005, 2006). 
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For example, Qiu et  al. (2009) found the degradation of atrazine increased with 
respect to the rate of application of wheat biochar. This increased degradation may 
be attributed to the better nutrient content, particularly P responsible for the 
enhanced microbial activity. Biochar has also documented promising results in 
enhancing sorption of polycyclic aromatic hydrocarbons into the soil (Chen and 
Yuan 2011). However, Sorption to biochar is determined by the presence of relative 
carbonized and non-carbonized fractions and their surface and bulk properties 
(Cheng et al. 2008) of the applied biochar.

The application of biochar is not only useful to mitigate the effects of pesticide 
pollution, as mentioned above but also to manage the heavy metal pollution caused 
by the over and/or non- judicious use of inorganic fertilizers. Studies done at both 
laboratory and field have demonstrated the efficiency of biochar in decreasing the 
mobility and bioavailability of heavy metals in soil (Jiang et al. 2012; Abdelhafez 
et al. 2014; Lu et al. 2014). Heavy metals having variable charges present in soil are 
available for plant uptake and can easily move into the plant because of the low pH 
and cation exchange capacity of the agricultural soils (Guo et al. 2006). The appli-
cation of biochar modifies the soil chemical properties such as electrical conductiv-
ity, pH, soil organic matter, CEC, dissolved organic C, and macro- and micronutrients 
promoting a suitable environment for reducing the bioavailability of heavy metals 
to the plants (Beesley et al. 2010; Park et al. 2011; Khan et al. 2017).

Mukherjee et al. (2011) reported that the presence of significant negative charge 
on biochar surface is responsible for attraction of positively charged metals and 
organic compounds from soil solution. During pyrolysis at low temperature (200–
400  °C), the surface of the biochar encompasses oxygen containing functional 
groups, which enables the creation of surface complexes between cations like Cu2+, 
Ni2+, Cd2+, Pb2+, and Zn2+ at the biochar surface (Beesley and Marmiroli 2011; 
Uchimiya et al. 2011). This negative charge so developed, leads to increase soil pH 
after biochar application in polluted soils as negative surfaced biochar attracts H+ 
ions from the soil solution. A soil with increased pH further increases the metal 
sorption from the soil solution due to the deprotonation of the pH dependent cation 
exchange sites on the soil surface, especially in soils with lower pH (Rees et al. 
2014). Thus, it reduces the concentration of heavy metals or organic contaminants 
in the soil solution (Beesley et al. 2010), as well as their availability for uptake by 
organisms (Semple et al. 2004).

Biochar application in soil also enhances the soil microbial activity that are 
responsible for the immobilization of heavy metals in soils. The soil microbes asso-
ciated with plant roots (rhizospheric microbes) can significantly influence the metal 
uptake by the plant (Shilev et al. 2001). The enzymes such as urease, catalase and 
acid phosphatase produced by the microorganisms, are capable of inducing chela-
tion with heavy metal ions and subsequently decrease their availability to the plants 
(Lehmann et al. 2011; Xu et al. 2014).

The use of biochar in remediation of agricultural pollution (organic as well as 
inorganic) has tremendous potential. The primary mechanisms include adsorption 
and desorption of the pollutants to make it less bioavailable for plants or immobili-
zation in the soil.
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4  Role of Biochar in Abiotic Stress Amelioration

Increased anthropogenic interferences in the global biogeochemical cycles have led 
to more exposure of agricultural ecosystem to abiotic stresses. These includes cli-
mate change induced water and soil pollution causing soil quality deterioration and 
higher frequencies of adverse climatic events such as drought and heat stress.

The ability to biomagnify make heavy metals more risky to both human health 
and the environment (Roy and McDonald 2015). Therefore, an efficient and afford-
able method is of immense important to address this issue. Use of biochar as soil 
amendment is gaining popularity because of its ability to mitigate soil against heavy 
metal toxicity. The higher surface area of the biochar implies greater capacity for 
complexing heavy metals. Several previous studies with scanning electron micros-
copy has demonstrated surface sorption of heavy metals on biochars (Beesley and 
Marmiroli 2011; Lu et al. 2012). This sorption can be due to complexation of heavy 
metal with different functional groups present in the biochar or exchange of heavy 
metals such as Ca2+ and Mg2+; K+, Na+ and S with cations linked with biochar (or 
due to physical adsorption (Lu et al. 2012; Uchimiya et al. 2011). Moreover, the 
functional groups associated with oxygen are recognized as heavy metal stabilizer 
(particularly for weaker acids like Pb2+ and Cu2) (Uchimiya et al. 2011). Méndez 
et al. (2009) observed that sorption of Cu2+ was associated to the increased oxygen-
ated surface groups along with higher average pore diameter, elevated superficial 
charge density and Ca2+ and Mg2+ exchange content of biochar. This indicates the 
higher dependence of sorption mechanism on soil type and the cations present in 
both biochar and soil. Some other compounds present in the ash, such as carbonates, 
phosphates or sulfates (Cao et al. 2009; Karami et al. 2011; Park et al. 2013) also 
help in stabilization of heavy metals by precepitating these compounds with the pol-
lutants. Enhancement of soil microorganisms by application of biochar also plays 
an important role in heavy metal immobilization (Jones et  al. 2012; Park et  al. 
2011). Biochar can alter the microbial diversity by the following mechanisms 
(Warnock et al. 2010):

• Providing more nutrients to improve plant growth and attracting beneficial 
microbes that stimulate fungal growth.

• Modifying the rhizosphere environment to improve soil physico-chemical 
parameters.

• Providing a safe sanctuary for beneficial fungi and bacteria.
• Stopping or decreasing the toxic effect of allelochemicals, soil-persistent agro-

chemicals, and various types of soil containments.
• Improving signaling during plant–fungal interactions.

The use of biochar can also be beneficial in addressing soil salinity that is a result 
of interference in biogeochemical cycles and is another major concern of reduced 
crop productivity. Under saline environment, plant has to survive with two major 
stresses, that is osmotic stress and ionic stress. The rising salt levels in the soil solution 
surrounding the roots cause osmotic stress inhibiting water uptake, cell  expansion and 

Use of Biochar in Sustainable Agriculture



514

lateral bud development (Munns and Tester 2008). Whereas, ionic stress develops 
gradually with the excess accumulation of toxic ions (e.g. Na+) to levels beyond plant 
specific thresholds. This leads to higher leaf mortality, chlorosis, necrosis and 
decreased activity of cellular metabolism including photosynthesis (Yeo and Flowers 
1986; Glenn et al. 1999; Zahir et al. 2012; Panuccio et al. 2014).

The application of biochar as soil amendment has been revealed as effective in 
reducing salinity stress by improving soil physico-chemical and biological proper-
ties. Improvement on various Na removal processes such as Na leaching, Na adsorp-
tion ratio, and electrical conductivity were documented under application of biochar 
(Chaganti et al. 2015; Diacono and Montemurro 2015; Oo et al. 2015; Drake et al. 
2016; Sun et al. 2016). Addition of biochar in agricultural soil is found to decrease 
the concentration of Na+ in the xylem sap of potato, while increasing K+ concentra-
tions and Na+/K+ ratio in the xylem sap as compared to the control (Lashari et al. 
2015; Akhtar et  al. 2015). Similarly, biochar decreased Na uptake in lettuce and 
maize crop grown under salt stress and increased K uptake (Kim et  al. 2016; 
Hammer et  al. 2015). Soil salinity is also responsible for production of reactive 
oxygen species in plants (Parihar et al. 2015; Fazal and Bano 2016; Farhangi-Abriz 
and Torabian 2017). Application of biochar under saline conditions reduced antioxi-
dant enzyme (ascorbate peroxidase and glutathione reductase) activities and oxida-
tive stress (Kim et al. 2016; Farhangi-Abriz and Torabian 2017) in both maize and 
bean crop.

The role of biochar in mitigating drought stress has also been widely studied. 
The properties of biochar such as higher water holding capacity, porosity and 
surface area makes it a suitable amendment to use in mitigating drought stress in 
agriculture. The use of biochar as soil amendment increases the soil water holding 
capacity, which is a key aspect in improving plant growth and yield under drought 
stress (Artiola et al. 2012; Pereira et al. 2012; Akhtar et al. 2014; Bruun et al. 
2014; Lu et al. 2015; Agegnehu et al. 2016b; Foster et al. 2016). This increased 
soil water holding capacity under biochar addition might be due to higher CEC 
and porous structure of biochar (Artiola et  al. 2012). Increased soil aggregate 
stability was also recorded under biochar application, which might be effective in 
enhancing soil water retention under limited water conditions (Baiamonte et al. 
2015). For example, application of biochar reported to increase wilting resistance 
in tomato seedlings grown in sandy soil with lower moisture content as compared 
to control (Mulcahy et al. 2013; Vaccari et al. 2015). The effects of biochar on 
plant morpho- physiological characters under drought have also been reported. 
For example, better plant height and leaf area of okra (Batool et al. 2015) and 
maize (Haider et al. 2015), increased biomass in field-grown wheat (Olmo et al. 
2014) was documented under biochar application. Biochar application as soil 
amendment improves the plant photosynthesis under drought-stress (Akhtar et al. 
2014; Lyu et al. 2016; Paneque et al. 2016; Xiao et al. 2016) due to significant 
improvement of chlorophyll content, stomatal conductance, photosynthetic rate, 
water use efficiency, relative water contents, and stomatal density of drought-
stressed tomato leaves.
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Another major aspect of biochar in abiotic stress management is mitigation of 
heat stress in crop plants. An increased surface air temperature by 4–5.8 °C over the 
next few decades has been predicted by global circulation models (IPCC 2007). 
Heat stress in crucial stages of plant development can cause deleterious effects in 
crops. For example, Jagadish et  al. (2010) found that temperatures greater than 
35 °C lasting more than 1 h during anthesis can lead to high levels of sterility in rice. 
Matsui and Omasa (2002) reported high temperatures stress on the day before flow-
ering resulted in poor anther dehiscence during subsequent anthesis. Fahad et al. 
(2015) has found that application of biochar helped in maintaining higher relative 
water content in leaves and inside panicle under high temperature stress. They also 
documented higher grain yield along with better grain quality with the addition of 
biochar. However, not much study has been done in this regard and further studies 
are required for better understanding of the interaction between heat stress and soil 
biochar application for improved crop growth.

Thus, application of biochar as soil amendment can be a useful tool in ameliorat-
ing crop abiotic stress. However, prior study on characteristics of both applied bio-
char and soil type is needed to receive maximum benefit.

5  Role of Biochar in Disease Suppression

Intensive agriculture largely contributes towards degradation of soil organic matter 
and microbial diversity with the increased incidence of soil borne plant pathogens 
(Campbell 2006). Conventionally used chemicals for controlling these disease 
pathogens have some drawbacks apart from triggering soil pollution if not used 
judiciously. Biochar has shown promising results in suppressing plant diseases 
caused by soil borne as well as foliar pathogens (Elad 2010; Elmer and Pignatello 
2011; Jaiswal et  al. 2014). Nutrients provided by biochar (Silber et  al. 2010) or 
increased availability of soil nutrients in presence of biochar (Graber et al. 2014) 
enhances plant vigor and thus reduce the ability of the pathogen to infect the plant. 
By improving morphological, histological and functional characters of plant tissues 
and maintenance of higher level of inhibitory compounds in tissues biochar applica-
tion makes plant enable for a quick response to pathogen attack (Datnoff et  al. 
2007). This enhanced nutrition under biochar application may result due alteration 
of root architecture (Prendergast-Miller et al. 2014) which can have concerns for 
host susceptibility since finer roots always provide a larger surface area to attack by 
soil-borne pathogens (Newsham et  al. 2005). Biochar also alters the soil pH or 
together bring changes in Eh–pH system (Husson 2012; Yuan and Xu 2012). These 
biochar-induced changes at rhizospere could strongly modify the pathogen viability 
as many soil pathogens grow well under narrow Eh–pH ranges (Husson 2012). 
Thus, soil Eh-pH system plays an important role in microbial community develop-
ment, diversity, structure and pathogen virulence (Husson 2012). The redox activity 
of biochar may interfere the chemical and biological electron transfer reactions in 
the rhizosphere (Graber et  al. 2014) including microbial processes reliant upon 
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electron transfer (Lovley 2012). For example microbial processes involving N 
cycling (Cayuela et al. 2013) and chemical processes linking reduction and solubi-
lization of nutrients like Fe and Mn (Graber et al. 2014). Rhizospheric resistance 
towards invasion by soil pathogens is directly related to the diversity of the micro-
biota present therein (Matos et al. 2005; Irikiin et al. 2006). The microbes promoted 
due to application of biochar can compete with pathogens for resources. Moreover, 
compounds produced by those microbes may inhibit or parasitize the pathogens 
(Kolton et al. 2011). Kolton et al. (2011) observed a significant enhancement of the 
bacteroides-affiliated Flavobacterium genus in biochar-applied soil. Flavobacterium 
are highly antagonistic for the fungal pathogens Sclerotium rolfsii, Lasiodiplodia 
theobromae, Colletotrichum musae, and Phytophthora cactorum (Alexander and 
Stewart 2001; Hebbar et al. 1991). Biochar also shows fungi toxic effect in soil that 
is responsible for disease suppression in plants. During pyrolysis a wide range of 
organic compounds, potentially fungi toxic are also produced (Spokas and Bogner 
2011). Other chemical changes occurred during pyrolysis include degradation of 
O-alkyl carbons associated with carbohydrate, and a contemporary neo-formation 
of aliphatic and aromatic C compounds (Spokas and Bogner 2011).A study con-
ducted by Jaiswal et  al. documented that damping-off caused by R. solani on 
Cucumis sativus (2014) and Phaseolus vulgaris (2015) was suppressed by different 
biochars. This attracts special attention because it has been reported earlier that 
effective control of R. solani with organic amendments, including composts, is 
extremely difficult (Krause et al. 2001; Scheuerell et al. 2005; Termorshuizen et al. 
2006). Thus, it can be concluded that biochar application can be an effective strat-
egy to suppress diseases caused by soil borne and foliar pathogens.

6  Conclusion and Future Perspective

Considering all the factors, it is concluded that biochar can be a very useful tool in 
agriculture for improvisation of soil quality in terms of water retention, soil poros-
ity, and nutrient content as well as soil microbial and enzymatic activity. 
Furthermore, it is also helpful in reducing nutrient losses and greenhouse gas viz. 
N2O and CH4 emissions. Though biochar may induce CO2 emission for a short 
period of time, but in long run it sequester carbon. Studies related to application of 
biochar in polluted soil indicate its potentiality in lowering bioavailability. However, 
the wide biochar properties, rate of biochar application, the effect of biochar on 
crop productivity, and biochar longevity leads to the different results while using as 
soil amendment .Although, considerable studies have done in context to biochar 
behavior in agricultural soils, but proper conditions for biochar production using 
different feedstocks should be optimized for obtaining maximum benefit from the 
produced biochar. Moreover, site specific comparative studies among biochar from 
different feedstocks and their impact on overall crop production and soil quality 
needs to be studied.
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1  Introduction

According to the classification of the United Nations Convention to Combat 
Desertification (UNCCD 2000), dryland areas are characterized by low values of 
the mean annual precipitation to potential evapotranspiration ratio (ranging from 
0.05 to 0.65) and account for about 41% of the surface of the Earth (Middleton and 
Thomas 1997). Semi-arid zones, which are the more extensive, occur in all the con-
tinents and cover up to 18% of the land surface. Dryland ecosystems are extremely 
diverse and include the Mediterranean systems, the cold deserts of Chile and 
Mongolia, the Sahel and Sahara of Africa, the Arctic Circle, and the high altitude 
drylands of Afghanistan and Iran (Farooq and Siddique 2016). More than two and a 
half billion people live in dryland areas, which represents about 37% of the total 
world population (Koohafkan and Stewart 2008). Furthermore, drylands support 
50% of the world’s livestock, grow 44% of the world’s cultivated ecosystems, store 
46% of the planet’s carbon inventory and lose 23 ha per minute due to drought and 
desertification, which implies a loss of 20 million tons of potential grain production 
every year (CGIAR 2017).

In addition to lack of water, the constraints to sustainable agriculture in drylands 
include erratic rainfall, land degradation by wind and water erosion, and limited 
access to agricultural technologies. Dryland soils are typically characterized by 
moisture deficit, low levels of soil organic matter (SOM) and biological activity and 
poor fertility. When inappropriately used for agriculture, these soils are prone to 
fertility loss, erosion, desertification, salinization, and other land degradation pro-
cesses. On the other hand, drylands are highly vulnerable to climate and land use 
changes. Globally, drylands expanded over the twentieth century by 4–8% and are 
expected to increase in extent and aridity in coming decades (Schlaepfer et  al. 
2017). In summary, rainfed production systems in the world’s drylands are con-
strained by land degradation, nutrient deficiencies, and increasing water scarcity.

The importance of drylands to key emerging issues on the global agenda, includ-
ing climate change and food security, has been recognized over the last two decades 
in several reports (e.g. Safriel and Adeel 2005; UN 2011; FAO 2016). These reports 
address dryland management, taking into account environmental concerns and the 
well-being of dryland communities, as well as the underlying causes of dryland 
degradation. Consequently, the subject of sustainable agricultural systems for dry-
lands has been addressed in different international conferences and research proj-
ects. Some examples are the International Symposium for Sustainable Dryland 
Agriculture Systems (Omanya and Pasternak 2005) or the MEDRATE project on 
the evaluation of agricultural technologies to improve efficiency and environment 
conservation in Mediterranean arid and semi-arid production systems (Cantero- 
Martínez and Gabiña 2004) or the SUMAMAD project on sustainable management 
of marginal drylands of Northern Africa and Asia (Lee and Schaaf 2008). The 
CGIAR Research Program on Dryland Systems, led by the International Center for 
Agricultural Research in the Dry Areas (ICARDA), to improve agricultural 
 productivity and income in the world’s dry areas is another example worth to be 
mentioned (CGIAR 2013).

J. L. Arrúe et al.



531

The World Overview of Conservation Approaches and Technologies (WOCAT) 
programme considers conservation agriculture (CA) as an option for sustainable 
land management in drylands (Schwilch et al. 2012). Conservation agriculture (CA) 
is characterized by three linked principles: tillage reduction, soil cover maintenance 
and crop rotations. Compared to conventional agriculture, CA induces beneficial 
changes in soil properties and processes which favor the delivery of multiple soil 
ecosystem services (Palm et al. 2014). While current crop production systems have 
often resulted in soil degradation and in extreme cases desertification, the adoption 
of CA technologies has led to a reversion of these processes (Friedrich et al. 2012). 
Although CA principles can be universally applicable to all agricultural landscapes 
and land uses, the benefits of implementing CA successfully are perhaps the least in 
dryland farming areas (Stewart and Thapa 2016). In dryland farming areas, even 
when no-tillage is used, there are often insufficient crop residues remaining after 
planting the next crop to cover 30% of the soil surface, which is the threshold for an 
agricultural system to be considered under CA. This is particularly true in extensive 
cereal–fallow rotation agroecosystems, when only one crop is produced every 
2 years, that results in long fallow periods between crops. Moreover, in many dry-
land farming areas, especially in developing countries of Asia and Africa, many 
crop residues are removed as fodder for cattle or for cooking and heating fuel, which 
can lead to lower SOM concentrations and lower soil quality (Plaza-Bonilla et al. 
2015). However, the adoption of CA should be recommended for all dryland farm-
ing systems (Stewart and Thapa 2016).

Dryland farming, dryland agriculture, rainfed agriculture and rainfed farming are 
terms often used in an interchangeable way. In this chapter we shall consider rainfed 
agriculture to be synonymous of dryland agriculture, term that stresses soil and 
water conservation and sustainable crop production under the constraints character-
istic of conditions in semi-arid drylands. Currently, the target is to increase resil-
ience and to achieve and maintain the sustainability of dryland agriculture. A review 
of literature concerning rainfed agriculture and sustainable land management tech-
nologies is outside the scope of this Chapter. Instead, this Chapter discusses some 
of the challenges that have been identified for semiarid non-irrigated dryland agri-
culture, namely soil conservation, efficient use of both water and nutrients, and cli-
mate change mitigation, with emphasis on some sustainable management practices 
and measures that have been formulated and recommended to address those issues 
appropriately.

2  Integrated Challenges for Sustainable Agriculture 
in Drylands

2.1  Soil Conservation

Globally, soil erosion is a leading cause of land degradation in drylands (Farooq and 
Siddique 2016) and still remains a major issue. Dryland environments are usually 
prone to soil erosion by water due to the lack of a significant soil cover, which is 
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usually aggravated by the high intensity of rainstorms (typical in some dryland 
areas such as the Mediterranean basin), a reduced soil structural stability, which is 
generally associated to a limited amount of soil organic carbon (SOC), and a high 
human pressure (Plaza-Bonilla et al. 2015). In some areas, the presence of steep 
slopes also enhances the susceptibility to soil erosion in drylands.

Soil nutrient losses due to wind erosion is also another major characteristic of 
drylands. According to the Global Assessment of Soil Degradation (GLASOD) map 
(Oldeman 1994), wind erosion is the most important soil degradation process on 
drylands, followed by water erosion, chemical degradation (i.e. soil salinization) 
and physical degradation (i.e. soil compaction and crusting) (Sterk et al. 2001). In 
general, wind erosion can be successfully controlled by reducing the wind velocity 
at the soil surface to a non-erosive level or by increasing soil roughness to a level 
creating sufficient resistance of the soil to wind forces (Sterk 2003; Unger et al. 
2006). In other words, wind speed at the soil-air interface must be reduced to below 
the threshold value needed for the initiation of soil particle movement (Unger et al. 
2006). In dryland agroecosystems, wind erosion can be offset through the adoption 
of appropriate farming practices. Some the strategies that have been proposed to 
control wind erosion include: maintain a vegetative cover (e.g., cover crops, crop 
residues); establish windbreaks; reduce intensive grazing; minimize or eliminate 
tillage (e.g. conservation tillage practices); reduce tillage speed and do not bury 
residues; implement strip cropping and mulch tillage; apply soil stabilizers or con-
ditioners; and roughen the soil surface and reduce field length (Blanco and Lal 
2008). The protection of the soil surface with a cover of growing plants or crop resi-
dues, as well as the use of conservation tillage systems, have also proven to be suit-
able practices for water erosion control in drylands.

2.1.1  Crop Residue Management

Since most of drylands used for agriculture are under cereal cultivation (Koohafkan 
and Stewart 2008), it appears that mulching with post-harvest crop residues, either 
standing or flat, is without doubt the most widely applied soil conservation measure 
to control wind erosion in drylands. It not only prevents wind erosion, but also pro-
tects the soil from crust formation and water erosion (Sterk et al. 2001). Consequently, 
sustainable soil management in those areas must be based on agricultural practices 
leaving crop residues on the soil surface. Therefore, CA practices, like conservation 
tillage (reduced or no-tillage) systems, are highly recommended. In many semiarid 
regions, however, low biomass production, as well as inadequate agricultural prac-
tices, leads to limited amounts of crop residues and, thereby, insufficient soil protec-
tion. This is the case of semiarid areas where the main cropping system is the 
traditional cereal–fallow rotation (one crop in 2 years), which implies a long-fallow 
period of 16–18 months. In these areas, where strong and dry winds are also fre-
quent, the risk of wind erosion increases during fallowing due to insufficient crop 
residue cover and highly pulverized soils by repeated traditional tillage (López 
et al. 2001).
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The effectiveness of crop residues depends on their persistence in time and the 
amount of surface residues can be reduced considerably by tillage and decomposi-
tion. Therefore, information about tillage effects on residue incorporation into the 
soil is essential to evaluate effective crop residue management strategies for soil 
conservation purposes in semiarid drylands. On an equal weight basis, standing 
residues are more effective than flat residues for controlling wind erosion. Likewise, 
flat residues in contact with the soil are also decomposed more rapidly than standing 
residues (López et al. 2003). Results reported by López et al. (2005) on the evolu-
tion of surface barley residues during the long-fallow period (18  months) in the 
traditional cereal-fallow rotation in semiarid Aragon indicate that the lack of 
residue- disturbing operations in no-tillage makes this practice the best strategy for 
fallow management in that region. With no-tillage, soil surface is protected by suf-
ficient amount of standing and flat residues in the most critical period of wind ero-
sion during long-fallow. Moreover, with this tillage system, the soil surface still 
maintains a residue cover of 10–15% after long-fallowing and percentages of stand-
ing residues ranging from 20% to 40% of the total mass after 11–12 months of fal-
low (López et al. 2005).

Likewise, tillage has a considerable effect on the placement and distribution of 
crop residues at the soil surface. For instance, a single pass of a mouldboard plough 
can reduce the percentage of residue remaining on the soil surface by 90–100% 
(López et al. 2001); after a pass of chisel plough, the reduction may vary between 
40% and 70% (López et al. 2001). In any case, choosing tillage operations creating 
ridges at the surface which are perpendicular to the prevailing erosive wind direc-
tion and a reduction in the number of tillage operations should also be recommended 
(López et al. 2000; Sterk et al. 2001).

2.1.2  Tillage Reduction

Results from tillage comparison experiments have indicated that reduced tillage, 
and especially no-tillage, can be considered as a viable alternative for wind erosion 
control during the fallow period in semiarid dryland areas (Moreno et al. 2011). 
Thus, reduced tillage, based on the use of light vertical implements, with chiselling 
as primary operation, provides higher soil protection than conventional tillage 
through a lower wind-erodible fraction (aggregates <0.84 mm in diameter) and a 
significantly higher percentage of soil cover with crop residues and clods  (aggregates 
>38 mm in diameter). The frontal area of this nonerodible material and soil rough-
ness was reduced four times after mouldboard ploughing (López et  al. 1998). 
Compared with traditional tillage no significant dust emission and saltation trans-
port has been observed under reduced tillage (Sterk et al. 1999; Gomes et al. 2003).

Soil structure controls a significant number of soil processes and properties such 
as water and nutrient availability for plant growth, crop residue decomposition 
dynamics and soil erosion susceptibility. Soils in the semiarid Mediterranean agro-
ecosystems are characterized by a low SOC content and a weak soil structure due to 
the continuous use of intensive tillage and long-fallowing. Álvaro-Fuentes et  al. 
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(2007, 2008) demonstrated that the use of no-tillage and the suppression of long- 
fallowing may lead to an increase in soil aggregation and structural stability in these 
agroecosystems. A greater soil aggregate size and stability observed under no- 
tillage management implies a lower soil susceptibility to degradation processes. In 
semiarid regions, where rainfall and consequently soil water content is the most 
limiting factor for crop production, an improvement in aggregate stability and soil 
structure may lead to better water infiltration and retention in the soil profile and 
ultimately to greater crop yields. In semiarid Mediterranean agroecosystems, the 
adoption of no-tillage and the intensification of cropping systems are two manage-
ment strategies that can be beneficial also to enhance SOC sequestration by improv-
ing macroaggregate stability and the consequent stabilization of SOC as particulate 
organic matter occluded inside microaggregates formed within stable macroaggre-
gates (Álvaro-Fuentes et al. 2009a). More recently, Plaza-Bonilla et al. (2013b) in a 
no-tillage chronosequence under Mediterranean conditions found that the propor-
tion of water-stable macroaggregates in the soil surface increased according to the 
increase of the years under no-tillage.

Soil erosion by water continues to be a serious threat to crop production in dry-
lands. Where dryland agriculture is practiced, farming methods that increase the 
amount of water stored in the soil profile are also beneficial for soil conservation. 
Those methods reduce the volume and flow rate of water across the soil surface, 
which is one of the basic principles for controlling water erosion. Numerous prac-
tices have been developed for water erosion control, but the most cost-effective 
method for reducing runoff and soil erosion from agricultural soils is, undoubtedly, 
to maintain a good vegetative cover on the land. This can be done either through the 
use of conservation tillage systems, which maintain crop residues on the soil sur-
face, or by establishing cover crops. Using crop residues to protect the soil surface 
from rainfall by dissipating the energy of the raindrops can reduce water erosion by 
up to 90% compared to an unprotected, intensively tilled field. Crop residue man-
agement provides a way for limiting both soil particle detachment and removal from 
the field. Soil management in vineyards and olive orchards using cover crops in 
lanes has shown its effectiveness in reducing water erosion in Southern Spain 
(Gómez et al. 2009, 2011).

However, the benefits of conservation tillage, especially no-tillage, as a practice 
for soil erosion control have not been tested in all the dryland agricultural areas of 
the world. Moreover, the adoption of CA technologies by dryland farmers in devel-
oping countries is being constrained by different socio-economic and biophysical 
limitations. In the semiarid and arid regions of West and Southeastern Africa, for 
instance, biomass production is low and crop residues are also needed for other uses 
like fuel, fodder and construction (Sterk et al. 2001; Lahmar et al. 2012). In Central 
Asia, a major limitation is the lack of appropriate manufactured machinery 
(Thomas 2008).

Although the principles of soil conservation (erosion control) are apparently 
simple, achieving soil protection and conservation in sustainable dryland agricul-
tural systems continues to be a challenging task because of the many situations and 
factors involved, including soil, climate, resource and technology availability, and 
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farmer’s knowledge and capabilities. Although the same principles may apply, not 
all control methods can be appropriate to all situations (Unger et al. 2006). Despite 
the above mentioned limitations, the maintenance of a protective vegetative cover 
appears to be the most straightforward strategy to control soil erosion in dryland 
agroecosystems. Therefore, agricultural activity in those areas should be based on 
CA practices and associated local-based crop residue management systems.

2.2  Cropping Strategies for Efficient Water Use

2.2.1  Factors Limiting Water Use Efficiency in Dryland Farming Systems

Drylands are characterized by low and erratic precipitation and in many cases by a 
high evaporative demand. Another important limitation that affects the global effi-
ciency of water use by crops in drylands is the difficulty to store water in the soil 
profile. Indeed, the volume stored depends on soil depth and structure. Soil depth 
may be increased by technical means, but they are not economically viable. Soil 
structure, however, may be improved by using certain management techniques. 
Slope, infiltration, salinity or stoniness may also further limit the soil water holding 
capacity, therefore affecting the efficient use of water by the crop (Stanhill 1986).

In dryland conditions, the main yield constraint is the shortage of water; there-
fore, an efficient use of this limiting resource is of paramount importance (Connor 
et al. 2011). Crop productivity can be then analyzed in terms of water-use efficiency 
(WUE), which is defined as the quotient between dry biomass (DB) and evapotrans-
piration (ET). The transpiration efficiency (TE), physiological term directly related 
with the evaporative demand, is only referred to the efficient circulation of water 
through the plant, given that transpiration (T) is the component of ET related to crop 
growth and production (Tanner and Sinclair 1983). In turn, WUE and TE are related 
by through the equation (Cooper et al. 1983): WUE = TE ∗ (1 + E/T). While TE is 
considered at crop level, WUE is used to compare among management practices.

2.2.2  Technological Options for Improving Water Use Efficiency 
in Dryland Conditions

In drylands, an efficient use of water is based on a few principles, with the main 
objective of closing the gap between crop ET and water availability. Since there are 
many interactions between water availability, water use and crop growth, the gen-
eral management strategies to improve WUE should focus on: (i) maximizing avail-
able water for the crop; (ii) maximizing transpiration (T) by diminishing direct 
evaporation from the soil (E); and (iii) improving transpiration efficiency (TE) 
(Connor et al. 2011). There are many technological options to maximize available 
water, all of them based on increasing water storage, for instance by reducing run-
off, improving infiltration, reducing water consumption by weeds, choosing soils 
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with high water holding capacity, promoting deep root systems, and using long 
cycle cultivars. To maximize T and minimize E farmers can use mulching, adjust 
plant density, and sow earlier to promote both a rapid crop establishment and a shal-
low root growth. To improve TE, high evaporative demand periods must be avoided 
through phenological adjustment, sowing at the right moment, controlling pests and 
diseases, and in some cases by adjusting fertilization (Cooper et al. 1987). Some 
strategies for improving WUE and success cases are discussed next.

Water harvesting implies the principle of concentration of a resource non- 
uniformly distributed and spatially limited. Water harvesting technologies such as 
terracing, dams or contouring may contribute to improve WUE (Oweis 1997). 
Conservation tillage is another technological option of utmost importance for WUE 
improvement in drylands (Cantero-Martínez et al. 2007; Lampurlanés et al. 2016). 
This type of soil management, which increases soil water-holding capacity through 
soil structure improvement (Alvaro-Fuentes et al. 2009a), enhances water infiltra-
tion and transport throughout the soil profile. Water accumulation in the deeper soil 
layers represents a valuable asset, since it stimulates the development of a deep root 
system for greater water extraction from the soil, therefore reducing evaporation 
losses (Lampurlanés et al. 2001; Morell et al. 2011a). In general, CA systems are 
based on the maintenance of crop residues on the soil surface and alternatively on 
the sowing of a cover crop to be killed or maintained by mowing and left to form a 
mulch that improves water infiltration and reduces direct soil evaporation. Although 
globally CA practices are suitable for dryland systems, they are sometimes associ-
ated with certain problems, such as soil compaction, and high incidence of weeds, 
pests and diseases. Consequently, CA systems need to be locally adjusted (Fig. 1). 
Whenever mulch is insufficient, the benefits of CA decrease, and when mulch is 
excessive it may lead to a number of problems such as allelopathies, lack of proper 
germination or poor crop establishment. Therefore, a crop residue management tai-
lored for each individual farm is advised. As previously indicated, in some regions 
crop residues are valued as animal feed, which is a limitation that will be solved 
only when farmers find alternative feeding sources with a higher nutritive value and 
at a reasonable price.

Fallowing has been practiced for millennia in water-limited environments, but 
this practice has not always proven to be beneficial in improving precipitation 
 storage efficiency (Passioura and Angus 2010). The purpose of fallow is to gather 
up water and hold it within the soil during the non-cropping period. Even when this 
is fulfilled, the main reason for the low efficiency of fallow lies in the high direct 
evaporation that occurs soon after water is harvested. This is especially important in 
intensively ploughed fallows, where soil structure is damaged by tillage (Alvaro- 
Fuentes et al. 2009a), and immediate erosion, lower infiltration and direct evapora-
tion take place during the tillage operation. To efficiently use fallow, it must be 
performed in deep soils with high water holding capacity in the lower layers, where 
direct evaporation does not take place, and capillarity is interrupted (French 1978). 
Weed control must also be effective, preferably avoiding an intensive cropping 
(Cantero-Martínez et al. 1995a; Lampurlanés et al. 2002), and done by using herbi-
cides or by cutting the plant cover but maintaining the stubble. In shallow soils, with 
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a low water holding capacity, water is easily lost by evaporation and most of the 
times due to tillage operations carried out during the fallow period.

Crop rotations may also contribute to improve WUE. Improvements may come 
from a better weed, pest and disease control, but also from a suitable distribution of 
water availability for the different crops in the sequence. Peterson and Westfall 
(2004) showed that in water-limited environments, an intensified cropping system, 
with a sequence of winter and summer crops, improved yields when compared with 
a wheat-fallow system. The improvement was mainly due to a better synchrony 
between water availability and crop growth timing of the rotation. It is also possible 
to improve both water management and WUE by considering different water use 
patterns (in amount and time) for the different species in the rotation (Fereres et al. 
1993). Another tool available is that of choosing among determinate or  indeterminate 
crops. Determinate crops have a narrower window of flowering time so that a water 
stress during flowering may lead to a substantial yield loss. Indeterminate crops, 
with staggered flowering and ripening and longer periods of risk, are more unlikely 
to suffer from severe water stress over the entire flowering time. Also, certain crop 
species may be cultivated for either grain or forage. Forage is harvested earlier and 
thus may avoid terminal stress (Alvaro-Fuentes et al. 2009b).

Plant breeding is another option to improve WUE in dryland agriculture. Under 
water-limiting conditions, crop production should be based on escape mechanisms 
and crop tolerance to water shortage episodes, thus adjusting phenology to the peri-
ods of water availability. The most suitable cultivars for these conditions are those 
able to efficiently use all the water that rain and management may provide. Crop 
growth and development are regulated by three genetic systems: vernalization, pho-

Fig. 1 Direct drill planter into adequate crop residue cover. (Photo by C. Cantero-Martínez)

Managing Drylands for Sustainable Agriculture



538

toperiod and earliness per se. In the most economically important crops, vernaliza-
tion and photoperiod genes are known and molecular markers are available or are 
currently being developed, thus facilitating the selection of the most favourable 
alleles for each environment. A different breeding goal is the improvement of 
genetic WUE, defined in crop physiology as the net assimilation rate versus stomata 
conductance. Since net assimilation rate is quite constant within a given species, 
genetic differences are due to variation in stomata conductance (Blum 2005). For 
this reason, genetic WUE and yield are antagonists, since WUE is increased when 
water is conserved by stomata closure, therefore reducing photosynthesis. An 
increased capture of water resources through a more efficient root system has been 
pointed out as a better target for breeding traits (Blum 2009). Carbon isotope dis-
crimination, mainly in grains, has also been considered as a WUE indicator, but its 
use in breeding is limited by the cost of the analysis and by its effectiveness depend-
ing on the target environment (Araus et al. 2003; Rebetzke et al. 2002). Because 
most of the underlying physiological processes responsible for WUE are not well 
understood, or studies do not clearly link physiology and productivity (Flexas et al. 
2013; Tardieu 2012), some of the proposed tools for breeding are based on high- 
throughput methodologies. These methods allow us to evaluate many possible 
genetic combinations with remote sensing technologies, and try to detect the best 
genotypes (with lower canopy temperature, higher biomass or indirect indicators or 
WUE) with a semi-empirical method (Salekdeh et al. 2009).

Strategies to maximize ET, improving T and reducing E, include a crop cycle as 
long as possible. Nevertheless, this may be a disadvantage if it implies a higher 
incidence of weeds, pests and diseases. In a study under Mediterranean dryland 
conditions, a delay in sowing time was associated with a better control of weeds 
(García et al. 2014), suggesting an escape to some pests and diseases, thus improv-
ing WUE and yields (Plaza-Bonilla et al. 2017a). Wherever terminal drought is an 
important limitation, which may compromise production, a shorter crop growth 
cycle, implying moving the synthesis of harvestable biomass to a moment when 
water availability, and usually temperature, is more favorable, may also be benefi-
cial. High plant density and narrow row spacing allow a lower E and higher crop 
competitiveness against weeds. On the other hand, low plant density and wide row 
spacing may improve crop performance under very water-limiting conditions, 
where it is important to match water availability period with the maximum growth 
of forage or grain production. This strategy also implies weed, pest and disease 
control. In summary, optimum sowing time and plant density must be determined 
locally, depending on the site-specific water availability, but always keeping in mind 
other factors that might be involved, especially those of biotic nature.

Water and nutrient use are strongly interrelated in many agricultural systems 
(discussed further in next Section). Under humid conditions without water limita-
tions, nutrient availability usually becomes the limiting factor for crop performance, 
and an effective fertilization management is of utmost importance. On the other 
hand, under water limiting conditions, water determines the use of the nutrients by 
the crop. In rainfed areas, the role of fertilization has a low impact in improving 
WUE. For the case of N, Sadras (2004) described the biomass production as a co- 
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limitation between water and N. For example, N application with enough available 
water at the initial or at the mid-growth stage may improve biomass production, but 
it also may lead to excessive transpiration associated with a higher leaf area and, 
thus, to premature depletion of soil water and, ultimately, to a failure in setting har-
vestable organs if more water is not available on time (Cantero-Martínez et  al. 
1995b). In a long-term study under Mediterranean conditions, reducing soil tillage 
and N fertilization doses increased both water and N use efficiencies (Angás et al. 
2006; Morell et al. 2011b). In that study, overall N fertilizer applications could be 
reduced to about half of the traditional rate applied by the farmers without a loss of 
yield (Cantero-Martínez et al. 2016). In those semiarid conditions, achieving a suit-
able balance between applied fertilization and available water remains a challenge. 
Moreover, management practices should be oriented to optimize water and N use 
simultaneously (Quemada and Gabriel 2016). For this reason, fertilization must be 
integrated with other techniques such as soil tillage, which may help to hold water 
in the soil and make it available later for crop use.

2.3  Efficient Nutrient Use

Given the increasing food demand, drylands become more important for satisfying 
global population needs and achieving food security. Adequate plant nutrition, 
based on soil fertility and the application of fertilizers, plays a crucial role in food 
security (Roy et al. 2006). An efficient nutrient use requires first the comprehension 
of the limitations posed by the intrinsic characteristics of the agroecosystems, 
focusing on climatic, edaphic and socioeconomic aspects. Crop nutrient manage-
ment in dryland areas is highly diverse. Nutrient availability is usually lower than 
the optimal in the developing countries (Nawaz and Farooq 2016). On the contrary, 
some nutrients such as nitrogen (N) and phosphorus (P) have been applied in excess 
in other dryland areas (Ju et al. 2009). In this section the main constraints for an 
efficient nutrient use in dryland areas are described. Being the concept contextual-
ized, a range of technological options to make nutrient use more efficient in dryland 
areas are discussed, with emphasis on pragmatic alternatives toward a holistic 
approach at the farm level.

2.3.1  Factors Limiting Nutrient Use Efficiency in Dryland Farming 
Systems

When no irrigated, dryland systems are characterized by crop yield limitations due 
to low soil water availability. This is a consequence of low rainfall and high evapo-
transpiration during the crop growing period and/or inadequate soil water storage 
during periods of high rainfall and low evaporative demand (Lampurlanés et  al. 
2016). Nutrient transport in the soil and absorption by roots are dependent on soil 
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water availability. Therefore, an efficient use of nutrients in dryland areas must 
reduce water limitation by adopting adequate crop management practices.

Soil nutrient losses through water and wind erosion represents a serious threat 
for crop nutrient availability in dryland areas. For instance, Ramos and Martínez- 
Casasnovas (2004) studied the impact of an extreme rainfall event on water erosion 
and nutrient losses in a Mediterranean rainfed vineyard under continuous tillage 
with bare soil for most of the growing season. The authors reported a loss of 109 kg 
N ha−1, 109 kg P ha−1 and 36 kg K ha−1 in the soil sediments. Wind erosion prefer-
entially removes finer soil particles, which present greater surface to hold plant 
nutrients. For instance, Sterk et al. (1996) measured wind-blown nutrient transport 
in an experimental plot cropped with pearl millet (Pennisetum glaucum L.) in Niger 
and estimated the nutrient losses as 57 kg K ha−1, 18 kg N ha−1 and 6 kg P ha−1.

Organic matter confers a range of physical, biological and chemical functions to 
soils crucial for crop growth and represents an important source of nutrients for 
crops. In dryland areas, inadequate soil management such as intensive tillage, over-
grazing and elimination of vegetation cover has exacerbated the loss of SOM (Plaza- 
Bonilla et al. 2015). Although crops in rainfed drylands have low N needs due to 
their low productivity, in many circumstances the low levels of soil mineralizable N 
can limit crop yield.

Soil characteristics can also affect nutrient availability for crops. Given their 
important extent, dryland areas present a significant soil diversity. However, some 
generalizations can be made; among them, dryland soils of arid and semiarid areas 
tend to have high pH values resulting from salts content, commonly in the form of 
calcium and magnesium carbonates. The calcareous nature of most of these soils 
results in the formation of apatite compounds with calcium phosphates, reducing 
severely the availability of P for crops, which can then restrict the uptake of other 
nutrients by the crops. Potassium tends to be relatively high due to the K-rich parent 
materials from which most of dryland soils were developed (Li et  al. 2009). 
Furthermore, in soils with pH values from neutral to calcium saturation the solubil-
ity of micronutrients such as Fe, Zn, Mn and Cu is reduced (Hagin and Tucker 1982).

2.3.2  Technological Options for an Efficient Nutrient Use in Dryland 
Areas

In dryland farming systems an efficient use of nutrients relies on adequate crop 
management practices that increase the amount of water available to the crop and 
make water use more efficient. The implementation of conservation tillage is key to 
reach the last objectives. Research has highlighted the influence of the interaction 
between tillage systems and N fertilization on crop yield and agronomic nitrogen 
use efficiency (NUE) in different rainfed dryland areas. For instance, in a rainfed 
area of Spain, the use of no-tillage (NT) allowed for higher mineral N rates to barley 
(Hordeum vulgare L.) compared with conventional tillage (CT) due to greater water 
availability in NT (Cantero-Martínez et  al. 2016). The last authors reported no 
response to N fertilizer application when using CT. In the same area and under the 
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same crop, Plaza-Bonilla et al. (2017b) found greater NUE under NT than CT in a 
4-year field experiment, as a result of greater soil water available for the crop. 
Similarly, Halvorson et al. (2000) reported greater spring wheat (Triticum aestivum 
L.) grain yield under NT compared with CT when applying 101 kg N ha−1 in annual 
cropping systems in the Central Great Plains (USA).

Besides its effect on NUE, the use of conservation tillage helps to maintain or 
increase the SOM pool, enhancing nutrient cycling. López-Garrido et  al. (2011) 
observed greater amount of SOC, total N, and extractable P and K in the rooting 
zone (0–20 or 0–30 cm depth, depending on the variable) under conservation tillage 
than intensive tillage in a long-term (16 years) experiment. Moreover, in a 4-year 
experiment, greater amount of extractable K was observed when using conservation 
tillage, compared with intensive tillage, as a result of the maintenance of crop resi-
dues in the soil surface. The increase in SOM also leads to increasing P solubility 
(Salinas-Garcia et al. 1997), a process of great importance in calcareous soils to 
increase P availability to crops.

Crop fertilization best management practices rely on the approach of the “4R” 
Nutrient Stewardship Initiative, based on the use of the right nutrient source, at the 
right rate, right time and in the right place (IFA 2009). Within this framework, nutri-
ent diagnosis by chemical analysis of soils and plants is the first step in prescriptive 
management. Soil analysis makes fertilization more efficient by accounting residual 
nutrients and mineralization of nutrients, particularly N. However, many dryland 
farmers are still reluctant to use it as a basis for their nutrient management deci-
sions. Therefore, the usefulness of soil analysis must be emphasized by highlighting 
the potential economic savings associated to its use, and its capacity to detect soil 
nutrient imbalances, which can severely compromise crop yields (Li et al. 2009). 
Unfortunately, some dryland areas lack reliable analytical facilities, as is the case of 
the West Asia-North Africa region (Ryan et al. 2012).

Being a highly dynamic nutrient, N requires routine soil tests of its availability in 
the form of nitrate to supplement soil N supply according to crop demand. For field 
crops, soil samples must be taken to a depth of at least 60 cm, right before the period 
of rapid growth of the crop. Under rainfed dryland conditions the potential crop 
yield and right nutrient rate for a given season are difficult to estimate given the 
unpredictability of rainfall. Therefore, the development of improved forecasts and 
low-cost decision-making tools based on available soil water is of paramount impor-
tance. A more precise estimation of crop yield potential for a given site-year combi-
nation would ease farmers’ decisions for a more efficient use of fertilizers (Wienhold 
et al. 2000), particularly N. In the current situation, this information is not usually 
available in dryland areas. Consequently, producers should establish the N rate in 
accordance to the average year, while maintaining flexibility to respond to higher 
yielding years (Westfall et al. 1996). The traditional practice based on the applica-
tion of high N rates to secure crop yields based on risk aversion should be avoided 
(Plaza-Bonilla et al. 2017b). Corrective N management can be carried out with the 
use of diagnostic tools, such as leaf color charts, chlorophyll meters or canopy 
reflectance sensors (Kirkegaard and Robertson 2013). In some situations, precision 
agriculture based options such as the variable rate technologies are becoming popu-
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lar. Robertson et al. (2009) studied the economic impact of implementing variable 
rate technologies according to soil characteristics and routine soil analysis conclud-
ing that they are economically profitable. However, it must be taken into account 
that the last authors performed their work in an Australian context of large farms, 
intensive agriculture and high capital investments. Therefore, the need for a detailed 
study of soil characteristics and routine soil tests makes this technology unafford-
able for farmers in developing countries.

In the current context of high prices of fertilizers, organic sub-products are 
becoming more valued by the farmers as sources of nutrients. Organic fertilizers 
represent a very interesting source of nutrients which can be used as an alternative 
or in combination with mineral fertilizers to balance the disagreement between crop 
nutrient needs and organic fertilizer composition. This is due to the fact that com-
pared to plant needs, P in organic fertilizers is usually at a greater proportion than N 
(Li et al. 2009). The application of organic fertilizers in dryland soils of low SOM 
content improves soil aggregate stability (Abiven et al. 2009; Plaza-Bonilla et al. 
2013a), preventing soil erosion and enhancing the nutrient status of the soil. 
Traditionally, farmers apply organic products at a fixed rate, without regard to the 
actual concentration of nutrients, which can vary according to a range of factors 
related to livestock characteristics and farm management. Low-cost devices based 
on the close relationship between electrical conductivity and ammonium content 
allow a precise application of slurries in the field (Scotford et al. 1998; Yagüe and 
Quílez 2012). Currently, these devices can be installed in slurry tankers offering the 
operator real-time information of the actual ammonium N concentration of the 
product that is being applied (Fig. 2). The tractor speed is then manually or auto-
matically regulated to reach the desired N rate to be applied.

Right time of application is of great importance for enhancing efficiency of 
highly mobile nutrient forms such as mineral N, minimizing losses. Nitrogen avail-
ability must be in synchrony with crop needs in order to increase NUE. For instance, 
in rainfed Mediterranean areas winter season crops sown in autumn are preponder-
ant in annual cropping systems. Crop N requirement is limited during the autumn- 

Fig. 2 A slurry tanker equipped with disc injectors (left) and detail of the nitrogen rate control 
system based on electrical conductivity (right). (Photos by C. Cantero-Martínez)
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winter period due to low temperatures, while N losses can occur, since an important 
fraction of annual rainfall takes place in autumn. Traditional N fertilization  practices 
involved the application of mineral or organic N before sowing, which leads to low 
NUE (Angás et al. 2006; Cantero-Martínez et al. 1995b). Recent research performed 
in the area has demonstrated that pre-sowing application of N leads to lower NUE 
of winter cereal compared with top-dressing applications at tillering, independently 
of the source of N, mineral N or organic fertilizer as pig slurry (Plaza-Bonilla et al. 
2017b). If too much N is available early in the season large biomass growth and 
excessive water use takes place in the vegetative stage, compromising water avail-
ability for the reproductive stages, a process known as “haying off” (Rose and 
Bowden 2013). Another important aspect to be taken into account in dryland areas 
is the interaction between the time of application and the source of N. For instance, 
in calcareous soils of high pH important volatilization N losses can occur if urea or 
ammonium forms are applied under high air temperatures and/or low soil moisture 
levels (Li et  al. 2009). Therefore, farmers must carry out fertilizer applications 
under adequate environmental conditions. Technological strategies are available to 
reduce N volatilization losses. Among them, a shallow incorporation of fertilizers in 
the soil is one of the most common and of a low cost. However, in rainfed areas 
managed under conservation tillage that strategy can compromise the benefits of 
maintaining the soil surface covered by residues. When possible, the application of 
some irrigation (10–15 mm) is a useful strategy to reduce N volatilization signifi-
cantly, reduction that can be of similar magnitude than the obtained using urease 
inhibitors (Sanz-Cobena et  al. 2011). The use of controlled release N fertilizers 
(coatings, urease, nitrification inhibitors) is another technology available aiming at 
improving NUE. However, these materials are not commonly used in rainfed dry-
land areas due to their high cost (Ryan et al. 2012), which ranges from 1.3 to 12 
times the price of standard fertilizers (Lammel 2005). Therefore, currently con-
trolled release N fertilizers represent a small proportion of the global market of 
fertilizers and are mainly devoted to high added value crops (Chien et al. 2009).

The use of break crops and the diversification of crop rotations are seen as one of 
the simplest and most effective means of increasing NUE. For instance, Australian 
researchers observed a greater amount of water and mineral N extracted from the 
soil by wheat after a break crop (Angus et al. 1998). The authors hypothesized that 
a reduction in root disease allowing greater suction by roots could explain this 
result. Combining different crop rooting patterns can increase the nutrient use effi-
ciency at the crop and rotation scales (Thorup-Kristensen 2006). The introduction 
of legumes is a specific case of diversification where N fixation is used to improve 
the N budget of the farms. Atmospheric N fixation by annual and perennial legume 
crops represents a sustainable input of N which is available for the subsequent 
crops, reducing farming systems dependence on external inputs. However, the ben-
efits on N cycling depend on the type of legume, since high N harvest index grain 
legumes remove most of the N fixed with the grain harvest. Moreover, it must be 
taken into account that the symbiosis between the legumes and Rhizobium is highly 
sensitive to drought stress, reducing legume productivity and the amount of N fixed 
for the subsequent crop (Serraj et al. 1999).
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Phosphorus application can have a profound effect on crops yield in some dry-
land areas. For instance, Shangyou et  al. (1997) reported a 34–44% increase in 
wheat grain yield when applying increasing P2O5 rates from 75 to 300 kg ha−1 in a 
dryland area of Northwest China. Moreover, the last authors observed a 10% 
increase in NUE when applying N and P in combination compared with the sole 
application of N. Adapted placement methods can also improve greatly the effi-
ciency in the use of nutrients, particularly phosphorus. As it has been explained 
above, soluble P fixation or immobilization in calcareous soils is a common process. 
Phosphorus fixation can be partially overcome by fertilizer banding, allowing for 
lower application rates than broadcasting (Ryan et al. 2012) and increasing P use 
efficiency (Mallarino and Borges 2006). The use of CA is useful to reduce P losses 
by erosion. Many manufacturers design direct drilling machines which allow the 
combined use of seeds and fertilizer at sowing, by placing fertilizer granules some 
centimeters beside and below the seeds, without a significant disturbance of the soil 
cover. Differently to calcareous soils, in acid soils, the efficiency in the use of P can 
be compromised by the aluminium (Al) toxicity to crops. In this line, in acid soils 
of Southern Australia liming and the use of Al-tolerant cultivars increased P use 
efficiency of crops and pastures (Simpson et  al. 2011). Crop rotations can also 
impact positively P cycling by increasing the excretion of P-solubilizing com-
pounds, as it occurs when legumes and rapeseed are included in the rotation, and/or 
by maintaining mycorrhizal activity (Grant et al. 2002; McNeill and Penfold 2009).

2.4  Climate Change Mitigation

Agriculture is responsible for the 10–14% of the total anthropogenic greenhouse 
gas (GHG) emissions (Paustian et  al. 2016). Since 1990, GHG emissions in the 
agricultural sector have increased annually at 1% reaching 5.4 Gt CO2 eq year−1 in 
2012 (Tubiello et al. 2015). Agricultural soils contribute to approximately 35% of 
the total GHG emissions emitted by agriculture (Smith et al. 2014). However, con-
currently, soils have the potential to withdraw significant amounts of atmospheric 
carbon dioxide (CO2) through the buildup and stabilization of photosynthetically 
plant-derived carbon into the soil. This double role of agricultural soils in relation to 
climate change (sink and source of GHG) determines the two main options to miti-
gate GHG emissions in agricultural soils: (i) enhancing removals, and (ii) reducing 
emissions (Smith et al. 2008).

2.4.1  Enhancing Carbon Removals

Soils store large amounts of carbon (C) in the forms of organic and inorganic C. The 
soil organic C (SOC) pool, up to 1 m depth, is two times greater than the C in the 
atmosphere as CO2 (1500 Pg C vs. 830 Pg C, respectively). Furthermore, the inor-
ganic C pool, formed mainly by carbonates, stores approximately 695–748 Pg C (up 
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to 1 m depth), not far to the amount of C located in the atmosphere as CO2 (Batjes 
1996). In drylands soils with high carbonate content, the withdrawal of atmospheric 
CO2 may result from the sequestration of organic and/or inorganic C.

In croplands, historical cultivation has resulted in the loss of significant amounts 
of SOC. Land use change from grassland or forest to cropland decreases SOC levels 
(Guo and Gifford 2002). Tillage breakdowns stable soil macroaggregates favouring 
microbial decomposition of the organic compounds that were physically occluded 
inside these aggregates (Cambardella and Elliot 1993). Likewise, the reduction in C 
inputs associated to agriculture conversion also contributes to the observed losses of 
SOC after the change in land use. Nevertheless, C depleted soils have the potential 
to increase SOC levels and, in turn, to sequester atmospheric CO2 (FAO 2017).

A main feature of dryland soils is the low SOC concentration with values nor-
mally below 0.5% by weight (Lal 2004). Compared to soils located in humid areas, 
SOC buildup in dryland areas is restricted by limited water availability affecting net 
primary productivity and, hence, crop residue inputs. In dryland areas, limited crop 
growth is also driven by the inherent low soil fertility and the low use of fertilizers 
since the excessive use of N fertilizers in water-limited conditions could be an eco-
nomical loss with associated environmental side effects (Morell et  al. 2011b). 
Dryland agriculture, despite the inherent harsh conditions, should be regarded by 
the C sequestration potential of these areas. Drylands occupy large extensions on 
the earth surface. Consequently, the total C stored in dryland soils is large. Moreover, 
the depletion in SOC make dryland soils to be far from their C saturation level and, 
hence, with a concomitant high capacity to restore SOC if proper management is 
adopted. According to estimates provided by Lal (2004), the potential of dryland 
soils for SOC sequestration could be between 12 and 20 Pg C over a 50-year period.

Several management options have been recognized for the increase of SOC con-
tents in dryland soils (Lal 2002, 2004; Plaza-Bonilla et al. 2015). Since the levels of 
SOC depend on the balance between C inputs and outputs, strategies oriented to the 
increase of SOC should focus on maximizing C inputs and/or minimizing C losses. 
Accordingly, management strategies can be divided on the basis of this premise. 
Increases in C inputs can be achieved by maximising the amount of crop residues 
returned into the soil per surface unit. In drylands, water scarcity limits crop growth 
and in turn the production of plant biomass and crop residues (Cantero-Martínez 
et al. 2007). Therefore, the increase in crop residue returned to the soil is a challeng-
ing commitment in drylands and, basically, management should be oriented to avoid 
the removal or the burning of crop residues after harvest. Other strategies could be 
oriented to raise crop residue production by increasing WUE and/or reducing the 
fallow period. The reduction in tillage intensity has been identified as a successful 
strategy to increase WUE, as indicated in a previous section, and, in turn, for crop 
residue production in drylands (Lampurlanés et  al. 2016). According to a recent 
meta-analysis, no-tillage compared to conventional tillage showed greater potential 
for increasing yield in drylands compared with more humid climates (Pittelkow 
et  al. 2015). The greater crop production in no-tillage systems is translated into 
higher amount of crop residues returned to the soil compared with intensive tillage 
systems, thus favouring the sequestration of SOC. For Mediterranean drylands, 
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Álvaro-Fuentes and Cantero-Martínez (2010) estimated a mean SOC sequestration 
rate of 0.23 Mg C ha−1 year−1. This value was estimated according to the results 
obtained from eight long-term experiments located throughout Spain. Indeed, these 
same authors estimated that if the entire agricultural dryland area in Spain was con-
verted to no-tillage, the total SOC sequestered would offset about 17% of the annual 
total GHG emissions generated from agricultural activities in Spain (Álvaro-Fuentes 
and Cantero-Martínez 2010).

The positive impact of no-tillage on SOC sequestration, however, is not only 
explained by an increase in crop growth and residue production but also by the sig-
nificant effect of no-tillage on SOC decomposition. No-tillage increases physical 
protection of SOC by the formation of stable macroaggregates that protect SOC 
from microbial attack (Six et  al. 1999). These authors, in dryland conditions of 
central United States, observed that no-tillage resulted in lower soil aggregate turn-
over favouring the stabilization of SOC in microaggregates formed within macroag-
gregates (Six et al. 2000). However, it is important to highlight that SOC sequestration 
through the adoption of no-tillage has several limitations. Organic C accumulation 
is a finite process with different sequestration duration depending on the climate, 
historical land use and management (West et al. 2004). In a tillage chronosequence 
located in a Mediterranean dryland agroecosystem, no-tillage accrued SOC during 
20 years. However, almost 75% of this total C was accumulated during the first 
11 years after the adoption of no-tillage (Álvaro-Fuentes et al. 2014). Concurrently, 
in this same study, it was observed that the maximum sequestration rate occurred 
5 years after the adoption of no-tillage (Álvaro-Fuentes et al. 2014).

Intensification of cropping systems through the reduction of the fallow period 
may be also an interesting option to sequester SOC in drylands. In rainfed Great 
Plains, after 12 years of different cropping systems, the shift from a wheat-fallow 
system to a more intensified wheat-wheat system resulted in the buildup of 2.8 Mg 
C ha−1 in the 0–30 soil depth (Peterson and Westfall 2004). Similarly, in rainfed 
Mediterreanan conditions, after 20 years, no-tillage wheat-wheat sequestered about 
70% more SOC in the first 90 cm soil depth than the wheat-fallow system (López- 
Bellido et  al. 2010). Long-term rotation experiments established by ICARDA in 
Syria have also shown an increase in SOC levels when different wheat crop  rotations 
were compared with the conventional wheat-fallow rotation despite only the wheat-
medic rotation was significantly greater (Jenkinson et al. 1999).

As commented before, in drylands available water limits crop residue production 
and, hence, SOC accrual. The conversion from rainfed to irrigated land could be a 
viable strategy to increase net primary productivity and the return of crop residues 
into the soil. However, irrigation not always leads to an increase in SOC stocks 
compared to rainfed conditions (Trost et al. 2013). Denef et al. (2008), in two sites 
located in semiarid Great Plains, observed positive effect of irrigation on SOC 
buildup in the 0–20 cm in both sites but only in one site when soil was considered 
to 75 cm depth. In more humid conditions, the positive influence of irrigation on 
SOC buildup tends to vanish (Trost et al. 2013).

In drylands, C removal may also come from the sequestration of inorganic C 
when carbonates are present in the soil. The C sequestered through the formation of 
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secondary carbonates was estimated in 0.1–0.2 Mg C ha−1 year−1 (Lal 2004). The 
formation and precipitation of secondary carbonates occur when CO2 partial pres-
sure increases (due to the decomposition of SOM or root respiration) and this CO2 
reacts with water forming bicarbonates (HCO3

−). The leaching of these bicarbon-
ates and Ca+2 cation to deep soil horizons, where lower partial pressure of CO2 
prevails, facilitates precipitation of CaCO3 (Lal and Kimble 2000). The impact of 
agricultural management on the sequestration of soil inorganic C is not clear. 
Despite these mixed effects, the presence of carbonates in arid soils may have a 
positive impact on SOC stabilization within soil aggregates (Bronick and Lal 2005). 
In soils with carbonates, the presence of exchangeable Ca+2 facilitates cation bridg-
ing and, hence, physical SOC protection (Virto et al. 2011). Moreover, the precipita-
tion of secondary carbonates on organic compounds also facilitates protection of 
SOC against microbial decomposition (Virto et  al. 2011). However, despite the 
potential for soil inorganic C sequestration in arid and semiarid drylands, there is 
still an important lack of knowledge regarding the most suitable options and strate-
gies for enhancing C removal through the formation of secondary carbonates.

2.4.2  Reducing GHG Emissions

Agricultural soils are emitters of the three main greenhouse gas gases (i.e., carbon 
dioxide, CO2; nitrous oxide, N2O; and methane, CH4). Although soil CO2 is pro-
duced by microbial respiration during SOM decomposition and by root respiration, 
only the CO2 derived from microbial activity contributes to SOC levels. However, 
since the increase in SOC is a viable strategy to withdrawal atmospheric CO2 (as 
commented in the previous section), the reduction in emissions as a mitigation strat-
egy is primarily related to the other two non-CO2 gases (i.e., N2O and CH4). In soils, 
N2O is mainly produced by microorganisms during nitrification and denitrification 
processes. Denitrification occurs mainly under high soil water conditions when 
oxygen levels are limited and, hence, NO3

− and NO2
− act as alternative electron 

acceptors. In contrast, nitrification occurs in aerated soils with maximum nitrifica-
tion rates at 60% water-filled pore space (WFPS) (Linn and Doran 1984). In 
 drylands, in which water deficit is a main feature, soil N2O is mainly produced dur-
ing nitrification (Galbally et al. 2008). Nitrification is the process in which NH4

+ is 
converted to NO3

−. Consequently, high NH4
+ levels in the soil will result in higher 

nitrification rates and, in turn, in greater N2O production. Accordingly, N fertiliza-
tion is the agricultural practice with the highest impact on N2O emissions which 
results in a positive relationship between N rates and N2O emissions (Bouwman 
et al. 2002). In southern Great Plains, results from a 3-year N fertilization experi-
ment in rainfed wheat showed that N fertilization rate was positively related with 
cumulative N2O emissions (Wilson et al. 2015). In this last experiment, the authors 
also observed that the highest N2O emissions were obtained during the driest year 
since low crop yields and low N uptake by the crop resulted in more N available in 
the soil (Wilson et al. 2015). Consequently, the adjustment of N rate to crop needs 
and the application of the fertilizer in the right timing are recommendations to effec-
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tively reduce N2O emissions in croplands (Venterea et al. 2012). The application of 
N fertilizers could also be reduced with the introduction of legume crops into the 
rotations. In drylands, crop diversification, through the use of rotations, has been 
confirmed as an interesting strategy to reach sustainable yields preserving soil and 
water conservation (Díaz-Ambrona and Mínguez 2001; Lenssen et al. 2014). The 
inclusion of legumes reduces N2O emissions compared to N-fertilized systems 
(Jensen et al. 2012). According to this last study, comparing mean values from sev-
eral sites and years, they found that soils under legumes emitted about 60% less N2O 
compared to N-fertilized crops (1.29 vs. 3.22 kg N2O-N ha−1, respectively) (Jensen 
et al. 2012). In dryland Australia, data from lupin and bare fallow plots revealed that 
the contribution of biological N fixation to N2O emission was minimal (Barton 
et al. 2011).

The selection of certain tillage systems could also contribute to decrease N2O 
emissions in drylands. In a meta-analysis with 239 comparisons, it was found that in 
dryland condition no-tillage and reduced tillage decreased soil N2O emissions in 
long-term experiments (>10  years) (van Kessel et  al. 2013). Similarly, Six et  al. 
(2004) for dryland conditions found greater N2O emitted in no-tillage and reduced 
tillage in the short-term compared to conventional tillage and the opposite trend in 
the long-term. In dryland Spain, two experiments with different years since estab-
lishment (3 and 15 years) were selected to evaluate the effect of N fertilization and 
tillage systems on soil N2O emissions in barley cropping (Plaza-Bonilla et al. 2014a). 
After 2 years of soil gas emission measurements, differences in mean N2O emissions 
between no-tillage and conventional tillage differed in both experiments (Fig. 3). In 
the long-term experiment, after 13  years, similar N2O emissions were observed 
between both tillage systems. But, in the short-term, after 3 years, greater N2O emis-
sions were observed in no-tillage compared with conventional tillage (Fig. 3).

Fig. 3 Mean soil N2O emissions during 2 years in two tillage (CT conventional tillage, NT no- 
tillage) experiments located in semiarid NE Spain: a long-term experiment located in Lleida prov-
ince (13  years since establishment) and a short-term experiment located in Huesca province 
(3  years since establishment). Within the same experiment, different lowercase letters indicate 
significant differences between tillage systems (P < 0.05). (Plaza-Bonilla et al. 2014a)
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Soils in dryland areas are more susceptible to uptake CH4 rather than to emit it. 
Net CH4 emissions are common in anaerobic environments in which methanogenic 
microoganisms reduce carbon compounds to produce CH4. In contrast, under aero-
bic conditions typical of dryland soils, CH4 oxidation occurs through the activity of 
methanotrophic bacteria (Hütsch 2001). In croplands, tillage, N fertilization and 
grazing may reduce CH4 oxidation potential of dryland soils (Galbally et al. 2008). 
In dryland Spain, the adoption of long-term no-tillage resulted in twofold higher 
CH4 oxidation compared to conventional tillage system (Plaza-Bonilla et al. 2014b). 
Accordingly, with an optimal selection of management practices, dryland agroeco-
systems could uptake significant amounts of atmospheric CH4 contributing to offset 
CH4 emissions from other sectors.

3  Conclusions

The protection of the soil surface with a cover of growing plants or crop residues 
and the reduction or elimination of tillage are suitable practices for wind and water 
erosion control in drylands. Mulching with post-harvest crop residues, either stand-
ing or flat, is without doubt the most widely applied soil conservation measure to 
control wind erosion in these areas. Thus, the adoption of CA practices is highly 
recommended for sustainable management of rainfed farming systems.

Regarding the available technologies to improve WUE in dryland agriculture, 
water harvesting, fallowing, conservation tillage, crop rotations and plant breeding 
are feasible options. Sowing time and plant density can also affect WUE but they 
must be adjusted locally. The first step in prescriptive management to increase nutri-
ent use efficiency in dryland agriculture is nutrient diagnosis by chemical analysis 
of soils and plants. However, under rainfed dryland conditions the right nutrient rate 
for a given season is difficult to estimate and adoption of precision agriculture based 
options such as the variable rate technologies are expensive and unaffordable for 
farmers in many regions. On the contrary, simplest and affordable technological 
options to improve NUE include the implementation of conservation tillage sys-
tems, the use of break crops and the diversification of crop rotations.

The two main options to mitigate GHG emissions in dryland soils are C seques-
tration and reduction of GHG emissions. Strategies recognized for C sequestration 
in dryland soils include maximising the amount of crop residues returned to the soil, 
which implies avoiding the removal or the burning of crop residues after harvest, the 
reduction of tillage intensity, the intensification of cropping systems and the reduc-
tion of the fallow period. To reduce N2O emissions in drylands the adjustment of N 
rate to crop needs and the application of N fertilizer at the right timing are highly 
recommended. Likewise, the adoption of long-term no-tillage for reducing N2O 
emissions and increasing CH4 uptake in dryland soils are also advised.

Among all the strategies analyzed, the maintenance of a protective crop residue 
cover and the reduction of tillage operations appear to be the simplest technological 
options not only to control soil erosion but also to improve WUE and NUE and miti-
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gate GHG emissions. However, the benefits of conservation tillage, especially no- 
tillage, have not been tested in all the dryland agricultural areas of the world. 
Moreover, the adoption of CA technologies by dryland farmers in developing coun-
tries can be constrained by socio-economic and biophysical limitations. Despite 
these limitations, sustainable agricultural management in drylands should be pri-
marily based on CA practices and associated local-based crop residue management 
systems.
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Abstract Crop-livestock is a form of land use system whereby livestock husbandry 
and cropping are practiced in association. The production system safeguards eco-
system balance and assures sustainable production; besides, the production system 
does not impact on the environment negatively. The burgeoning human population 
globally has increased the spate of food insecurity and malnutrition especially in the 
developing countries. There is therefore an urgent need for a better, efficient and 
sustainable production system capable of providing both crop and animal products 
for the teeming human population. Crop-livestock integrated production system 
seems to provide opportunity for the production and supply of food of both crop and 
animal origin without detrimental impact on the fragile environment. In this inte-
grated system, crop and livestock interact to create synergy that allows ecosystem 
balance and sustainable production intensification. In this chapter, comprehensive 
documentation of the concept, principles, and practices of crop – livestock produc-
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1  Introduction

Agriculture and food systems are facing major challenges of not only ensuring food 
and nutrition security of the ever-growing human population but also the need to 
ensure that the environment is judiciously exploited. Population growth together 
with changes in consumer demand preferences, associated with rising incomes, 
drive greater demand for food while food systems are increasingly threatened by 
land degradation, climate change, and other stressors (SDSN 2013). Agriculture 
systems must change to meet the rising demand, to contribute more effectively to 
the reduction of poverty and malnutrition, and to become more ecologically sustain-
able (SDSN 2013). Stewardship in the use of natural resources is therefore sine- 
quo- non-to an agricultural system that boasts to carter for the present and future 
population of the world. A sustainable agriculture and food system should provide 
nutrition for all, minimize negative impact on ecosystems and human health, 
improve livelihoods and resilience whilst being economically viable (CNS-FAO 
2016). There is a need to not just emphasize increase in per unit agricultural yield 
but to accommodate productivity in agricultural landscapes that encompass valued 
ecosystem services such as water infiltration, carbon sequestration, and conserva-
tion of biodiversity (Giovannucci et  al. 2012). According to Pretty (2008), new 
approaches are needed to integrate biological and ecological processes into food 
production, minimize the use of non-renewable inputs that cause harm to the envi-
ronment or to the health of farmers and consumers. Crop-livestock is an integrated 
production system that portends ecosystem balance together with sustainable pro-
ductivity. The system ensures production and supply of food of both crop and ani-
mal origin without unfavorable impact on the environment. Crop-livestock is a form 
of land use system whereby livestock husbandry and cropping are practiced in asso-
ciation (Jabbar and Cobbina 1990). Sustainable agriculture is the ability of farmland 
to produce food and other agricultural products to satisfy human needs indefinitely 
as well as having sustainable impacts on the broader environment (UNEP 2010). 
Climate smart agriculture (CSA) on the other hand is a continuous process of 
improving agriculture innovations in policies, technologies, management and 
financing that aim to: sustainably increase agricultural productivity and incomes; 
strengthen the adaptive capacity and resilience of people, food production systems 
and ecosystems in agricultural landscapes; and reduce and/or remove greenhouse 
gases emissions, where possible.

2  Concept and Principles of Sustainable Agriculture

Sustainable agriculture is a multidimensional concept. Sustainable agriculture does 
not refer to the use of labor-intensive, low cost input and low technology methods. 
It comprises site-specific ranching and farming practices designed to meet current 
and future needs of food, fiber, energy, and ecosystem services including but not 
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limited to soil conservation, clean water and biodiversity (Menalled et al. 2008). 
Pretty (2008) argues that sustainability in agricultural systems center on the need to 
the develop technologies and practices that are accessible and effective to farmers, 
lead to improvements in food productivity and that do not have adverse effects on 
environmental goods and services. Sustainable agriculture development represents 
a new approach of agricultural development that ensure the economic and social 
benefits for the actual generation without compromising the capacity of the future 
generation to fulfill the proper agriculture demands and without injure to the funda-
mental ecological process (Asachi 2010). Sustainable Agriculture is knowledge 
intensive and context specific, requiring significant capacity building for smallhold-
ers in developing countries. There is a greater need for institutional support if farm-
ers are to engage into significant sustainable agricultural production capable of 
providing food, feed and other materials for the teeming population and in ensuring 
environmental sustainability. Agricultural extension needs to be intensified in order 
to bring about the most desired move into meaningful sustainable agricultural pro-
duction system.

2.1  Sustainable Crop Production Methods

Sustainable crop production includes adhering to food production that do not harm 
the environment, that provides fair treatment to workers, and that supports and sus-
tains local communities (Food Program 2018) Sustainable crop farmers focus on 
ensuring that farming practices can be sustained over time and do not cause undue 
damage to the environment. Sustainable crop production intensification (SCPI) 
aims to increase production per unit area, taking into consideration all relevant fac-
tors affecting productivity and sustainability, including social, political, economic 
and environmental impacts. With focus on the environment, SCPI aims to maximize 
options for crop production intensification through the management of biodiversity 
and ecosystem services (FAO 2018). Sustainable crop production methodologies 
include such methods as: multi-cropping involving crop rotation, intercropping; 
minimal to no pesticide use methods such as integrated pest management, intercrop-
ping and companion planting, mulching, groundcover, and manual control, release 
of beneficial insects and organisms; soil health management including organic mat-
ter use, crop rotation, intercropping, and mulching, less or no tillage and reduction 
of heavy machinery use; as well as socio-economic dimension, which involves 
ensuring fair treatment of farm workers, supporting farm communities, and sustain-
ing local food systems (Food Program 2018).
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2.2  Sustainable Livestock Production Systems Methods

The current livestock production practices place severe pressure on the environ-
ment, through emissions to air, water and soil and through utilization of natural 
resources, including land, water and fossil energy (Royal Netherlands Society for 
Agricultural Sciences 2013). At present, livestock contribute 14.5% to global green-
house emissions (FAO 2017). It uses about 70% of total available agricultural land 
and represents about 8% of global water withdrawals (Royal Netherlands Society 
for Agricultural Sciences 2013). The Royal Netherlands Society of Agricultural 
(2013) highlighted four major concerns for a sustainable livestock production sys-
tem. First, ensuring health and safety of animals and humans: this includes eradica-
tion of infectious animal and zoonotic diseases emerging from livestock farming 
and transport; mitigation of consequences of use of antibiotics, such as the develop-
ment of microbe resistance to antibiotics. Use of bio-security measures such as 
isolation of new animals before adding to the main flock, vaccination, applying 
strict sanitation and disinfectant measures are important strategies for promoting 
health of animals and humans (Alberta SPCA 2014). Second is the customized care: 
ensuring robustness, dignity and integrity of the production of animal including 
compliance to human standards for animal welfare aspects as well as respecting the 
specific biological traits and requirements of individual animals in the group. Close 
confinement of animals, individual rearing of social animals such as pigs and cattle, 
and other systems of housing and managing animals that do not meet the needs of 
animals constitute unsustainable animal production practices (Maurice 2017). The 
third concern is ‘no nuisance’, meaning that a sustainable animal production system 
should avoid exposure of the environment to critical emissions of waste materials 
i.e. dust, noise, malodor or pathogens originating from livestock production sys-
tems. This also includes sustainable management of natural resources, biodiversity 
and prevention of land degradation. Pollution prevention strategies such as use of 
animal waste as organic manure, energy source can be adopted to ensure environ-
mental sustainability. The fourth concern is credit performance (from socio- 
economic standpoint): sustainable animal production system should guarantee a 
responsible and trustworthy livestock production sector with sound perspectives for 
farmers in  local, national, regional or global food production chains. Livestock 
enterprise should be appropriate for the resources available to the farmer. Efficient 
use of feed increases sustainability. Use of quality genetic breeding stock, combined 
with knowledge of healthy reproductive processes reduce health problems and feed 
costs thereby making production more sustainable (Alberta SPCA 2014). There is 
no single solution for achieving a sustainable supply of animal-source food. A 
trade-off between the four major concerns for a sustainable animal production 
requiring a more comprehensive and synergistic approach is recommended (Royal 
Netherlands Society for Agricultural Sciences 2013).
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3  Concept of Crop-Livestock Production

Growth in demand for food products all over the world is rising at a fast rate due to 
increasing population, urbanization and sustained rise in per capita income (Powell 
et al. 2004; Kumar et al. 2014). Thus, the world is under enormous strain to reduce 
food insecurity, soaring food prices and deepening poverty (Nalubwama et al. 2014) 
because of the projected increase in human population of about 8.3 billion by 2020 
as reported by the United Nations World population prospects (UNPP 2008). 
According to FAO report (FAO 1993), currently 800 million people worldwide are 
suffering from malnutrition and hunger especially in developing country, due 
mainly to insufficient production and inadequate distribution and lack of income to 
acquire food of adequate quantity and quality to satisfy their needs. This calls for a 
better, efficient and sustainable agricultural production system capable of providing 
crop and animal products for the teeming human population. A system capable of 
providing succour for the production and supply of food of both crop and animal 
origin without detrimental impact on the environment is crop-livestock integrated 
production system. Herrero et al. (2009) indicated that almost one billion people 
globally depend on crop livestock system as their primary source of livelihood. 
Statistically, mixed crop livestock system is reported to produce 50% of global cere-
als, 34% of beef and 30% of milk (Herrero et al. 2009; Duncan et al. 2013).

Jabbar and Cobbina (1990) defined crop-livestock systems as a form of land use 
systems in which livestock husbandry and cropping are practiced in association. 
The system may include (i) sole livestock farming practiced in proximity to and 
functional association with crop farming, and (ii) crop livestock mixed farming 
under the same management with various degrees of combinations (Jabbar and 
Cobbina 1990). Other specific examples of such system are rice-wheat-livestock 
system (buffalo, cattle, and goats) as practiced in North-West India, crop-pasture 
system, agropastoralist (produces crop and raises cattle principally by grazing natu-
ral pastures) (Okoruwa et al. 1996; Kumar et al. 2014), cereal based-livestock sys-
tem also practiced in many regions of West Africa (Ezeaku et al. 2015), integrated 
tree crops-ruminant systems as witnessed in Malaysia (Devendra 2011), etc. It is as 
an integrated system of agricultural production whereby crop and livestock interact 
to create synergy with recycling allowing the use of available resources. In this 
system crop residues are used for animal feed, while livestock and livestock by- 
products production and processing are used to enhance agricultural productivity by 
intensifying nutrients that improve soil fertility and at the same time reduces the use 
of chemical fertilizers (Singh et al. 2011). In general, productivities of livestock and 
croplands are inextricably linked. Reports available indicates (Jabbar and Cobbina 
1990; Powell et al. 2004) that crop-livestock integrated system is a key solution for 
enhancing livestock production and safeguarding the environment when its 
resources are prudently and efficiently managed.
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3.1  Principles and Practices of Crop-Livestock Production 
System

Crop–livestock production systems is a classification of livestock systems that com-
bine crop (mainly millet, cowpea, sorghum, cotton and groundnut) and livestock 
activities (cattle, sheep, goats and camels) in different proportions to enhance pro-
ductivity and food supply. The system is practiced mostly in arid and semi-arid 
areas, moist savannah zones, and may include rain fed mixed crop livestock produc-
tion system or irrigated mixed crop-livestock system. Improved grain yield in alley 
farming and fodder bank technology are typical examples epitomizing the benefits 
inherent in crop livestock production system of farming. For instance, Jabbar and 
Cobbina (1990) noted that the higher maize grain output witnessed in alley cropping 
following a short-term grazed fallow is due to soil fertility build-up through decom-
position and mineralization of dead plant biomass and a fallow factor. In the system, 
ruminants especially sheep and goats can graze on the fallow land and their activi-
ties enhance nutrient recycling through the dung that is eventually returned to the 
soil in the course of grazing (Jabbar and Cobbina 1990; Powell et al. 2004). In fod-
der bank system, forage legumes are established and managed at very high density 
to provide dry season supplementation for ruminant livestock. Forage legumes like 
Stylosanthes guianensis (Stylo), Centrosema pubescens (butterfly pea), etc. are 
cropped and managed specifically for dry season feeding of ruminants to improve 
growth rate especially at a time when pasture quantity and quality has greatly 
declined due to drought. Eventually, fodder bank plots are returned to cropping after 
establishment and grazing. Report available shows that maize crop yield on fodder 
bank plots returned to cropping is one-and-half to twofolds better compared to adja-
cent control plots (Jabbar and Cobbina 1990).

In regions where crop-livestock production is practiced, the system has been 
known to significantly improve livelihoods especially in rural populations in most 
part of the world especially in developing economies. Farmers produce food grains 
and manage livestock to boost their income. Thus, farmer’s income, agriculture and 
rural economy are heavily dependent on livestock. In an integrated system, live-
stock and crops are produced within a coordinated framework such that the waste 
products of one component serve as a resource for the other. For instance, animals 
produce power for agricultural operations and pulling cart and use of dung as 
organic fertilizers (Singh et al. 2011). Manure from animals is used as organic fertil-
izers to enhance crop production whereas crop residues and by-products are used to 
complement animal feed that are often inadequate especially in the dry season lead-
ing to improved animal nutrition and productivity. The farmer also benefits from the 
sale of animal products like meat, milk and eggs as these products are a major 
source of food for humans. A major characteristic of the system is that crop (mainly 
millet, cowpea, sorghum, rice, wheat, cotton and groundnut) and livestock activities 
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(cattle, buffalo, sheep, goats and camels) are combined in different proportions to 
maximize both crop and livestock productivity. This is an important system both for 
agriculture and livestock production, and in terms of livelihoods in places where it 
is practiced.

Adamawa State is 1 of the 36 states in Nigeria located in the Northeastern part of 
the country. The state has a total land area of approximately 38,741 km2, out of 
which about 22,604 km2 is known to be arable (Adebayo 1999). Southern Guinea 
Savannah, Northern Guinea Savannah and the Sudan Savannah happens to be the 
major vegetation found in the state with an interspersion of thickest tree savannah, 
open grass savannah and finging forests in the river-valley (Lawal 2012). In 2006, 
the population of the State was 3.2 million according to NPC (2006) report and 
majority of the people are farmers, cultivating different variety of crops including 
maize, millet, sorghum, rice, yam, cowpea and groundnut and rearing of animals 
mainly cattle sheep and goat. Agro-pastoralism, a type of mixed farming is a com-
mon practice in the area even though mono-cropping is also found (Lawal 2012).

There is an obvious shift from mono-cropping to agricultural intensification and 
development of crop livestock system. Studies show a rise in the number of live-
stock owned by crop farmers. Most crop farmers invest their surplus revenue from 
crop sales in animal production when crop prices are high. Again, in time of drought 
when prices of livestock are low, crop farmers in the state acquire animals from poor 
farmers or pastoralist. As found in other parts of Nigeria, agro-pastoralist in the state 
are aware of the benefits in crop-livestock integration farming. Farmers use the hoof 
action of livestock like cattle to prepare land for growing small cereals. In a like 
manner, goats are sometimes used to weed crops after being allowed to satisfy their 
initial appetite on natural pastures. The animals selectively eat the herbs without 
destroying the cereal crops in the field. Altogether, the crop-livestock interaction 
that exist in the state include (i) the use of draught animal mainly bulls as source of 
power for carrying farm equipment and implements for land preparation, weeding 
and other activities in crop field. The animals are also used for the transport of farm 
inputs, crop residues, manure, crop produce etc. to and from the farm as the case 
maybe; (ii) Manures from animals are readily available for crop production to 
increase soil fertility and nutrient cycling. In farms where fallow crop field was 
grazed by animals, crop productivity was found to increase; (iii) Crop residues 
though not enough are used as feed materials for animals; (iv) farmers rely on the 
sale of meat and milk from animals as additional source of income for the family.

Despite the numerous advantages inherent in agro-pastoral system, there was a 
technical inefficiency among the agro-pastoralist in Adamawa State and this impacts 
negatively on the output levels of the farmer. As shown in Table 1 (Lawal et  al. 
2015), among the challenges faced by farmers in the state are inadequate and high 
cost of fertilizers, high cost of paid labour, high cost of supplementary inputs, pest 
and diseases, lack of improved seeds, etc. From Table 1, it is glaring that the most 
serious challenges faced by farmers in the state are those associated with crop 
production.
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3.2  Features of Crop-Livestock Interaction

Crop and livestock production have been linked for years as epitomized by exchange 
of grain, crop residues and water for manure between sedentary crop farmers and 
migratory pastoralists (McCown et al. 1979; Mortimore 1991). For some reasons 
like increasing human and livestock population and changing climate, cropping sys-
tem anchored on shifting cultivation and livestock production system hitherto based 
on transhumant and commercial grazing of rangelands was transformed to more 
sedentary, mixed farming system where crop and livestock are part of the same farm 
system (Winrock International 1992; Wolfe 2011). Crop and livestock interact 
within the same production system and their interaction often offers increased effi-
ciencies and productivity to farmers (Fig. 1). Crop-livestock integration could rep-
resent a model of sustainable agriculture according to principles of nutrient recycling 
and efficient use of land and resources (Moraine et al. 2014). Invariably, the system 
involves nutrient cycling to increase soil fertility, processing of crop residues as for-
age for livestock, among others. To the rural farmer, the benefits of investing in 
crop-livestock integration system include increased income and income stability.

Within an integrated crop-livestock production system, there are both positive 
and negative interactions. Positive interactions occur from synergies and comple-
mentarities whereas negative interactions come from antagonistic effects and com-
petition between enterprises. As regard positive interactions, Wolfe (2011) 
enumerated the mutually beneficial interaction between livestock and crop manage-
ment to include;

Table 1 Distribution of respondents based on constraints associated with livestock- crop farming 
system

Constraints Frequency %a Rankingb

Inadequate and high cost of fertilizer 98 49.00 1
High cost of paid labour 96 48.00 2
Low fertility status of farm land 93 46.50 3
High cost of transportation 81 40.50 4
Lack of adequate grazing land 69 34.50 5
Clashes with pastoralists 55 27.50 6
Lack or inadequate water during the dry season 39 19.50 7
High cost of agrochemicals (herbicide and pesticide) 37 18.50 8
Drought/flooding 26 13.00 9
Insecurity for life and property 20 10.00 10
Lack of improved seeds 15 7.50 11
Attack by pests and diseases 5 2.50 12
High cost of supplementary feeds 3 1.50 13

Source: Adapted from Lawal et al. (2015)
aMultiple responses existed hence >100%
bRanks are in descending order of severity
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 (i) The benefits of nitrogen-fixing legumes that improve both forage quality and 
soil fertility

 (ii) The return of dung and urine to the soil
 (iii) The use of deep-rooted pasture species that extract more soil water for produc-

tion and environmental benefits; and
 (iv) The use of pasture-crop rotation to break disease and pest cycles.

Also, examples of positive complementary effects include;

 (i) The consumption of weeds by livestock thereby reducing weed populations
 (ii) The benefit to animals and crop sowing operations from the consumption of 

crop residues and
 (iii) The utilization of the grassy understory by cattle in developing rubber tree 

plantations.

Examples of negative interaction include the distribution of some crop weeds by 
livestock (antagonistic effect) and competition between both enterprises for labour, 
resources or investment (Wolfe 2011).

According to the role crop or livestock play in a crop-livestock production enter-
prise, the interactions thereof are summarized to include:

3.2.1  Use of Animal Power in Crop Production and Transport

In most of the developing countries and in communities where crop-livestock pro-
duction is practiced, draught animals, most commonly cattle, but also donkeys, 
horses, mules and even camels contribute to crop production through the provision 
of power to assist farmers in the production, harvesting, processing and marketing 
of crops. Equipment for primary tillage, weeding, and sometimes planting, etc. is 
often attached to draught animals during crop production. A positive relationship 
exists between the use of animal power and cultivated area (Sumberg and Gilbert 
1992) as farmers with access to animal power usually increase the area, they culti-
vate to make its use more attractive. In cropping system that relies on hand-tillage 
in land preparation and weeding, animal power has been used to alleviate labour 
bottleneck. Wanders (1994) indicated that as long as farmers have access to weed-
ers, ridgers and planters in addition to plough, they take full advantage of animal 
power that is available to them and in so doing achieve labour savings. Substantial 
evidence has shown that famers with animal power tend to increase the proportion 
of land planted to cash crop. For instance, planting of groundnuts and other cash 
crops are reported to increase the profitability of draught animal power more than 
staple food crops, such as millet, maize and sorghum (Delgado and McIntire 1982; 
Panin 1987). In a similar report, Shumba (1984) concluded that the use of animal 
power can improve the timeliness of planting and thus increase crop yields in areas 
where growing seasons are short and time of planting is crucial.

Similarly, animal power is used also for transportation of equipment, manure, 
and other crop materials, harvest or residues, to points where they are readily acces-
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sible for use in the farm or for marketing. To achieve this purpose, farmers usually 
purchase carts for transport. The use of carts for transport drastically reduces labor 
constraints and workloads in cropping activities, and helps step up production 
(Zenebe and Fekade 1998). The use of carts enhances the timely removal of crops 
from fields and thus contributes significantly to reduction in post-harvest losses 
from pest (Anderson and Dennis 1994). During planting, carts are used to move 
manures and fertilizers to the field and farmers are better able to market their pro-
duce at the end of harvest.

3.2.2  Nutrient Cycling

Livestock play pivotal role in regulating nutrient cycling in mixed crop-livestock 
enterprise. In addition to other products like meat, milk and eggs, animals also pro-
vide manure and other types of animal waste that play crucial role in the overall 
sustainability of crop-livestock system. Basically, manure contains several nutrients 
including nitrogen, phosphorus and potassium and organic matters (Singh et  al. 
2011). Soil structure and fertility is maintained when these materials are ploughed 
back into the soil. Accordingly, crop production and yield are improved and the risk 
of soil degradation is reduced. In an integrated crop-livestock production system 
where a short-term graze fallow system is practiced, nutrient recycling is enhanced 
and crop yield is improved due to soil fertility build-up through decomposition and 
mineralization of dead plant biomass and the dung that was returned to the soil in 
the course of grazing by animals (Jabbar and Cobbina 1990). On the other hand, the 
integration of livestock into cropping systems converts some crop residues into 
meat and milk. In general, both crop and livestock production are significantly 
improved if soils, crops, fertilizer, and manure are managed intensively in a manner 
that enhances nutrient recycling (Powell et al. 2004).

3.2.3  Use of Crop Residues as Feed Materials for Animals

The importance of crop residues in an integrated crop livestock production has been 
well document (Singh et  al. 2011; Powell et  al. 2004; McIntire et  al. 1992). In 
respect to crop livestock interaction, crop residues are used as ready source of feed 
in form of forage for livestock especially in dry season. During the same time of the 
year, the quality of crop residue in terms of digestibility, crude protein and phospho-
rus content, is far better than those of natural rangeland. Among other uses include 
as fuel, construction material and source of income to the farmer when sold to buy-
ers (McIntire et al. 1992). According to Powell et al. (2004), farmers may allow 
animal free access to whole residues on harvested fields or in case of availability of 
labour, farmers harvest, transport and store crop residues for feed or sale (McIntire 
et al. 1992). In situations where all crop residues are not used for livestock feed, 
they are often traded and sometime their monetary value approaches that of grain 
(Singh et al. 2011). In drier part of the world especially in West Africa, Bayer (1986) 
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report indicate that cattle spend 80% of grazing time on harvested fields. Allowing 
crop residue in the field improves soil structure, and soil chemical properties because 
crop residue provides the physical barrier in the field that enhanced the accumula-
tion of soil organic matter (Buerkert et al. 1996; Powell et al. 2004).

3.2.4  Manure Availability for Crop Production

Manure remains the most important soil fertility amendment and an important link 
in areas where crop livestock mixed farming is emerging. Manure is very critical for 
sustaining soil productivity and so are often used as crop fertilizers. Manure returns 
organic matter to the soil, helping to maintain its structure as well as its water reten-
tion and drainage capacities (Singh et al. 2011). Manure availability for cropping is 
limited by livestock types, numbers and manure output per animal, the location of 
livestock during the time when manure is needed, feed supply from range and crop 
land and the efficiency of manure collection (Powell et  al. 2004; Schlecht et  al. 
1995; Singh et al. 2011). Manure quality can also be enhanced via improved feed-
ing, such as using urea-treated straw (Singh et al. 2011). There are also indications 
that the efficiency of manure use can be increased by joint application of manure 
and fertilizers and manipulation of the relative amounts and times of application 
(Singh et al. 2011; Brouwer and Powell 1998) because soil acidification linked with 
repeated applications of Nitrogen fertilizer is reduced when fertilizer and manure 
are applied together (de Ridder and van Keulen 1990). Factors like rainfall, tem-
perature, soil type, manure nutrient content, and farmer management affect manure 
application rates and crop response (Powell et al. 2004). In wet-dry tropical environ-
ments the daily manure output of grazing cattle during the wet season can be twice 
the manure output during the dry season because manure output is affected by wide 
fluctuation in feed availability and quality across wet and dry seasons (Omaliko 
1980). However, manure application improves soil conditions and increases crop 
yields. In addition to the use of livestock manure as organic fertilizers in a crop 
livestock integrated farm, it also serves as source of biofuel for burning to replace 
scarce firewood resources. Dung are seasonally collected and used to produce 
“dungcakes”, dried and stored for burning (Österle et al. 2012).

3.3  Challenges Faced by Crop-Livestock Production System

Crop-livestock production system of agriculture, like all other production systems 
of agriculture is faced with some challenges irrespective of its numerous advantages 
to the farmer in ensuring food security.
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3.3.1  Soil Compaction

Livestock production requires proper management and care of the livestock. In crop 
livestock integrated system, lack of proper management impact negatively on the 
soil and its properties (Schiere et al. 2000). Improper management of livestock can 
exacerbate surface soil compaction, and this may lead to water runoff, loss of nutri-
ents and cultivation/sowing difficulties. Consequently, crops eventually planted in 
such soils are less likely to produce well.

3.3.2  Huge Economic Trust on Labour and Infrastructure

Crop and livestock agriculture depend largely on availability of labour in all aspects 
of it production. In an integrated system of crop livestock production, although 
animal serves as source of farm power, labour is also required in the control and 
management of livestock for proper efficiency of production. Equipment for plough-
ing, ridging, weeding, fertilizer application, etc. used in crop livestock integrated 
system are often under the control of human labour when in use. Also, livestock 
requires proper attention and availability of infrastructures like fences, yards/cor-
rals, water and feeding points and other facilities (Entz et al. 2005). Pastures and 
livestock require proper management in farms that practices crop livestock 
integration.

3.3.3  Lack of Incentives to Farmers

Crop livestock integrated system requires that farmers have access to knowledge, 
assets (e.g. land) and inputs (e.g. seeds, fertilizers, etc.) to manage the system in a 
way that is economically and environmentally sustainable in the long run (Kumar 
et al. 2014). Unfortunately, farmers are short of sufficient access to adequate incen-
tives to promote rural based crop livestock mixed farming. An integrated crop live-
stock system is a form of organic agriculture and farmers need to be encouraged to 
sustain the practice because of its inherent benefits and should be paid adequately to 
promote rural based crop livestock mixed farming system.

3.3.4  Complexity in Management

It is a common knowledge that addition of livestock to cropping system results in 
greater complexity in management, increasing the number and difficulty of decision 
that must be made by the manager (Wolfe 2011; Moraine et al. 2014). Unfortunately, 
many farmers engaged in crop livestock system are usually generalists having 
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limited time or specialist knowledge to manage each enterprise according to the 
combined expectations of an agronomist and animal scientist. In some instance 
where some crop livestock farmers have large size of farms, reports (Pannell et al. 
2006; Wolfe 2011) show that in most cases such farms are run by a single farm fam-
ily with occasional outside labour making it complex and difficult for farmers to 
adapt to current trends in farm management that enhance productivity. In effect, 
farmers find it difficult to handle the increased complexity of managing towards 
multiple goals including agricultural, environmental, economic, social and political 
goals (Wolfe 2011). In essence, managing the potential interactions between crop 
production and livestock production requires farmers/managers that are capable to 
appreciate and run these interactions in a way to release synergy and counterbalance 
resentment.

3.3.5  Imbalance in Resource Distribution Between Crop and Livestock

There is evidence that livestock are often neglected in mixed crop livestock enter-
prise compared to crop (Duncan et al. 2013). In support, FAO (2013) report empha-
sized that research, development and extension efforts are geared towards 
intensification of crop production. That notwithstanding, and according to FAO 
(2013) reports, several evidence available shows that four out of five of the highest 
value commodities in an integrated crop livestock system are livestock products. 
For instance, compared with livestock products, policy initiatives encourage heavy 
subsidies on crop inputs like seeds, fertilizer, and irrigation even though high valued 
products in the system come from livestock (Erenstein and Thorpe 2010; Duncan 
et al. 2013).

3.3.6  Pest and Disease Constraint

Incidences of pest and disease is a major constraint hindering crop and animal 
productivity. In a crop livestock system, this have negative effect on crop produc-
tion (both grain and fodder) and causes poor growth, high mortality and reduced 
productivity in animals. The unfortunate scenario is that inputs (pesticides, herbi-
cide, drugs, etc.) to counteract these negative forces are generally scarce or priced 
well above the means of smallholder farmers (Ezeaku et al. 2015). Consequently, 
the reciprocal benefits from crop and livestock in the system (crop residues as 
fodder for livestock, manure for crops and soil fertility improvement, etc.) are 
drastically reduced.
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3.3.7  Economic Constraints

The sustainability of crop livestock system is threatened by decline in productivity 
and profitability (Moraine et al. 2014), due mainly to some economic factors includ-
ing increasing prices of farm inputs for crop (seed/seedlings, pesticides, irrigation 
water, farm machineries, lands, etc.), and livestock (drugs, feed, electricity, fuel, 
etc.) productions. Altogether, the lack of incentives and source of funding to farmers 
in the system culminate in low productivity and supply of crop and animal products 
from the system. In the long run, some farmers are forced out of business since the 
system is no more sustainable.

3.3.8  Impact of Climate Change on Crop and Livestock

The negative effect of climate change on crop and animal production is well known 
(Aydinalp and Cresser 2008; Nardone et al. 2010). Variability in seasons, irregular 
rainfall patterns, flooding, drought, high temperature, etc. causes a lot of harm to 
crops and livestock. These damages impose high economic losses to the farmer. 
Animal growth rate, meat and milk yield and quality, egg production and quality, 
reproductive performance, metabolic and health status, and immune response are 
negatively affected by hot ambient temperature (Nardone et al. 2010). The process 
of desertification reduces the carrying capacity of rangelands and the buffering abil-
ity of agro-pastoral and pastoral systems (Nardone et al. 2010). It is pertinent to 
state that in crop livestock production system, the livestock component may be 
more affected by global warming because global warming causes soil infertility, 
water scarcity, reduced grain and pasture yield and quality. Moreover, the survival 
and productivity of livestock and the interaction thereof in a crop livestock system 
depends on increased yield of crop, and availability of good quality forages and 
crop residues as feed material for livestock. Lower rainfalls, increased drought 
effects on crops and on pastures coupled with the effect of high temperature and 
solar radiation impairs animal productivity. In crop production, temperature 
increases can have both positive and negative effects on crop yields, however, 
numerous evidences show that temperature increases lead to reduce yields and qual-
ity of many crops, especially cereal and feed grains. In addition, just as in livestock 
production, rising temperatures cause changes in the incidence and distribution of 
pests and pathogens, increased rates of soil erosion and degradation, increased tro-
pospheric ozone levels, high runoff and groundwater recharge rates, etc. (Adams 
1986; Adams et  al. 1998). In general, availability of water for crop and pasture 
production and irrigation agriculture is hindered in the process leading to low pro-
ductivity of crops and decline in yield and quality of available forages and crop resi-
dues for livestock.
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3.4  How Does Crop-Livestock Interaction Enhance 
Sustainable Agricultural Production?

Sustainability was defined by Conway (1987) as the ability of a system to maintain 
productivity irrespective of major disturbances such as is caused by intensive stress 
e.g. the effect of soil erosion and degradation or farmers’ indebtedness or by a large 
awful situation like incidence of a drought or a food or a new pest or pathogens. 
Therefore, sustainable agricultural system may be defined as an agricultural system 
capable of maintaining increased production and supply of crops and livestock 
products in the midst of numerous environmental, physical, economic and social 
stressors. As mentioned earlier, even though crop livestock interaction in a crop 
livestock production system may be complementary or competitive, there are huge 
benefits and contributions of the system towards the enhancement of sustainable 
agricultural production if well managed. In general, crop livestock interaction may 
enhance sustainable agricultural production in the following ways:

• There is higher aggregate output of crop and animal products for a larger popula-
tion in crop livestock system considering the fact that a given amount of land can 
support more people in the system than under either crop or livestock system. 
Crop livestock interaction leads to diverse and effective utilization of farm 
resources and as such contributes to stable increase in both food crop and live-
stock production to meet the increases in population growth and food security.

• Crop livestock interaction creates room for diversification of production, con-
sumption and investment, and contributes to steadiness of the system by mini-
mizing risk, employing and allocating profits to more people (Jabbar and Cobbina 
1990).

• Crop livestock interaction enhances agricultural productivity by decreasing the 
overall cost of production. For instance, poor farmers practising crop livestock 
system are opportune to make good use of available resources from the farm like 
the use of manures from livestock operations as replacement for chemical fertil-
izers, which are often unaffordable. In places where crop livestock system is well 
practised, it provides income growth prospects for many poor rural people 
involved in the livestock sector (Delgado et al. 1999).

• The pitfalls of high-tech commercial agriculture may be avoided or minimized 
by encouraging crop-livestock interaction in the early stage of production. A 
major pitfall of high-tech commercial agriculture is the continued reliance on the 
use of agrochemicals. Agrochemicals are a major source of environmental pollu-
tion and a significant risk for human, animals and wildlife. Crop livestock inter-
action contributes to a reduction in major environmental treats emanating from 
agriculture like soil erosion, leaching and associated effects on water quality 
(Jabbar and Cobbina 1990). It helps to improve and conserve the productive 
capacities of soils, with physical, chemical and biological soil recuperation 
(Delgado et  al. 1999) thereby making agricultural production effective and 
sustainable.
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• The system creates room for better agronomic and economic resilience to exter-
nal influences such as climate change and input price volatility thus making agri-
cultural production more sustainable (Moraine et al. 2014).

4  Sustainable Livestock Production Systems

By 2050 the world’s population is expected to reach 9.6 billion, with nearly all of 
the population increase in the developing countries (United Nations 2013). 
Alexandratos and Bruinsma (2012) estimated that global food demand would 
increase by 1.1% per year from 2005/2007 to 2050. They also expect that in this 
period, global demand for meat will grow by 1.3% per year and for milk and dairy 
products by 1.1% per year. Searchinger (2013) indicated three categories of solu-
tions to sustainably feed this larger, more urban and richer world population in 
2050:

• Solutions that reduce the growth in food consumption, by reducing amongst oth-
ers waste, obesity and excessive consumption;

• Solutions that increase food production on existing agricultural land, by e.g. 
increasing yield; and

• Solutions that reduce the environmental impact of food production, by e.g. effi-
cient use of inputs.

4.1  Types of Livestock Production Systems

The term “livestock” refers to any breed or population of animal kept by humans for 
a useful, commercial purpose. They are domesticated animals raised in an agricul-
tural setting to produce labor and commodities such as meat, egg, milk, fur, wool 
and leather. Livestock production plays a major role in the life of farmers in devel-
oping countries. It provides food, income, employment and many other contribu-
tions to rural development. They provide a flow of essential food products throughout 
the year, are a major source of government revenue and export earnings, sustain the 
employment and income of millions of people in rural areas, contribute draught 
energy and manure for crop production and are the only food available to many 
Africans (Michio et al. 2003). Livestock production systems have been classified by 
Steinfeld and Mäki-Hokkonen (1995) to include:

 1. Solely livestock production systems. Livestock systems in which more than 90% 
of dry matter fed to animals comes from rangelands, pastures, annual forages 
and purchased feeds and less than 10% of the total value of production comes 
from non-livestock farming activities.

 2. Landless livestock production systems. Subset of the solely livestock production 
systems in which less than 10% of the dry matter fed to animals is farm- produced 
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and in which annual average stocking rates are above ten livestock units per 
hectare of agricultural land. The developed countries dominate the picture of 
landless intensive production with more than half of total meat production.

 3. Landless monogastric production system. This system is defined using monogas-
tric species, mainly chickens and pigs, where feed is introduced from outside the 
farm, thus separating decisions concerning feed use from those of feed produc-
tion, and particularly of manure utilization on fields to produce feed and/or cash 
crops. The system is typically competing with traditional land-based production 
systems for shares in the urban markets.

 4. Landless ruminant production system: This production system is defined using 
ruminant species, principally cattle, where feed is mainly introduced from out-
side the farm system. Landless ruminant production systems are highly concen-
trated in only a few regions of the world. The system is based almost exclusively 
on high-producing, specialized breeds and their crosses, which, nevertheless, 
have not been bred specifically for performance under “landless” conditions. The 
system is highly capital-intensive, leading to substantial economies of scale. It is 
also feed-intensive and labour-extensive.

 5. Temperate zones and tropical highlands grassland-based system: In these areas, 
the grazing system is constrained by low temperatures. In the temperate zones, 
there are 1–2 months of mean temperatures, corrected to sea level, to below 5 °C, 
whereas in the tropical highlands daily mean temperatures during the growing 
period are in the range of 5–20 °C.

 6. Mixed-farming systems: Livestock systems in which more than 10% of the dry 
matter fed to animals comes from crop by-products or stubble or more than 10% 
of the total value of production comes from non-livestock farming activities.

 7. Temperate zones and tropical highlands rain-fed system: This system is defined 
as a combination of rain-fed crop and livestock farming in temperate or tropical 
highland areas, in which crops contribute at least 10% of the value of total farm 
output. The main common feature of these two regions is that low temperatures 
during all or part of the year limit and determine vegetation that is quite distinct 
from that found in tropical environments (Steinfeld and Mäki-Hokkonen 1995).

4.2  Classification of Sustainable Livestock Production Systems

One common and more studied classification is that between organic and conven-
tional systems. Sustainable conventional production systems are typified by the pro-
duction systems used by most farms, which use technologies for increased 
productivity, such as high-yielding breeds, modern breeding and feeding techniques, 
modern medication, machines and equipment, and (artificial) fertilizers and pesti-
cides. Conventional livestock production systems comply with local legal require-
ments in force for all livestock producers irrespective of their production system. 
Therefore, it should be noted that farming practices could differ substantially among 
conventional livestock producers.
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Organic production systems were typified as a holistic production management 
system that promotes and enhances agroecosystems health including biodiversity, 
biological cycles, and soil biological activity (Codex Alimentarius Commision 
2007). It emphasizes the use of management practices, taking into account that 
regional conditions require locally adapted systems. This is accomplished by using, 
where possible, cultural, biological and mechanical methods to fulfill any specific 
function within the system, as opposed to using synthetic materials. In addition to 
the legal requirements for conventional livestock production systems, the organic 
production system has to comply with legal requirements and clearly defined stan-
dards on organic livestock production.

Comparing organic versus conventional dairy farms, studies with dairy cattle and 
pigs reported a price premium for organic milk and organic pork above the conven-
tional farm gate price. It should be noted that, organic animal production compared 
to conventional production used more labour per animal, have lower building costs 
per animal, higher levels of price risk, yield risk and income risk (van Wagenberg 
et  al. 2016). van Wagenberg et  al. (2016) enumerated the advantages of organic 
livestock production compared to conventional as follows:

Lower building costs per animal; higher income per animal or full time employee; 
lower eutrophication and acidification potential per unit of land; lower impact on 
local biodiversity and fossil phosphorus depletion per unit of product and higher 
activity levels and better leg health, a similar or lower likelihood of antibiotic resis-
tance in bacteria isolated from the farms’ environment, animals or animal 
products.

Conventional livestock production compared to organic had:

 – a lower labour need to produce an animal,
 – a lower level of income risk per animal,
 – a higher output (in kg product) per animal per time unit,
 – a better reproductive performance,
 – a lower feed conversion ratio,
 – a lower land use,
 – a generally lower acidification and eutrophication potential per unit of product,
 – a lower risk of parasitic infections, and
 – a similar or lower microbiological contamination in animal products (van 

Wagenberg et al. 2016).

The following lessons for sustainable livestock production systems have been 
identified:

 1. Best practices and technologies that enhance productivity could help to achieve 
food security while contributing to environmental sustainability and economic 
farmer sustainability (Capper and Bauman 2013; van Wagenberg et al. 2016).

 2. Selection of feed products could be based on a balance between a low environ-
mental impact and high quality of the feed ration that ensures a high animal 
productivity and feed efficiency. To enhance future food security, food-feed 
competition is an important aspect to consider.
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 3. Livestock grazing on marginal land, which is less suitable to produce human 
edible protein through e.g. crop production, could also play an important role in 
achieving food security (Fraser 2014).

 4. Benefits of increasing feed production productivity per area of land such as 
lower land use should be balanced against increased local environmental impact.

 5. Antibiotics should be used prudently, based on a balance of the risk of develop-
ment of antimicrobial resistance with animal welfare related to treatment of 
diseases.

 6. The use of high yielding and robust breeds adapted to their environment should 
be balanced with animal welfare and environmental performance.

 7. Technological applications to reduce nutrient losses from manure management 
or application of manure processing techniques can contribute to reducing waste 
and improving nutrient cycling and environmental performance of livestock 
systems.

 8. Improvements in housing design offer opportunities to reduce welfare issues.
 9. Sustainable livestock production should be approached as a multi-criteria opti-

mization problem in which a balanced combination of indicators should be 
optimized.

4.3  Key Role of Crop-Livestock Production in the Developing 
World

Dalibard (1995) reported some of the key role crop-livestock production systems 
play in the developing countries:

 1. Draught animal power: Livestock provide renewable energy for agriculture, sav-
ing a considerable amount of fossil energy that otherwise would be used mainly 
for manufacturing and operating heavy agricultural machinery, as well as for 
producing fertilizers. Draught animal power can also play a key role in large- 
scale production systems, as is the case on a 30,000 ha sugar estate (La Romana) 
in the Dominican Republic, where some 18,000 oxen haul sugar cane from the 
fields to the railway system leading to the sugar mill (Preston and Murgueitio 
1992). Sustainability is guaranteed in such a system, since the oxen’s main 
source of energy comes from the sugar-cane tops and, in the end, the manure 
goes back to the sugar cane. In many parts of the world, draught animal power is 
often the best alternative leading to increased yields of crop production

 2. Fertilizer production: The value of manure as fertilizer could be increased 
through better animal feeding. In mixed-farming systems, livestock are fed on 
crop residues and by-products as well as pasture. In turn, some nutrients and 
organic matter are returned to the soil through livestock manure, ensuring the 
maintenance of soil fertility resulting to improved cation exchange, better 
absorption of water and the prevention of runoff and soil surface crusting. It is 

P. K. Baiyeri et al.



577

therefore clear that manure plays a key role in sustainable crop-livestock produc-
tion systems.

 3. Weed control: Livestock can be successfully used for weed control and therefore 
contribute to a decrease in water pollution by herbicides. The fossil energy that 
would otherwise be used for making and spreading herbicides is also saved. 
While the livestock is grazing in these plantations, most commonly sheep also 
provide organic fertilizer.

 4. Source of fuel: The use of cow dung as fuel in India and other countries results 
in an enormous number of trees being saved. When water is not a limiting factor, 
however, dung can be utilized much more efficiently for fuel production through 
biodigesters.

5  Ethical Challenges Facing Sustainable Livestock 
Production

Increased demand is due, in part, to a predicted increase in world population from 
7.2 billion to between 9 and 10 billion people in 2050 (United Nations 2013). The 
increase in population puts additional pressure on the availability of land, water, and 
energy needed for animal and crop agriculture. Global environmental challenges, 
including global climate change and the growing threat of disease transmission to 
and from agricultural animals add further challenges to sustainably meeting the 
demand for animal agriculture in 2050.

The ethical challenges facing sustainable livestock production are:

Climate-related risks: Climate variability is one of the major characteristic risk in 
crop-livestock systems. Changes in temperature influence sowing and harvesting 
dates – thus, grazing and mixed rain-fed systems of livestock production will be 
the most damaged by climate change (Nardone et al. 2010).

Stocking rate: When more animals are stocked than the stipulated stocking rate

 – Decrease in grazing cattle number but increase in sedentary draught and fat-
tened cattle and in small ruminants

 – Decrease in rangeland area versus cropped area
 – More herd mobility in dry season because of less rangeland availability
 – Change in livestock species contribution to herd composition.
 – Change in mobility pattern with longer distances, longer durations
 – Herd routes moving southwards to more humid areas to find forage resources
 – More conflicts with sedentary people in the south owing to competition for 

water and pasture resources

Growth in demand for animal protein due to:

• Population growth
• Increasing global affluence
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• Increase in per capita animal protein intake
• Impact of global environmental change on:
• Climate (Steinfield and Gerber 2010)
• Water and land scarcity

Jarvis (1990) reported that despite the generally favorable effect, which the use 
of livestock has on agricultural resources, livestock are also a component of several 
unsustainable production systems. Among the most widely cited include:

• The overgrazing of arid and semi-arid lands, leading to range degradation and 
productivity decline,

• The destruction of humid rainforests for the establishment of pastures which 
degrade soils and quickly cease production,

• The pollution of watercourses from animal wastes resulting from intensive dairy 
and meat production, leading to reduced production and consumer welfare 
elsewhere,

• The production of methane gas as a result of ruminant livestock production con-
tributing to the threat of a global “greenhouse” effect, and

• And the pollution of soils, watercourses and subterranean water supplies from 
the application of fertilizers, herbicides, and pesticides in the production of live-
stock feed grains.

6  Future Perspectives

The current system of livestock production system in Africa may not respond to 
the future demands since too many animals are producing at low levels when com-
pared to natural resource base. Food security can be achieved by closing ‘yield 
gaps,’ increasing crop and livestock production efficiency, reducing waste in the 
food supply chain; crop/livestock diversification and integration; conserving crop 
wild relatives and agro biodiversity and by adopting greenhouse gas abatement 
and production enhancement technologies in agriculture and animal husbandry 
(Tiwari et al. 2014).

According to Tiwari et al. (2014), application of these measures together could 
double the food production with available resources without increasing environ-
mental impacts. Smallholder’s intensification and linking them with corporate bod-
ies and modern retail food supply chains needs urgent attention since they hold 
majority of livestock in the country and play a major role in food security and 
environmental stability (Tiwari et  al. 2014). To avoid harmful effects of global 
warming, small changes in our day to day life style is a crucial turning point which 
need due attention. The recent advances in science and novel technologies/concepts 
need to be fully explored for their optimum potentials like genetic engineering, 
disease resistant varieties, embryo transfer technology, artificial insemination, supe-
rior genetics and breeding practices, cloning, nutrigenomics, immunomodulatory 
among others (Tiwari et al. 2014). These altogether may help increase and boost 
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both agricultural and animal produces including crops, cereals, foods, milk, meat 
and other products and ultimately lead to production of healthier, safer and high 
quality food apart from boosting production and safeguarding food security for 
everyone.
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1  Introduction

The world’s population is expected to increase by one-third until 2050. Majority of 
those additional two billion people will be living in the developing countries. It is 
expected that more people will be living in large population centers and big cities. 
If the current trends continue then the agricultural production will have to increase 
by 60% to meet the demands for food and feed by 2050 (Faurès et  al. 2013). 
Therefore, farming industry has become ever more important than before. In this 
scenario, agricultural transformation from conventional to technology based, can 
play a pivotal role to feed growing global population and provide the foundation for 
economic growth and poverty reduction. Challenge is to sustainably increase the 
food production to provide food as well as economic opportunities in both rural and 
urban communities (Ahmad and Farooq 2010).

The progress in modern agricultural industry transformation can be traced back 
to decade of 1960s. The decadal progress in agriculture sector is provided in Table 1. 
In mid-1960s, the breakthrough in wheat and rice production in Asia brought up the 
famous Green Revolution that symbolized the process of using agricultural science 
to develop modern techniques for the developing world. It started from Mexico with 
the “quiet” wheat revolution and in 1960s and 1970s India, Pakistan and the 
Philippines received world attention for their agricultural progress. Over the past 
four decades in Developing Asia, the irrigated area has more than doubled – to 176 
million hectares (mha). Fertilizer consumption has increased more than 30-fold and 
tractor in use has increased from 0.2 to 4.6 million that can be considered as a posi-
tive. What the world would have been like without the technological advances that 
have occurred, had the global grain yields of 1950s still prevailed in twenty-first 
Century we would have needed more than 1.8 billion ha additional land to equal the 
current global harvest (Borlaug 2002).

An unprecedented systemic transformation is needed at a speed and scale to meet 
the current and future challenges of food security. The future agricultural systems 

Table 1 Decade wise agricultural technology innovation and advancement during the past 
60 years

Year Event

1960–1970s Green revolution
1980–1990s Farm chemicals, mineral fertilizers, mechanization
1990–2000 Biotechnology, knowledge (quality standards, traceability, 

SPS, etc)
2000–2010 Precision agriculture and related technologies
2010-to date Big data, I.o.T, greater automation
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need to be more productive, use inputs efficiently, have less variability and greater 
stability in their outputs. Moreover, the changing climate also needs the agricultural 
systems to be more resilient to, risks, shocks and long-term climate variability. The 
objective of reducing inputs and production costs as well as increasing yield and 
profitability can be addressed by changing the farming methods from conventional 
to conservation. However, more productive and more resilient agriculture can be 
practiced through a major shift in the way land, water, soil nutrients and genetic 
resources are managed for enhanced resource use efficiency. This transformation 
can also improve producers’ access to markets and a transformed agricultural sys-
tem can reduce greenhouse gas emissions per unit of production and increase car-
bon sinks.

The real transformation has been experienced by the advent of Information tech-
nology (I.T). It has brought up a revolution; the world is becoming ever more con-
nected through it. The building blocks needed to make I.T based Agriculture a 
reality, has started to come together in the past few years. The estimated sale of I.T 
based agricultural gadgets has been increase manifolds as estimated by BI 
Intelligence (2015) and depicted in Fig. 1. We now have the ability to run complex 
computations at huge scales: a 100 times increase in computing power. The devel-
opment of cloud computing resources and technologies can allow us to run calcula-
tions across hundreds of machines and turn that back into one simple actionable 
solution. A shift in progress of technology delivered smart devices those are smaller, 
faster and cheaper. While computing and sensor technologies are in use in the devel-
oped world for the last two decades, their application in agriculture has not been 
fully utilized. Smart digital services have the potential to help agricultural industry 
meet its productivity and sustainability challenges. Overall, technologies can be 
utilized effectively to solve indigenous agricultural problems of the developing 
nations.
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2  Big Data in Agriculture

The world is becoming digitized. We now can know more about the land that we 
farm than ever before. The availability of geospatial data archives and real-time data 
sets from satellites and Unmanned Aerial Vehicles (UAVs) in combination with 
weather data, digitized soil data, and other real-time data streams coming from in- 
situ smart sensors can give us a better understanding of the interaction between 
crops, weather and soil that we would never had before, in ways that are cheaper and 
faster (Fig. 2). All that bulk of data (Big Data) along with computational power is 
worthless unless we can turn it into a simple actionable solution that we can put in 
the hands of the farmer.

Over the past years an increasing trend towards data-driven agriculture has been 
identified among farmers. According to an estimate provided by BI Intelligence 
(2016), It is estimated that 0.65 million data points are being generated every day 
from the agricultural farms that will reach up to 0.65 million. It is expected that 
more than 2.3 million data points will be generated by 2030 as many growers are 
pushing big data solutions to obtain qualitative and quantitative data to improve 
decisions regarding agricultural management and to increase their crop yields.

Data in agriculture can be big in many ways. For example, in case of determining 
spatiotemporal variation of actual crop water use in irrigated areas at regional scales, 
a large number of Landsat scenes will cover the area every 16 days, where each 
Landsat scene occupy a storage space of approximately 1000 MB, and if approxi-
mately 20 images were usable for each year of study and for every scene. It makes 
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a total more than 500 images per year (for a typical regional scale study) and more 
than 1500 images in a 3-year study. For that case, satellite-imagery (one of the 
input-information) only amounts to more than 15 terabytes, whereas the products 
generated during the course of scientific work (evapotranspiration in this case) are 
10 times more than the original input data. Similarly, a flight of unmanned aerial 
vehicle covering agriculture area of one village (approx. 60 squares) for multispec-
tral and thermal sensing generated 1.25  TB of raw data, that will be multiplied 
accordingly for additional flights during the growing season for pattern recognition, 
change detection and crop yield estimation through image processing and analytics. 
These projects are two examples of the work being carried out in digital and preci-
sion/climate-smart agriculture that is challenging the state of the art in computation, 
data storage and sharing. The climate-smart agriculture’s reliance on I.T. and digital 
data extends far beyond these examples.

Data can also be big because of its lasting significance agro-ecological zones, 
soil survey maps, or the observation of other unique events. Also, data can be big 
because of descriptive challenges that may require contextual explanation and meta-
data. Because digital data can easily be shared and replicated and so re-combinable, 
they present tremendous reuse opportunities, accelerating investigations already 
under way and taking advantage of past investments in science. To encourage and 
enable reuse, data must be well preserved in workable formats. In some cases, data 
loss is economic loss (e.g. experiment have to be re-run), or it may also be an oppor-
tunity lost forever. Data are assets, and to achieve the greatest pay-off from these 
investments, researchers and institutions should document and implement data- 
management and data-sharing plans that address the full life cycle of data. The life 
cycle management of scientific data presents many challenges and opportunities. 
The challenges are great, but they can be solved by focused efforts and collaboration 
between funders, institutions and scientists. To facilitate data reuse, data disciplin-
ary standards should be encouraged that will ultimately open the doors for develop-
ment of disciplinary repositories for specific classes of data accessible and 
manageable through specialized software tools. The US National Institutes of 
Health (NIH) genetic sequence database (GenBank), the US Department of 
Agriculture (USDA) cropland database (CropScape), the US Geological Survey 
(USGS) land-cover and water database (GLOVIS) and the US National Virtual 
Observatory (USVO) are good examples of what is possible here.

The repository of big data help to optimize inputs and increase crop yield thus 
helping farmers to get better agricultural produce. The historic trends of particular 
crop at every field can helpful in better predicting harvesting potentials. The 
evidence- based analysis of this big data can assist agricultural experts to predict and 
monetize crop yields while the farmers can get information regarding their crops 
and marketing places.
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3  Data Analytics Management and Forecasting

3.1  Data Analytics

The analytics of the big data can add value to lives of farmers and sustainability of 
the farms. Farmers cannot make sustainable farming choices based exclusively on 
large amounts of data collected at farm level. In addition to that, they also have 
limited time to digest large amount of data to find trends and/or irregularities. 
Therefore, it is difficult for them to gain actionable insights from all the crop sen-
sors, drones and automated tractors. A farm management tool or software with the 
right blend of data and machine learning can help a farmer quickly decide which 
crops (down to the level of the plant) need insecticide, and then apply the chemicals 
spraying in a way that limits environmental impact and increase resource use effi-
ciency. Moreover, it can also provide an opportunity to the banks and other mone-
tary institutions to better assess the agricultural loans and risks associated with it. 
For example, in Pakistan, a pilot has been successfully tested to analyze the farmer’s 
ability to pay back loans to the banks. The data on land records; crop and soil health 
gathered by the multi spectral cameras on board UAV provided sufficient informa-
tion on farmers’ pay back ability. The analytics of the data helped in improving 
farmers’ income and productivity through provision of financial & technical ser-
vices and adoption of good practices.

Data analysis will be complex for more challenging problems of the agricultural 
system as well as at the individual farm level. However, with more involvement of 
deep learning and artificial intelligence in agriculture, it will gradually become pos-
sible to find the exact causes of low productivity and making real time decisions to 
take actions.

3.1.1  Real Time Data Analytics

An alternative term Operational Intelligence (OI) is also used for Real-Time Data 
Analytics (RDA), a method that tracks the behavior of live systems, integrating 
streaming data with customer needs. RDA is implemented in situations requiring 
insight on a daily, frequent basis and enables farmers to analyze what’s happening 
on the farm and take immediate actions and see the results of their actions. RDA 
complements intelligent decision making by providing insight into new unstruc-
tured and semi-structured data in real-time. It handles Big Data in ways intelligent 
decision-making cannot.

The RDA assisted streaming analytics can help agribusinesses make functioning 
decisions, adapt to the business environment and serve customers better when it 
really matters. RDA refers to a class of analytics that uses real-time data processing 
and data visualization into the processes and events while they occur. It is well 
equipped to address the integral challenges of big data by continuously monitoring 
and running query analysis against a range of high velocity and high volume big 
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data sources. It associates and analyzes large volumes of (real time) streaming data 
arriving from diverse sources in order to link related events, discover problems, and 
reveal opportunities intelligently, that need immediate attention.

3.1.2  Intelligent Decision Making

The intelligent decision making in agriculture is based on structured and static data 
collected from different sources to identify long-term trends in historical data of 
days, weeks, or even months long. Data generated by smart sensors collected at 
farms, on the field or during transportation offer a wealth of information about soil, 
seeds, livestock, crops, costs, farm equipment or the use of water and fertilizer. Data 
analytics in agriculture, can help farmers analyze real time data of weather, soil 
moisture, market trend or prices, GPS signals from farm machines and provide 
insights on how to optimize the resources to increase yield. It can further improve 
farm planning to make smarter decisions about the level of resources needed and 
their distribution strategy in order to prevent waste. Daily operations can be made 
more efficient with improved system performance. Additionally, the risk of natural 
mistakes can be reduced as management has a clear picture of what aspects are 
working successfully and those which can be classified as waste.

The intelligent decision making has variety of uses in agricultural industry in 
particular as forecasted data, environmental impact, competitive advantage and 
waste reduction. The Agri-business Intelligence organizations have deployed many 
such dedicated analytic platforms including data accelerators, data appliances, and 
cloud based solutions to speed up the performance. These technologies may still not 
deliver true real-time data for informed decision-making, but they are enabling the 
update of data far more frequently and deliver answers to queries sooner.

Taking everything into consideration, the intelligent decision making in smart 
farming leads to decreased expenditure and increased profits. The improved produc-
tion through precision agriculture along with tailored marketing for sales using 
informed intelligence through smart farming to identify trends could lead to an 
extremely efficient agricultural business.

3.1.3  Tools for Big Agricultural Data Analysis

As discussed earlier, the real-time data analytics depends on advanced technologies. 
All models used to process big data need to be fault-tolerant, scale with data, and 
have flexibility in the use of resources. High performance computing platforms that 
can provide real-time operation in seconds and milliseconds are of critical impor-
tance. The events need to be handled as they arrive for real-time insights, so high 
performance should characterize the chosen solution. Fresh streaming data can be 
pooled with archived data to support decision-making effectively and accurately. 
For example, the parallelism of Hadoop is excellent in batch processing of collected 
data but it has high latency. However, integration of a streaming data platform for 
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continuous data analytics and streaming integration, real-time and interactive pro-
cessing requirements presents a challenge that can be solved with further research 
in this domain.

Data needs to be collected, processed, stored, and then finally operated for ana-
lytics including machine learning. In a typical streaming architecture data is gath-
ered from several smart sensors that can be spread across a geographical area in an 
agricultural system. Then a distributed funnel mechanism is needed to put data into 
a set of available servers. Chen and Zhang (2014), reviewed technological solutions 
for data streams processing and open-source real-time processing systems, includ-
ing Hadoop Online, S4, Storm, Flume, Spark streaming, Kafka, Scribe, HStreaming, 
Impala, and relevant messaging technologies. Despite the diversity the real-time 
systems are very similar. However, to come up with an efficient framework for gath-
ering, processing and analyzing Big Data in agriculture in a near real-time or even 
better in a real-time perspective further research is required.

3.2  Data Management and Forecasting

Every industry has their own experiences and challenges when it comes to dealing 
with big data and advanced analytics. Agriculture is no different, but progress is 
being made. An excellent example of using big data analytics to support sustainable 
farming practices is a research conducted by CIAT (International Center for Tropical 
Agriculture) in Colombia with assistance from Colombian government and CGIAR 
Research Program on Climate Change, Agriculture and Food Security. The CIAT 
research used data from FEDEARROZ (National Federation of Rice Growers in 
Colombia) to learn the exact causes of shrunken rice crop yields between 2007 and 
2012. By analyzing past data and considering climate predictions, they made site- 
specific recommendations for crop variety and exact planting dates that are pro-
jected to increase yield to numbers that surpassed previous rice harvests. These 
site-specific interventions to reduce inputs and increase yields are referred to the 
term precision farming or interchangeably Precision Agriculture (PA).

Real-time assessment of operational conditions (e.g. weather or disease alerts) 
and to carry out agile actions require reconfiguration features. These features usu-
ally include intelligent assistance in implementation, maintenance and use of the 
technology. For that, a PA grower must utilize information gathered from a series of 
smart devices and systems that communicate via the Internet to study and observe 
crop fields. These smart devices may be, temperature and soil moisture sensors, 
GPS farming apps and modules for automated machinery, satellite data, as well as 
drones used for aerial imaging. Where precision agriculture only takes in-field vari-
ability into account, the smart farming enhances PA by analyzing management tasks 
not only on location but also on data, enhanced by contextual and situational aware-
ness, triggered by real-time events (Wolfert et al. 2014).
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4  Precision Agriculture

Lack of information at right time is causing massive losses to the farmers’ income 
and agricultural sustainability. The variability of soil from one field to the other, the 
variability in weather and crops that are planted, means the difference in optimal 
input for the field can vary three to four times from one field to the next, from 1 year 
to the other. So as a farmer, there is no way other than to put together these complex 
variables and come to a solution. Unfortunately, majority of our farmers stick back 
to the practices they know. They fall back to what is familiar or conventional and so 
majority of them barely having enough food to feed their families.

Nowadays, farming practices are being supported by biotechnology, remote 
sensing, cloud computing and Internet-of-Things (IoT) (Li 2018) or Internet of 
Everything (IoE) (Dey et al. 2015). Internet of Everything refers to the intelligent 
connection of farmers/people, processes, data and things. IoE builds on top of the 
IoT, enhancing the power of the Internet to improve business outcomes. Rapid 
developments in the IoT and Cloud Computing are making smart farming possible. 
It is helpful in managing farms and crops database including farm location and size, 
cultivated area, inputs, time of sowing and harvesting as well as yield. Development 
of crop information management system can help the farmers to make quality and 
timely decisions. A system with a common repository that is able to collect, man-
age, analyze and disseminate the quality decision based on the data streams coming 
from different sources including, satellites, UAVs, in-situ sensors, and ambient 
weather conditions. Such big repository needs to be developed associated with high 
performance computing powers that can handle the flow of big data.

Sustainably producing the right quantity and quality of food to take on food 
security challenge can be enabled by technologies. Invent of artificial intelligence 
and I.T have opened new horizons in the field of agriculture. Now work is being 
carried out to make real time agricultural robots and auto steering technologies to 
reduce labor requirements. Advanced precision agriculture technologies that deploy 
machine vision, big data analytics and advanced robotics could allow farmers to 
apply the optimal amount of inputs for each crop and assist with the management of 
livestock and aquaculture, thereby boosting yields and reducing water use and 
greenhouse gas emissions.

To produce the highest yield with the least impact on the environment and use 
less water, resources and chemicals, while feeding our increasing population is a 
huge challenge. Now, new innovative technologies are taking on that challenge. 
These modern tools provide farmers with a collection of data about the status of the 
soil, insects, crops, livestock, water, and weather, etc. The ability to collect such 
detailed data has the potential to revolutionize agriculture and move farming toward 
more efficient and sustainable practices.

The PA concept is well adopted in the various developed countries of the world. 
For example, it started in USA and Europe in early 1980s and early 1990s 
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 respectively. Figure 3 provides an insight of adoption rate of various technologies in 
Nebraska, USA.  The spatial variability of soils was mapped and yield monitors 
were developed to map the spatial yield variability. The researchers further devel-
oped precision seed drills and variable rate applicators for spot application of seed, 
fertilizer and pesticides.

The agricultural systems with on-board sensors were developed for automated 
fertilizer spreading and agro-chemical spraying. Use of Unmanned Arial Vehicle for 
agriculture (AgUAV) is also a hot topic of research and these are being used for crop 
monitoring, yield mapping and agrochemical spraying. Japanese are working exten-
sively on sensor development, digital and hyper spectral image processing on-board 
UAVs. Information technologies platforms are in use for predictions of optimized 
local farming practices for the farmers. They provide information to the participant 
farmers on crop and soil health, weather conditions, socio-economic characteristics, 
labor and inputs availability and other related variables (Cheema et al. 2018). The 
flow of information is well described by Gebbers and Adamchuk (2010) and sum-
marized in Fig. 4.

Information technology can be used in providing a precision agriculture package 
by developing e-farm production system based on Precision Agriculture techniques, 
Crop and livestock management (RFIDs), precision irrigation applications, Crop 
water and pest/disease management, Wireless moisture sensing networks, Wireless 
communication in UAVs used for vegetation health detection, Rainfall monitoring 
system based on mobile communication data, Cloud services for knowledgebase on 
soils, nutrients, yields by making soil, nutrient and yield maps and disseminating 
through mobile networks and variable rate application based on GPS and GIS 
systems.
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Fig. 3 Precision agriculture technologies adoption in Nebraska, USA. (Source: University of 
Nebraska-Lincoln)
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5  Communication and Information Sharing

The innovations in Information Communication Technology (ICT) brought changes 
in many sectors yet agriculture and food systems have been slow to benefit from 
these innovations. There exists a great potential to harness the power of digital and 
I.T. It can promote timely as well as evidence-based decisions to improve the entire 
agriculture sector of the developing nations. Awareness and capacity building, bet-
ter planning and community involvement is needed for agricultural breakthroughs.

Since ICT particularly the IoT and related big data analytics provide electronic 
monitoring of crops, as well as related environmental, soil, fertilization, and irriga-
tion conditions. Such a monitoring data can be used to identify which crop varieties 
will meet the challenge enhanced productivity at the particular farm anywhere in 
world. The plant phenomics (an area of biology concerned with the measurement of 
phenomes—the physical and biochemical traits of organisms—as they change in 
response to genetic mutation and environmental influences) is used to characterize 
the crop varieties. Therefore, association of monitoring and related data analysis 
results with specific crop varieties (i.e., plant genes and phenotypes) will 

Fig. 4 Precision agriculture information flow for a cropping season. (Source: Gebbers and 
Adamchuk (2010))
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 revolutionize the way food is produced globally. Majority of the smart farming solu-
tions are currently point based and limited to the use of specific IoT devices (e.g., a 
specific soil moisture sensor), with no further support for data analysis or sharing. 
To obtain a meaningful solution by using these IoT devices, a significant effort is 
required to integrate and correlate the data obtained from different IoT devices, e.g., 
data sets acquired from, a fertilizer sprayer (made by one manufacturer), soil mois-
ture sensors (made by a different manufacturer). Development of such integrated 
model that permits a) effortless integration and use of any IoT sensor or device b) 
supports the scalable data analytics and c) allows plant biologists and farmers/grow-
ers to analyze and visualize plant performance data, will take us a step closer 
towards the ultimate goal (Jayaraman et al. 2016).

Because use of internet and smartphones is enhancing rapidly. The data sharing 
apps with linkages to integrated platforms and models are future of farming and 
agricultural marketing. According to the 2015 report of International 
Telecommunications Union, 3.2 billion people were using the Internet across the 
globe of which 2 billion were from developing countries and similarly 92 of every 
100 inhabitants in these countries have mobile phone subscriptions (ITU 2015). 
Therefore, the integration of I.T and agriculture can provide an opportunity to the 
farmers to attain maximum benefits by increasing yield, improving production, 
managing harvest and marketing the produce. However, more research is required 
to make customized solution and platforms to provide solutions tailored to specific 
farming scenarios in developing countries.

The customized platforms for data sharing, manipulation and decision support 
are the key here. Where farmers can remotely monitor their equipment, crops live-
stock, stats about feeding and produce as well as market trends and information. 
That technology can even assist them to run prediction analysis for the crops, live-
stock and market. One of the biggest names in farming equipment John Deere is 
using integrated platform to connect its self-driving farm vehicles to the internet and 
display data of crop yields (BI 2015). All of these techniques are making data driven 
farming a reality. More and more data sources either in-situ, on-farm, low altitude 
or satellites can provide useful information to improve production, minimize inputs 
and environmental services from agriculture.

6  Conclusion

The world is on the crossover of a technological revolution in the agriculture indus-
try. The future of farming is in collecting and analyzing big data. Advanced analyt-
ics and precision agriculture will be the key to harness the technology and convert 
knowledge to farming practices in order to maximize efficiency. IoT based tech-
nologies with the involvement of modern instruments (sensors, computers, UAVs 
and satellites) have the potential to systematically change the traditional system of 
farming towards a low input, high efficiency and sustainable farming. These 
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technologies will inevitably prove essential for taking on, what would likely be an 
insurmountable challenge, sustainably increasing our food supplies.

The application of information technologies in agriculture wills not only help 
farmers to improve economy but also help the country to regulate overall economy 
and trade. Current wave of mobile technology proliferation in rural areas could 
provide opportunity to the farmers to improve agricultural productivity based on 
decisions made backed by better information based on big data analytics. With just 
a click on a smartphone, farmers can remove the guessing from their daily work and 
make the best choices that benefit their business and the sustainability of the land.
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Abstract Crop models mathematically represent dynamic point-scale interactions 
between plant, weather, soil and management practices. They have been increas-
ingly applied large scale (i.e. from farm-level to regional and global applications) to 
understand and quantify the trade-off between productivity, management and the 
sustainability of cropping systems, in terms of responsible use of resources (e.g. 
water and nitrogen) and of adaptation to or mitigation of climate change impacts. 
This contribution reviews the most recent information about spatializing crop mod-
els and provides a comprehensive overview of major assumptions and criticalities 
related to this methodological approach. The first paragraph focuses on the defini-
tion of crop models, presenting their historical evolution and main fields of applica-
tion. A bibliometric analysis was carried out on 1017 scientific papers published 
between 1990 and 2018 in order to identify the most frequent scientific topics con-
cerning the adoption of crop simulation modelling for sustainable agriculture. The 
second section describes the main sources of uncertainty in spatializing crop mod-
els, addressing two main aspects. Firstly, basic assumptions and validity domains of 
processes/phenomena represented may still not be valid when applied in a different 
spatial resolution. Secondly, reference input data needed to characterize the crop-
ping system under study, to run models and test their performance at large scale can 
often be scarce and/or uncertain due to aggregation/disaggregation issues. The third 
section defines the minimum amount of data about environment (i.e. site, weather, 
soil), management (e.g. sowing and harvest date, cultivars and crop operations 
adopted) and crop type, needed to operate crop models at a given location under 
current/future climate scenarios. Necessary methodological indications for building 
a multi-layer georeferenced database facilitating coupling with biophysical models 
are also provided. Ways of integrating proxy variables (e.g. obtained from 
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 pedo- transfer functions and remote sensing data) and crop models have been 
reported. The last section presents two case studies dealing with the spatialized 
application of crop models to promote the sustainability of agriculture. A European 
case study is centred on the definition of farmer adaptation strategies to alleviate 
climate change impacts, while a regional case study evaluates the efficiency of 
water management and water footprint of tomato cultivation in Southern Italy.

Keywords Biophysical models · Crop model uncertainty · Cropping system 
sustainability · Model data requirement · Remote sensing assimilation · Spatially- 
explicit modelling · Spatial-temporal scale

1  Crop Simulation Models in a Nutshell

The main challenge of global agriculture is the need to enhance crop productivity to 
guarantee food security (Ray et al. 2013), whilst at the same time achieving crop-
ping system sustainability (Ramankutti et al. 2018). Crop simulation modelling is 
being widely used to support this objective because of its ability to quantify the 
complex, non-linear and mutual interactions between the crop genotype, farmer 
management and pedo-environmental conditions, thus permitting evaluation of the 
environmental and economic performance of an agricultural system (Li et al. 2015). 
The main requirement of a crop simulation model is the capability to reproduce the 
functioning of the target cropping system  – intended here as the nexus of land, 
atmosphere, and human processes (Malek et al. 2017) – in order to provide a simpli-
fied representation of its behaviour and reactions to variations of farmer manage-
ment and pedo-climatic conditions. Our dissertation focuses on dynamic crop 
simulation models (Jones et al. 2017a, b), which are software applications embed-
ding algorithms, which are meant to reproduce the functioning of the different 
domains of the agricultural systems, with model outputs as the values of state vari-
ables over time (e.g., soil water content, leaf area index, aboveground biomass). 
This branch of science was born in the era of the Cold War and space exploration, 
when new technologies in computer science and knowledge about system analysis 
were initially employed to analyse and reproduce the interactions of components in 
complex systems (Sinclair and Seligman 1996). The first crop models provided a 
simple estimation of crop productivity as a function of light interception and photo-
synthesis, through the adoption of empirical relationships considering the basic bio-
chemical and biophysical mechanisms converting solar energy into plant biomass 
(Loomis and Williams 1963; de Wit 1965; Duncan et al. 1967). The complexity of 
crop models suddenly increased over the following decades, thanks to a better 
description of carbon assimilation which considers the effect of stomatal conduc-
tance in regulating leaf gas exchange (e.g., Cowan 1978), and the description of 
plant phenology and its influence on the partitioning of assimilates among plant 
organs. The addition of these various components led to a number of models of 
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daunting complexity, such as GOSSYM (Whisler et al. 1986), CERES (Ritchie and 
Otter 1984), and SOYGRO (Wilkerson et al. 1983). In more recent years, the focus 
of crop modelling has shifted from the assessment of crop productivity to the inte-
grated analysis of the system, in order to tackle new challenges such as the mitiga-
tion of greenhouse gas emissions, the enhancement of ecosystem services and 
environmental performance of agricultural systems, loss reduction associated to 
pest and disease, improvement of the qualitative aspects of crop production, design 
of improved ideotypes, and the adaptation and mitigation of climate change impact. 
Examples of dynamic models for cropping systems are those in the DSSAT suite of 
models (Jones et al. 2003), and APSIM (Keating et al. 2003), CropSyst (Stöckle 
et al. 2003), and EPIC (Williams et al. 1983, 1989).

A bibliometric analysis of the adoption of crop simulation modelling for sustain-
able agriculture, from 1990 to 2018 (1017 documents), groups the most frequent 
scientific topics into three clusters: (i) water resource and its corresponding domain 
(i.e. irrigation, water balance, precipitation, etc.); (ii) climate change, economic 
benefit and food security, both at field and global scale; (iii) bioenergy, biomass 
production, soil organic carbon and greenhouse gases (Fig.  1). Crop models are 

Fig. 1 Density mapping of the terms most used in the crop modelling research for sustainable 
agriculture (1990–2018). Clustering is determined by topic co-occurrence. The larger the halo, the 
higher the frequency of the topic. Analysis performed with VOSViewer (http://www.vosviewer.
com)
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increasingly applied on a large scale, from farm-level applications to regional and 
global studies, to investigate the influence of global trends such as market dynamics 
and climate change, on crop productivity (Porwollik et al. 2017). Yield gap analyses 
with crop models have been performed on different spatial and temporal scales in 
the context of food security, land use and climate change research (Mueller et al. 
2012; Challinor et al. 2014; Asseng et al. 2015). Topics associated with crop model 
projections have been widely discussed, including those attributed to climate forc-
ing data (Rosenzweig et  al. 2014), model structure and parameterization (Rötter 
et al. 2012), and the effectiveness of CO2 fertilization (Deryng et al. 2016). Research 
projects and analyses focused on four main staple food crops: wheat (Triticum aes-
tivum L.), rice (Oryza sativa L.), maize (Zea mays L.), and soybean (Glycine max 
(L.) Merr.). These crops had been listed in the Global Gridded Crop Model 
Intercomparison (GGCMI) project as Priority 1 crops; they represent key agricul-
tural goods given the global harvest area they cover, production quantities, trade 
levels, and contribution to human diet (Porwollik et al. 2017).

Nowadays, a large number of crop models are available but little emphasis has 
been placed on their improvement. As a result, great untapped potential in model 
development still remains, and filling this gap would contribute to tackling emerg-
ing issues in food security, policy assessment, farmer advice, and human health and 
nutrition (Holzworth et al. 2015).

2  Sources of Uncertainty in Spatializing Crop Models

Spatializing a crop model means applying it over a geographical area that is larger 
than the one for which it was originally designed (i.e. a homogeneous area within 
the field), characterized by a higher variability of pedo-climatic and management 
conditions both in space and time (Faivre et  al. 2004; Challinor et  al. 2018). 
Therefore, as basic concepts, hypotheses and validity domains of crop models are 
usually derived on the plot scale, this upscaling implies various sources of uncer-
tainty (Hansen and Jones 2000; Faivre et al. 2004). In the past, spatial heterogeneity 
has often been neglected in favour of the analysis of temporal processes and behav-
ioural rules (Wallentin 2017), mainly due to the complex and multi-dimensional 
form of spatial data (Porwollik et al. 2017). The large amount of freely available 
spatial data and the increasing capability of managing high computational demand 
has renewed the attention of the scientific community towards the integration of 
simulation modelling and spatial databases in order to improve current model 
resources (Grimm and Railsback 2005; Wallentin 2017). Taking geospatial context 
into account is indeed crucial for disentangling how individual-based processes can 
be modelled from the crop level to the cropping system, and to regional and global 
scales (Manson and O’Sullivan 2006). Goodchild (2001) defined four criteria for a 
model to be spatially explicit: (i) it has to depict the location of its inputs; (ii) its 
design has to involve concepts like spatial configuration and neighbourhood; (iii) 
the outputs vary if the model is run in different locations, and; (iv) the spatial struc-
ture of model input and output is different (Wallentin 2017). Spatializing crop mod-
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els requires making assumptions concerning the selection of the crop model(s) to be 
applied, the handling of the input data, and the design of the simulation experiments 
(Donatelli et al. 2012). The resulting decisions set the limits of applicability of the 
analysis results, and should be considered a priori, to avoid introducing concep-
tual errors.

Once the aim of the study (i.e. what exactly the model should do) and the condi-
tions of applications (e.g. spatial and temporal scale, data availability) are defined, 
the next step of a simulation study is the choice of model (Donatelli and Confalonieri 
2011). The recommended criteria when selecting the crop model are (i) structure 
(modelling approaches, equations and parameter values); (ii) time step; (iii) feasi-
bility for use in spatially-explicit applications, and; (iv) data handling capacity.

A crop model is a simplified representation of the real system; the suitability for 
a specific study is subject to its ability to simulate the processes that drive the aspects 
of cropping systems which are the target for analysis. The relationships coded in the 
model equations have some level of empiricism, but that empiricism has to be 
enclosed into one or more levels below the level of the prediction (Acock and Acock 
1991) as highlighted in the scheme of the organizational levels in a cropping system 
(Fig. 2).

The choice of an appropriate time step in dynamic simulations depends on the 
processes being simulated and its temporal resolution must be short enough to allow 
capturing variations of the system (e.g. if a crop can wilt irreversibly in a week, a 
monthly time step cannot be used, Donatelli and Confalonieri 2011). In crop- and 
cropping-system models the time step is frequently 1 day (i.e. all processes are sim-
ulated every day), or 1 h or even less.
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A crop model can be run, independently or dependently from one simulation unit 
(SU) to another. In the first case, no interactions among SUs exist. Such an assump-
tion is plausible for coarse spatial resolutions, e.g. 25 × 25 km or lower, in which 
each SU includes and represents a multitude of fields, which markedly differ in soil, 
nutrient, climatic, and management conditions, and whose inflows and outflows 
cannot be determined and quantified at simulation runtime. The consideration of 
local- and regional-scale heterogeneities requires an explicit simulation of the flows 
within the area, and the spatial interactions between SUs. This can be obtained by 
interfacing the crop model with a spatial one, which accounts for simulation unit 
interactions (e.g. a hydrological model handling lateral water flows, a farm system 
model accounting for constraints due to work organisation).

Besides model structure, the quality of input data (i.e. weather, soil) is one of the 
major sources of uncertainty in predictions (Confalonieri et al. 2016) as input vari-
ables are the main driver of crop model simulations (Grassini et al. 2015).

First of all, analysis of the input data requirement demands definition of the 
appropriate scale of investigation. In such a context, it is important to distinguish 
between the two components of scale – resolution and extent – which both signifi-
cantly influence model outcomes (Wallentin 2017). While the resolution affects the 
detail of the information modelled, the extent defines the size of the target area: the 
same input data collected at different resolutions within the same area could provide 
markedly different model outputs (Wu 2004).

Moreover, there is often a trade-off between data quality and spatial coverage; 
the quality of measured data is profoundly uneven across global agricultural regions 
(Donatelli et al. 2012; Grassini et al. 2015; Mourtzinis et al. 2017). Here is a brief 
overview of the principal issues concerning specific input data:

2.1  Weather Data

Weather conditions are roughly uniform at field scale, therefore, crop simulations 
performed at this and/or finer level can rely on data collected at weather stations 
placed in close proximity. Specific issues connected to the unavailability of these 
data (i.e. poor quality standard, presence of missing values or absence of key vari-
ables) can be solved using estimation methods (Donatelli et al. 2004), though this 
introduces a further source of uncertainty (Rivington et al. 2006). Large-scale crop 
model applications (from regional to continental scale) require an up-scaling of the 
climatic data, via site-specific interpolation of weather data on a regular grid (e.g. 
ECMWF ERA-Interim, Dee et al. 2011), with increasing uncertainty depending on 
data quality and spatial coverage (Hansen and Jones 2000; Ewert et al. 2011; Van 
Wart et al. 2013). Also, comprehensive climate change impact assessments targeting 
land use change and food security need to consider climate projections from con-
trasting Global Circulation Models (GCM), if they are to take into account plausible 
realizations. Various GCMs exist and provide different projections, depending 
mainly on the level of detail in the representations of the global climatic system 
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(Parker 2010). Furthermore, while the spatial resolution of GCMs (generally hun-
dreds of kilometres in latitude and longitude) is sufficient to simulate the average 
global climate, their output is often unsuitable when the scale of interest is refined. 
For instance, while a GCM may estimate monthly precipitation correctly, the daily 
precipitation may be spread across the month in a very unrealistic way (raining a 
little every day for example). Such distortions of daily weather variability can seri-
ously bias crop model simulations (Semenov and Porter 1995; Mearns et al. 1996; 
Hansen and Jones 2000; Baron et al. 2005; van Bussel et al. 2011).

At higher resolution, several factors complicate climate modelling, including 
local topography, vegetation cover, land use, the presence of atmospheric aerosols 
and other pollutants. In order to refine the spatial and temporal resolution of GCMs 
to obtain inputs suitable for crop modelling at a local and regional scale, three dif-
ferent strategies can be pursued: (i) statistical downscaling of GCMs outputs; (ii) 
the coupling of GCMs with weather generators (WGs) or with; (iii) Regional 
Climate Models (RCMs). The first method makes use of empirical relationships 
between fine and coarse scale data, derived from observational data. The main con-
cern is the assumption that current relationships in climatic data will remain 
unchanged in future scenarios. The second methodology involves perturbing site- 
specific calibrated parameter sets of the WG by the use of GCM-driven information, 
such as the mean changes in temperature and precipitation for a given future time 
slice, under a particular emission scenario. The principal drawback of this approach 
is that the spatial consistency of generated weather is often unpreserved. Finally, 
while the spatial resolution of the climate simulations is improved when coupling 
GCMs with RCMs (in the order of 50  km or less, Christensen and Christensen 
2007), the simulation process is slow, computationally expensive, and the temporal 
distortion of precipitation and (to a lesser extent) temperature are still present in the 
generated weather series. As is well known, such series need to be bias-corrected 
(e.g. Christensen et al. 2008) prior to being used for feeding hydrological and crop 
models otherwise they may lead to unrealistic results (Teutschbein and Seibert 
2010). Bias correction in turn requires ground-based observations, and may be lim-
ited by their unavailability, poor quality or heterogeneity (Challinor et al. 2003). 
Furthermore, as pointed out by Duveiller et  al. (2015), so-obtained GCM-RCM 
weather projections are still inadequate for crop simulation and need to be further 
processed: global solar radiation and wind speed may still have unrealistic distribu-
tions when compared to observed data, whereas specific input variables needed for 
running crop models are still not present in available databases (e.g., 
evapotranspiration).

2.2  Soil Data

Running crop models with high resolution soil data (e.g., texture, depth, slope) 
could enable performing more accurate and detailed spatial simulations, albeit 
requiring large computational and time costs. Water-limited crop model simulations 
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are indeed sensitive to soil parameters derived from soil texture and soil depth, as 
they determine the basic hydraulic characteristics. However, since the coverage of 
soil profiles and the quality of information available in public databases is not often 
uniform over large-scale simulation areas, the predominant soil profile within each 
SU is often used as a proxy, even though this approximation could lead to a marked 
underestimation of output variability. In fact, soil-type-related yield variability 
could outweigh the simulated inter-annual variability in yield due to weather under 
specific management conditions (i.e. unfertilized cropping systems, Folberth et al. 
2016). This concept does not apply when performing crop model applications 
within a frame of precision agriculture, where the variability in pedological features 
must be explicitly considered to support the application of spatially variable rates of 
fertilizers, irrigation water, or chemical treatments within a single field (Sadler 
et al. 2016).

2.3  Production System

In crop model simulations at large spatial scales, the production systems are often 
abstracted at “crop” level, ignoring the local farm typologies and cropping system 
structures. Rather than using crop growth models, it is more appropriate to tackle 
the issue by modelling cropping systems. When aimed at being used as supporting 
tools to design adaptation strategies for farmers, these studies must explicitly con-
sider the impact of alternative management strategies. Indeed, farmers are able to 
timely respond to environmental changes modifying management practices. Basic 
practices which can be simulated by most of the current crop models are the choice 
of the variety, which is coded in the model mainly with respect to the crop cycle 
length, the shifting of the sowing dates based on weather conditions, and the imple-
mentation of alternative irrigation and fertilization plans. The capability of handling 
crop rotations, even if representing a more complex task, is nowadays necessary for 
a crop model. Crop modelling studies must test different management scenarios in 
order to anticipate future trends in crop productivity as affected by farmer manage-
ment in order to identify possible solutions to better adapt to climatic changes.

2.4  Model Calibration

The calibration of the parameters of a crop model is often based on the adjustment 
of their values within their biophysical ranges, in order to improve the model’s per-
formance in reproducing field experimental data. This activity is supported by lit-
erature, which makes available reference values of the main parameters used by 
many crop models in different trials over large areas. Such parameter sets need to be 
refined through interaction with local experts and stakeholders when spatial simula-
tions are carried out, in order to improve the information on the actual cropping 
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systems simulated as opposed to the idealized crop types. However, the results of 
spatialized simulations are able primarily to identify main trends and to capture 
extensive regional signals, and need to be interpreted with caution since they are 
sensitive to the specific model settings.

3  Data Requirements for Spatializing Crop Models

Spatializing crop models requires information on the heterogeneity of pedo-climatic 
conditions and management practices within the simulated geographic region; such 
data need a level of detail that is consistent with model requirements (e.g. model 
time step versus weather data resolution) and the study’s objectives (Donatelli and 
Confalonieri 2011). While in temperate and flat areas soil can represent the main 
source of yield variability (regardless of scale; Hoffmann et al. 2016), thermal and 
pluviometric patterns drive crop production in rainfed agriculture or in morphologi-
cally complex hillside areas, where land slope and aspect are substantial in deter-
mining yield levels and fruit quality (e.g. vineyards; Esteves and Manso Orgaz 2001).

Basic layers of information for spatialized crop modelling studies are mainly 
related to pedo-environmental conditions and management practices (Hunt and 
Boote 1998; Kasampalis et al. 2018). The minimum dataset of information (MD) 
for running crop models depends on the simulated production level (i.e. potential 
(P) vs water (WL)/nitrogen (NL)/disease (DL) limited) (Table 1).

The potential level represents the productivity of a crop grown under non- limiting 
conditions for water, nutrients, weeds and pest/diseases pressure, under prevailing 
environmental conditions. It is determined by incoming solar radiation, air tempera-
ture, atmospheric CO2, and by genetic traits that modulate e.g., the length of the 
growing season and light interception (canopy structure) (van Ittersum et al. 2013). 
In water/nutrient depleted production systems, additional data are necessary in 
order to set soil conditions (i.e. water and nitrogen content) at model initialization 
(Müller et al. 2017).

It is to be noticed that, as the simulation scale increases, performing a detailed 
model calibration/validation with field measurements or gridded datasets becomes 
more difficult. This is because spatially distributed information related to main phe-
nological variables and growth dynamics (leaf area index, aboveground biomass) is 
rare (Faivre et al. 2004; Müller et al. 2017). In this context, gridded yields or official 
sub-regional/national statistics should be approached with extreme caution since 
such data can include disturbing factors that are yet to be considered by the model 
or are of unknown origin e.g. technological/time trend, nitrogen shortage/surplus, 
hailstorms events (Donatelli and Confalonieri 2011).

It is our aim to obtain a representative set of data in areas with significantly dif-
ferent pedo-climatic and management conditions (Coucheney et al. 2015), whilst 
integrating available experimental data with literature information (e.g. modelling 
experiments performed in the same or similar environments).
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Model application in climate change impact assessment requires additional data 
concerning future climate projections (i.e. GCM-RCM based realizations  – e.g. 
CMIP  – https://www.wcrp-climate.org/wgcm-cmip, CORDEX  – http://www.cor-
dex.org/, projects), atmospheric CO2 concentration and adaptation strategies (e.g. 
adoption of improved varieties and/or more efficient irrigation systems, chemical 
applications) (Donatelli et al. 2015; Challinor et al. 2018).

From an operational point of view, most existing simulation studies rely on the 
outputs of crop models coupled with databases containing MDs in the areas of inter-
est (Fig. 3). To this end, the study area (e.g. a region, an agrozone, a producing 
district, a watershed, etc.) is divided into a finite number of smaller areas called 
simulation units (SUs), characterised by homogeneous pedo-climatic conditions 

Table 1 Minimum amount of input data for operating crop growth models (Hunt and Boote 
1998), according to the production level of interest

Layer Data
Production 
level

Environment

Site Latitude, longitude, elevation P, WL, NL, 
DL

Slope and aspect
Land use and crop distribution maps
Irrigation maps WL, NL
Pest/diseases distribution maps DL

Weather Daily global solar radiation P, WL, NL, 
DL

Maximum and minimum air temperature P, WL, NL, 
DL

Precipitation, potential/actual evapotranspiration WL, NL, DL
Wind speed WL, NL, DL
Relative air humidity WL, NL, DL
Vapour pressure deficit WL, NL
Leaf wetness DL

Soil Soil type, soil depth, bulk density, texture WL, NL
Organic carbon, pH, soil nitrogen NL
Initial water, ammonium and nitrates by soil layer WL, NL
Management

Farming 
practices

Cultivar, planting date, depth and method, row spacing, plant 
density

P, WL, NL, 
DL

Irrigation and water management (dates, methods and amounts) WL, NL
Fertilizer applications (dates, methods and amounts) NL
Residue (organic fertilizer) applications (material, depth of 
incorporation, amount and nutrient concentrations)

NL

Chemical (e.g., pesticide) applications (material, amount) DL
Harvest schedule P, WL, NL, 

DL

P potential, WL water-limited, NL nitrogen-limited, DL disease-limited

F. Ginaldi et al.
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and/or cropping/farming systems (Faivre et al. 2004). Then, MDs are georeferenced 
in a multi-layer and spatially explicit database and univocally assigned to each SU 
depending on spatial attributes (e.g. geographic coordinates of centroids), via the 
use of GIS-based software applications.

Environmental information often relies on data of different resolutions which 
need therefore to be aggregated/disaggregated before being used via dedicated pro-
cedures (e.g. based on weighted average, interpolation, selection of the most repre-
sentative unit/class of data within the SU) (Faivre et al. 2004; Hoffmann et al. 2016). 
If unavailable, information can be replaced by proxy variables, as those obtained by 
pedo-transfer functions (as in the case of hydrological properties computed from 
soil texture; Donatelli and Confalonieri 2011) or by the use of remote sensing data 
(Faivre et al. 2004; Kasampalis et al. 2018).

Information related to crop management is highly variable and discontinuous in 
space and can change from year to year according to farm, consortium, regional, 
national or supranational decisions (Faivre et al. 2004). Thus, the spatial character-
ization of such data is rare and the available information does not permit character-
ization of the system in a detailed way (Müller et al. 2017). The tools available to 
fill these gaps are literature search, expert opinion or remote sensing data. During 
the execution of the crop model, management practices can then be implemented 
through automatic rules triggering the occurrence of agricultural operations based 
on management decisions (e.g. scheduled events for sowing and irrigation) and/or 
some states of the system (e.g. irrigation starts when available soil water in the root 
zone is lower than a critical threshold) (Donatelli et al. 2016).

Remote sensing collects spatial information regularly, with wide coverage and 
low cost, and therefore has been an advantageous tool for the detection of natural 
and agricultural resources over the last decades (Kasampalis et al. 2018). Several 
ways of integrating remote sensing data and crop models have been suggested 
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(Delécolle et al. 1992; Dorigo et al. 2007; Liang 2004), including calibration (i.e. 
model parameters or initial states are adjusted to obtain an optimal agreement 
between the simulated and the RS-observed state variables), forcing (i.e. a state 
variable in the model is replaced by using the observed RS data), and updating 
method (i.e. model state variables are continuously updated whenever a RS observa-
tion is available), as shown in Fig. 4.

Leaf area index (LAI), fractional cover (fCOVER), fraction of photosyntheti-
cally active radiation absorbed by the canopy (fAPAR), and plant chlorophyll con-
centration are among the most relevant canopy state variables which are commonly 
assimilated in crop simulation models. Remote sensing can also provide plant phe-
nological information (Xin et al. 2002; Karnieli 2003; Dorigo et al. 2007; Bajocco 
et al. 2019): regular provision of the phenological crop status will markedly improve 
the spatial outputs of agroecosystem models (Delecolle et al. 1992; Jin et al. 2018).

Remote sensing data are available at multiple spatial scales, from sub-meter (e.g. 
for precision farming applications), to more than a kilometre (e.g. for regional 
applications), and at variable temporal resolution, from daily to twice weekly cover-
age. The choice of the scale and temporal resolution depends on the questions to be 
answered (Jones et al. 2017a). Newer satellite sensors have been launched to obtain 
higher spatial and temporal resolution (such as Sentinel-2, Landsat-8, RapidEye, 
WorldView-2, etc.). The so-called big data revolution is the framework in which the 
collaboration between remote sensing data and crop models can find new challenges 
and solutions (Kasampalis et al., 2018).
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4  Application Examples of Crop Model Use in Sustainable 
Agriculture

This section presents two case studies which deal with the spatialized application of 
crop models to promote the sustainability of agriculture. The main themes of these 
case studies cover two out of the three clusters mapped in Fig. 1, i.e. climate change 
impact and the use of water resources. The common goal of these studies is the 
assessment of the sustainability of cropping systems under contrasting future cli-
mate scenarios; they differ both in resolution and extent of the spatial scale, the 
latter ranging from continental (Europe, Donatelli et al. 2015) to regional (Apulia, 
Italy, Ventrella et al. 2017). The European case study focused on the definition of 
farmer adaptation strategies to counteract climate change impacts, whereas the 
regional case study evaluates the efficiency of water management and water foot-
print of tomato cultivation in Southern Italy.

4.1  European Scale

The long-term sustainability of agroecosystems and associated livelihoods is unat-
tainable without actively reacting to global climatic and socio-economic changes 
with feasible and effective adaptation strategies. Climate change adaptation is an 
adjustment in natural or human systems in response to real or expected climatic 
stimuli or their effects, which moderate harm or exploit beneficial opportunities 
(IPCC 2001). Potential adaptation policies include the improvement of technology 
and management practices, agro-environmental climate payments, the design of 
more sustainable farming systems, Common Agriculture Policy payments for agri-
cultural practices that are beneficial to the climate and the environment (“greening” 
measures), the introduction of new crop varieties, land use related policies, etc.

In 2015, Donatelli et al. provided an impact assessment of climate change sce-
narios on agriculture over the EU27 Member States, focusing on three (20-year) 
time horizons centred on 2000 (baseline), 2020 and 2030. The Authors simulated 
water-limited yields for three priority crops (wheat, rapeseed and sunflower) and 
tested some technical adaptation options which could offset climate change impacts. 
The CropSyst model (Stöckle et al. 2003) was coupled with a georeferenced data-
base including information on (i) land use, (ii) crop distribution, (iii) soil properties, 
(iv) farming practices (i.e. sowing and harvest dates) and (v) current/climate change 
scenarios for two contrasting realizations of the same IPCC emission scenario 
(A1B). Spatially-distributed simulations were executed at 25 × 25 km resolution 
considering crop responses to different atmospheric CO2 concentrations, and future 
yield projections were evaluated as a percentage change compared to the baseline.

Results primarily showed that different realizations of the same emission sce-
nario led to large variations in crop performances in the same time slice. Without 
adaptation, simulated wheat yield variations in 2030 strictly reflected the spatial 

Spatializing Crop Models for Sustainable Agriculture



612

pattern of rainfall changes across Europe (Fig. 5a): indeed, projected declines in the 
amount of rainfall generally resulted in yield reductions and vice versa. Further 
reasons for the increase in yields in Southern Europe were the CO2 fertilization 
effect and the shortening of the crop cycle that may have reduced the occurrence of 
water stress in summer. Simple adaptation techniques such as changes in sowing 
dates and varieties (in terms of duration of the crop cycle) were effective in alleviat-
ing the adverse effects of climate change in most areas (Fig. 5b). In general terms, 
the best yield was realized by delaying the wheat planting date by 10 days, and 
using a variety with a longer growth cycle (Fig. 5c; results did not account for a 
possible greater pressure of plant diseases, for instance wheat rusts).

Figure 5 illustrates large spatial variability in the performance of wheat systems. 
It enables identifying critical spots for focusing breeding and policy-making efforts, 
and it highlights opportunities for European wheat agriculture in future time hori-
zons. It should be noted that taking into account the effect of future technological 
changes and economic consequences (e.g. costs of alternate technologies or levels 
of fertilizer application in response to changes in prices) would tend to further 
reduce adverse impacts of climate change. One aspect that requires additional inves-
tigation is the impact of extreme events which may lead to crop failure, even in the 
context of possibly improved weather patterns.

Fig. 5 Percentage change in simulated water-limited yield without (a) and with (b) adaptation 
measures for winter wheat in 2030 with respect to the 2000 baseline under the HadCM3 realization 
(Liu et al. 2013; Semenov et al. 2014) of the A1B scenario. The best adaptation strategies among 
all tested ones are mapped in (c). Adaptation strategies evaluate (i) cultivars with both a shorter and 
a longer growth cycle (GC) with respect to the current reference variety and (ii) delays of the base-
line sowing date (SD) (Donatelli et al. 2015)
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4.2  Regional Scale

Italy is the sixth major tomato producer and supplier of tomato processing world-
wide. About a fifth of the national harvested area and productions are concentrated 
in the Capitanata plain, an area of about 4000 km2 in the northern part of the Apulia 
region (Southern Italy). The cultivation of tomatoes in this area plays a key socio- 
economic role, although the achievement of high quality products is largely driven 
by the intensive use of chemicals (i.e. fertilizer/pesticides) and irrigation 
(300–800 mm), with great impact on local natural resources. The major constraint 
to crop growth is water stress, due to the prevalent semi-arid climate, characterized 
by precipitation between 25 and 110 mm and temperature peaks over 40 °C in sum-
mer. Significant action is thus needed to support tomato growers to enhance produc-
tion levels while saving irrigation water. Ventrella et  al. (2017) applied the 
DSSAT-CROPGRO model to simulate the growth of industrial tomato and to quan-
tify the green (GW; crop evapotranspiration deriving from rain stored in the soil) 
and the blue water (BW; crop evapotranspiration deriving from irrigation), the blue 
water requirement (BWR; ratio between yield and BW) and the water footprint 
(WFP), under both rainfed and fully-irrigated conditions. Spatially distributed sim-
ulations covered the whole tomato area and a period of 30 years for baseline and 
future climate realizations (IPCC AR4 SRES A2 and A5 scenarios), based on aver-
age temperature raises of 2 and 5 °C respectively.

Future scenarios affected all indicators significantly, especially in the drier areas 
where high thermal and rainfall anomalies are foreseen. In general, the largest 
increase in BW consumption and BWR were simulated in the northern and south- 
eastern part of the Capitanata, where available soil water content is already a limit-
ing factor for the crop (Fig. 6). Compared to the baseline, simulated BW under the 
A5 scenario showed an average increase of about 30%, while yield reductions fluc-
tuated at about −20%. As a consequence, the BWR and WFP are projected to rise 
steeply to 40 and >65%, respectively. Results confirm that for a global temperature 

Fig. 6 Distribution maps of blue water (BW) and blue water requirement (BWR) in terms of low 
(LV), medium (MV) and high (HV) values calculated on the basis of corresponding first and third 
quartiles (Ventrella et al. 2017)
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change of 5 °C potential adaptation measures may not be sufficient to counterbal-
ance the projected negative impact on crop performance in terms of yield and WFP.

These findings could be important to support planning policies for effective allo-
cation of scarce water resources, by concentrating them where water use efficiency 
is highest (i.e. highest BWR and lowest WFP). Nevertheless, future improvement of 
WFP simulation under climate change can be obtained by considering the CO2 
effect on stomatal conductance and therefore on crop transpiration.

5  Conclusions

This chapter primarily defines the main research topics involving the application of 
crop models for promoting sustainable agriculture in the last three decades: water 
resource management, global climate change and carbon cycle.

Then, focus moved to spatializing crop models with particular attention on defin-
ing model data requirements and describing underlying methodological concerns 
and constraints. In spatial modelling  the choice of scale together with input data 
retrieval and harmonization are two of the most crucial issues to be tackled.

Since spatial simulation output is scale-dependent, the choice of the appropriate 
scale of analysis is fundamental. Selection of the scale of the system being modelled 
depends on the goal and the final beneficiary. For example, if the objective refers to 
the best management practices to adopt, or how to make the land more profitable, 
the target system should be on a field scale. At farm and larger scales, the goal is 
understanding how weather, soil, socio-economic factors and crop management 
practices affect crops and how simulation tools can easily and effectively support 
policymakers.

The spatialization of crop models needs to link different scales: for example, the 
scale on which the processes are described by the model, the scale on which input 
data or information (model parameters and input variables) are be available, or the 
scale on which output results are expected or sought. In turn, there is also a wide 
range of variability in input data quality and coverage. Data reconstruction (applied 
to missing values, to estimate key variables, to replace poor quality data) as well as 
cross-scale data harmonization are crucial processes in spatial modelling since they 
introduce uncertainty in predictions.

Furthermore, as the simulation scale increases, performing a detailed model cali-
bration/validation becomes more difficult because spatially distributed information 
related to main phenological variables and growth dynamics (leaf area index, 
aboveground biomass) is rare.

In this context, increasing use of “big data” and smart sensors for agriculture is 
leading to closing information gaps and provides opportunities for multiple sources 
of information, including remotely sensed data, to be combined into one predictive 
system. Remote sensing data can be used to calibrate, force and update state vari-
ables of the simulation model in runtime. We claim that with the assimilation of 
model state variables (e.g. leaf area index dynamic over crop cycle, soil water 
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 content evolution) via smart sensors, their simulation processes in crop models may 
be no longer necessary. This practice can be adopted in high-resolution in-season 
simulation studies, provided that output accuracy is preserved.

The final unaddressed issue concerning spatial modelling is a technical one, and 
regards whether or not current crop/cropping system models are adequate to imple-
ment the concepts of spatially explicit simulation modelling discussed so far. The 
challenge lies in the integration of two complementary toolsets: agent-based models 
and Geographic Information Systems (GIS). Spatial simulation workflows often 
make use of GIS in the preparation of spatial input data and in outcome visualiza-
tion, whereas the model is used to handle spatially-distributed dynamic simulation 
of biophysical processes.
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