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1Soil Carbon Sequestration in Crop 
Production

Ram Swaroop Meena, Sandeep Kumar, 
and Gulab Singh Yadav

Abstract
The carbon (C) sequestration potential of global soils are estimated between 0.4 
and 1.2 Gt C year−1 or 5–15 % (1Pg = 1 × 105 g). The C emission is rising rapidly 
by 2.3% every year. If the emissions continue to rise, warming could reach the 
levels that are dangerous for the society, but it looks like global emissions might 
now be taking a different turn in the last few years. As we know the sustainability 
of agroecosystem largely depends on its C footprint as the soil organic carbon 
(SOC) stock; it is an indicator of soil health and quality and plays a key role to 
soil sustainability. At the same time, continuing unsustainable agricultural 
approaches under intensive farming have depleted most of the SOC pool of 
global agricultural lands. Still, the terrestrial ecosystem has enormous potential 
to store the atmospheric C for a considerable period of time. Therefore, promot-
ing the cultivation of crops sustainably offers multiple advantages, e.g. augment-
ing crop and soil productivity, adapting climate change resilience, and high 
turnover of above- and below-ground biomass into the soil system, thus seques-
tering atmospheric C and dropping concentration of GHGs from the atmosphere. 
The continuous vegetation on soil surface ensures good soil health and soil C 
concentration at variable soil depth as per the specific crop. The C sequestration 
potential and the amount of organic C returned by crop plants rest on specific 
plant species, depending on the nature of growth, root morphology and physiol-
ogy, leaf morphology, climatic conditions, soil texture, structure and aggrega-
tion, prevailing cropping system, and agronomic interventions during crop 
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growth period. The above-ground plant biomass, e.g. plant leaves, branches, 
stem, foliage, fruits, wood, litter-fall, etc., and below-ground plant biomass, e.g. 
dead roots, released substances from root exudates, rhizospheric deposition, and 
plant-promoted microbial biomass C, directly contribute to the SOC buildup. 
Sustainable crop management practice that ensures the increased nitrogen (N) 
availability accelerates the C input in the soil ecosystem. Farming practices that 
improve nitrogen and water use efficiency (NUE and WUE) reduce soil distur-
bance and erosion, increase plant biomass, and together affect N availability and 
SOC stock. Conservation tillage together with surface residue retention and 
legume-based sensible crop rotation reduces soil disturbances, surface runoff, 
and erosion; increases N availability and SOC sequestration; increases soil sus-
tainability by mixed cropping, intercropping, crop rotation, cover cropping, mul-
tiple cropping, and relay cropping; and generates and adds greater amount of 
qualitative plant biomass into the soil. The N addition, especially from bulky 
organic manure, green manures, leguminous crops, cover crops, biological 
N-fixing microbes, and farm and kitchen waste materials, is essential for agricul-
tural productivity and SOC sequestration. The C sequestration benefits from 
addition of chemical nitrogenous fertilizers are compensated by the release of 
carbon dioxide (CO2) and nitrous oxide (N2O) during manufacturing, transporta-
tion, storage, and application of fertilizers. Therefore, approaching integrated 
nutrient management (INM) encompassing manures and other C-rich resources 
sustains soil health and increases N availability and SOC sequestration. Moreover, 
location-specific scientific research is needed to point out the best management 
practices that enhance NUE, maintain/improve soil health, boost crop production 
and SOC sequestration, and minimize greenhouse gas (GHG) release in the bio-
sphere. In the view of above, in this chapter, quantifying the C sequestration 
potential with higher degree of confidence is required in agriculture manage-
ment. The present book chapter is critically analyses the C sequestration poten-
tial of different soil and crop management practices under diverse ecological 
conditions for sustainable crop productivity.

Keywords
Carbon dioxide · Crop production · Soil C sequestration · Sustainable 
agriculture

Abbreviations

AFS Agroforestry system
C  Carbon
CaCO3 Calcium carbonate
CH4 Methane
cm Centimetre
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CO2 Carbon dioxide
CO3

−2 Carbonate
FYM Farmyards manure
g Grams
GHGs  Greenhouse gases
GPP Gross primary production
Gt  Gigatons
ha Hectare
HCO3

− Bicarbonate
INM  Integrated nutrient management
IPCC Intergovernmental Panel on Climate Change
kg Kilograms
Mg Megagrams
Mt.  Metric tons
N  Nitrogen
N2O Nitrous oxide
NPP  Net primary productivity
NUE  Nitrogen use efficiency
OC Organic carbon
OM  Organic matter
Pg Picograms
ppm Parts per million
RMPs  Recommended management practices
SOC  Soil organic carbon
SOM  Soil organic matter
Tg Teragrams
WUE  Water use efficiency

1.1  Introduction

Enriching soil organic carbon (SOC) pools in agriculture by encouraging soil C 
sequestration is an efficient way towards diminishing atmospheric carbon dioxide 
(CO2) level and inducing soil health (Lal et al. 1999; Post et al. 2004; Bronick and 
Lal 2005; Lal 2002, 2011; Ashoka et al. 2017). In soil, the C sequestration is char-
acterized by two types: first, organic C sequestration – in the form of organic C – 
which is considered as boon to agriculturalists and, second, inorganic C sequestration, 
in the form of paedogenic calcium carbonate (CaCO3), often called as bane for 
farmers (Chaudhury et al. 2016; Meena and Meena 2017). The significance of soil 
as a terrestrial C regulator has been increasingly documented, especially after the 
Paris Agreement, December 2015, which appeals for action to store and increase the 
sink capacity of greenhouse gases (GHGs) (FAO 2016). Even after knowing the 
significance of world’s soil as a potential sink and pool of C (Lal 2011), the knowl-
edge about the existing soil C reserves and its capacity of sequestering C is so far 
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incomplete (FAO 2016). However, scientists are trying to optimize the management 
skills through sustainable crop cultivation so that soils can function as sinks more 
effectively for C and pay to CO2 diminution strategies (Curtin et al. 2000; Yadav 
et al. 2018b). After oceans (38,000 gigatons/Gt C), the soil is the second largest C 
pool of the Earth, and a little change in organic C reserve in soil may cause signifi-
cant alteration in atmospheric CO2. It is important to understand for the reason that 
the annual flux of CO2 between soil and atmosphere is big and depends on man- 
made alterations (Bakker et  al. 2007; Kumar et  al. 2017b; Dadhich and Meena 
2014). The atmosphere holds about 750 Pg (picograms) of C as CO2, whereas glob-
ally (excluding permafrost) the upper 100 cm soil holds about 1500 Pg C (1 Pg = 1 
Gt = 1015 g) (2500 Pg C in top 200 cm) in the form of SOC and 900–1700 Pg as 
inorganic C, and this soil exchanges 60 Pg C with the atmosphere every year 
(Eswaran et al. 1993; Lal 2010; Meena et al. 2015d). It was estimated that global 
soils hold nearly 1.5 × 1012 metric tons of C. In actual, the SOC sequestration poten-
tial seems to be between 0.37 and 1.15 Gt C annually (Smith et al. 2008). The rate 
of soil sequestration in soils under agricultural use varied from 0.1 to 1.0 tons C 
hectare−1 every year (Paustian et al. 2016). Accordingly, there is a huge available 
gap to reach the potential capacity of soil to sequester C. We should have to manage 
the billion hectares of land to sequester C so as to touch the annual sequestration 
rate of 1 Gt C. Moreover, the sequestration level would be comparatively less at the 
start which would reach at its peak after 20 years and thereafter would decrease 
gradually (Sommer and Bossio 2014; Yadav et al. 2018a).

The change in organic C content in soil is directly linked with the total amount 
of Cic substance entered (Buyanovsky and Wagner 2002). The SOC pool is consid-
ered as the key indicator of soil fertility and health, and an upmost C pool in ter-
restrial ecosystem had a very imperative role in global C cycle (Wang et al. 2015). 
The concentration of SOC in soil is about twice to that of atmosphere and vegeta-
tion. So, if the concentration of C is increased, the atmospheric C concentration will 
get reduced, and it will consequently assuage the problem of global warming and 
climate change. The soil organic matter (SOM) is linked in a straight line to the 
SOC; meanwhile, organic C contains 58% of the SOM (Collins et al. 1997). It was 
projected that 1 ton of SOM is emitted in about 3.667 tons of CO2 into the atmo-
sphere (Meena et al. 2016a). The SOC is the biggest C pool in the terrestrial bio-
sphere, chiefly greater than double of the C accumulated in the atmosphere and 
vegetative biomass (Jobbagy and Jackson 2000; Liang et  al. 2016; Varma et  al. 
2017a). In top 30 cm soil profile, the average concentration of SOC ranged from 
0.30% to 1.05%. It is around 10% of the SOC stocks (140~170 Pg) in agricultural 
ecosystem and utmost active fragment of the world’s terrestrial soil C pool of farm-
land ecosystem (Liang et al. 2016; Datta et al. 2017a). The farmland harbours of 
China hold SOC approximately 25–27 Pg and had an imperative contribution in the 
global C budget (Qin et al. 2013).

The C capturing capacity of soil can be enhanced and improved via improved 
farming practices that restore soil fertility and health. Promoting sustainable crop 
cultivation offers multiple advantages: augmenting crop and soil productivity, 
adapting climate change resilience, sequestering atmospheric C, and dropping 
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concentration of GHGs from the atmosphere (FAO and ITPS 2015). With the pur-
pose to tap the C sequestration potential of soil, the cultivation of plants having 
higher biomass production capability needs to be endorsed in the agricultural sys-
tem (FAO and ITPS 2015). Crop residues are one of the chief sources of C in agri-
cultural soils. Agricultural crops produce a considerable quantity of residues, which 
in turn favours the accumulation of humus in consequent soil C pool upon incorpo-
ration into soil (Hajduk et al. 2015; Meena and Yadav 2015). In this chapter, the 
emphasis is on the magnitude of the potential impacts of agricultural crops that have 
a capacity to soil C sequestration.

1.2  Global Carbon Cycle

It is very important to study the circulation of C on the planet as the C is a major 
structural component of living organism comprising about 50% of their dry weight, 
besides its active involvement in the global energy flow and metabolism of natural, 
human, and industrial systems (Houghton 2003; Dhakal et al. 2015). The C cycle is 
the biochemical cycle of continuous C exchange among the atmosphere, biosphere, 
hydrosphere, geosphere, and pedosphere on the planet through the combined process 
of photosynthesis, respiration, and OM decomposition (Fig. 1.1). The global C cycle 
is comprised of five major interconnected reservoirs  – the atmosphere, terrestrial 
biosphere, oceans, sediments, and the Earth’s interior (David 2010). The C continu-
ously moves through exchange pathways among these reservoirs as a result of 
numerous physical, chemical, and biological processes (Falkowski et al. 2000; Varma 

Fig. 1.1 Schematic diagram of global C cycle. (Data adapted from Lal 2008)
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et al. 2017b; Meena and Lal 2018). This cycle starts with the biological C fixation – 
the conversion of atmospheric CO2 into the living biomass C through the biochemi-
cal process of photosynthesis by the more favoured photosynthetic eukaryotes and 
prokaryotes (Bleam 2012). The photosynthetic process reduces C (+4) in CO2 to C 
(+1) in the terminal C in glyceraldehyde-3-phosphate, the feedstock for simple sug-
ars, amino acids, and lipids (Bleam 2012). Here, the gross primary production (GPP) 
is the measure of quantity of atmospheric CO2 removed by photosynthesis every 
year. According to an estimate, photosynthesis captures 120 Pg C year−1 from the 
atmosphere reservoir and is able to accumulate around 610 Pg C within the living 
plant at any given time. A part of the photosynthesized biomass C retained by the 
living plant is directly consumed by the herbivores, while the remaining biomass C 
becomes the soil residue inviting the diverse soil microbes to attack and decompose, 
which is known as C mineralization (Bleam 2012; Meena and Yadav 2014). This 
mineralization of SOC into CO2 occurs through a process called oxidative metabo-
lism in which chemical energy is stored during C-fixation. Respiration (including 
decomposition of soil biomass) by plant, human, animals, and soil pays back the C 
into the atmosphere in the form of CO2 and methane (CH4) under anaerobic situa-
tions. Forest fires also greatly contribute CO2 and CH4 emission to the atmosphere on 
annual timescales, but again it is removed by the terrestrial biosphere if vegetation 
regrows over the decades (IPCC 2007). The plant respiration alone accounts the 50 
% of the CO2 (60 Pg C year−1) that is returned to the atmosphere in the terrestrial C 
pool. Similarly, with the decomposition of SOM by the soil microbes, the CO2 is 
released at the average rate of around 60 Pg C year−1. The CO2 released by use of 
fossil fuel, deforestation, and cement production promoted by human activities 
accelerates the C exchange chain between atmosphere, terrestrial biosphere, and the 
oceans. At present, about 5.5 × 1015 g (grams) of anthropogenic C is being added in 
the atmosphere each year. Of them, about 50 % is retained by the atmosphere, while 
the second half is moved to the terrestrial and oceanic system. Immediately after 
entering the CO2 into the ocean, it reacts with water to form carbonate (CO3

−2) and 
bicarbonate (HCO3

−) ions (dissolved inorganic C). The residential time of such type 
of CO2 in the ocean is less than a decade. The combustion of fossil fuel is one of the 
rapid emission fluxes of large amount of C. Currently, it represents a flux to the atmo-
sphere of approximately 6–8 PgC year−1 (averagely 7 Pg C).

The C cycle consists of six important steps:

 1. Movement of C from atmosphere to plants through photosynthesis
 2. C movement from plants to animals through food chain
 3. Transformation of C from plants and animals to the ground after the death of 

animals and plants and their subsequent decompositions
 4. Release of C from living organisms to the atmosphere through the respiration by 

soil, plant, animal, and human being
 5. C movement from fossil fuels to the atmosphere when fossils fuels are burned
 6. Direct absorption of atmospheric CO2 by the oceans

R. S. Meena et al.
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1.3  Carbon Dioxide Emission Trend and Present Status 
in Atmosphere

In 1958, Dave Keeling – an American scientist – took the first measurement of CO2 
at Mauna Loa Observatory in Hawaii and at Scripps Institution of Oceanography 
and alerted the globe to the possibility of anthropogenic greenhouse gas effect and 
global warming. He was the first to register the rise of CO2 in the atmosphere. In 
2005, scientists around the world started to keep track of C emissions. Since pre- 
industrialization time (1750s), the global atmospheric CO2 concentration is continu-
ing to increase from approximately 280 ppm (part per millions) (IPCC 2007) to 
406.99  ppm at the end of August 2018 with annual average growth rate of 
0.47 ppm year−1, although it was 2.7 ppm year−1 for the past 2006–2015.The atmo-
spheric CO2 reached the record height of 410.31 ppm in the history for the month of 
April 2018 as per the report from Mauna Loa Observatory, Hawaii. The increase in 
annual means from 2015 to 2016, 2.63 ppm, is higher than the increase from 2014 
to 2015 and 2013 to 2014 (~2.3 and 2.1 ppm year−1, respectively) (WMO 2016). 
The atmospheric CO2 abundance in 2016 relative to year 1750 was 144.5%. The 
relative increment from 2015 to 2016 was 0.67%. According to a study, the atmo-
spheric CO2 concentration is now increasing at the rate of 100 times faster over the 
rate which was at the end of ice age owing to the uncontrolled population growth, 
rapid industrialization, intensive cultivation, and continuous deforestation promoted 
by human. Therefore, the release of CO2 into the atmosphere as a result of anthro-
pogenic activities is of great concern. In fact, human activities were responsible for 
about 110% of observed warming (ranging from 72% to 146%), with natural factors 
in isolation leading to a slight cooling over the past 50  years as pointed out by 
IPCC’s implied best guess by NASA’s Dr. Gavin Schmidt (FAO 2016). In the year 
2015, the total CO2 emission from fossil fuel combustion and cement production 
from industries was 9.9 ± 0.5 Gt C year−1, and from land-use pattern mainly defor-
estation, it was 1.3 ± 0.5 Gt C year−1(Le Quéré et al. 2016; WMO 2016). During the 
last decade (2006–2015), the growth rate of global atmospheric CO2 level, mean 
ocean CO2 sink, and global residual terrestrial CO2 sink were 4.5 ± 0.1, 2.6 ± 0.5, 
and 3.1 ± 0.9 Gt C year−1, whereas, in 2015, they were 6.3 ± 0.2, 3.0 ± 0.5, and 
1.9 ± 0.9, respectively (Le Quéré et al. 2016; Yadav et al. 2017c). The CO2 emitted 
from the deforestation and land-use change activities was the prime factor behind 
increased CO2 level in the atmosphere above preindustrial levels (Ciais et al. 2013; 
Verma et al. 2015c).

Over the globe, the total greenhouse gas CO2 emission in the year 2016 contin-
ued to increase at the rate of 0.5 ± 1%, about 53.4 Gt CO2 equivalent (including 
those from land use and forestry – 4.1 Gt CO2 eq.) (Olivier et al. 2017; Meena et al. 
2018a). But, if we look forward, we can find that in the recent 3 years, the amount 
of CO2 in the atmosphere being released from burning of fossil fuels, gas flaring, 
and cement manufacturing is consistent. In 2014, the growth in global CO2 emis-
sions was 1.1% (40.3 Gt CO2 eq.); in 2015, it did not grow at all and remains almost 

1 Soil Carbon Sequestration in Crop Production
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stable (39.7 Gt CO2 eq.); and in 2016, they are set to grow very little by just 0.3% 
(Olivier et  al. 2016; Kumar et  al. 2018a). This growth in emission trends looks 
prominently a slowdown over the growth rate of 3.5% in the 2000s and 1.8% in the 
recent last decade (2006–2015). The main reason behind this slowdown was the 
change in energy use by the people in China by decreased consumption of coal and 
fuel and increased use of natural gases and promoting renewable power generation 
(e.g., wind, solar power, etc.) (Olivier et al. 2017). The leading five emitters China, 
the United States, India, Russian Federation, and Japan in 2016 covered about 68 % 
of total global CO2 emissions (Olivier et al. 2017; Meena et al. 2015c). China is the 
world’s top emitter accounting 10,357 metric tons (Mt) (29%) of global CO2 emis-
sions, and the United States is the second biggest emitter, responsible for 5414 Mt. 
CO2 (15%) of global emissions in 2015. The US emissions since the last decade 
have been going down because of reduced burning of coal and increased usage of 
oil and gas; this is why the emissions of the United States fell down by 2.6% in 2015 
and also dropped further by 2.0% in 2016 (Olivier et al. 2016, 2017; Yadav et al. 
2017b). But it will be a little bit early to say confidently that it has reached its peak 
as the emissions would increase in the Trump presidency. The emissions across the 
developing nations are also rising. India is responsible for the 2274 Mt. CO2 (6.3%) 
of the global CO2 emissions which were increased by 4.7% in 2016. Russia and 
Japan rank fourth and fifth in global emissions, which account 1617 Mt. (4.5%) and 
1237 Mt. CO2 (3.4%), respectively.

C budget is the balance between sink and source of C. The C sources from fossil 
fuels, industry, and land-use change emissions are balanced by the atmosphere and 
C sinks on land and in the oceans. The global CO2 emissions and their segregation 
among the land, ocean, and atmosphere are in balance:

 E E G S SFF LUE R O L+ = + +  

where EFF is the emissions from fossil fuels and industry, ELUE emissions from land- 
use change, GR rate of growth of CO2, SO mean ocean CO2 sink, and SL global 
residual terrestrial CO2 sink.

The growth rate is usually expressed in terms of ppm year−1, which can be con-
verted to Gt C year−1 (Gt of C year−1) using 1 ppm = 2.12 Gt C (Prather et al. 2012; 
Ballantyne et al. 2012; C. Le Quéré et al. 2016; Dadhich et al. 2015).

However, all CO2 released do not stay in the atmosphere. It is absorbed either by 
the vegetation on land or in the oceans, minimizing the warming potential which we 
experience. In 2015, out of the total global CO2 emissions, 44% CO2 remained in 
the atmosphere (below blue light) and 31% (green) is absorbed by plants and 26% 
(dark blue) by oceans. The total global CO2 emissions from industrialization time to 
by the end of 2016 will total 565 billion tons of C which is 92% of the global C 
budget. Over the last 10 years, the average CO2 released from fossil fuels and indus-
try are responsible for 91% of anthropogenic emissions, whereas the remaining 9% 
comes from change in land-use pattern. In 2015, 9.9 billion tons of C was emitted 
in the atmosphere from fossil fuels in the form of CO2, which came from burning of 
coal (41%), oil (34%), and gas (19%) along with cement production (5.6%) and 
faring (0.7%) (Meena et al. 2016b; Kumar et al. 2018b).
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1.4  Soil Carbon Decline Under Intensive Cropping

The intensive cultivation without caring for sustainability of the system resulted in 
the common problem of reduced SOC stock since long. Most of the global agricul-
tural soils have already lost organic C by 30–75 % from their antecedent SOC flux 
because of intensive cultivation. It has been projected that the global cultivated soils 
have already lost 41–55 Pg C (Paustian et al. 1995). Although Smith et al. (2008) 
stated that the global soils have been experienced as loss of in excess of 40 Pg C due 
to its cultivation with an average rate of about 1.6 Pg C year−1 to the atmosphere in 
the course of 1990s (Smith et al. 2008; Verma et al. 2015a). However, Lal (2013) 
reported that the prolonged intensive cultivation is supposed to decrease the soil C 
stock at the rate of 0.1–1.0 % year−1. The soils of India severely depleted the SOC 
pool which ranged from <1.0 g kg−1 (kilograms) to hardly 10–15 Mg (Megagrams) 
C ha−1 (hectare) in upper 40 cm soil horizons (Lal 2015a). The Chinese soils have 
also lost equal or greater than 30–50 % of the soil C flux (Lal 2013). And in Sweden, 
nowadays, the C reserve is declining at the annual rate of 1.0 Tg (teragrams) from 
the total C stock of 270 Tg C in top 25 cm soil surface under agriculture (Andren 
et al. 2008). The average rate of soil C depletion in soils of England and Wales has 
been projected to be 0.6% annually (Bellamy et  al. 2005). The extent of C loss 
ranges from 10 to 30 Mg C ha−1, reliant on the type of soil and historic land-use 
pattern, which is higher in soils prone to erosion, salinization, and nutrient diminu-
tion than the C loss from least or undegraded soils (Lal 2013). The historical C 
losses from global soil are estimated to be 78 ± 12 Pg (Lal 2004a, b, c; Buragohain 
et al. 2017).

Intensive agriculture has a strong capacity to reduce the soil C level in a rela-
tively short time period following initial cultivation, though the degree of reduction 
varies with the ecosystem and management practices like soil cover, climatic and 
edaphic characteristics, and farming practices (Poeplau et al. 2011; Powers et al. 
2011; Cusack et al. 2013; Meena et al. 2015a). The short-lived impacts are in gen-
eral dramatic, and agricultural ecosystem may have-long term effects on soil C pool 
that last for several decades after deserting agriculture (Solomon et al. 2007; Kumar 
et al. 2017a). The C depletion at the initial time was associated with disruption of 
soil aggregation, accelerated aeration and decomposition, alteration in plant produc-
tivity, biomass production and soil biological properties, and induced soil erosion 
(Culman et al. 2010; Datta et  al. 2017b). The deteriorating soil aggregation as a 
result of soil cultivation can also lead to increased C loss and consecutive decrement 
in retention of new C addition (Six et al. 2000). The reduced C status over a long 
time period was associated with the elongated intensive agricultural practices with 
less C addition (Solomon et al. 2007). Likewise, the C deposition rate can decrease 
with time with leftover of C content for longer beneath pre-agricultural levels (Su 
et al. 2009). These changing trends may expound by increased C losses in the course 
of cultivation or we can say the lack of ability of agricultural soils to retain the C 
after crop harvest. The C added by crop plants into the soils is probable to be more 
liable and susceptible to decomposition than that of the C returned by the woody 
plants that would be present in the field during the crop growing period (Helfrich 
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et al. 2006; Meena et al. 2017a). Along with these factors, the biomass removal and 
soil disturbance could result in soil C losses for the duration of cultivation. The lack 
of strong association of SOC with mineral surfaces is also the reason of reduced soil 
C retention capacity after crop harvest. To maintain the soil C over long period var-
ies C returns with different practices and the approaches those reduce the C emis-
sion from soil. The intensive agriculture can change the C chemistry in the soil 
through altering plant chemistry, C decomposition rate, etc. (Cusack et al. 2013).

The unsustainable agricultural intensification and change in pattern of land use 
from natural system to intensive agricultural system management is known to 
deplete the soil C pool (Guo and Gifford 2002; Söderström et al. 2014; Yadav et al. 
2017a). Scientific reports suggested the decreased C stock in permanent cropping 
system transformed from natural forest land, hastily in the initial years and thereaf-
ter at slower rate which reaches at equilibrium after 30–50 years (Nieder and Benbi 
2008; Benbi and Brar 2009; Sofi et al. 2018). In the same line, the result of meta- 
analysis carried out by Guo and Gifford (2002) showed the declined soil C concen-
tration after land-use change from native forest to cropland (−42%) and plantation 
forest (−13%) and also from pasture to cropland (−52%) and plantation (−10%). 
This depletion was associated with intensified cultivation practices which have high 
OM exerting rate, mineralization/oxidation, and soil erosion (Söderström et  al. 
2014; Ram and Meena 2014). Currently, several agricultural strategies are practiced 
that expose the agricultural soils to soil erosion. In the last 40 years, about 33 % of 
global arable land has been lost by erosion or pollution. Soil erosion is the prime 
factor in substantial removal of SOM and emission of CO2 into the atmosphere. In 
a experiment on maize diminished SOC level was recorded by 50% in upper 50 cm 
soil horizons in temperate region at the end of 35  years of intensive cultivation 
(Arrouays and Pelissier 1994). Liu et al. (2003) also displayed a substantial drop of 
gross SOC content during the initial 5 years of cultivation with an average annual 
loss of 2300 kg C ha−1 in 0–17 cm soil profile. After 5 years of cultivation till 14 
years, the SOC losses also occurred but with decreasing trend with an average 
annual loss of 950 kg C ha−1, and the same decreasing trend still exists between 14 
and 50 years of cultivation with a mean loss value of 290 kg C ha−1. The overall 
losses of total SOC in upper 0–43 cm soil profile (0–17 + 18–32 + 33–43 cm) were 
17, 28, and 55% after 5, 14, and 50 years, respectively, of intensive cultivation in 
mollisols of China. The soils of Southern and Central Asia and of sub-Saharan 
Africa have higher degree of SOC loss. The SOC content in most of South Asian 
soils ranged from 0.1% to 0.5%. In different regions of India, the SOC concentra-
tion significantly decreased after the 1960s (a period of intensive cultivation) as 
compared to the uncultivated soils prior to the 1960s in top 20 cm soil horizon (Lal 
2013). In this line, Jenny and Raychaudhuri (1960) summarized the data of different 
provinces of India and found the considerable depletion in SOC level (0–20 cm soil) 
after intensive farming practices. The SOC level in southeastern coast, western 
coast (per humid), western coast (humid), and Nagpur region of India were decreased 
from 0.76% to 0.30%, 2.46% to 1.36%, 1.86% to 0.92%, and 1.09% to 0.55%, 
respectively, when soils were under cultivation. Cusack et al. (2013) examined the 
potential impact of 200  years of intensive agriculture on soil C level and their 
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chemistry in Hawaii by comparing the reference soil under modem management 
with intensified pre-European-contact agricultural field system. They reported the 
declined trend in soil C stocks in Hawaiian agricultural fields (6.1 ± 0.6%) rather 
than the fallow reference soils (9.3 ± 1.2%). Therefore, the average soil C stock in 
soil under pre-contact agriculture was reduced by 26 ± 12% relative to the soils of 
reference sites after intensive 200 years of cultivation.

Globally, the declining C status in soils under agricultural ecosystem is a matter 
of considerable discussion. As a region of 12 per cent of the total soil C pool is still 
exists present in cultivated soil (Andren et al. 2008), and the soil under agriculture 
reside in 35 per cent of the global land surface (Söderström et al. 2014). The techni-
cal potential of C sequestration in world soils is 1.2–3.1 Pg year−1 for 25–50 years 
(Lal 2013). By considering the above facts, there is urgent demand of time to rethink 
about the adoption of sustainable agricultural practices in the twenty-first century. 
The SOM is not only an indicator of C presence but is also an imperative sink of C 
sequestration. The SOC represents the largest C pool in terrestrial ecosystems, and 
is a key factor in deciding the soil quality and input use efficiency (Wiesmeier et al. 
2016; Meena et al. 2017b). But the long-term exhaustive farming practices deplete 
the SOC concentration and result in deterioration of soil structure and consequently 
the soil productivity (Liu et al. 2013b, c). So, it is a need to improve the critical level 
of C about 1.1% in the rhizospheric zones (Lal 2013). At present, the intensive agri-
culture is not sustainable, so the sustainable intensification is a good tactic to save 
the SOC loss. By changing the land-use pattern following sustainable ways such as 
through introducing higher biomass-producing crops, shrubs, and tree species in the 
existing system, the annual C sequestration rate could be increased by 20–75 g C 
m−2 and SOC may reach a new equilibrium in the interior several years (Liu et al. 
2013b, c; Kakraliya et al. 2018).

1.5  Principles of Soil Carbon Sequestration

Kane (2015) established four pillars for managing soil C dynamics:

 1. Reducing soil disturbance through tillage to ensure the physical shelter of C in 
soil aggregates

 2. Enhancing the quantity and quality of plant and animal biomass input in to the 
soil strata

 3. Improving the diversity, abundance and functionaries of beneficial soil microbes
 4. Maintaining continuous vegetative cover on soil surface

The capture of atmospheric CO2 and their subsequent storage in the terrestrial 
ecosystem by a sustainable management of soil and vegetation comprises several 
agronomic interactions as follows:

• Elimination of mechanical soil disturbance by adopting zero tillage or drastically 
reduced tillage system (Shaver et al. 2002)
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• Continuous surface cover either with living vegetation or crop residue in the 
form of mulch round the year (Lal 2004a, b, c; 2010; 2016)

• Adoption of agronomic and mechanical measures together to reduce the surface 
runoff and soil and water erosion by obstructing the velocity of wind and water 
(Lal 2016)

Accelerating soil health and fertility through practicing INM inclosing organic 
nutrition sources, biological N fixers/legumes in rotation, mycorrhizae, and organic 
home wastes promotes in situ OM buildup, potential activities, and diversity of soil 
bio-organisms and maintains sustainability of soil ecosystem (Liu et al. 2013b, c; 
Han et al. 2016; Dhakal et al. 2016):

• Maintain adequate soil moisture in crop root zone to increase green water con-
tent by improving WUE through introducing drip-cum-fertigation technique and 
by eliminating or minimizing water loss through evaporation (grey water) and 
runoff (blue water) (Kumari and Nema 2015).

• Improvements in quality and dietary practices of animal feed to reduce the for-
mation and emission of CH4 through enteric fermentation.

• Follow the system approach rather than an individual crop including livestock 
and agroforestry along with multiple viable crops in the farming system for effi-
cient resource utilization and biodiversity conservation and to work within the 
natural ecosystem (Rotenberg and Yakir 2010; Wang et al. 2010, 2015).

1.6  Carbon Sequestration Potential of Crop Land

Soil is the major reservoir and a very important sink of C in the terrestrial C cycle 
because of its capacity to withhold C for relatively a long period of time (Swift 
2001). The global soils contain double the amount of C to that of stored in atmo-
sphere plus living vegetation. The C sequestration potential of a soil depends on its 
capacity to maintain the stock of resistant plant materials to biological decomposi-
tion, chemical makeup of SOM, and accumulate the humic fractions more. The 
amount of C that a soil can sequester rely on the vegetation it supports, soil depth, 
its drainage capacity, mineral composition, soil temperature, and the relative pro-
portion of soil water and air (Swift 2001). The improved land-use change regulates 
the budget and transfers of C in terrestrial ecosystem (Lal et al. 2003; Layek et al. 
2018). The judicious management of croplands, grasslands, forest, and restored 
lands are crucial for enhancing the C sequestration potential of soil (Lal 2002), i.e. 
transforming croplands to grasslands proved in increased soil C. This conversion 
can be made over the entire field or in confined spots like for shelterbelts, grassed 
waterway, or field borders. The replacement of conventional agricultural practices 
by improved land management practices such as introduction of zero tillage or dras-
tically reduced tillage that reduces soil disturbance and incorporation of crop resi-
due into the soil ecosystem has potential to capture the atmospheric C and store in 
soil as long as these are practiced. The SOC sequestration rate of 570 ± 140 kg C 
ha−1 year−1 upon conversion of intensive/plow tillage to zero tillage system after 
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analysis of 67 long-term experiments in diverse agroecological situations of globe. 
This figure of SOC pool may reach at new heights in 40–60 years. This conversion 
of intensive tillage to zero tillage farming on 1500 million ha of cultivated lands 
besides best recommended management practices (RMPs) could result in sequestra-
tion of 0.5–1.0 Pg C year−1 by 2050. The conversion of summer fallow by growing 
of leguminous cover crop permanently is a vital strategy to curtail the depletion in 
SOC flux. Therefore, the changes in existing land-use pattern towards more rumina-
tive and improved land-use pattern and management practices reduce the soil C 
depletion, at least partially, and enhance the C sequestration potential of agricultural 
soils (Table 1.1).

The current rate of C loss due to land-use change (deforestation) and related 
land-change processes (erosion, tillage operations, biomass burning, excessive fer-
tilizers, residue removal, and drainage of peat lands) is between 0.7 and 2.1 Gt C 
year−1 (World Bank 2012). Presently, the terrestrial sink capacity is increasing at the 
rate of 1.4 ± 0.7 Pg C annually. Accordingly, terrestrial sink grips nearly 2–4 Pg C 
year−1 whose sink potential could reach at the digit of 5.0 Pg C year−1 by 2050 
owing to CO2 fertilization effect, sustainable land-use conversion. and viable agro-
nomic management practices. The various improved land conservation practices 
and their mean soil C sequestration rates across the globe are presented in Table 1.2.

The C sequestration potential of global soil is estimated between 0.4 and 1.2 Gt C 
year−1 or 5–15 % (1Pg = 1 × 105 g) (Lal 2004a, b, c). Similarly, the SOC sequestration 

Table 1.1 Conversion of conventional unscientific farming practices to improved sustainable 
practices

S. No. Conventional practices Improved sustainable practices
1. Intensive tillage and clean 

cultivation
Conservation tillage/no-till/drastically reduced 
tillage

2. Crop residue burning and removal Residue retention on soil surface/mulch farming
3. Summer fallow Raising cover crops
4. Synthetic fertilizer use Site specific nutrient management with compost, 

biosolids and nutrient cycling
5. Low input subsistence farming Judicious use of organic and inorganic nutrient 

sources
6. Uncontrolled water use Water/irrigation conservation/management, water 

table management
7. Fence-to-fence cultivation Marginal agricultural land transformation in to 

natural conservation/grasslands
8. Continuous monoculture Intercropping, mixed cropping, integrated 

farming system including legumes in rotation
9. Land use along poverty lines and 

political boundaries
Integrated watershed management

10. Draining of wetland Restoration of wetlands
11. Deforestation Afforestation
12. Naked/barren soil Soil cover including terrace, vegetative barriers, 

shelterbelts
13. Unscientific pasture management Improved pasture with perennial legume, 

improved grasses and legume shrubs
14. Indiscriminate use of pesticides Integrated pest management
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range of croplands (1350  M  ha) varies from 0.4 to 0.8 Gt C year−1 in forest and 
degraded lands (1.1 billion ha) from 0.2 to 0.4 Gt C year−1 and 0.01 to 0.3 Gt C year−1 
in each of rangelands and grasslands (3.7 billion ha), and irrigated soils (275 M ha), 
respectively (Fig. 1.2).Globally, nearly about 750 million ha of soils is degraded in the 
tropics with a huge potential of afforestation and soil C restoration. The C 

Table 1.2 Land-use changes and mean soil C sequestration rates (kg C ha−1 year−1) (World Bank 
2012)

Land-use change Africa Asia Latin America
Crop-to-forest 1163 932 528
Crop-to-plantation – 878 893
Crop-to-grassland – 302 –
Crop-to-pasture – – 1116
Pasture-to-forest – – 362
Pasture-to-plantation – – 1169
Pasture improvement 799 – 1687
Grassland-to-plantation – – −406
Annual-to-perennial – 1004 526
Restoration of wetlands – 471 –
Intensive vegetables and specialty crops – 2580 –
Exclusion or reduction in grazing – 502 172

Fig. 1.2 Carbon sequestration potential of world’s soil. (Data adapted from Lal 2004a, b, c)
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sequestration potential of these degraded soils is about 0.5 Mg ha−1 year−1 as SOC 
besides additional biomass accumulation rate of 1.0 Mg ha−1 year−1. Therefore, these 
soils have the potential to store approximately 1.1 Pg C ha−1 year−1. According to an 
estimate (Lal 2002), desertification control in arid and semi-arid regions has the SOC 
sequestration potential of 0.4–0.7 Pg C year−1. According to the Intergovernmental 
Panel on Climate Change (IPCC) Assessment Report, the global agricultural soils 
could sequester 400–800 Tg C year−1 with the finite capacity saturating after 
50–100 years (Verma et al. 2015b). The croplands of Europe have the biological C 
sequestration potential of 90–120 Tg C annually with best crop and soil management 
practices when the soil is not disturbed (no/reduced tillage) and efficient utilization of 
organic amendments. Similarly, the rate of SOC sequestration potential of Chinese 
soils with improved crop and soil management was estimated to be 2–2.5 Pg C by the 
2050s (Sun et al. 2010). Crop and soil management approaches that promote the soil 
C sequestration take account of the following.

1.7  Soil Carbon Pools Improve Sustainability

Sustainability of an agricultural ecosystem strongly hinge on its C footmark. So, the 
SOC flux is a vital indicator of soil quality and an important driver of agricultural 
sustainability (Lal 2015b). The changes in land-use system or adaptation of pro-
longed unsustainable management strategies have already lost the concentration of 
SOC. The soil C pool is considered as key indicator of soil quality and sustainability 
of soil ecosystem as a consequence of its influence on soil physical, biological, 
chemical, and ecological properties (Reeves 1997). Recently, United Kingdom’s 
‘Sustainable Farming and Food Strategy’ selected the SOM as the momentous indi-
cator for soil health and quality in the United Kingdom (Anon 2006). The function 
and significance of SOM is basically associated with its dynamic nature, being con-
stantly synthesized, mineralized, and reorganized (Grego and Lagomarsino 2008). 
Several researchers documented the improvement in soil physical, biological, 
chemical, and ecological parameters only because the enrichment of soil by OC is 
basically based on anecdotal evidence (Bhogal et al. 2009; Meena et al. 2018c). The 
arable land has been extensively concerned in the worsening of soil health, func-
tionality, and quality through the diminution of soil C stock associated with oxida-
tion next to cultivation. The SOM has long been known as a crucial element in soil 
quality. The OM has direct effects on the soil available water and indirectly the soil 
pore distribution. The SOC enhances the stability of soil aggregates and structure 
because SOM remains physically protected in the core of soil aggregates. The sta-
bility of soil aggregation decides the soil water contents, gaseous exchange between 
soil and atmosphere, soil microbial communities, and nutrient cycling (Sexstone 
et al. 1985). The soil structure is comprised of primary soil particles and macro- and 
micro-aggregates acting as physical units of aggregates. The turnover of plant resi-
due in soil is the base of soil aggregation which ensures the availability of C to the 
soil microbial community as a source of metabolic energy, leading to improvement 
in soil biological diversity and stimulating biodegradation of harmful soil 
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contaminants (Grego and Lagomarsino 2008; Meena et  al. 2015e). These soil 
microscopic populations and plant-derived carbohydrates are responsible for the 
creation of soil aggregates by acting as binding force (Six et al. 2000). The turnover 
rate of SOM influences the biogeochemical transformation of nutrients and associ-
ated biochemical processes and thus the agronomic productivity sustainably (Lal 
2015b). The increasing SOC stock improves the soil fertility while decreasing the 
vulnerability of soil to degradation. The plant nutrition is largely owed to the active 
and water- soluble portions. The dissolved organic fraction has a direct encouraging 
influence on root growth and nutrient uptake by them (Grego and Lagomarsino 
2008). The SOC acts as a buffer counter to immediate change in soil pH filtering 
agrochemicals and promoting their biodegradation (Grego and Lagomarsino 2008). 
(Lal 2015a). No doubt, the SOC flux is the utmost reliable pointer of regulating soil 
degradation, more importantly that caused by androgenic erosions (Rajan et  al. 
2010). As we know the SOC is a long-lasting component of global C cycle whose 
concentration in soil is about twice to that of atmosphere and vegetation. So, if the 
concentration of C is increased, the atmospheric C concentration will get reduced 
and consequently assuage the problem of global warming and climate change.

1.8  Soil Carbon Restoration Options

The SOC sequestration rate ranges between negative to nil in arid and hot climatic 
regions and 1000 kg C ha−1 year−1 in temperate and humid regions (Lal 2004a, b, c). 
But the general mean SOC sequestration rate of agricultural soils ranges between 
200 and 250 kg C ha1 year−1 (Lal 2008). The re-carbonization of the exhausted C 
flux has need of steady Cic biomass addition which is essential for several functions 
(Lal 2015a). By looking forward the population explosion and economical emer-
gencies, especially in India, China, Mexico, and Brazil, the significance of innova-
tive agricultural approaches and their impacts on soil and ecological dimensions 
need to be considered more now than in the ancient. But still, it is needed to criti-
cally analyse the biophysical constraints, stabilization mechanisms, relevant eco-
nomics, and policies with the intension of stabilization of SOC sequestration (Lal 
2008). Therefore, implementation of sustainable and viable management practices 
at ground level in agricultural and forest soils is a vital strategy for soil C sequestra-
tion (Lal et al. 2003; Meena et al. 2015b).The practice that can improve the agricul-
tural production in unit area along with a considerable improvement of SOC 
turnover must be preferred. While, care should be taken when selecting the appro-
priate farming practice as some approaches are able to accelerate the economical 
production, but still are C exhaustive in nature, and so increases CO2 emission from 
soil into the atmosphere. The land improvement practices that accelerate C addition 
through increasing net primary productivity (NPP) should be enhance to  the C 
sequestration close to their potential mark. However, it is assumed that by the imple-
mentation of sustainable management practices only 50–66% of their capacity is 
attainable.
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In agricultural ecosystem, the rate of soil C sequestration can be regulated 
through change in existing land-use pattern, farming system, tillage, soil fertility 
maintenance, and pest management methods. Practically, there are numerous 
improved sustainable agricultural practices to be followed instead of non-scientific 
traditional approaches in C-depleted soils for ensuring good soil C build-up 
(Fig.  1.3). The sustainable management practices improve the  soil, need based 
nutrient to sustain the soil health, and efficient water management to improve water 
use efficiency, sustainable pest management with minimal possible use of agro-
chemicals, conservation tillage, surface residue retention, mulching, crop rotation, 
mixed farming, intercropping, cover cropping, strip cropping, and vegetative barri-
ers enlarges C accumulation in soil. Besides this, agricultural strategies also include 
rescheduling of farm management practices such as irrigation and nutrient applica-
tion to better match critical growth stages and introducing and implementing effi-
cient technologies that conserve water and soil. Appropriate land uses through 
intensifying the prime agricultural lands, multiple cropping, improved pasture with 
low stocking rate, and restoring wetlands and by converting marginal agricultural 
land to grassland are more desirable options for soil C enrichment. The improved 
farming practices via adapting ecologically sustained strategy with high diversity, 
mixed farming, sensible crop rotation while inclosing legume, agroforestry system 
(AFS), and adding of shrubs in silvipastoral system are found to be good in terms of 
sustainable soil C sequestration. Reduced or no-tillage reduces the C losses by 

Fig. 1.3 Recommended management practices (RMPs) for soil carbon sequestration. (Modified 
Lal 2004a, b, c)
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reducing fossil fuel usages and by adding extra C in the soil system and also the 
surface stubble retention increases C turnover into the soil.

The implementation of these technologies offers the greatest potential of increas-
ing SOM (Tables 1.3 and 1.4). The amount of C stored in plant biomass ranges from 
3.0 Gt in croplands to 212 Gt in tropical forests (World Bank 2012). The trend of C 
sequestration rate of RMPs are as follows: crop rotation (~0.2 t C ha−1 year−1), zero/
reduced till (~0.3  t C ha−1 year−1), residue incorporation (~0.35  t C ha−1 year−1), 
organic amendments (~0.5  t C ha−1  year−1), conversion to pasture (~0.5  t C 
ha−1 year−1), and afforestation (~0.6 t C ha−1 year−1) (Minasny et al. 2017). In the 
United States, it was estimated that the adoption of RMPs may results in sequestra-
tion of 144–432 (~288) Tg C year−1 [1 MMT = 1 Tg] (Lal et al. 2003). In Australia, 
introduction of legumes and pastures a rotation in a ley farming systems were 
reported to store the C at the annual rate of 0.26 t C ha−1, when applied with zero/
no-till and stubble retention (Chan et al. 2011). A 40-year study found that surface 
residue retention with balanced fertilizer application under zero till was recognized 
as a good management practice for optimum crop yield and SOC sequestration in 
semi-arid tropics of Australia (Dalal et al. 2011; Meena et al. 2014). The rate of C 
sequestration is faster during the initial stage/years of implementation of RMPs 

Table 1.3 Soil carbon 
sequestration rates under 
USDA Natural Resources 
Conservation Service 
(NRCS) conservation 
practices for cropland (Lal 
et al. 1998; Swan et al. 2015; 
Chambers et al. 2016)

Conservation practices

C sequestration 
rate in soil (Mg 
C ha−1 year−1)

Conservation agriculture 0.10–0.40
Conservation cover – retiring marginal 
soils

0.42–0.94

Crop rotation 0.15–0.17
Forage-based rotation 0.05–0.20
Elimination of summer fallow 0.05–0.20
Cover crop 0.15–0.22
Residue management cum zero till 0.15–0.27
Residue management cum reduced till 0.02–0.15
Mulch till 0.07–0.18
Strip till 0.07–0.17
Strip cropping 0.02–0.17
Filter strips 0.42–0.95
Contour buffer strips 0.42–0.94
Field border 0.42–0.94
Vegetative wind barriers 0.42–0.95
Vegetative barriers 0.42–0.94
Grassed waterways 0.42–0.96
Organic amendments 0.20–0.30
Water table management/irrigation 0.05–0.10
Use of improved varieties 0.05–0.10
Soil fertility management 0.05–0.10
Lawns and turfs 0.50–1.00
Mined soil reclamation 0.50–1.00
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which declines with time as soil attains equilibrium (Minasny et  al. 2017). The 
actual/net quantity of C sequestered in the different soil horizons with the different 
soil management or farming practices highly varies with the countries, climatic situ-
ations, ecosystem, soil texture, and initial C level of that site.

1.8.1  Conservation Tillage

The increase in SOC flux is one of the key objects of sustainable soil resource man-
agement (Lal and Kimble 1997). Conventional tillage may negatively affect the soil 
C pool due to increased soil erosion and breakdown of soil structure. Conservation 
tillage is a basic term that encompasses all the tillage practices that reduce surface 
runoff and soil and water erosion over the conventional practices and provide pro-
tection from the falling raindrop impacts. As the soil under zero tillage system 
remains without interruption, soil aggregates remain intact, physically protecting 
C. Soil management and conservation tillage practices also endorse the availability 
of N and SOC sequestration. The enhancement of soil micro-aggregation, deeper 
placement of SOC in lower horizons, and reversal of soil-degrading processes are 
the prime tools of C sequestration with conservation tillage system (Lal and Kimble 
1997) (Fig. 1.4). Consequently, soil can uphold the C content upon replacing the 
conventional intensive tillage by zero or drastically reduced or conservation tillage 
instead by way of decreasing fallow period, plummeting soil disturbance, and incor-
poration of crop residue in soil strata in the rotation cycle (Fig. 1.5). Avoiding sum-
mer fallowing in dry ecosystems and implementing zero till system with surface 
residue retention as mulch improve the soil structure, infiltration rate, and C accu-
mulation and thus lower the bulk density (Shaver et al. 2002; Meena et al. 2018b). 
According to Han et al. (2010), zero till + straw returning and rotary tillage + straw 

Table 1.4 Effect of land-use 
change RMPs on soil carbon 
sequestration potential of 
drylands (Lal et al. 1998) Practice

C 
sequestration 
potential (t C 
ha−1 year−1)

Water management and 
conservation

0.10–0.30

Conservation agriculture 0.15–0.30
Conservation tillage 0.10–0.20
Compost (20 mg ha−1 year−1) 0.10–0.20
Integrated nutrient management 0.10–0.20
Restoration of eroded soils 0.10–0.20
Agricultural intensification 0.10–0.20
Mulching or cover cropping 
(4–6 mg ha−1 year−1)

0.05–0.10

Elimination of summer fallow 0.05–0.10
Restoration of salt-affected soils 0.05–0.10
Afforestation 0.05–0.10
Grassland and pastures 0.05–0.10

1 Soil Carbon Sequestration in Crop Production



20

returning increased the SOC accumulation by 18.0 and 17.6% in top 5.0 cm surface 
soil over the conventional tillage practice. The mean soil C sequestration rate with 
adaptation of zero tillage, crop residue management, mulch farming, and cover 
cropping in Asia, Africa, and Latin America is presented in Fig. 1.5 (World Bank 
2012). The adoption of conservation tillage has a great potential to sequester about 
43 Tg C in wider Europe including Soviet Union or 23 Tg C in European Union 
annually (Smith et al. 1998). By 2020, conversing conventional tillage to conserva-
tion tillage may cause to a global C sequestration of 1.5 × 1015 to 4.9 × 1015 g C (Lal 
1997). According to Lee et al. (1993), transforming the corn and soybean farms in 
the corn belt of the United States from conventional tillage to no-tillage could 
sequester 3.3 × 106 tons C year−1 over the next 100 years. Besides, as soil is not 
manipulated and pulverized in conservation tillage, it reduces the rapid microbial 
breakdown of SOM and plant residues and can therefore reduce the CO2 evaluation 
in the biosphere. The tillage and C sequestration rates under diverse cropping sys-
tem of world are presented in Table 1.5.

Fig. 1.4 Tillage and soil carbon dynamics. (Adapted from Lal and Kimble 1997)
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1.8.2  Cropping System

The field experiments suggested the increased SOC content by increasing cropping 
intensity over the monoculture owing to higher biomass and residue production in 
diverse cropping system (Wang et  al. 2010, 2015). The deposition of organic C 
largely depends on the cumulative input of crop residue on soil surface and their 
subsequent incorporation in soil strata (Kuo and Jellum 2002). Hence, it is impor-
tant to increase the total crop biomass input in soil to upsurge the SOC concentra-
tion. The biomass addition in soil can be enhanced by eliminating the summer 

Table 1.5 Tillage and carbon sequestration rate under diverse cropping systems of world

Cropping 
system Location Tillage system

C sequestration (Mg 
C ha−1 year−1) Reference

Wheat- 
corn (6)

Gto, 
Mexico

Conventional tillage 1.05 Follett et al. 
(2005)

Wheat- 
corn (6)

Gto, 
Mexico

Zero tillage −0.03 Follett et al. 
(2005)

Wheat- 
fallow (27)

Nebraska, 
USA

Zero tillage 0.18 Kettler et al. 
(2000)

Wheat- 
fallow (27)

Nebraska, 
USA

Conventional tillage −0.007 Kettler et al. 
(2000)

Various 
crops (6)

Georgia, 
USA

Conventional tillage, zero 
tillage, minimum tillage

0.02 Sainju et al. 
(2002)

Rye-corn 
(20)

Kentucky, 
USA

Zero tillage 0.37 Ismail et al. 
(1994)

Rye-corn 
(20)

Kentucky, 
USA

Conventional tillage 0.15 Ismail et al. 
(1994)
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Fig. 1.5 Tillage, crop residue management, and mean soil carbon sequestration rates (World Bank 
2012)
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fallow and by increasing the cropping intensity via intercropping, mixed cropping, 
multiple cropping, companion cropping, etc. (Wang et al. 2010; Sihag et al. 2015). 
Intercropping system endorses the crop biomass production by improving the light 
utilization efficiency by optimizing the spatial configuration of crop architecture. 
According to the spatial disturbance of individual crops and purpose of cultivation, 
the intercropping is categorized into strip intercropping, row intercropping, relay 
intercropping, and mixed cropping. Soybean in the intercropping system provides 
the supplement of (N) uptake to the maize, whereas maize itself acts as windbreaker 
to protect the soybean from high wind speed. Besides, strip intercropping reduces 
the insect-pest infestation in the component crops, i.e. sorghum-pigeon pea inter-
cropping. The mixed cropping suppresses the weed and insect infestation; increases 
resilience to climate risks like hot, cold, dry, and wet climatic events; and optimizes 
the input-output balance of nutrients (Hirst 2009). These mutual benefits overall 
improve the total biomass production of overall system and show a potential for 
biomass return and SOC sequestration. Wang et al. (2010) showed the improved soil 
C in intercropping depending upon the component crops. The accelerated nutrient 
removal in intercropping system over the natural ecosystem is the critical logic for 
enhanced C sequestration. The SOC accumulation rate ranged with a modest value 
of about 1.0 Mg C ha−1 (Nair et al. 2009; Mitran et al. 2018).

1.8.3  Legume-Based Crop Rotation

The SOC can be enriched by the use of apposite crop rotations (Lal 2010). Crop 
rotation can improve biomass production and thereafter the soil C sequestration, 
principally the rotations of legumes with non-legumes. This was because of the 
higher conversation efficiency from residue C to soil C by legumes in rotation over 
the monoculture wheat crop. The legume-based rotations are more efficient in con-
verting biomass C in to SOC in compression to the grass-based rotation. Inclusion 
of legumes in rotation has the potential of guaranteeing the in situ availability of 
N which in turn played a vital role in generating higher biomass C. It also promotes 
the release of C via root exudation in to the rhizospheric zone (Hajduk et al. 2015). 
N fixed by the root nodules of legumes also accelerates the C sequestration poten-
tial of succeeding crop in the rotation, more likely because of the improved micro-
bial functionaries and biomass production by successive crop. The provided by the 
legumes enhances the NUE and produces more root biomass and thus C inputs in 
soil. Lal (2010) in their research advocated that the legumes based rotation endorsed 
the accumulation of liable C pool in soil ecosystem considerably greater than C 
returned from the contentious wheat and uncultivated fallow period. The effect of 
leguminous crop species on SOC sequestration is more pronounced for green 
manure, cover crops, and forage which give back a large quantity of C and N in soil 
system. The GHG abatements of crop rotation were 0.7–1.5  t CO2 equivalent 
ha−1 year−1 (World Bank 2012).
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1.8.4  Cover Crops

Inclusion of the cover crops in the cropping system is a promising way of C seques-
tration in cultivated soils. Raising leguminous crops enriches biological diversity, 
the crop residue quality, and soil C flux (Lal 2004a, b, c). The higher the biodiversity 
of an ecosystem, the more will be the capturing and sequestration capacity over the 
system exhibiting low biodiversity. The unique advantage of cover crops over the 
other management options is that they not only enhance the SOC stock but also 
reduce the C loss, unlike organic manures. The prime object of soil C sequestration 
through cover crops, and its coming back to the soil ecosystem in such a way that 
some of the biomass C is not escape back into the biosphere. The improved biomass 
C below and above the soil surface due to cover cropping can build a C-rich zone 
through offsetting mineralization and plummeting losses by erosion (Lal 2016), 
because the soil erosion alone is responsible for the loss of 1.1 Pg C year−1 in paedo-
logic pool. Since the entry of cover crops in the cropping system, the change in SOC 
stock (R2 = 0.19) was tracked for a period of 54 years in a meta-analysis by Poeplau 
and Don (2015) and reported the annual change rate of 0.32 ± 0.08 Mg ha−1 year−1 
in mean 22 cm soil depth. The predicted new steady state was reached after 155 years 
of cover crop cultivation with a total mean SOC stock accumulation of 
16.7 ± 1.5 Mg ha−1year−1for a soil depth of 22 cm. The cover cropping generated the 
abatement rates of 1.7–2.4  t CO2 equivalent ha−1  year−1 (World Bank 2012). 
Legume- based cropping systems improve SOC (Sainju et al. 2002) and decrease the 
C and N evaluation (Drinkwater et al. 1998). Hence, cover cropping improves the 
soil quality by enriching SOC through their biomass and they also promote soil 
aggregation, and protect the surface soil from runoff and erosion. The biomass pro-
duction and the subsequent turnover rate of organic materials in soil depend on the 
growing environments of cover crop. Therefore, the rate of C sequestration hinge on 
selection of suitable cover crop, agronomic management practices, climatic zone, 
and soil texture (Lal 2016).

1.8.5  Integrated Nutrient Management

The C sequestration potential of agricultural soil is being reduced continuously in 
the presence of imbalanced nutrient management. The balanced application of 
organic and inorganic fertilizer in agricultural soils for crop production is crucial for 
soil C sequestration. Several scientific studies advocated that judicious and bal-
anced application of synthetic fertilizers and organic manure for long term can 
enhance the soil productivity and SOC pool (Johnston et  al. 2009; Nayak et  al. 
2012; Liu et al. 2013b, c; Han et al. 2016). The plots treated with higher rate of N 
exhibits improved rate of C sequestration with a mean value of 1.0–1.4 Mg C ha−1 
over the non-fertilized plots. The influence of fertilization on rate of SOC sequestra-
tion will be greater when the soil is deficient in nutrient. In such conditions, the 
practices which improve N use efficiency are critical for SOC accumulation 
(Fig. 1.6). These should be based on the principle of 5Rs (right time, right method, 
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right source, right amount, right place). The sequestration rate can be increased 
either by increasing the content of crop biomass C or by reducing the CO2 emission 
from the soil or by both. The fertilizer management strategies in cultivated soils, e.g. 
synthetic fertilizers, organic manures (e.g., farm yard manure (FYM), compost, ver-
micompost, biosolids, and biochar), surface residue retention, and green manuring, 
have been documented as promising way to enhance SOC accumulation and to 
reduce CO2 evaluation from the soil. Adequate availability of nutrient elements 
from these sources improves the crop yield, biomass-C generation, and, so, crop 
residue and root input in soil (Kätterer et al. 2011).

In general, the supply of same amount of nutrient through organic manures and 
compost in soil considerably enhanced the accumulation of SOC, particulate OC, 
microbial biomass, and, thus, the rate of C sequestration as compared to the inor-
ganic fertilizers. Organic amendments and surface stubble retention are recognized 
as prominent practices for bringing the change in SOC levels (Maillard and Angers 
2014). Their effect on soil C sequestration becomes worthier when it is adapted with 
conservation tillage and organic farming (Han et al. 2016). A field trial with applica-
tion of FYM increased SOC concentration by 200% over a period of 100 years at 
Rothamsted, UK (Johnston et al. 2009). The continuous straw retention of surface 
soil improved the soil C sequestration in Ultuna, Sweden, at the end of 54 years of 
experiment (Kätterer et al. 2011; Meena et al. 2017c). It describes the importance of 
long-term application of organic amendments in building the C reserve in soil strata. 
Han et al. (2016) carried out a metal-analysis on relation of different nutrient man-
agement practices on change in rate of SOC content over a wide range of climatic 
and ecological regions. The outcome of this analysis was the increased level of SOC 
by 3.2–3.8 (~3.5 or 36.2%), 1.9–2.2 (~2.0 or 19.5%), 1.2–2.3 (~1.7 or 15.4%), and 
0.7–1.0 g kg−1 (~0.9 or 10.0%) at 95% confidence interval in topsoil with applica-
tion of synthetic fertilizer + organic manure (FM), synthetic fertilizer + straw (FS), 
balanced synthetic fertilizer (BF), and unbalanced synthetic fertilizers (UF), respec-
tively. This estimation of C sequestration under FM and FS was over duration of 
26–117 and 28–73 years, respectively, over highly variable ecological conditions. 
Table 1.6 clearly shows the effects of increasing N availability on soil C sequestra-
tion rate in different regions by adapting INM strategy under irrigated and rain-fed 
conditions.

Fig. 1.6 RMPs that increase N availability and soil carbon sequestration
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1.8.6  Irrigation Management

The application of irrigation water has a large potential to enhance the rate of soil C 
sequestration. As a result, judicious application of irrigation water in arid and semi- 
arid ecosystem accelerates the biomass production, improves the above- and below- 
ground plant parts returned to the soil, and therefore increases the SOC stock. 
Besides, appropriate water table management, including drip/sprinkler irrigation 
methods, and effective water recycling are required for SOC sequestration. The 
experimental results showed the annual C sequestration range of 0.05–0.15 t C ha−1 
SOC (Conant et al. 2001) and 0.05–0.10 t C ha−1 SIC (Nordt et al. 2000) in soil.

Crop production and quantity of organic residues returned in soil is the function 
of availability of irrigation water for the crop plants. Soil moisture has substantial 
impacts on soil-atmosphere C exchange mechanisms and SOM decomposition by 
microbes. Availability of moisture in soil governs vegetative growth and NPP and 
thus affects C addition to the soil ecosystem (Yuste et al. 2007). Irrigation to the 
cropland has both positive and negative impacts on SOC accumulation in soils over 
long time. The  improved water supply promotes plant biomass production and 
increase C input to the soil in the forms of root exudates, rhizo-deposition, dead 
roots and other vegetative parts (Kochsiek et  al. 2009). In contrast, irrigation 
endorses the soil moisture build-up and associated microbial activities. This results 
in increased SOM decomposition and CO2 emanations into the free atmosphere 
(Trost et al. 2013; Gogoi et al. 2018). This may lead to reduction in SOC reservoir. 
Lack of adequate soil moisture in drought-prone areas can inhibit the performance 
of soil fauna and flora and can therefore cut the SOM decomposition which results 
in decreases in loss in soil C (Lai et al. 2013). Trost et al. (2013) in their investiga-
tion in different dryland ecosystems reported an increase in 90% to more than 500% 
of SOC owing to application of irrigation in cultivated desert soils. Irrigation 
increases SOC concentration by 11–35% in semi-arid regions but not in humid 
regions. Although this relationship between irrigation and SOC build-up is not inde-
pendent, this also depends on other factors like fertilizer, tillage, etc. This process is 
simplified by a diagrammatic representation in Fig. 1.7. At last we can conclude that 
irrigation application leads to upsurge SOC concentration in arid and desert culti-
vated soils as compared to the non-irrigated soils. Whereas in humid and in soils 
already rich in SOC content, irrigation has no considerable effects on SOC build-up. 
In dryland ecosystem, life-saving irrigation and water harvesting minimize the risk 
in crop production and sequester the atmospheric C in to the soil (Table 1.7). The 
improved irrigation produced low to medium moderately high abatement rates of 
0.2–3.4 t CO2 equivalent ha−1 year−1 (World Bank 2012).

1.8.7  Agroforestry System

Agroforestry system (AF) consists of mixture of trees, agricultural crops, and live-
stock to exploit the economic and ecological benefits of agroecosystem. It is a cru-
cial leader of terrestrial C sequestration containing about 12% of the global terrestrial 
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C (Dixon 1995). The trees capture and store C by tumbling respiration rate and by 
growing rapidly by exploring the benefits of favourable temperature at early growth 
stage (Rotenberg and Yakir 2010). The roots of forest tress and perennial crops pen-
etrate deeper subsurface horizons, thus placing SOC at deeper horizons far away 
from the range of tillage implements (Lorenz and Lal 2014). Therefore, the 
SOC pool do not remains for a longer time as a permanent C pool. The acts as mulch 
and covers the land surface of cultivated field that decompose with passage of time 
and form the part of SOC pool. Besides, this obstructs the speed of blowing wind 
and flowing water and reduces soil runoff which is a crucial process of soil C 
dynamics. It also moderates the soil moisture loss from soil surface as evaporation. 
Thereby, the increased C content in AFS ensures the better agricultural productivity 

Table 1.7 Water management and mean soil carbon sequestration rates (kg C ha−1 year−1) (World 
Bank 2012)

Practice Africa Asia Latin America
Rainwater harvesting 839 1086 –
Improved irrigation – 1428 571
Cross-slope barriers 1193 – –

Fig. 1.7 Diagrammatic representation of basic effects of irrigation on SOC (Trost et al. 2013)
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and sustainability of the agroecosystem. The complete picture of the C sequestra-
tion material with AFS is presented in Fig. 1.8.

The estimation of C sequestration potential of AFS under varied ecological and 
management environment ranged from 0.29 to 15.21  Mg  ha−1  year−1 in above- 
ground plant biomass and 30–300 Mg ha−1 year−1 in below-ground plant parts up to 
a depth of 1.0 m (Nair et al. 2010). Above-ground biomass is a direct measure of C 
sequestration, assuming that 50% of the biomass is made up by C (Nair et al. 2010). 
The cumulative C sequestrat

ion including above- and below ground parts under AFS is considerably greater 
as compared to the treeless croplands in the same ecological and management con-
ditions. Some of the agroforestry practices are silvipastoral, ally cropping, forest 
farming, windbreakers, home gardens, riparian buffers, woodlots, etc.

The annual accumulation rate of C in soil is expected to increase at the rate of 
1.3  Mg  ha−1 in the next two decades; after that it would decelerate by 
0.20 Mg ha−1 year−1 in the next eight decades (Silver et al. 2000). So, it is very cru-
cial to highlight the significance of AFS in capturing and storing C in soil for the 
duration of first 2–5 decades. Along with the food, feed, fibre, fuel, and fodder, AFS 
are also important in relation to the soil fertility and soil C sequestration (Abberton 
2010) (Fig. 1.9). It was found that the forest system is supposed to capture equal to 
3 Pg Cs yearly (Ibrahim et al. 2010) and also estimated that the global forest system 
contributes on behalf of about 90% of annual C pool between soil and atmospheric 
C (Wani and Qaisar 2014). Agroforestry has been recognized as having the greatest 
potential for C sequestration of all the land-use system (Minasny et al. 2017).Their 

Fig. 1.8 Carbon sequestration mechanisms of an agroforestry system
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sequestration potential depends on the CO2 capturing capacity from atmosphere or 
photosynthetic rate and transformation of CO2 into long-lived C material as such. 
Up to 2.2 Pg C (1 Pg C = 1 picogram of C – 1015gC = 1 gigatons C = 1 Gt C = 1 
billion metric tons of C) could be stored below- and above-ground over 50 years in 
AFS (Lorenz and Lal 2014). The SOC sequestration in AFS is uncertain and may 
reach up to 300 Mg C ha−1 to 100 cm depth. Nair et  al. (2009) estimated the C 
sequestration range of 5–10 kg C ha−1 in 25 years in AFS of arid and semi-arid eco-
system and 100–250 kg C ha−1 in humid environment in 10 years. According to a 
report of IPCC (2007), agroforestry has the potential of 1.1–2.2 Pg C sequestrations 
in terrestrial ecosystem in the next 50 years (Jose 2009). According to Oelbermann 
et al. (2004), the C storage capacity in above-ground plant parts in AFS to be esti-
mated is 1.9 × 109 and 2.1 × 109 Mg C year−1 in temperate and tropical ecosystem. 
The C storage capacity of agri-silviculture system varies 68–81 and 12–228 Mg C 
ha−1 in dry lowland and humid tropical lands of Southern Asia. The potential of 
silvipastoral systems in North America is highest with a storage value of 90–198 Mg 
C ha−1 (Murthy et al. 2013). In accordance with Richards and Stokes (2004), the 
forest lands can sequester up to 250 million metric tons of C year−1 which shares 
about 12% of the CO2 emissions in the United States. The advanced plantation of 
Cassia siamea increases the SOC concentration at the rate of 50 kg ha−1year−1in 
upper 10 cm soil profile due to its capacity of higher litter-fall (5–7 Mg ha−1 year−1) 
that helps to sustain the higher SOC content (Lal et al. 1998). The mean C seques-
tration rate of different agroforestry measures in different ecological conditions is 
presented in Table 1.8.

Fig. 1.9 Agroforestry for reducing wind velocity, surface water runoff, and soil C loss
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1.8.8  Grassland/Pasture Management

Globally, the grasslands/grazing lands occupy 3460 Mha which cover about 31% of 
the Earth’s land surface (Lal 2004a, b, c). They are grouped into three categories 
based on their relative soil C sequestration potential. First are the are natural grass-
lands, which are not protected and are not under livestock, agriculture, and other 
usages and, therefore, remain undisturbed in natural state. Second are the degraded 
grasslands are poorly managed where no improvement can be expected in short 
term. Third are the grasslands which are prone to management improvements. There 
is a wide scope to enhance the SOC and SIC storage of degraded grasslands through 
restoration and implementation of sustainable soil conservation approaches. 
Moreover, transforming marginal croplands to more ruminative pastures also con-
fiscate C.

Globally, grassland ecosystem shares more than 10% of the cumulative C storage 
among all the vegetation (Nosberger et al. 2000). In grassland ecosystem, up to 98% 
of the total C can be found sequestered below-ground, that is why the soil is the 
largest C storing body of the terrestrial C pool (Jones and Donnelly 2004). Grassland 
management mainly affects the soil C sequestration by altering C inputs in soil via 
root turnover and exudation, root and shoot biomass, and NPP (Schuman et  al. 
2002). Beside the root biomass and their decomposition, root exudation, rhizo- 
deposition, mucilage production, and sloughing from living roots also contribute to 
soil C. In most of the grassland ecosystem, about 75–80% of the cumulative root 
biomass remains in top 30 cm soil profile, but accurate determination of C transfer 
from different sources is difficult because the root growth, death, and subsequent 
decomposition occur concurrently and at varied rates as per the species and climatic 
conditions. In temperate grasslands, an extensive stock of accumulated C is situated 
in soil profile in roots and soil. The measured and modelled rate of C sequestration 
ranges from 0 to >8 Mg C ha−1 year−1 (Jones and Donnelly 2004).

The agronomic management approaches strongly influence the C sequestration 
rates and the future C stocks in grasslands. Grasslands have potential for building 
the C stock in the soil strata which can be substantially enhanced by change in man-
agement environments. According to an estimation of NRSC, on adopting the 
C-rich conservation agricultural practices on grasslands (grazing and pasture lands), 

Table 1.8 Agroforestry measures and mean soil carbon sequestration rate (kg C ha−1  year−1) 
(Udawatta and Jose 2011; World Bank 2012)

Practice Africa Asia Latin America North America
Include tress in field 1204 562 1065 –
Intercropping 629 803 1089 –
Ally farming 1458 – – 3400
Tree crop farming 1359 – – –
Improved fellow 2413 – – –
Diversify trees – – 1365 –
Silvipastoral – – – 6100
Riparian buffers – – – 2600
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0.020.44  Mg C ha−1  year−1 can be accumulated in soil in the coming decades 
(Chambers et al. 2016). The implementation of sustainable agronomic practices in 
40.5 Mha grasslands over the next decades could result in sequestration of 18 Tg C 
year−1. These management options include judicious use of organic and inorganic 
sources of nutrition, controlled grazing, appropriate mixture of grasses and legumes 
as per the climatic conditions, expansion of soil microbial diversity, and irrigation 
(Lal 2004a, b, c). The improved pasture management results in SOC sequestration 
of 0.11–3.04 Mg C ha−1 year−1 at the annual building rate of 0.54 Mg C ha−1 (Conant 
et al. 2001). In the United Kingdom, SOC content increased at the annual rate of 
0.02% for 12 years by adapting grass leys. However, the amount of SOC retained or 
sequestered by soil depends on the input-output balance of C by different strategies 
under grassland ecosystem (Fig. 1.10).

1.9  Conclusion and Future Outlook

The amount of C that a soil can sequester rely on the vegetation it supports, soil 
depth, its drainage capacity, mineral composition, soil temperature, and the relative 
proportion of soil water and air. The C sequestration potential of a soil depends on 
its capacity to maintain the stock of resistant plant materials to biological decompo-
sition, chemical makeup of SOM, and accumulate the humic fractions more. The 
improved land-use change regulates the budget and transfers of C in terrestrial 

Fig. 1.10 Schematic illustration of management options to increase SOM in grassland 
ecosystems
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ecosystem. Therefore, promoting the cultivation of crops sustainably offers multiple 
advantages, e.g. augmenting crop and soil productivity, adapting climate change 
resilience, and high turnover of above- and below-ground biomass into the soil sys-
tem, thus sequestering atmospheric C and dropping concentration of GHGs from 
atmosphere. The continuous vegetation on soil surface ensures the good soil health 
and soil C concentration at variable soil depth as per the specific crop; increases soil 
sustainability by mixed cropping, intercropping, crop rotation, cover cropping, mul-
tiple cropping, and relay cropping; and generates and adds greater amount of quali-
tative plant biomass into the soil. To manage the future problems in agriculture C 
sequestration is an option. Therefore, approaching integrated nutrient management 
(INM) encompassing manures and other C-rich resources sustains soil health and 
increases N availability and SOC sequestration. Moreover, location-specific scien-
tific research is needed to point out the best management practices that enhance 
NUE, maintain/improve soil health, boost crop production and SOC sequestration, 
and minimize greenhouse gas (GHG) release in the biosphere. In fact, more research 
to quantify the C sequestration potential with higher degree of confidence is required 
under different soil management situations.
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Abstract
Being integral to all functions of terrestrial ecosystem, soil is intended to produce 
food for feeding the growing population of the world. However, food security is 
facing threat from soil degradation occurring worldwide. Soils degrade due to 
the exerting pressure from various sectors of the society including urbanization 
and industrialization. The major driving forces of soil degradation are deforesta-
tion, change in land use, soil erosion, uncontrolled grazing, waste disposal, and 
unscientific land management. Globally, 24% (350  lakh  km2) of the land has 
degraded which is increasing at the rate of 50–100  lakh ha year−1 and poses 
threat to the livelihood of more than 1500 million people. In this scenario, sus-
taining soil quality (SQ) is the major challenge to meet the increasing food 
demand. Hence, evaluating and monitoring SQ is crucial to sustain agricultural 
production and to overcome the vagaries of climate change on soil functions. 
However, soil quality per se is complex and site-specific because of the larger 
variety of soil usage, and its evaluation is difficult due to the subjectivity. 
Nonetheless, soil quality can be quantified in the form of an index for temporal 
and spatial comparison of various land use and management systems. In this 
chapter, we discuss the concept and importance of SQ, indicators of SQ, mini-
mum data set (MDS) for evaluating SQ, methods of MDS selection, and index-
ing of the soil quality. It will bring out the effect of soil and crop management 
practices such as tillage, cropping systems, cover crops, and nutrient manage-
ment on soil quality and crop production focusing in tropical environments. We 
conclude that principal component analysis is an effective method to select MDS 
from a large set of soil properties and weighted index method of quantifying SQ 
proved to be efficient in predicting changes in SQ under various crop production 
systems. Conservation tillage methods coupled with integrated nutrient manage-
ment sustains or aggrades the soil quality in different agroecosystems.
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Abbreviations

BD  Bulk density
C  Carbon
CEC  Cation exchange capacity
CO2  Carbon dioxide
CT  Conservation tillage
DT  Decision trees
EC  Electrical conductivity
ESP  Exchangeable sodium percentage
FAO  Food and Agriculture Organization
Fe  Iron
FYM  Farmyard manure
I  Iodine
IGP  Indo-Gangetic plains
INM  Integrated nutrient management
K  Potassium
MBC Microbial biomass carbon
MDS  Minimum data set
M-SQR Muencheberg soil quality rating
MT  Minimum tillage
N  Nitrogen
NRCS Natural resources conservation service
NT  No tillage
P  Phosphorus
PC  Principal components
PCA  Principal component analysis
QBS-ar Soil biological quality-arthropod
S  Sulfur
SMT  Stubble-mulch tillage
SOC  Soil organic carbon
SOM  Soil organic matter
SQ  Soil quality
SQI  Soil quality index
Zn  Zinc
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2.1  Introduction

The soil is a heterogeneous natural resource which supports life on terrestrial earth. 
Being integral to all functions of terrestrial ecosystems, soil is intended to produce 
food for feeding the growing population of the world (Paustian et al. 2016). Globally, 
agriculture intensification in the last century by the use of high-yield crop varieties, 
irrigation expansion, and chemical amendments such as high analysis fertilizers and 
lime led to green revolution and self-sufficiency in food production in most of the 
countries. Primarily, food and timber production increased by 170% and 60%, 
respectively, in the past four decades (Foley et al. 2011), showing the important role 
of soil in sustaining the food security and other ecosystem services (Fig. 2.1).

Nutrients and water in the soil, solar radiation, and carbon dioxide (CO2) are 
used by the plants for the photosynthesis process and to produce food for the humans 
and animals. Moreover, soils store water received from irrigation and rainfall and 
then release it for sustaining plant growth and reproduction. Soils also act as a filter 
of nonhazardous and toxic metals through various mechanisms such as clay surface 
adsorption and precipitation which balances the composition of soil chemical envi-
ronment. Most of the above functions of the soil benefit the humans and animals 
(Palm et al. 2007). Soils affect human life directly and indirectly by the quality of 
food produced from agriculture. If pathogens and toxic metals are absorbed by the 

Fig. 2.1 Seven functions of soil. (Adapted from European Commission 2006)
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human body via food chain, it is a threat to human health and nutritional security 
(Oliver and Gregory 2015). The poor nutritional quality of the food is attributed to 
agriculture, social, and political causes. Moreover, the food quality is influenced by 
soil fertility. For example, the inherently poor fertile soils in most of the areas of 
Asia and Africa support only low crop yields because they require additional fertil-
izers. Therefore, the food consumed by two-thirds of the global population is defi-
cient in essential nutrients, viz., 60% in iron (Fe), 30% in zinc (Zn), and iodine (I). 
As human body cannot produce these trace elements, their lack of presence in the 
soil causes nutrient deficiency diseases like anemia in humans. Hence, soil fertility 
is indispensable for food security.

In recent decades, global soils are under prodigious pressure due to competing 
demands from various sectors of the society in general and diversion of prime arable 
lands to nonarable uses like urbanization and industrialization, in particular (Foley 
et al. 2011). Owing to the exerting pressure, 24% (350 lakh km2) of the global land 
area is degraded (Lal 2012), which is increasing at the rate of 50–100 lakh ha year−1 
and poses threat to the livelihood of more than 1500 million people (Bai et al. 2013; 
Stavi and Lal 2015). India is behind only to China with respect to rural people 
affected by soil degradation (Bai et al. 2013). The cultivated lands produce only 
1.5  t  ha−1 of food grain in these regions due to poor distribution of rainfall 
(Srinivasarao et al. 2014). Major causes for the soil degradation are deforestation, 
change in land use, soil erosion, uncontrolled grazing, waste disposal, and unscien-
tific land management (Zalibekov 2011). From agriculture point of view, nutrient 
depletion through erosion, salinization, and alkalinization due to poor soil and water 
management leads to decline in soil fertility which reduces the crop productivity. 
Physical breakdown of aggregates due to excessive tillage operations results in sur-
face crusting and compaction which in turn causes the reduction in infiltration and 
subsequently increases surface water runoff and soil erosion. The loss of soil organic 
matter (SOM) affects most of the soil functions which are mediated by soil micro-
organisms. Thus, soil quality (SQ) degradation is coupled with adverse modifica-
tions in soil properties and causes damage to the ecosystem functions. The objective 
of this chapter is to define soil quality, to provide insights into selection of indicators 
for assessing soil quality for its assessment, to critically evaluate the effect of man-
agement practices on soil quality, and establish their importance in achieving agri-
cultural sustainability.

Agricultural sustainability is the “ability of crop production systems to continu-
ously produce food without degradation to the environment” (Sharma and Mandal 
2009). It indicates the direction of food production over time. A sustainable produc-
tion system generally shows a positive trend and enhances the SQ. Recognizing the 
importance of sustaining soil resources, Warkentin and Fletcher (1977) proposed 
soil quality concept as a measure of agricultural sustainability. Soil quality in the 
form of a quantitative index is used as an indicator of environmental quality and 
sustainability (Herrick 2000; Bünemann et al. 2018). It is complex and site-specific 
because of the larger variety of soil usage (Nortcliff 2002; Bünemann et al. 2018). 
In the literature, the terms “soil quality” and “soil health” are used similarly for 
nearly half a century (More 2010; Bünemann et  al. 2018). It is difficult to 

D. Vasu et al.



45

distinguish between them going by their definition. However, they may be differen-
tiated in terms of timescale that the term “soil health” indicates condition of soil in 
a short period and “soil quality” over a longer period much analogous to the condi-
tion of a human at a particular time (health) and long time period (quality of life) 
(Acton and Gregorich 1995). In general, these terms are being used as an indicator 
of current soil status, and their assessment is basically aimed at measuring the 
impact of past and present land use on future agricultural sustainability. In this 
chapter, the concept and importance of soil quality, measuring and periodic moni-
toring of soil quality, and the influence of various crop and land management prac-
tices on soil quality in the tropical environment are discussed.

2.2  Soil Quality: Concept and Importance

2.2.1  The Concept of Soil Quality

Warkentin and Fletcher (1977) introduced the concept of soil quality for appropriate 
input allocation to increase the production of food and fiber. During the 1970s and 
1980s, soil quality was synonymously used in the context of land evaluation, focus-
ing on inherent soil properties which are linked to soil genesis and pedo- environment. 
Many researchers proposed several definitions for soil quality from the early 1990s 
(Table  2.1) which mainly focused on linking soil with agricultural productivity. 
Later, by expanding the linkage of soil functions, Karlen et al. (1997) defined soil 
quality as “the capacity of specific kind of soil to function, within natural or man-
aged ecosystem boundaries, to sustain plant and animal productivity, maintain or 
enhance water and air quality, and support human health and habitation.” Further, 
Bouma et al. (2017) provided a broader view to soil quality by defining soil quality 

Table 2.1 Various definitions of soil quality

Definition References
Inherent attributes of soil inferred from soil characteristics SSSA (1987)
The capacity of soil to function within ecosystem boundaries Larson and 

Pierce (1991)
The capacity of soil to function within ecosystem boundaries to sustain 
biological productivity, maintain environmental quality, and promote plant 
and animal health

Doran and 
Parkin (1996)

Soil’s capacity or fitness to support growth without resulting in soil 
degradation or otherwise harming the environment

Acton and 
Gregorich 
(1995)

Soil quality is the capacity of a specific kind of soil to function within 
natural or managed ecosystem boundaries, sustain plant and animal 
productivity, maintain or enhance water and air quality, and support human 
health and habitation

SSSA (1995)

Productivity and environment moderation capacity Lal (1997)
The intrinsic capacity of a soil to contribute to ecosystem services, including 
biomass production

Bouma et al. 
(2017)
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as “the intrinsic capacity of a soil to contribute to ecosystem services, including 
biomass production.”

Generally, soil quality is conceptualized as “inherent soil quality” and “dynamic 
soil quality.” The first one is influenced by soil’s inherent properties and the second 
involves changes in soil properties determined by human use. The inherent soil 
quality exhibits minimum change, but the dynamic soil quality rapidly responds to 
agriculture management practices (Seybold et al. 1999; Vasu et al. 2016; Biswas 
et al. 2017). The changes in soil properties may occur within hours to a period of 
decades with respect to the response level of soil properties. However, the limits to 
which the dynamic soil properties can change are determined by inherent proper-
ties. The changes in SQ are also influenced by management systems, agroecology, 
hydrogeology, and cropping systems (Fig. 2.2).

At the initial stage, SQ assessments focused on measuring dynamic soil proper-
ties mostly from surface soil at 0–25 cm depth (Karlen et al. 2003). Subsequently, 
a range of soil parameters that represent the soil functions is identified using land-
scape characteristics and knowledge of pedology to understand how the soil is 
functioning and to select appropriate indicators for evaluation (Norfleet et  al. 
2003). Recently, the importance of soil control section or soil profile is recognized. 
As a result, soil profile characteristics are now being increasingly used in SQ eval-
uation. Many studies also proved that the evaluation of soil quality warrants inclu-
sion of both inherent and dynamic properties (Merril et al. 2013; Ray et al. 2014; 

Fig. 2.2 Factors influencing soil quality. (Modified from Arshad and Coen 1992)
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Moncada et  al. 2014; Vasu et  al. 2016). The difference between inherent and 
dynamic soil properties are context-dependent, and care should be employed in 
relating the soil properties with specific soil functions (Schwilch et al. 2016). In 
recent literature, the soil quality concept is incorporated with land evaluation, soil 
management, environmental monitoring, land degradation, and land restoration 
(Bünemann et al. 2018).

2.2.2  Importance of Soil Quality

Measuring and monitoring soil quality is essential because of its multiple functions. 
Degradation of the soil resources is among the most serious and widespread threat 
to life in the terrestrial earth. Karlen et al. (2003) outlined the following reasons why 
measuring and monitoring soil quality is important:

 (a) Many stakeholders are interested in soil resources.
 (b) Change in priorities and demand for soil resources.
 (c) Land-use decisions are made more in a human or institutional context.

From crop production point of view, soil quality evaluation can help the farmers, 
farm managers, extension workers, and policymakers to identify the sustainability 
of a given land use. Soil quality evaluation can be used for the following purposes 
(Andrews et al. 2002; Aparicio and Costa 2007; Vasu et al. 2016; Bouma et al. 2017; 
Biswas et al. 2017):

 (a) Evaluation of the sustainability of long-term cropping systems
 (b) Identification of soil degradation by crop and soil management practices
 (c) Evaluation of the effect of farm machinery on soil properties
 (d) Finding the suitability of soil for introducing new crops
 (e) Assessing the capacity of the soil to produce more food
 (f) Evaluating the effect of natural hazards on soil properties
 (g) Assessment of the effect of forest fire on soil properties and soil biota
 (h) Impact assessment of the effect of deforestation on ecosystem services

The quantification and comparison of soil quality among different land use, crop 
production systems, and management practices facilitate better land-use planning 
for sustainable utilization of the nonrenewable soil resources (Norfleet et al. 2003). 
The SQ concept and its implementation can subsequently address the issues of both 
productivity and sustainability (USDA-NRCS 1999). Moreover, in a broader view, 
SQ assessment is important to (i) target conservation efforts for the improvement of 
soil, (ii) assess soil and crop management practices, (iii) correlate soil quality with 
other natural resources, (iv) quantification and determination of soil quality trends, 
and (v) help in decision-making (More 2010).
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2.3  Soil Quality Assessment

The basic need for SQ assessment is because of the deleterious changes in soil functions 
caused by inappropriate management and other natural factors. Soil quality assessment 
is an exercise in measuring the changes in soil properties due to management, change in 
land use, deforestation, etc. However, SQ uses soil taxonomy as the foundation, and 
most of the inherent soil properties, a product of the five soil- forming factors, are given 
due importance (Andrews et al. 2004). Soil quality per se is a series of threshold value 
of selected soil properties as indicators of SQ. The indicators are defined as “the soil 
properties and processes which are most sensitive to changes in soil function” (Doran 
and Parkin 1996). For considering soil properties as SQ indicators, the following criteria 
are generally followed:

 (a) Correlate well with ecosystem processes and defined management goal.
 (b) Be attainable to most users.
 (c) Responds rapidly to management practices.
 (d) Uncomplicated to determine.

Soil quality is generally evaluated by two approaches. The first one is a comparative 
method in which SQ of a given land use or management is evaluated in a given time. 
The second one is a dynamic approach where the SQ is assessed using temporal 
data (Shukla et al. 2006). Essentially, threshold values of indicator properties are 
necessary to draw comparisons and identify whether soil quality is degrading or 
improving after the imposed management in both the short and long term (Biswas 
et al. 2017). Benchmark sites were successfully used to assess the changes in soil 
quality over time (Acton and Gregorich 1995) (Table 2.2). Karlen et al. (1997) pro-
posed a conceptual framework for SQ evaluation and then Andrews et al. (2004) 
developed a quantitative formula, and they suggested that the SQ must be monitored 
by focusing on soil functions. In recent times, SQ is used as a method to evaluate 
land-use systems at various scales from regional to the national level (Mukherjee 
and Lal 2014; Vasu et al. 2016).

2.3.1  Soil Quality Indicators

Soil properties are influenced by changes in land use, management, and other 
external factors. The modifications in soil properties are the reaction of soil to the 
changes in land use. However, these changes are generally slow. Hence, it is diffi-
cult to assess the change in soil quality unless there is an irreversible change in any 
of the soil properties (Nortcliff 2002). Because of this reason, it became necessary 
to identify a few soil properties as soil quality indicators which can reflect the 
changes in soil quality. Soil quality indicators are properties that are sensitive to 
soil functions and should be easy to measure (Dumanski and Pieri 2000; Aparicio 
and Costa 2007). The soil quality indicators are generally classified into four cat-
egories (More 2010):
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 1. Visual indicators
 2. Physical indicators
 3. Chemical indicators
 4. Biological indicators

2.3.1.1  Visual Indicators
The visual indicators are field observations of mostly qualitative soil properties, 
viz., soil depth, color, erosion, gully formation, salt deposition, drainage, surface 
ponding, soil structure, consistence, mottles, rooting depth, root development, 
earthworm population, rodent activity, etc. These indicators are assessed in the field 
and interpreted by both experts and farmers. The main advantage of visual SQ indi-
cators is that they are immediately interpreted without time-consuming laboratory 
analysis (Bünemann et al. 2018). Among the many visual soil quality indicators, 
soil structure is given importance in the recent literature (Emmet-Booth et al. 2016), 
and various methods such as Peerlkamp test, SOILpak, profile cultural method, 

Table 2.2 Soil quality assessment at various scales and methods

Scale Country Methodology References
Global Germany, Russia, 

China, New Zealand, 
Canada, UK, Denmark, 
etc.

Index method using both 
inherent and dynamic soil 
properties with a weighing 
factor

Mueller et al. (2012)

Regional Iran Index method using MDS 
and TDS; digital soil 
mapping using random 
forest model

Nabiollahi et al. 
(2018)

Regional China Index method using 
minimum data set

Liu et al. (2015)

23 benchmark 
sites 
(national)

Canada Trend analysis Acton and 
Gregorich (1995)

National UK Trigger values Loveland and 
Thompson (2002) 
and Merrington 
(2006)

Block (18 soil 
profiles)

India Index method using 
minimum data set

Vasu et al. (2016)

Plot scale India Index method using 
minimum data set

Biswas et al. (2017)

200 locations Netherlands Target values Wattel-Koekkoek 
et al. (2012)

511 sites 
(national)

New Zealand Comparative values Sparling et al. 
(2004)

National and 
regional

Australia Target values Gonzalez-Quiñones 
et al. (2015)

Plot scale USA Index method using scoring 
curves

Karlen et al. (2001) 
and Andrews et al. 
(2004)
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visual evaluation of soil structure, and Muencheberg Soil Quality Rating (M-SQR) 
are widely used to evaluate soil quality (Guimaraes et al. 2011; Mueller et al. 2012; 
Ball et al. 2013).

Visual indicators are easy to measure and interpret and can be used for replicat-
ing the SQ assessment in various locations. Mueller et al. (2012) developed a frame-
work for SQ evaluation using M-SQR which is based on visual indicators such as 
surface horizon depth, topsoil and subsoil structure, rooting depth, slope, and relief. 
They are rated and quantified to assess soil quality in various scales. The Natural 
Resources Conservation Service (NRCS) proposed a set of indicators and their 
ranking for SQ evaluation (Table 2.3). These indicators are qualitative and farmers 
can use them for on-farm assessment of soil quality (Adeyolanu and Ogunkunle 
2016).

2.3.1.2  Physical Indicators
Physical properties such as texture, structure, hydraulic conductivity, infiltration, 
porosity, bulk density, and aggregate stability are used as physical SQ indicators 
(Table 2.4). They are used to evaluate physical SQ and linked with seedling emer-
gence, root growth, water movement, water holding capacity, penetration resistance, 
etc. Physical properties play a vital role in determining the soil erodibility and soil- 
plant- water-atmosphere relationships (More 2010). More recently, Dexter (2004) 
proposed the “S-value” as an indicator to measure soil physical quality. The 
“S-value” is related to hydraulic conductivity, compaction, water content, penetra-
tion resistance, and aggregate stability (Dexter and Czyz 2007).

2.3.1.3  Chemical Indicators
Important soil chemical processes are ionic diffusion, leaching, acidification, alka-
linization, salinization, mineralization, etc. Maintaining a favorable nutrient content 
is critical to soil chemical quality. Both long-term use of subsistence agricultural 
practices without proper fertilization and heavy usage of chemical fertilizers in 
intensive high productive agricultural systems rapidly decline soil chemical quality. 
The chemical indicators of SQ are pH, EC, salinity, sodicity, organic carbon, nitro-
gen fractions, phosphorus concentration, cation exchange capacity (CEC), and 
heavy metal concentrations. Among the chemical indicators, P concentration, cation 
exchange capacity, exchangeable sodium and magnesium, and hydraulic conductiv-
ity (which are interrelated) are considered important in rainfed agriculture produc-
tion systems, and they are also used to assess chemical and physical degradation 
(Vasu et  al. 2016; Vasu et  al. 2018). Soil pH and available P are the most used 
chemical indicators in SQ assessment as they indicate most of the nutrient-related 
transformations in soil.

2.3.1.4  Biological Indicators
The microorganisms play an important role in organic matter decomposition and 
recycling of nutrients. The microbes have the capacity to alleviate the consequences 
of disturbances on soil ecosystem services, due to their resistance, resilience, and/or 
functional redundancy (Allison and Martiny 2008). The soil microbes reciprocate 
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Table 2.3 Qualitative visual soil quality indicators and their ranking

Soil quality 
indicators Low Moderate High

Method of 
assessment

Earthworm Few worms (1–4) 
per shovel, no 
casts or holes

More worms 
(5–8) per 
shovel, some 
casts and holes

Many worms (>8) 
per shovel, many 
casts and holes

Use of quadrant 
and counting the 
number of 
earthworms or 
casts (five 
quadrant throws 
per site)

Organic 
matter

No visible roots 
or residues

Some plant 
residues and 
roots

Lots of roots/
residues in many 
stages of 
decomposition

Presence and 
abundance of 
visible residues or 
roots, color

Subsurface 
compaction

Hard layers, tight 
soil, restrict wire 
penetration, 
obvious hardpan, 
roots turned 
awkwardly

Firm soil, 
moderate shovel 
resistance, 
penetration 
beyond tillage 
layer

Loose soil, 
unrestricted wire 
penetration, no 
hardpan, mostly 
vertical root plant 
growth

Degree of 
resistance to a 
stick 
(100 cm × 1 cm in 
diameter) when 
inserted into the 
soil

Erosion Obvious soil 
deposition, large 
gullies joined, 
obvious soil 
drifting

Some 
deposition, few 
gullies, some 
colored runoff, 
some evidence 
of soil drifting

No visible soil 
movement, no 
gullies, clear or no 
runoff, no obvious 
soil drifting

Presence of 
gullies, rills, or 
any evidence of 
runoff

Water 
holding 
capacity

Plant stress 
immediately 
following rain or 
irrigation, soil has 
limited capacity 
to hold water, soil 
requires frequent 
irrigation

Crops did not 
easily suffer 
from dry spell 
in the area, soil 
requires 
moderate 
irrigation

Soil holds water 
well for long time, 
thick topsoil for 
water storage, 
crops do well in 
dry spells, soil 
requires little 
irrigation

Rate at which 
water runs out 
after a good rain, 
with or without 
puddling

Drainage Excessive wet 
spots on the field, 
ponding, root 
disease

Some wet spots 
on the field and 
profile, some 
root diseases

Water is evenly 
drained through 
field and soil 
profile, no 
evidence of root 
disease

Degree of wetness 
or dryness, 
ponding, or runoff

Crop 
condition

Stunted growth, 
uneven stand, 
discoloration, low 
yield

Some uneven or 
stunted growth, 
slight 
discoloration, 
signs of stress

Healthy, vigorous, 
and uniform stand

Leaf color and rate 
of crop growth 
throughout season

Modified from USDA-NRCS (1999)
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rapidly to changes in soil and indicate the factors and processes modifying the soil 
quality. The high sensitivity of microbes to the changes in the soil processes is an 
advantage as they can be used to monitor the short-term changes in the soil effec-
tively (de La Rosa 2005).

Population of micro- and macroorganisms, earthworms, nematodes, termites, 
and their actions are important indicators of soil quality. The microbial biomass is 
an important part of the active ingredient in soil responsible for nutrient circulation 
and degradation of organic pollutants (Stenberg et al. 1998). Respiration rate and 
microbial biomass carbon (MBC) are used to measure microbial activity, more spe-
cifically microbial decomposition of organic matter in the soil. For example, ergos-
terol (fungal by-product) is used to measure the activity of the organisms that govern 
the formation and stability of soil aggregates.

Enzymes in soil are produced by microbes, plant roots, and fauna, and they have 
indispensable role in nutrient cycling. Enzymes such as dehydrogenase, urease, 

Table 2.4 Some of the 
commonly used soil quality 
indicators to measure soil 
functions

Category Soil properties
Physical indicators Bulk density

Soil texture
Aggregate stability
Water storage
Soil compaction
Soil depth
Penetration depth
Porosity
Hydraulic conductivity
Infiltration
Penetration resistance

Chemical indicators pH
EC
CEC
Organic matter
Labile C and N
Total and available N
Available K
Available P
Sodicity and salinity
Heavy metals

Biological 
indicators

Soil respiration
Enzyme activities
Microbial biomass
Earthworms
Micro-arthropods
N-mineralization

Adapted from Andrews et  al. (2004) and 
Bünemann et al. (2018)
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phosphatases, and glucosidase are used to measure nutrient mineralization in soil, 
and they can provide an early warning to the potential threats to soil quality (Comino 
et al. 2018). Recent studies also used enzyme activity to assess the effect of tillage 
practices on soil quality (Raiesi and Kabiri 2016).

Soil organic carbon (SOC) is a vital SQ indicator and ubiquitously used in almost 
every SQ assessment. The SOC is closely related to other soil properties, including 
soil structure, nutrient availability, water holding capacity, and erosion resistance 
(Zuber et  al. 2017). However, as the SOC pool is large, it is difficult to detect 
changes in total soil organic matter in response to management (Haynes 2005). 
Nonetheless, the fractions of carbon can provide a clear picture of SOC changes. 
Particularly, labile fraction of SOC which makes up approximately 15% of the total 
SOC is easily decomposed and determines the magnitude of microbial activity in 
soil (Hajek et al. 1990). Since the labile carbon is the primary source of energy for 
microbes in the soil, they change more rapidly and to a higher extent than the total 
SOC. This effectively connects SOC between soil chemical and biological proper-
ties and makes it an effective SQ indicator for most of the agroecosystems.

Earthworm population is the best indicator of the structural, microclimatic, nutri-
tive, and toxic status of soil. Earthworms play an important role in conserving and 
improving soil structure, recycling soil nutrients, promoting the gradual mixing of 
the soil layers, and creating a better aeration and drainage system in the soil. The 
earthworms are indicators of both water and nutrient cycling. Apart from earth-
worms, Italian scientists proposed the activity of micro-arthropods as SQ indicators 
(Parisi et al. 2005). The index QBS-ar is a consolidated form of micro-arthropods 
community in the soil. The QBS-ar takes into account soil micro-arthropods, inver-
tebrates belonging to the Arthropoda phylum, having a range size between 0.2 and 
2  mm (mesofauna). Based on the adaptation mechanisms of these organisms, 
QBS-ar considers that the number of micro-arthropod groups well adapted to the 
soil is high in soil with good quality (Menta et al. 2018). Recently, soil cover and 
dung beetle are used as biological SQ indicators (Chaves et al. 2017). Soil cover 
protects the soil against erosion, adds nutrients, and maintains the soil fauna (Van 
Elsas et al. 2007). The dung beetle is highly sensitive to changes in soil conditions, 
contributes to nutrient cycling, and facilitates water infiltration (Nortcliff 2002).

2.3.2  Selection of Soil Quality Indicators

The definition of soil quality reflects complexity due to the soil composition which 
has solid, liquid, and gaseous phases. Hence, the quantitative determination of soil 
quality is a difficult process. Moreover, analyzing all the soil properties increases 
the cost of SQ assessment especially in large-scale attempts. Researchers developed 
various methods to identify minimum soil data set (MDS) as indicators to determine 
soil quality. Principal component analysis (PCA) (Andrews and Carroll 2001), 
expert opinion (Andrews et al. 2002), pedotransfer functions, linear and multiple 
regression, decision trees (Moncada et al. 2014), and factor analysis (Shukla et al. 
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2006) are some of the methods used commonly for selection of indicators. Four 
steps are followed to quantify SQ in the form of soil quality index (SQI):

 (a) Identification of production or sustainability goal
 (b) Selection of SQ indicators
 (c) Transformation of soil properties
 (d) Computation of soil quality index

2.3.2.1  Selection of Minimum Data Set (MDS)
Principal component analysis (PCA) is a commonly used and widely accepted 
method for selection of MDS. The primary use of PCA is to reduce the dimension 
of data without losing the message conveyed by the data (Armenise et al. 2013). 
Components with high “eigenvalues” explain the variability among the data set, and 
varimax rotation is used to maximize the variability (Andrews et al. 2002; Waswa 
et  al. 2013). Principal components (PCs) with eigenvalues ≥1 (Kaiser 1960) are 
retained for identifying highly weighed soil properties. In each PC, variables with 
high weight are selected as indicators. If the selected soil properties are correlated 
(r  >  0.70), then the property with the highest weight is retained as an indicator 
(Andrews and Carroll 2001).

In recent times, decision trees (DT) models are frequently used in the selection 
of MDS. The DTs help to quantify the data which has both ordinal and categorical 
soil properties (Moncada et al. 2014). Generally, classification trees and model trees 
are employed to identify the relations of many soil properties with soil quality. The 
classification trees predict the values of individual property with a set of nominal 
values, whereas model trees use linear functions (Debeljak and Dzeroski 2011). The 
trees are built as per the splitting rule, which performs the splitting of a learning 
sample into smaller parts. Tree-based models are fitted by successively splitting a 
data set into increasingly homogeneous subsets. The attributes are selected and 
rules are generated to relate the explanatory soil properties with soil quality class 
(Debeljak and Dzeroski 2011).

2.3.2.2  Indexing Soil Quality
Soil quality can be evaluated using appropriate indicators which represent soil func-
tions linked to the defined management goal. However, a quantitative value is neces-
sary to make comparisons to management systems. The SQI is calculated by 
aggregating the indicators after converting the indicators into dimensionless units. 
The absolute values are used to derive SQI by various methods, viz., additive 
(Andrews and Carroll 2001), weighted, and hierarchical decision support system 
(Andrews et al. 2002). These methods of SQI calculation are indirect approaches 
and widely accepted because of their advantages in identifying the systematic com-
plexity of soil under natural or managed ecosystems. Opportunities to compare dif-
ferent index methods are rare since it is not common to have more than one SQI for 
a particular area (Qi et al. 2009).

Selected SQ indicators in MDS have transformed scored into values ranging 
from 0 to 1 using linear and/or nonlinear scoring methods (Liebig et al. 2001). In the 
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nonlinear scoring method, the indicators are grouped into (i) more is better; (ii) less 
is better, and (iii) optimum range and standard nonlinear curves are established. 
Indicators are arranged in increasing or decreasing order based on whether a higher 
value is “good” or “bad” with respect to soil function. For “higher is better” cate-
gory, each value of the selected property is divided by the highest value so as the 
highest value is scored as 1. For “less is better” category, the lowest value is divided 
by each data value so as the lowest value is scored as 1. For indicators such as pH, 
“optimum” threshold function is used. They are scored as “higher is better” up to a 
threshold value (e.g., pH 7.5) then scored as “lower is better” above the threshold 
(Andrews et al. 2002).

Two methods are used to calculate SQI, viz., additive and weighted index meth-
ods. In additive method, the index is calculated by adding the transformed scores of 
the indicators from MDS. In weighted method, index is calculated by the following 
procedure: the transformed indicator data is the assigned weightage based on the 
variability explained by the PCs. The fraction of variability accounted by each PC 
as a part of total variability is used as weight factor for indicators selected from the 
respective PCs (Ray et  al. 2014). The transformed scores are multiplied by the 
weight factors and then added to derive SQI. In expert opinion method, the weight 
factor is determined by the relative importance of selected indicators in influencing 
changes in soil function.

2.4  Soil Quality in Intensive Agriculture

In general, it is inferred that high soil quality corresponds to high productivity with-
out environmental concerns which are not always the case. Apart from SQ, crop 
yield is influenced by many external factors such as solar radiation, temperature, 
evapotranspiration, and precipitation. Hence, it is necessary to establish a correla-
tion between soil quality and defined management goal (Karlen et al. 2003) in inten-
sively cultivated areas to have a complete understanding of the factors determining 
the management goal such as sustainability and productivity.

Agricultural intensification involves the adoption of high-yielding varieties with 
high cropping intensity and employing management practices to sustain productiv-
ity without causing environmental pollution. Continuous intensive cultivation 
improves soil fertility; however, in the recent decades, inappropriate management 
practices caused adverse consequences for the overall environment. Application of 
high amount of chemical fertilizers, especially P, and reduction in the use of organic 
manures leads to eutrophication at the surrounding water bodies. Excessive appli-
cation of nitrogen decreases C fixation capacity due to C release from the soil. 
Carbon release and N leaching contribute to the greenhouse effect and threaten 
safety of ground and surface water (Qi et al. 2009). Unbalanced use of N and P 
fertilizers decreases the yield under intensive cultivation of rice-wheat-jute, soy-
bean-wheat, and sorghum-wheat systems by unfavorably modifying soil proper-
ties, whereas the application of organic manure and integrated nutrient management 
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sustained the soil quality and positively influenced the crop yield (Manna et  al. 
2005).

In intensive crop production systems, relating one particular soil property to crop 
yield is irrational because soil is a complex system. Here, SQI can be successfully 
used to interpret crop performance. For example, de Paul Obade and Lal (2016) 
evaluated crop performance using SQI developed by partial least square regression 
method by correlating with crop yields. Mueller et al. (2012) used M-SQR to suc-
cessfully relate with crop yield in a wheat-maize system. Moreover, SQI approach 
is advantageous to evaluate sustainability of crop production in different agroeco-
logical regions as region-specific SQI can be developed using suitable SQ indicators 
(Sinha et al. 2014; Vasu et al. 2016).

The intensively cultivated lands are susceptible to degradation due to various 
reasons including inappropriate crop and soil management. It is important to under-
stand the degradation patterns through appropriate indicators to design and imple-
ment site-specific management practices. Being site-specific in nature, SQI is an 
effective method to assess and map potential land degradation threats. For example, 
Waswa et al. (2013) established SOC, pH, CEC, clay content, and available P as 
best SQ indicators to identify soil degradation in western districts of Kenya. Sewage 
water irrigation is a common practice in some intensively cultivated areas of India 
and it deteriorates soil physical properties. A study by Masto et al. (2008) identified 
CEC, ESP, available P, and dehydrogenase activity as indicators of soil degradation 
by sewage water irrigation in Nalgonda district. Sharma et al. (2005) used available 
N, P, S, microbial biomass carbon, and hydraulic conductivity as key indicators to 
evaluate the effect of long-term soil management on crop yields and soil quality in 
dryland Alfisols. The SQI method is also employed to differentiate production 
potential of agricultural soil and generate an integrated index of soil at national level 
and used for agrarian planning (Vilček and Koco 2018).

In intensive cultivation, crop rotation influences soil quality through inputs 
related to the crop species included in the rotation. The quantity and substrate qual-
ity differ among the crop residues added to the soil in the crop rotation. This is com-
monly evaluated by the C and N cycles. Therefore, SQ parameters related to C and 
N mineralization can be used to quantify the effect of agricultural intensification on 
soil quality. For example, Zuber et al. (2017) compared the effect of maize-soybean 
rotation under contrasting tillage management in the intensively cultivated Illinois 
soil and showed that management significantly alters soil quality.

In countries like China, conversion of natural forest into plantations for timber 
production is a common practice (Selvalakshmi et al. 2017). Similarly, in Northeast 
India, shifting cultivation is a practice of cutting and burning of the natural forest 
trees and using the land for growing annual crops for a period before allowing the 
natural vegetation to regenerate (Mishra et  al. 2017). These changes in land use 
affect soil quality either positively or negatively. Yu et al. (2018) showed that con-
version of grasslands under alkaline soil to cropland degraded the soil quality by 
using N:P ratio, invertase enzyme, water-extractable organic C, and labile C as SQ 
indicators. Similarly, continuous cultivation of Chinese fir led to degradation of soil 
quality because of nutrient depletion by intensive monoculture (Zhijun et al. 2018; 
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Selvalakshmi et al. 2018). Also, many studies showed that the shifting cultivation 
practice decreased soil quality due to loss of organic matter, topsoil erosion, and 
poor vegetation cover (Mishra et al. 2017).

2.5  Management Effects on Soil Quality

Crop management practices have the potential to either enhance or degrade soil 
quality based on the intensity, suitability, and resilience of soil under use. Tillage, 
water and fertilizer management, cropping systems, and land-use conversion are 
some of the management practices which have pronounced impact on soil quality. 
Moreover, the effect of a set of management practices on soil quality is influenced 
by the inherent properties like texture, depth, CEC, clay mineralogy, and water 
holding capacity. In this section, the effect of tillage, cropping systems, and nutrient 
management are discussed.

2.5.1  Effect of Tillage

Tillage is one of the main land management practices integral to crop production. 
Tillage is generally carried out to create favorable soil environment, i.e., increase 
soil aeration and infiltration rate, seedbed preparation, soil and moisture conserva-
tion, expose the soil-borne pathogens and insects to light, and weed control. Tillage 
also has negative effect on soil properties such as subsoil compaction, erosion, 
enhanced mineralization, and decomposition of soil organic matter, etc. Tillage 
operations using double disk, chisel, and moldboard reduce the topsoil thickness by 
an average of 10 cm (Mendoza et al. 2008). It influences most of the soil quality 
indicators such as organic carbon, bulk density, porosity, hydraulic conductivity, 
water holding capacity, microbial community, and earthworms, either positively or 
negatively. To minimize the negative effects of tillage on soil quality, modern tillage 
concepts such as no tillage (NT), minimum tillage (MT), stubble-mulch tillage 
(SMT), and conservation tillage (CT) practices are introduced.

Generally, tillage accelerates the loss of soil organic carbon by increasing bio-
logical oxidation and soil erosion. Hence, tillage-based farming systems in drylands 
and arid ecosystems are not sustainable (Fageria et al. 2002). The NT or CT meth-
ods have now become popular across the dryland ecosystems of the world and 
implemented in various crop production systems. They considerably improve many 
soil properties which in turn sustains the soil quality and crop productivity 
(Table 2.5). Specifically, in soil characterized with low organic matter, poor struc-
ture, and impaired soil physical properties, the NT system has greater positive 
effects such as soil protection from erosion, soil water conservation by decreased 
evaporation, and increase in organic matter by reduced mineralization. The NT sys-
tem increases soil organic carbon by lowering the temperature at the soil surface, 
increasing soil water content, and lack of residue incorporation and mixing in the 
soil. It preserves soil biological component by the means of little damage to soil 
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aggregates or structure and increase in soil organic matter content. Long-term SMT 
and NT with good residue management improve the physical, chemical, and bio-
logical properties of soil (Seybold et al. 2002). However, care should be employed 
before implementing NT system that any plow pan present in the subsoil layer due 
to CT systems needs to be disrupted to make the NT effective (Schmidt et al. 2018).

The CT systems increase the yield (8–11%) in cereal-pulse-based systems than 
conventional tillage systems. Zero tillage or CT systems combined with crop resi-
due incorporation increases the possibility of sustaining crop production especially 
under rainfed conditions in semiarid regions (Sharma et al. 2005). However, pri-
mary tillage is essential for continuous successful cultivation in semiarid tropical 
soil such as Alfisols to break the hard layer formed in the dry season so that root 
penetration and infiltration are not hindered. Soil quality parameters considerably 
improved under minimum tillage under rainfed conditions in an Inceptisol under 
pearl millet-based cropping system (Sharma et al. 2014). In humid and subhumid 
climatic conditions, claypan soil with poor drainage are prone to erosion due to 
restricted compacted subsurface layer. The NT and CT systems with maize-soybean 
rotation have the potential to increase SOC, total N, and aggregate stability by >30, 
35, and 40%, respectively (Jung et al. 2008). Though NT and CT systems lead to 
temporary immobilization of N, it increases the N availability during the later stages 
and following crops. Legumes as cover crops and rotations with cereals increase 
SOC stocks in the soil (Fortuna et al. 2008).

2.5.2  Effect of Cropping Systems

Cropping system refers to temporal and spatial arrangements of crops and manage-
ment of soil, water, and vegetation in order to optimize the biomass/agronomic 

Table 2.5 Influence of different tillage methods on some soil quality indicators

Soil quality 
indicator

No tillage/
conservation 
tillage

Conventional 
tillage

Deep 
ploughing References

Organic 
carbon

Increase in 
surface soil

Reduced Reduced Motta et al. (2002), Shukla 
et al. (2006), Mendoza et al. 
(2008), Fortuna et al. (2008) 
and Schmidt et al. (2018)

Bulk density Decrease No effect No effect/
increase

Shukla et al. (2006) and 
Idowu and Kircher (2016)

Soil 
compaction

Reduce Increase Increase Idowu and Kircher (2016) 
and Schmidt et al. (2018)

pH No effect Slight 
decrease

Slight 
decrease

Motta et al. (2002)

Total N Increase decrease Decrease Fortuna et al. (2008)
Aggregate 
stability

High Low Low Shukla et al. (2006), 
Mendoza et al. (2008) and 
Idowu and Kircher (2016)
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production per unit area, per unit time, and per unit input (Lal 2003). Globally, 
cereal-based cropping systems are dominant and they cover 61% of the cultivated 
land. Wheat, maize, rice, barley, and millets occupy more than two-thirds of the 
cropland. The Caribbean and Central Africa are exceptions where sugarcane and 
cassava dominates, respectively (Leff et al. 2004). The major area with wheat-based 
systems is under temperate soil except in the Indo-Gangetic Plains, where tropical 
alluvial soils are common. Maize and other millets are prevalent in tropical and 
subtropical parts of the world. Next to cereals, oilseeds and pulses cover 14% of the 
total cultivated land. In general, agroforestry systems and tree plantations sustain 
soil quality than annual crop-based systems. The cereal cropping systems with 
pulses improve the soil quality than cereals without pulses (Wienhold et al. 2006). 
Sugarcane is one of the major sugar crops cultivated under irrigated conditions. 
Though management varies with respect to different locations, the sugarcane trash 
incorporation with CT system considerably improves aggregate stability, SOC con-
tent, and soil permeability thus improving overall soil quality (Cairo-Cairo et al. 
2017).

In rice-based cropping systems, ploughing (puddling) leads to the breakdown of 
capillary pores, reduced void ratio, poor soil aggregates, dispersed fine clay parti-
cles and low soil strength, surface crust formation, and cracks after drying which 
ultimately degrades the physical quality of the soil (Masto et al. 2008). In the com-
monly followed rice-wheat system in the IGP of India, nitrogen losses due to leach-
ing and denitrification are common due to alternate wetting and drying cycles. The 
productivity of the rice-wheat system decreased over the years and became unsus-
tainable (Chaudhury et al. 2005). Also, in the rainfed cultivation, rice-based systems 
lead to decrease in soil quality than fruit trees and vegetable-based systems (Mandal 
et al. 2011). However, cereal-based systems have high potential to maintain SOC 
stock in soil because of the quantity and quality of their residues that are returned to 
the soil (Mandal et al. 2007). Legume crop inclusion and stubble incorporation in a 
cereal-based cropping system improve soil quality by increasing SOC and soil 
physical properties in the long term. Results from Armenise et al. (2013) indicate 
that wheat-bean double cropping system with stubble incorporation improved soil 
quality over continuous wheat monocropping with stubble burning. Soybean-based 
crop rotation increased SOC (29%), MBC (27%), mean weight diameter (9%), and 
dehydrogenase activity (5%) in Vertisols of Central India and produced high SQI 
(Sharma et al. 2016).

Pulse crop-based cropping systems and cover crops protect the soil from erosion 
and nutrient loss (Weerasekara et al. 2017). The added advantages of growing cover 
crops in crop rotation are suppression of weeds, carbon sequestration, soil moisture 
conservation, and reduced nonpoint source pollution. Legume cover crops increase 
soil N by fixing atmospheric nitrogen and thus reduce the quantity of external N 
fertilizer requirement. Agroforestry systems with perennial trees as primary compo-
nents interact with soil components in long term. They modify soil properties 
through biomass addition and root and microbe’s interaction mechanisms (Udawatta 
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et al. 2008). Alley crops are the annual crops grown in rows between trees in the 
agroforestry system, and these crops enhance carbon sequestration (Udawatta et al. 
2014).

2.5.3  Nutrient Management and Soil Quality

Concerns are growing over the long-term sustainability of agriculture because both 
over- and underapplication of fertilizer nutrients have damaged the environment 
(Armenise et al. 2013). In developed countries, overapplication of inorganic fertil-
izers resulted in degradation of soil and contamination of water sources. In develop-
ing countries, vagaries of climate change, population pressure, land constraints, and 
the decline of traditional soil management practices have often reduced soil fertility 
(Bai et al. 2013). Additionally, soil erosion, nutrient imbalance, and low SOM are 
the major soil fertility-related issues resulting in degradation of soil quality. Future 
increase in crop yields in developing countries will have to come from crop intensi-
fication for which integrated approach toward the soil nutrients management is the 
potential solution advocated by FAO, and it has been used successfully under vari-
ous crop production systems for the past two decades (Bouma et al. 2017). Integrated 
nutrient management (INM) is composed of fertilizers, organic manures, legumes, 
crop residues, and biofertilizers as main components. INM enhances the availability 
of applied as well as native soil nutrients (Lal 2003). It synchronizes the nutrient 
demand of the crop with nutrient supply from native and applied sources.

The INM provides balanced nutrition to crops and minimizes the antagonistic 
effects resulting from hidden deficiencies and nutrient imbalance (Mandal et  al. 
2007). Long-term INM practice sustained the yield of maize-wheat system and sub-
stantially improved the soil aggregation stability and physical quality (Dutta et al. 
2015). The application of recommended dose of N, P, and K with farmyard manure 
increased dehydrogenase activity and microbial biomass carbon and improved the 
soil quality under rice-wheat-jute system in the IGP region of India (Table  2.6) 
(Chaudhury et al. 2005). The NPK with FYM at 15 t ha−1 sustained rice and wheat 
yield and aggraded the soil quality by increasing SOC and Zn availability in 
Mollisols (Ram et al. 2016).

The effect of INM is more pronounced in the rainfed production conditions than 
irrigated conditions. Long-term INM practice increased the aggregation stability, 
labile carbon, and dehydrogenase activity in the Inceptisols under pearl millet crop-
ping system in tropical soil of India (Sharma et al. 2014). Application of organic 
manures such as cattle dung manure, vermicompost, and poultry manure along with 
mineral fertilizers based on N equivalents and nutrient requirements of crops 
improved the SOC content, available nutrients, MBC, and dehydrogenase and alka-
line phosphatase in the topsoil under soybean-wheat cropping system in Vertisols 
(Ramesh et al. 2009). Farm compost application increases SOC content, earthworm 
population, and MBC and reduces BD in soil with light texture, thus creating favor-
able environment for crop growth and increasing the yield of maize-based cropping 
system (D’Hose et al. 2012).
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2.6  Conclusion and Future Perspectives

Changes in land use are rapid in the last century and more large-scale changes are 
expected in the future due to competing demands from various sectors of the soci-
ety. In agriculture, conversion from conventional to organic farming is promoted by 
policy decisions, and shift from intensive tillage to conservation tillage methods is 
encouraged to prevent soil erosion and minimize threats like eutrophication. Soil 
quality has now become an integral part of sustainable agriculture by means of an 
effective tool in monitoring both short- and long-term changes in soil caused by 
management practices. Many physical and chemical indicators are used to evaluate 
soil quality, but the biological indicators are only recently given importance. The 
selection of biological indicators for SQ evaluation is not an easy task because of 
the lack of direct link with the soil functions. Moreover, determining the active part 
of the population of organisms in soil is difficult. However, it is now established that 
direct linkages such as microbial richness affect C and N cycles, and decrease in the 
diversity of soil microbes reduces C sequestration and N turnover. Instead of using 
total SOC, its labile fraction can be used for detecting short-term changes in SQ. The 
recent developments in molecular biology made the rapid assessment of soil bio-
logical properties easier and the potential for many biological properties for inclu-
sion in SQ assessment is increased. The inclusion of site-specific appropriate 
biological indicators in SQ assessment will make SQI a more comprehensive and 
stronger tool for evaluating various production systems.

Moreover, factors such as climate, site characteristics, crop yield, and plant nutri-
ent content are seldom linked with soil quality. This indicates that the SQ evaluation 
is not linked with soil threats and other ecosystem services. The expert knowledge 
with respect to the study area might add value to SQ assessment, and hence consid-
eration of expert opinion in indicator selection could improve the validity and appli-
cability of SQI in the context of a defined management goal. For rapid assessment 
of the chemical and biological indicators, remote sensing and spectroscopic tech-
niques may be employed. Recent developments in the visual evaluation techniques 
can be explored for SQ assessment in the field, and it could be advantageous as land 
owners and farmers can participate in visual assessment of soil quality.

Table 2.6 Average yield (t ha−1) and sustainable yield index (SYI) of jute, rice, and wheat from a 
30-year long-term fertilizer experiment in a sandy loam alluvial soil

Treatment
Jute Rice Wheat

Overall SYIYield SYI Yield SYI Yield SYI
100% N 1.627 0.479 3.094 0.379 1.9 0.4 0.419
100% NP 1.721 0.528 3.501 0.433 2.175 0.478 0.480
100% NPK 1.957 0.641 3.797 0.439 2.257 0.529 0.536
100% NPK + FYM 2.063 0.662 3.856 0.538 2.34 0.537 0.579
Control 0.874 0.255 1.564 0.363 0.736 0.312 0.310

Adapted from Chaudhury et al. (2005)
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3Integrated Nutrient Management 
for Sustainable Crop Production 
and Improving Soil Health

Rajinder Singh Antil and Dev Raj

Abstract
Integrated nutrient management (INM) is a concept, which aims at the mainte-
nance of soil health and plant nutrient availability in optimum amounts for sus-
taining soil health and crop productivity through optimization of the benefits 
from all possible sources of plant nutrients. INM could play an important role in 
increasing nutrient use efficiency (NUE), food grain production, and mainte-
nance of soil health and increasing the farmer’s income through integrated and 
balanced application of fertilizers. Cropping system is one of the important 
ingredients of sustainable agriculture system as it provides more efficient cycling 
of nutrients. Therefore, balanced fertilization must be based on the concept of 
INM for a cropping system rather than a crop, so that crop productivity of the 
system as a whole is sustained. Long-term studies conducted in different agrocli-
matic zones have established the benefits of INM. This chapter overviews the 
importance of different components of INM in improving NUE, crop productiv-
ity, and soil health.

Keywords
Balanced fertilization · Long-term experiments · Organic manures · Crop pro-
ductivity · Soil health
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Abbreviations

INM   Integrated nutrient management
Mt   Million tonne
NUE   Nutrient use efficiency
N   Nitrogen
P   Phosphorous
K   Potash
S   Sulfur
Zn   Zinc
B   Boron
Fe   Iron
Mn   Manganese
Mo   Molybdenum
HYV   High-yielding varieties
IPNS   Integrated Plant Nutrient Supply
INSAM  Integrated Nutrient Supply and Management
AICRP-IFS  All India Coordinated Research Project on Integrated Farming 

Systems
FYM   Farmyard manure
LTEs   Long-term experiments
BD   Bulk density
HC   Hydraulic conductivity
WSA  Water-stable aggregates
MWD  Mean weight diameter
IR   Infiltration rate
OC   Organic C
DOC   Dissolved organic carbon
MBC  Microbial biomass carbon
LFC   Light carbon fraction
HFC   Heavy Carbon Fraction
RDF   Recommended dose of fertilizer

3.1  Introduction

Indian agriculture is no longer an unknown one. It has progressed rapidly in recent 
years and ranks now as the second largest food producer in the world, touching 
$367 billion in 2014. The country’s agricultural production is more than that of the 
United States, which once supplied food grains to India to meet the domestic food 
shortage. Unknown to many, India’s international trade in agricultural products 
fetches higher earnings for the country than trade in the services or manufacturing. 
Food grain production of India has increased from 50.8 (1950–1951) to 284.83 Mt 
(2017–2018). A fivefold increase in food grain production during the last 67 years 
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combined with inadequate and imbalanced use of nutrients has led to extra mining 
of all the essential nutrients. Extra mining of nutrients will have to be checked in 
order to sustain the soil health. The maintenance of soil health is very important to 
ensure the food and nutritional security of the country. For efficient use of fertiliz-
ers, all nutrients must be applied in balanced proportions. The nitrogen (N)/phos-
phorus (P)/potash (K) consumption ratio (2016–2017) of India was 7.2:2.9:1 against 
the ideal ratio of 4:2:1. The distortion in NPK consumption ratio is more pronounced 
among the zones and states of India. The problem of imbalanced fertilizer use in 
case of secondary and micronutrients is even worse wherein the use is much less 
compared to the requirement of the crops. So, there is a need to narrow down the 
NPK consumption ratio to sustain the crop productivity and restore the soil health. 
Continuous use of imbalanced fertilizers led to the deterioration in the soil health 
and stagnate the crop productivity (Das et al. 2015; Buragohain et al. 2017).

Even though during the 1960s, India has become self-sufficient on the food front 
as against its large imports, but our soil has been extensively overexploited. If such 
a situation is continued for a longer time, then there are chances that our productive 
land may become unproductive. The green revolution technologies, viz., higher 
uses of chemical fertilizers and pesticides with the adoption of nutrient-responsive 
and high-yielding varieties (HYV) of crops, have increased the productivity of 
almost all the crops. However, during the last decades, the compounded growth 
rates for the production and productivity of major crops generally declined or stag-
nated compared to the 1980s (Table 3.1). The crop responses to fertilizers are also 
decreasing consistently (Table 3.2).

There are reports that farmers have to add higher quantities of fertilizers every 
year to obtain the same yield level as obtained in the previous year. It may be due to 
the decline in the soil organic matter content, imbalanced use of fertilizers, extra 
mining of nutrients, and deficiency of secondary and micronutrients. The use of 
organic manures along with chemical fertilizers may be an effective alternative 
approach for further improving crop yields and sustaining soil health (Walia et al. 
2017; Meena and Yadav 2015).

Table 3.1 Compound growth rates (% per annum) of production and productivity of crops

Crop

Production Productivity
1980–1981 
to 
1989–1990

1990–1991 
to 
1999–2000

2001 to 
2009–
2010

1980–1981 
to 
1989–1990

1990–1991 
to 
1999–2000

2001 to 
2009–
2010

Rice (Oryza 
sativa L.)

3.62 2.02 1.59 3.19 1.34 1.61

Wheat 
(Triticum 
aestivum L.)

3.57 3.57 1.89 3.00 1.83 0.68

Pulses 1.52 0.59 2.61 1.61 0.93 1.64
Food grains 2.85 2.02 1.96 2.74 1.52 2.94
All major crops 3.19 2.99 1.83 2.56 1.38 2.83

Source: Kumara et al. (2013)
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INM is not a new concept. It is an age-old practice when requirements of all the 
nutrients (primary, secondary, and micronutrients) were met through organic 
sources. In literature, a few terminologies, viz., Integrated Plant Nutrient Supply 
(IPNS) and Integrated Nutrient Supply and Management (INSAM), are also used to 
convey almost similar meaning as that of INM. The advantages of INM are:

• Sustain and improve crop productivity and soil health
• Prevent deficiencies of secondary and micronutrients
• Improve nutrient use efficiency
• Provide favorable effect on the physical, chemical, and biological properties of 

soils (Singh et al. 2012b)

The application of best nutrient management practices in diverse ecologies and 
production systems is thus critical to enhance food production and improve farm 
profitability and resource efficiency. Also, the dimensions of the challenges would 
require a holistic alliance of policy-makers, agricultural scientists, extension spe-
cialists, and the farmers to facilitate INM toward improving the soil health.

3.2  INM Definition/Concept

INM has been defined by different researchers as follows:

• INM is defined as the maintenance or adjustment of soil fertility and supply of 
plant nutrients to an optimum level for sustaining the desired crop productivity 
through optimization of benefit from all possible resources of plant nutrients in 
an integrated manner (Roy and Ange 1991).

• INM is used to maintain or adjust soil fertility and plant nutrient supply to 
achieve a given level of crop production. This is done by optimizing the benefits 
from all possible sources of plant nutrients (FAO 1998).

• INM is actually the technical and managerial component of achieving the objec-
tive of IPNS under farm situations. It takes into account all factors of soil and 
crop management including management of all other inputs such as water, 
 agrochemicals, amendments, etc., besides nutrients (Goswami 1998; Meena and 
Meena 2017).

Table 3.2 Decline in crop 
response to fertilizer

Period kg food grain per kg nutrients (NPK)
5th Plan (1974–1979) 1:15
8th Plan (1992–1997) 1:7.5
9th Plan (1997–2002) 1:7
10th Plan 
(2002–2007)

1:6.5

11th Plan 
(2007–2012)

1:6

Source: FAI, Fertilizer Statistics (1974–1975, 1992–1993, 1997–
1998, 2002–2003, 2007–2008); Kumara et al. (2013)
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3.3  Fertility Status of Soils

The inadequate and imbalanced fertilizer use has caused widespread nutrient (N, P, 
K, sulfur (S), zinc (Zn), and boron (B)) deficiencies and deterioration in soil health 
in many parts of India. It has been estimated that in India, 63, 42, 13, and 40% of 
soils were deficient in N, P, K, and S, respectively (Table 3.3). On an average, 49% 
of soils have been found deficient in Zn, 15% in iron (Fe), 3% in copper (Cu), 5% 
in manganese (Mn), 33% in B, and 13% in molybdenum (Mo) (Singh 2001).

3.4  Nutrient Removal and Balance in Soils

At the present level of production, the estimated NPK removal was about 28 Mt 
which results in a net negative balance of about 10 Mt. Organic manures and biofer-
tilizers contribute to about 4 Mt, which means about 6 Mt negative balance has to be 
replenished by the soil (Antil and Narwal 2007; Yadav et al. 2017c). Recently, the 
Government of India has declared the target of doubling food grain production by 
2025. It implies that for doubling the productivity, the nutrient removal would be 
more than double the present level to about 56 Mt. The gap between nutrient supply 
through all sources and removal would further escalate to more than 12 Mt from the 
present level of about 6 Mt, provided the contribution of organic and biofertilizer 
sources is also doubled. Thus, the soil health would further aggravate, which needs 
urgent attention. Although it is not possible to replenish 100% of nutrients removed 
by the crops every year, even then an attempt should be made to maximize the recy-
cling of those nutrients which are likely to be deficient in the future. Thus, to meet 
this negative balance and to sustain the crop productivity and soil health on a long- 
term basis are possible only through the INM.

3.5  Nutrient Potentials of Organic Resources

India has a vast resource of organic input, and it is very difficult to assess its exact 
estimate, especially when production of residues, dung, etc. fluctuates every year. 
Further, the nutrient availability depends on the quality of the substrate technology 
used and value addition if any. The total available nutrient value of organic resources 

Table 3.3 Extent of macronutrient deficiency in India

Nutrient No. of samples analyzed
% are of samples by category
Low Medium High

N 3,650,004 63 26 11
P 3,650,004 42 38 20
K 3,650,004 13 37 50
S 27,000 40 35 25

Source: Motsara (2002)
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in India is 12.796 Mt, and the tappable amount is 8.952 Mt (after 30% deduction). 
The present utilization of organic nutrient resources has been estimated as 3.75 Mt 
(Bhattacharya 2007) of plant nutrient that can be made available for agricultural use 
(Table 3.4). Thus, about 25% of NPK requirement of Indian agriculture could be 
met by properly utilizing various organic resources (cattle dung, farmyard manure 
(FYM), crop residues, urban/rural wastes, and green manuring) which are readily 
available for agricultural use. Hence, there is an urgent need to refine the technolo-
gies available on the utilization of organic resources.

3.6  Components of INM

3.6.1  Balanced Fertilization

Balanced fertilization means rational use of fertilization and organic manures in 
such a manner that would ensure increased crop yields, improve quality of crops 
and cost/benefit ration, and have least adverse effect on the environment. Balanced 
fertilization must be based on the concept of INM for a cropping system (Goswami 
1997) as this is the only viable strategy advocating accelerated and enhanced use of 
fertilizer with matching adoption of organic manures and fertilizers so that produc-
tivity is maintained for a sustainable agriculture. A balanced fertilization could be 
achieved through the application of multinutrients in balanced proportion from fer-
tilizers, organic sources, biological sources, and more accurately and precisely 
through INM on a cropping system basis. Fertilizers continued to be the most 
important ingredient of INM.  The dependence on fertilizers has been increasing 
constantly because of the need to supply large amounts of nutrients in intensive 
cropping with high productivity. Nonetheless, fertilizer consumption is not only 
inadequate but also imbalanced. At present, the consumption ratio of NPK (2016–
2017) was about 7:3:1 against the ideal ratio of 4:2:1. The NPK use ratio is quite 
wide, whereas the application of K, S, and micronutrients is often ignored.

Utilization of fertilizer nutrients by the crops varies from 30 to 50% in the case 
of N, 15–20% in the case of P, and less than 5% in the case of micronutrients. Thus, 

Table 3.4 Available organic nutrients in India

Component Potential availability (Mt) Actual availability (Mt) Nutrient value (Mt)
Crop residue 603.46 201.11 4.865
Animal dung 791.66 287.45 3.474
Green manure 4.46 m ha NA 0.173
Rural 
compost

184.30 184.30 2.580

City compost 12.20 12.20 0.427
Biofertilizer 0.01 0.0094 0.370
Others 96.60 NA 0907
Total 12.796

Source: Bhattacharya (2007)
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a substantial amount of applied nutrients is lost through various pathways. Enhancing 
nutrient use efficiency should, therefore, be a prioritized area of research for the 
restoration and improvement of soil health and minimizing the cost of crop produc-
tion. To increase the fertilizer use efficiency, crop yields and checks further mining 
of those nutrients, which are likely to be deficient in the future, the balanced amount 
of fertilizers based on soil testing should be applied. Long-term fertilizer experi-
ment studies spread over a period of 30 years indicated that the application of bal-
anced fertilizer and INM was the best tool for obtaining sustainability in crop yields 
of soybean and wheat (Tiwari 2008; Yadav et al. 2018a). Adoption of INM for a 
cropping system is the only viable strategy for accelerated and enhanced use of 
fertilizers with matching adoption of organic manures and biofertilizers, so that 
productivity is maintained for sustainable agriculture. Low or imbalanced fertilizer 
application is one of the important reasons for the low productivity (Singh et al. 
2006; Meena and Lal 2018). Balanced fertilization along with organic manures and 
biofertilizers would be helpful to sustain crop yields and maintain soil fertility.

3.6.2  Organic Resources (Organic Manures, Crop Residues, 
Composts, Animal Dung, etc.)

Uses of chemical fertilizers alone deteriorate soil fertility and create unfavorable 
soil physical, chemical, and biological conditions in the intensive cropping system. 
It can be overcome by use of organics along with fertilizers for health and sustaining 
crop production. Organic manures have been the time-tested materials for improv-
ing the fertility and productivity of soils. Organic manures not only supply macro- 
and micronutrients but also help improving the physical, chemical, and biological 
conditions of the soils, and ultimately NUE would be improved. These manures, 
besides supplying nutrients to the first crop, also leave substantial residual effect on 
the succeeding crops in the system. Use of organic manures has been continuously 
declining in Indian agriculture.

3.6.2.1  Organic Manures (Long-Term Experiment (LTE) Results)
The findings of LTEs carried out under AICRP-IFS (AICRP-CS Annual Reports 
1992–1993 to 2001–2002) showed that a part of fertilizer N requirements of mon-
soon crop can be met by adding FYM with the annual production either at par with 
fertilizer application alone at recommended levels or slightly higher with the INM 
package (Table 3.5). It was further noticed at few locations that the fertilizer require-
ments of the winter wheat could be reduced to about 25% by substituting 25% N 
needs of the preceding monsoon crop through FYM. Eight years of study on INM 
in rice-wheat systems at Jabalpur (Vertisols) revealed that conjunctive use of 5  t 
FYM and 6 t green manure (Parthenium) with 90 kg N ha−1 not only sustained the 
productivity but also saved nearly 90–100 kg fertilizer N ha−1 year−1. In addition to 
saving N, INM practices also improved the soil organic carbon and nutrient (avail-
able P and K) status of the soil (Table 3.6).
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Similar kind of advantageous effect of conjoint use of fertilizers and FYM was 
recorded in soybean/maize-wheat (Table 3.7) and other cropping systems (Singh 
et al. 2012a, b; Sudhir et al. 2004; Ashoka et al. 2017). Integration of NPK with 
FYM further increased the yield of both soybean and wheat. At Ranchi, use of lime 
as an ingredient of INM also significantly improved the productivity of the system.

The LTEs at Pantnagar (Mollisols), Barrackpore (Inceptisols), and Raipur 
(Vertisols) revealed that incorporation of FYM along with NPK gave the highest 
production of rice-wheat system (Singh et al. 2012b; Kumar et al. 2017b). Similar 
trends in the yield were also noted at the other locations. Combined use of fertilizers 
and organic manure (FYM) increased the productivity of the system with a signifi-
cant residual effect on the subsequent wheat crop.

An LTE was initiated in winter 1967 to study the savings in fertilizer N at various 
doses of FYM and their modes of application in pearl millet-wheat cropping sys-
tem. Results indicated the superiority of the combined use of FYM and N fertilizer 
in increasing the yield of both pearl millet and wheat crops compared to the applica-
tion of fertilizer alone. Yield of both the crops responded linearly up to 120 kg N ha−1 

Table 3.6 Average productivity (t ha−1) of rice-wheat system and nutrient content under 7 years 
of INM in a vertisol (Jabalpur)

Treatment Rice (t ha−1) Wheat (t ha−1)
Soil nutrient content after 7 years
Org. C (%) P (kg ha−1) K (kg ha−1)

N90 4.42 4.19 0.58 21.1 138
N180 5.08 4.70 0/71 18.7 125
N90 + FYM 4.95 4.49 0.74 40.1 230
N90 + GM 4.58 5.07 0.72 39.1 240
Initial 0.60 19.5 195

Source: Singh and Wanjari (2007); Singh et al. (2001); Singh et al. (2002)

Table 3.5 Effect of integrated nutrient supply through fertilizers and FYM on the productivity of 
crops under AICRP-CS

Treatment Grain yield (t/ha)
Monsoon Winter Monsoon Winter Total
Parbhani (sorghum (Sorghum bicolor)-wheat) av. of 7 years
100% NPK 100% NPK 2.97 2.64 5.62
50% NPK+ 50% N (FYM) 100% NPK 2.85 2.78 6.53
Hanumangarh (pearl millet (Pennisetum glaucum L.)-wheat) av. of 5 years
100% NPK 100% NPK 2.72 3.61 6.33
50% NPK+ 50% N (FYM) 100% NPK 2.56 2.40 6.38
Ranchi (maize (Zea mays L.)-wheat) av. of 8 years
100% NPK 100% NPK 2.92 2.71 5.63
75% NPK+ 25% N (FYM) 100% NPK 3.30 2.40 5.70
Varansi (rice-wheat) av. of 5 years
100% NPK 100% NPK 4.33 3.67 8.00
50% NPK+ 50% N (FYM) 100% NPK 4.71 4.02 8.72

Source: AICRP-IFS Reports (2005–2010); Das et al. (2014)
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at all FYM doses ranging from 0 to 90 t ha−1 year−1 (Table 3.8). It may be due to the 
increased demand of N or by increased losses of N with the addition of 
FYM. Application of FYM to the winter (rabi) season crop has been found to be 
better as compared to the summer (kharif) season (Antil et al. 2011; Meena et al. 
2016a). It might be due to higher losses of nutrients from the summer-applied 
manure owing to higher temperature.

To study the contribution of FYM on the grain yield of pearl millet and wheat 
crops, a linear regression was fitted between the intercept of the linear model and 
the soil organic C content. It has been observed that each unit (0.1%) increase in the 
soil C content increased the productivity of pearl millet by 272.6 kg ha−1 and that of 
wheat by 1590.9  kg  ha−1 (Fig.  3.1). Thus, the demand for N by the crops has 
increased which affected the response. The unit response to fertilizer N (slope of the 
linear model) was also plotted against the soil C content. It was observed that in the 
case of pearl millet, the slope also increased linearly with increasing soil C content, 
but in the case of wheat, there was no specific trend (Fig. 3.1). Better R2 values in 
wheat crop were due to the better season for its growth rather than pearl millet, 
which used to be influenced by rainfall. This experiment was started with a view to 
save fertilizer N as a consequence of FYM application. But the yield data indicated 
that by fixing the productivity of the cropping system, we can save fertilizer N, but 
due to the economic returns from the fertilizer N application, it is not worthwhile to 
reduce the N supply. However, we can save all other nutrients except N by applying 
FYM (Antil et al. 2011; Meena and Yadav 2014).

Keeping the results of the above LTE initiated in winter 1967, another LTE was 
initiated in 1995 to evaluate the impact of continuous application of fertilizers and 
organic manures (FYM, poultry manure, and press mud) in pearl millet-wheat crop-
ping system. The lowest grain yield of pearl millet and wheat crops was recorded 
when either 15 t FYM or 7.5 t press mud or 5 t poultry manure ha−1 was applied 
alone (Table  3.9). However, a significant increase in yield was obtained when 
organic manures were applied in combination with the recommended dose of N, 
which was comparable with the recommended dose of applied NP alone or NP 
applied in combination with organic manures, indicating that the amount of N 

Table 3.7 Effect of INM on the productivity (t/ha) of soybean/maize-wheat system under LTFE 
at different locations

Treatments
Ranchia Jabalpurb Palampurc

1972 to 2009 1972 to 2009 1999 to 2009
Unfertilized 0.61 0.69 0.81 1.24 0.29 0.38
100% N 0.29 0.39 1.02 1.67 0.42 0.37d

100% NP 0.87 2.45 1.65 4.07 2.00 1.64
100% NPK 1.50 2.80 1.82 4.42 3.24 2.29
NPK + FYM 1.87 3.33 2.00 4.85 4.66 3.10
NPK + lime 1.80 3.17 – – 4.11 2.85
CD (P = 0.05) 0.21 0.39 0.26 0.44 0.71 0.50

Source: aMahapatra et al. (2007); bDwivedi et al. (2007); cSharma et al. (2005)
dAt present yields are zero
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released by organic manures was not good enough to meet the remaining N require-
ment of the crop (Kumara et al. 2013; Datta et al. 2017b). Organic manures applied 
to the wheat crop also had a subsequent effect on the pearl millet crop.

The results of 3 years of field demonstrations at a farmer’s field indicated that the 
application of 15 t FYM ha−1 year−1 in conjunction with RDF increased the produc-
tivity of different cropping systems (pearl millet-wheat, wheat-cotton, rice-wheat) 
compared to the application of RDF alone (Antil and Narwal 2007; Meena et al. 
2015d). In addition to yield gains, integrated use of FYM and fertilizers improved 
the fertility status of the soil.

Singh et al. (2012a) evaluated the effect of balanced and imbalanced application 
of plant nutrients made in the rice-wheat system on crop productivity and soil 
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Fig. 3.1 Influence of organic C on the intercept (left) and slope (right) of linear model in pearl 
millet and wheat after 30 cycles of pearl millet-wheat cropping system (Gupta et al. 2003)

Table 3.9 Grain yield of pearl millet and wheat under different combinations of organic manures 
and fertilizers (average from 2000–01 to 2013–14)

Organic manures Fertilizer (kg ha−1) Yield (q ha−1)
Type of manure Dose (t ha−1) N P2O5 Pearl millet Wheat
No manure 0 75 30 18.7 33.6

0 150 60 22.8 47.2
FYM 15 0 0 15.6 23.9

15 150 0 23.8 50.0
15 150 30 25.6 54.2

Poultry manure 5 0 0 16.0 25.4
5 150 30 24.0 48.0

Press mud 7.5 0 0 16.5 24.9
7.5 75 30 23.2 42.2
7.5 150 30 25.9 51.4

LSD (P = 0.05) 2.12 2.61

Source: Kumara et al. (2013)
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health. The treatments included various combinations of plant nutrients and are 
shown in Table 3.10. The trend in rice grain yield over a 13-year period varied mark-
edly depending upon the nutrient management practices (Table 3.11). The rice grain 
yield decreased significantly in all the treatments where an imbalanced application 
of fertilizer nutrient was made. The rate of yield decline was lowest in control 
(0.055  t ha−1 year−1) and highest in T4 (0.134  t ha−1 year−1) treatment. The grain 
yield of rice in T1, T2, T3, and T4 treatments decreased linearly with time, and this 
declining trend was significant (Table 3.11). The relationship between the initial 
yield and the yield decline in selected treatments was found significant with the R2 
values of 0.958 (Fig. 3.2). The decline in the rice grain yield in the present study can 

Table 3.11 Average yield and yield trends of rice in long-term experiment (1997–2009) as 
affected by different nutrient management practices

Treatment Average yielda t ha−1 Yield change, slope t ha−1 t statistics P value
T1 3.35 −0.055 −3.460 0.005

T2 6.54 −0.114 −8.357 0.004

T3 6.76 −0.132 −10.905 0.003

T4 6.82 −0.134 −11.413 0.002

T5 8.17 0.053 3.123 0.009
T6 8.92 0.054 1.439 0.045
T7 8.24 0.074 2.640 0.022
T8 8.22 0.048 3.312 0.002
T9 8.30 0.037 1.559 0.046

Source: Singh et al. (2012a)
aAverage of 13 years of cropping

Table 3.10 Treatment 
combinations and rates of 
nutrient and organic manures 
applied to rice and wheat 
crop each year

Treatment no.
Treatment applied to
Rice Wheat

T1 Control Control
T2 N150 N150

T3 N150 P75 N150 P75

T4 N150 P75K75 N150 P75K75

T5 N∗150 P∗75K∗75Zn∗25 N150 P75K75

T6 N150 P75K75Zn25 + 15 t FYM 
ha−1

N150 P75K75

T7 N150 + 7.5 t press mud ha−1 N150 P75K75

T8 N75 P37.5K37.5Zn25 + 20 t green 
manure ha−1

N150 P75K75

T9 N150 P75K75Zn25 + 7.5 t burnt 
rice husk ha−1

N150 P75K75

∗N, P, K, and Zn stand for N, P2O5, K2O, and ZnSO4, respec-
tively, and applied in kg ha−1 fertilizers. On the other hand, plots 
receiving combined application of inorganic fertilizers and 
organic manures received substantial amounts of micronutrients 
through manures
Source: Singh et al. (2012a)
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be attributed to the gradual decline in soil organic carbon and decreased availability 
of micronutrients, particularly that of Zn. The rice grain yield tended to increase 
with time in all the treatments where a balanced dose of chemical fertilizers alone 
(T5) or their combined use with organic manures was made (T6, T7, T8, and T9). 
However, the magnitude of increase was more in FYM and press mud-amended 
treatments.

Thirteen years of continuous cropping without the application of adequate quan-
tity of nutrients or their imbalanced application (T1, T2, T3, and T4) resulted in a 
significant decrease in grain yield of wheat with time (Singh et al. 2012a; Meena 
et  al. 2015e; Kumar et  al. 2018b) and ranged from 0.038  t  ha−1  year−1 in T1 to 
0.116  t ha−1 year−1 in T4 treatment (Table 3.12). The decline in wheat yield was 
significantly correlated (R2 = 0.963) with the initial yield (Fig. 3.3). The data on soil 
fertility parameters suggested that a gradual decline in soil organic matter and avail-
able Zn content of the soil were mainly responsible for the declining trend in rice 
and wheat yield. The wheat grain yield remained almost stable in treatments which 
received balanced application of nutrients (T5) or their application with organic 
manure in preceding rice crop (FYM, press mud, and green manure) indicating a 
positive effect on the succeeding wheat crop.

Fig. 3.2 Relationship between first year (1997) rice yield and rice yield decline over 13-year 
period under selected treatments (Singh et al. 2012a)
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3.6.2.2  Crop Residues
Crop residues are good sources of plant nutrients and are important components of 
INM. Crop residues, besides supplying nutrients to the current crop, leave sustain-
able residual effect on succeeding crop in the system. Recycling of crop residues is 

Table 3.12 Average yield and yield trends of wheat in long-term experiment (1997–1998 to 
2009–2010) as affected by different nutrient management practices

Treatment Average yielda t ha−1 Yield change, slope t ha−1 t statistics P value
T1 1.65 −0.038 −6.995 0.002

T2 4.19 −0.094 −11.765 0.001

T3 4.26 −0.105 −10.124 0.006

T4 4.33 −0.116 −9.822 0.008

T5 5.33 −0.026 −1.108 0.291

T6 5.80 −0.017 −0.585 0.569

T7 5.56 −0.013 −0.587 0.469

T8 5.60 −0.014 −0.556 0.588

T9 5.53 −0.032 −1.169 0.266

Source: Singh et al. (2012a)
aAverage of 13 years of cropping

Fig. 3.3 Relationship between first year (1997–1998) wheat yield and wheat yield decline over 
13-year period under selected treatments (Singh et al. 2012a)
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a viable strategy to meet at least a part of the nutrient requirement of different crops 
under various cropping systems. Total crop residue available in India is 603.46 Mt, 
out of which 201.11 Mt is available as nutrient for recycling with 4.865 Mt nutrient 
value (Bhattacharya 2007). About 30% N, 60–70% P, and 75% K-contained crop 
residues are available to the first crop and the rest to the subsequent crop. Crop resi-
due addition improves the soil organic matter content, nutrient use efficiency, soil 
physical properties (structure and moisture retention), and microbial and enzymatic 
activity (Antil and Narwal 2007; Yadav et al. 2017b). Residue management under 
INM has considerable effect on soil microbial biomass C, which was enhanced if 
the residue is incorporated with the use of green manure (Jaipaul and Negi 2006; 
Meena et al. 2018a).

Disposal of rice straw in Trans- and Upper Gangetic Plains has emerged as a 
great problem. In these combined-harvested areas, farmers opt to burn the residues 
in situ, losing precious nutrients on one hand and polluting environment on the 
other. Recycling these residues back to fields helps to build stable organic matter in 
the soil and also to sustain crop yield levels. Stubbles left in the field even in tradi-
tional harvesting methods range from 0.5  to 1.5  t ha−1 in case of different crops. 
When mechanical harvesting is done, this amount is much greater. Stubbles of 
coarse cereals such as sorghum, maize, pearl millet, etc., which are difficult to 
decompose, are normally collected and burnt during land preparation causing sig-
nificant loss of plant nutrients. A 7-year study (Yadvinder-Singh et al. 2004) dem-
onstrated that rice and wheat productivity was not adversely affected when rice 
residue was incorporated at least 10 days, preferably 20 days, prior to the establish-
ment of the succeeding crop. This study showed that rice residue decomposition of 
about 25% during the pre-wheat fallow period was sufficient to avoid any detrimen-
tal effects on wheat yields.

3.6.2.3  Composts
The average quantity of rural and urban compost in India is 184.3 and 12.2 Mt hav-
ing nutrient values of 2.56 and 0.427 Mt, respectively (Bhattacharya 2007). The 
effects of enriched (consists of cow dung, crop residue, rock phosphate, pyrite, urea) 
phosphocompost and ordinary compost were compared with FYM and biogas slurry 
with and without fertilizer in groundnut-wheat cropping system. It was observed 
that the pod yield of groundnut increased by 52% due to the application of enriched 
compost when supplemented with 50% NPK over ordinary compost (Antil and 
Narwal 2007; Meena et al. 2015c; Sofi et al. 2018). The grain and straw yields of 
wheat were significantly higher with the agro-industrial waste composts (sewage 
sludge, distillery effluent, press mud, and poultry waste composts) as compared to 
their raw materials. Compost-fertilized wheat grain yields were increased by 118% 
with poultry waste compost followed by press mud compost and recommended 
dose of NPK fertilizer when compared with unfertilized control (Table 3.13). Agro- 
industrial waste composts applied with NK (recommended dose) fertilizers except 
distillery effluent compost produced wheat grain yield comparable to that obtained 
with NPK (recommended dose) fertilizers, indicating a net saving of 100% of P 
fertilizer. Hence, instead of using fertilizer alone, the integrated use of compost and 
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fertilizer could be more effective and sustainable for wheat productivity (Antil et al. 
2013; Dadhich and Meena 2014).

3.6.2.4  Animal Dung
Total population of animal in India is 920.63 million with the dung production of 
791.66 Mt having a nutrient (NPK) availability of 3.474 Mt. It has been estimated 
that about one third of the cattle dung produced is recycled in the fields, and the rest 
is burnt to meet the fuel demand which is a big loss. If this dung is properly man-
aged, then the productivity of the soil can be increased. Therefore, farmers should 
be provided alternate sources of energy for cooking so that maximum dung could be 
used as manure. This problem can be solved if the dung is used in biogas plant. The 
major problem of direct application of biogas slurry is its transportation; however, 
the manurial value of biogas slurry is better than that of the compost. This problem 
can be managed by having two decomposing pits on both sides of the slurry outlet. 
The capacity of the pits should be sufficient to accommodate 6- month slurry, and 
all the wastes of the farm and household should be added it to be recycled. In this 
way, the farmers living in their farms can easily handle their dung properly.

3.6.3  Green Manuring

Green manures mobilize soil nutrient reserves, create conducive environment for 
soil microbes, and save on mineral nitrogen by fixing atmospheric N. Green manur-
ing of dhaincha (Sesbania aculeata), mungbean (Vigna radiata), cowpea (Vigna 
unguiculata), and sun hemp (Crotalaria juncea) after harvesting of wheat in rice- 
growing areas of India saves 40–60 kg N ha−1 and maintains soil fertility (Antil and 

Table 3.13 Effect of different composts, organic amendments, and chemical fertilizer on grain 
and straw yield of wheat

Treatment
Yield (g pot−1)
Grain Straw

Unfertilized control 3.63b∗ 4.86b
Sewage sludge 4.26c 6.48c
Sewage sludge compost 7.05g 9.28f
Distillery effluent 3.45b 4.53a
Distillery effluent compost 5.70e 6.81d
Press mud 5.73e 7.02d
Press mud compost 7.21g 10.05g
Poultry waste 6.45f 9.05f
Poultry waste compost 7.92h 10.86h
Chemical fertilizer (120 kg N + 60 kg 
P2O5 + 60 kg K2O ha−1)

7.14g 10.24g

LSD (P = 0.05) 0.32 0.30

Source: Antil et al. (2013)
∗Different small letters within columns indicate significance at P < 0.05
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Narwal 2007; Verma et al. 2015c). Application of fertilizers (N150P75K75Zn25) along 
with 15 t FYM ha−1 treatment produced higher yield than any other organic-amended 
treatment. Application of 50% of RDF (N75P37..5K37..5Zn25) with dhaincha green 
manuring produced rice grain yield comparable to that obtained with 100% of RDF 
(N150P75K75Zn25), indicating a saving of approximately 50% of fertilizers (Singh 
et al. 2012a; Dhakal et al. 2016; Kakraliya et al. 2018). The residual effect of FYM, 
press mud, green manuring, and burnt rice husk was also observed on the grain yield 
of succeeding wheat crop and resulted in an increase of 3.5, 2.8, 3.3, and 1.2 q wheat 
grain ha−1, respectively.

3.6.4  Biofertilizers

Biofertilizers are cost-effective, eco-friendly, and renewable sources of plant nutri-
ents to supplement chemical fertilizers in sustainable agricultural system. 
Biofertilizers have an important role in improving the nutrient supply and their 
availability for crop production. They help in increasing the biologically fixed atmo-
spheric N and enhancing native P availability to crop. Rhizobium is the most well- 
known bacterial species that acts as the primary symbiotic fixer of N. Rhizobium is 
a potential biofertilizer for legumes, which saves about 25–50% of recommended 
dose of N and enriches soil with N for the succeeding crop. The free-living N-fixer, 
Azotobacter, imparts positive benefits to the crops through small increase in N input 
from BNF; development and branching of roots; production of plant growth hor-
mones; enhancement in N, P, K, and Fe uptake; improved water status of the plants; 
increased nitrate-reductase activity; and production of antifungal compounds. 
Bacterial cultures of Pseudomonas and Bacillus species and fungal culture of 
Aspergillus species help to convert insoluble P into plant-usable forms and thus 
improve phosphate availability to the crops. Similarly, fungi like vesicular arbuscu-
lar mycorrhizae (VAM) increase nutrient uptake particularly that of P due to the 
increased contact of roots with a larger soil volume. Combined application of 20 t 
FYM ha−1 + 100% RDF + Azotobacter spp. + Pseudomonas striata recorded signifi-
cantly higher shelling (%), protein content, oil yield, and pod and haulm yield over 
control and application of only FYM (@ 10 t ha−1) + Azotobacter spp. + Pseudomonas 
striata + 50% RDF (Ghosh et al. 2005; Meena et al. 2016b). The use of biofertiliz-
ers should be done along with fertilizers and organic manures in legume and 
nonlegume- based cropping systems in order to sustain the crop productivity.

3.6.5  Legumes in Rotation

Green manuring with leguminous crops is not only beneficial in enhancing the yield 
but also improving the fertility of soil. Incorporation and decomposition of legumes 
have a solubilizing effect of N, P, K, and micronutrients (Zn, Mn, Fe, and Cu) in the 
soil and mitigate the deficiency of different nutrient elements by way of recycling of 
nutrients, reducing the leaching and gaseous losses of N and increasing the 
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efficiency of applied plant nutrients. Sun hemp (Crotalaria juncea) and dhaincha 
(Sesbania aculeata) are the most important common green manure crops. Legumes 
could prove an important ingredient of INM when grown for grain or fodder in a 
cropping system or when introduced for green manuring. Legumes grown as green 
manure, forage, or grain crops improved the productivity of the rice-wheat cropping 
system (RWCS) and rejuvenated soil fertility (Yadav et  al. 2000; Verma et  al. 
2015b).

In the rice-wheat cropping sequence, incorporation of mungbean residues after 
picking the pods significantly increased the yield over fallow treatment. The legume 
should be introduced in cereal-based crop rotations; it would increase the yield and 
nutrient use efficiency in succeeding crops following legume and also reduce the 
mining of N from soils. Studies on INM in rice-groundnut system in acidic soils 
revealed that use of green manure along with blue green algae gave similar yield as 
was obtained with 60 kg ha−1 fertilizer N and maintained higher available nutrient 
throughout the year (Ghosh et al. 2005; Meena et al. 2014).

Results from AICRP-IFS indicated that about 25 to 50% N can be saved under 
rice-wheat, rice-rice, rice-maize, maize-wheat, pearl millet-wheat, and sorghum- 
wheat cropping systems by growing mungbean as a catch crop. In spite of this, it is 
very difficult to accommodate a green manure crop within intensive cropping sys-
tems, and farmers are not interested to grow green manure crop as there is no direct 
cash benefit. Under such situations, growing a mungbean crop in summer and incor-
poration of the aboveground green biomass after picking of pod may serve as green 
manuring (Dwivedi et al. 2002; Datta et al. 2017a; Layek et al. 2018).

3.7  Effect of INM on Soil Health

3.7.1  Soil Physical Properties

Among the different physical properties of soil, bulk density (BD) has been consid-
ered as an important parameter for the assessment of soil health, mainly due to its 
relationships with the other soil state (strength and porosity) and rate (moisture 
retention and flow characteristics) variables. Soil aggregation, a physical property 
related to soil structure, is greatly influenced with the addition of organic resources. 
Hati et  al. (2006) reported that addition of NPK along with FYM significantly 
improved soil aggregation, soil water retention, microporosity, and available water 
capacity and reduced the BD of the soil at 0–30 cm depth (Hati et al. 2006). The 
study suggests that addition of balanced fertilizers along with organic manures sus-
tains a better soil physical environment and higher crop productivity. Das et  al. 
(2014) reported that application of NPK fertilizers along with FYM or green gram 
residue + FYM or cereal residue improved the soil aggregation and structural stabil-
ity and resulted in a higher C content in macroaggregates under the rice-wheat crop-
ping system. The hydraulic conductivity (HC), water-stable aggregates 
(WSA) > 0.25 mm, and mean weight diameter (MWD) increased significantly with 
the addition of FYM. However, the addition of FYM reduced the BD. The values of 
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HC, WSA > 0.25 mm, and MWD were significantly higher when FYM was applied 
in both (rabi and kharif) the seasons compared to that applied either in rabi or kharif 
season (Antil et al. 2011; Kumar et al. 2018a). HC; moisture retention at 0, 0.1, 0.3, 
and 1.0  bar; and infiltration rate (IR) significantly increased with the increasing 
levels of FYM after 23 cycles of pearl millet-wheat cropping system (Table 3.14). 
On the other hand, dispersion percentage and BD decreased significantly with the 
application of FYM. Organic C (OC) was positively correlated with IR (r = 0.97), 
HC (r = 0.89), and moisture retention (r = 0.94) and negatively with BD (r = −0.93) 
and dispersion percentage (r = −0.75).

No significant differences in soil pH and EC were observed under different treat-
ments after completion of the fourth cropping cycles; however, BD of soil almost 
remained close to the initial value under 100% organic and INM (50% organic 
+50% inorganic) treatments (Dubey et  al. 2014; Meena et  al. 2015b), while an 
increase in BD was observed under 100% inorganic applied treatment (Table 3.15).

The soil strength and IR increased significantly by incorporating green manure, 
wheat cut straw, and FYM in the fertilization schedule (Table 3.16). However, a 
reduction in BD was observed (Walia et al. 2010). Combined use of NPK and FYM 
in soybean (Glycine max)-wheat system resulted in 5.6% lower BD than NPK alone 
after the fourth cropping cycle (Bandyopadhyay et al. 2010; Yadav et al. 2018b). 
Reductions in BD due to the application of cattle manure (Nyamangara et al. 2001), 
poultry manure (Tejada and Gonzales 2008), and FYM (Bandyopadhyay et  al. 
2011) in LTEs have been observed. These reductions in BD could likely be attrib-
uted to the higher organic matter built up in soil (Hati et  al. 2006; Varma et  al. 
2017a), better aggregation and consequent increase in total porosity, decrease in the 
degree of compaction (Leroy et al. 2008; Meena et al. 2018c), and increased root 
growth (Bandyopadhyay et al. 2010; Ram and Meena 2014).

3.7.2  Soil Chemical Properties

Several studies have shown that the application of organic manure in conjunction 
with fertilizers increased the soil OC and available N contents and their fractions 
more effectively than the application of fertilizers alone (Gong et al., 2009; Bijay- 
Singh 2018a; Meena et al. 2015a). Continuous application of FYM for a period of 
33 years in pearl millet-wheat cropping system increased OC and available P and K 
content of the soil. Initial level of P and K of soil can be maintained with the appli-
cation of 8.2 and 2.4 t FYM ha−1 year−1, respectively (Antil et al. 2011; Meena et al. 
2017c). Due to the linear response of N application up to 120 kg N ha−1 in the plots 
receiving 90 t FYM ha−1, the savings in fertilizer N is not possible. These results 
indicate that application of 15 t FYM ha−1 year−1 is sufficient to maintain the nutri-
ent (except N) status of P and K of soil to its initial level. Hence, the application of 
P and K fertilizers can be avoided with the application of organic manures.

Application of NP fertilizers for 16 years in pearl millet-wheat cropping system 
decreased the OC content of soil from its initial level. However, the application of 
organic manures alone or in combination with NP fertilizers increased the OC 
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significantly (Table 3.17). Application of organic manures with or without NP fertil-
izers could not sustain the initial level of N. However, soil fertility with respect to P, 
K, and micronutrients can be maintained with the application of organic manures 
(15 t FYM or 7.5 t press mud or 5 t poultry manure ha−1 year−1) in conjunction with 
the recommended dose of N under pearl millet-wheat cropping systems. Hence, the 
application of P, K, and micronutrient fertilizers can be avoided with the application 
of organic manures (Kumara et al. 2013; Dadhich et al. 2015; Mitran et al. 2018). 
These results confirm the findings of the long-term experiment initiated in 1967 that 
we can save 100% of P, K, and micronutrient fertilizers, but we cannot save N 
through the combined application of organic manures with NP fertilizers.

The soil OC stock and C sequestration rate were calculated after 16 cycles of 
pearl millet-wheat cropping sequence. The results indicated that the soil OC stock 
decreased with greater magnitude (26, 127.4 kg ha−1) in 75 kg N + 30 kg P2O5 ha−1 
for 16 years (Table 3.18), whereas it was 71, 129.9 kg ha−1 with 15 t FYM ha−1. 

Table 3.15 Effect of different nutrient management treatments on the properties of the soil on 
completion of fourth cropping cycle

Treatment pH

EC 
(dS 
m−1)

OC 
(g kg−1)

BD 
(Mg m−3)

Available N 
(kg ha−1)

Available P 
(kg ha−1)

Available K 
(kg ha−1)

Initial 7.4 0.51 7.0 1.35 264 12.6 282
100% 
organic

7.2 0.49 7.8 1.36 288 13.0 297

100% 
inorganic

7.2 0.51 7.1 1.40 271 12.4 271

50% organic 
+50% 
inorganic

7.2 0.50 7.4 1.37 278 12.7 291

Source: Dubey et al. (2014)

Table 3.16 Effect of chemical fertilizers and organic manures on the physical properties of soil 
measured in 2007 after 23 years of cropping

Fertilizer rate (% of 
recommended NPK)

Bulk density (Mg m−3) Soil strength (MPa)
Infiltration rate 
(cm h−1)Rice Wheat

Control Control 1.45 1.30 2.72

100 100 1.46 1.43 6.06
50 + 50% N 
(FYM)

100 1.39 0.97 4.48

50 + 50% N 
(WCS)

100 1.42 1.07 3.24

50 + 50% N 
(GM)

100 1.41 1.03 4.24

LSD (0.05) 0.02 0.17 0.114

Source: Walia et al. (2010)
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Taking into consideration the amount of FYM, poultry manure and press mud were 
added during the period of 16 years of soil OC stock of soil such as 71, 129.9, 36, 
288.0, and 49, 448.4 kg ha−1, respectively (Kumara et al. 2014; Meena et al. 2017a). 
The major portion of soil OC is retained through clay-organic matter interactions, 
indicating the importance of the inorganic part of the soil as substrate to bind the 
organic carbon. However, recommended doses of NP fertilizers tended to have more 
soil OC stock in soil compared to half recommended doses of NP fertilizers and 
further increase of soil OC stock in combined application of fertilizers with FYM, 
poultry manure, and press mud.

The C sequestration rate was shown in negative trends with greater magnitude 
(−18.8 kg ha−1  year−1) in 75 kg N + 30 kg P2O5 ha−1 for 16 years (Table 3.18), 
whereas it was 387.5 kg ha−1 year−1 with 15 t FYM ha−1. Taking into consideration 
the combined application of fertilizers with FYM, poultry manure and press mud 
were added during the period of 16 years of C sequestration rate of soil, such as 
456.3, 118.8, and 225.0  kg  ha−1  year−1, respectively (Kumara et  al. 2014). The 
increase in C sequestration rate of soil with the addition of organic manures plus NP 
fertilizers might be due to better crop growth with accompanying higher root bio-
mass generation and higher return of plant residues on the surface. The study estab-
lished that the regular application of recommended doses of NP fertilizer under 
pearl millet-wheat cropping sequence reduced the negative soil OC trends.

Application of FYM as a component of INM increased the OC content of the 
soil, and the increase ranged from 0.03 to 0.06% year−1 under different cropping 
systems (pearl millet-wheat, wheat-cotton, rice-wheat). The cumulative increase in 
OC content of the soil under different cropping systems (pearl millet-wheat, wheat- 
cotton, rice-wheat) has been presented in Fig. 3.4a. The available P content of the 
soil also increased in all the demonstrations at the farmer’s field in all the cropping 

Table 3.18 Long-term effects of organic manures and fertilizers on soil organic carbon stock 
(kg ha−1) and carbon sequestration rate (kg ha−1 year−1) in surface soil (0–15 cm) after 16 cycles of 
pearl millet and wheat cropping sequence

Organic manures
Fertilizer 
(kg ha−1)

Soil OC stock C sequestration rateType of manure Dose (t ha−1) N P2O5

No manure 0 75 30 668 −18.8
0 150 60 774 25.0

FYM 15 0 0 1818 387.5
15 150 0 1764 368.8
15 150 30 2016 456.3

Poultry 5 0 0 972 93.8
Manure 5 150 30 1044 118.8
Press mud 7.5 0 0 1314 212.5

7.5 75 30 1368 225.0
7.5 150 30 1350 231.3

LSD (P = 0.05) 112 17.3

Source: Kumara et al. (2014)
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systems, and the rate of increase was ranging from 0.9 to 3.3 kg ha−1 year−1. The 
cumulative increase in the available P content of the soil has been presented in 
Fig. 3.4b. Continuous application of FYM can increase the available P content of 
the soil to a level, which is sufficient to meet the requirement of the wheat crop. The 
maintenance of the available K content of the soil with fertilizer application is very 
difficult because it leads to luxury consumption. It has been observed in the long- 
term field experiments as well as in the demonstrations at farmer’s fields that there 
is sufficient buildup of the available K content of the soil due to the application of 
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FYM. The rate of increase ranged from 25 to 109 kg ha−1 year−1. The cumulative 
increase in the available K content of the soil has been presented in Fig. 3.4c. It has 
been observed that the plots receiving FYM did not show the deficiency of Zn and 
Fe in any crop.

It exhibits not only the higher productivity and maintenance of soil fertility but is 
also economical, and the benefit/cost ratio of FYM use ranged from 2.07 to 3.5 
(Antil and Narwal 2007; Sihag et  al. 2015) in different cropping systems (pearl 
millet-wheat, wheat-cotton, rice-wheat) (Fig. 3.5). Thus, this technology can be eas-
ily followed by the farming community for increasing the productivity of different 
cropping systems.

The application of N alone or in combination with P or NPK or NPKZn main-
tained the initial levels of available N after 13 cycles of rice-wheat cropping (Singh 
et al. 2012a; Yadav et al. 2017a). The combined application of inorganic fertilizers 
and FYM or press mud or green manure (T6 to T8) increased the available N signifi-
cantly over the initial level, and this increase varied from 14 to 24 kg ha−1. The 
available P content of the soil decreased significantly in control (T1) and in T2 treat-
ment where no P application was made. However, application of P through mineral 
fertilizers (T3, to T5) or its combined use with organic manures (T6 to T9) showed an 
increase of 6–18 kg ha−1 in available P. Application of K through inorganic fertil-
izers alone (T4 and T5) or their combined use with organic sources showed an 
increase of 54–76 kg ha−1 in the available K status of the soil, while in the absence 
of K application (T1 to T3), the available K content decreased between 81 and 
101  kg  ha−1 over its initial value in 13  years of continuous rice-wheat cropping 
(Singh et al. 2012a; Meena et al. 2017b).

Seven years of rice-wheat cropping system without any fertilizers or organic 
amendments decreased (4.4 to 3.5 g kg−1) the total soil C significantly over its initial 
level (Sekhon et al. 2009; Verma et al. 2015a). It indicates that C added through 
plant residues in the rice-wheat cropping system was not sufficient to maintain the 
soil C content to its initial levels.

Thirteen years of rice-wheat cropping system without any fertilization also 
decreased the OC content of soil from its initial status of 4.2 g kg−1 soil to 3.0 g kg−1 
soil (Table  3.19). Balanced application of inorganic fertilizers (T5) resulted in 
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significantly higher accumulation of soil OC as compared N150 (T2), N150P75 (T3), 
and N150P75K75 (T4) treatments.

Continuous application of FYM (T6), press mud (T7), and green manure (T8) for 
13 years increased soil OC by 1.9, 2.4, and 0.7 g kg−1, respectively, in surface soil 
over inorganic fertilizer-only treatment (T5). This increase in soil carbon accounted 
for 14.5, 15.8, and 5.3% of C added through FYM, press mud, and green manure, 
respectively. The available N decreased significantly with time in control over their 
initial status in soil (Table 3.13). Application of organic manures in conjunction 
with fertilizer under rice-wheat cropping system improved the OC, available P, K, 
and the micronutrient content of the soil.

Thirty-one years of maize-wheat-cowpea (fodder) cropping system influenced 
the soil OC (0–30 cm soil depth) significantly. The highest (6.5 g kg−1) soil OC 
(0–15 cm) was observed in the NPK + FYM treatment. Significantly higher soil OC 
was found in the NPK treatment as compared to the control and N treatment. The 
soil OC was similar to the initial level (4.4 g kg−1) in the control and N-fertilized 
plots after 31 years, whereas in FYM and NPK + FYM treatments, the soil OC 
increased over the initial level by 38.6 and 63.6%, respectively (Hati et al. 2006; 
Kumar et al. 2017a).

Bijay-Singh (2018b) did a meta-analysis of the data published on crop yields and 
soil parameters in maize-wheat, rice-rice, and rice-wheat cropping systems from 
LTEs. The buildup of soil OC in the upland system was less as compared to the 
lowland systems. The application of the recommended doses of NPK fertilizers 
resulted in the buildup of soil OC over no-fertilizer application in all the three crop-
ping systems (Table 3.20). Decrease in soil OC content in the no-fertilizer applica-
tion (control) from the initial values might be due to cultivation of the soil in the 
maize-wheat cropping system.

Table 3.19 Effect of different treatments on organic carbon and available nutrient (N, P, and K) 
content of soil after 13 cycles of rice-wheat cropping system

Treatment no. OC (g kg−1)
Available nutrient (kg ha−1)
N P K

T1 3.0 105 16 240
T2 3.7 140 14 228
T3 3.8 142 30 224
T4 4.0 140 32 356
T5 5.0 144 33 359
T6 6.9 156 39 378
T7 7.4 160 42 365
T8 5.7 150 36 381
T9 4.9 146 34 362
Initial values 4.2 136 24 305
LSD (0.05) 0.9 11 8 16

Source: Singh et al. (2012a)
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3.7.3  Soil Biological Properties

Generally, enzyme activities in the soil are closely related to the organic matter 
content. Application of balanced amounts of nutrients and manures improved the 
organic matter and MBC content of soils, which corresponded with higher enzyme 
activity (Mandal et al. 2007). Soil microbial biomass constitutes a transformation 
matrix for organic matter in soil and acts as an active reservoir for plant-available 
nutrients. It is established that soil microbial carbon and soil enzymes respond more 
quickly to changes in environment sand agronomic practices than does the soil 
organic carbon. The dissolved organic carbon (DOC), microbial biomass carbon 
(MBC), light carbon fraction (LFC), and heavy carbon fraction (HFC) content of 
soil increased significantly, increasing the levels of FYM. However, the increase in 
DOC, MBC, LFC, and HFC was highest in 15 Mg ha−1 followed by 10 and 5 Mg ha−1 
(Kumara 2013; Varma et al. 2017b; Gogoi et al. 2018). Application of NPK fertil-
izers alone or in combination with FYM and green manuring improved soil micro-
bial biomass C, urease activity, and alkaline phosphatase activity but had little effect 
on the dehydrogenase activity (Goyal et al. 1999).

Application of organic manures alone or in combination with N or NP fertilizers 
significantly increased dehydrogenase, alkaline phosphatase, and urease activity as 
compared to the application of fertilizers alone (Sheoran 2015; Dhakal et al. 2015). 
However, combined application of organic manures and fertilizers significantly 
decreased the dehydrogenase and urease activity compared with the organic manures 
applied alone, while alkaline phosphatase activity showed the reverse trend 
(Table 3.21).

3.8  Effect of INM on NUE

Use efficiency of different nutrients continues to be extremely low, and its enhance-
ment has remained a prime concern at all times. Long-term studies indicated that 
INM helped in enhancing the use efficiency of N at different locations (Dwivedi 
et al. 2016; Meena et al. 2018b). In Inceptisols (Ludhiana), the N use efficiency in 
maize recorded under 100% N (alone) was 16.7%, which increased to 23.5, 36.4, 

Table 3.20 Average soil OC content at the start (initial) of long-term experiments on maize- 
wheat, rice-wheat, and rice-rice cropping systems and in no-fertilizer (N, P, and K) control and 
optimum N, P, and K fertilizer level treatments

Cropping 
system

Number of 
experiments

Duration 
(years)

Soil OC (g kg−1)

Initial
No-fertilizer 
control

Optimum N, P, and K 
fertilizer levels

Maize- 
wheat

12 6–25 6.4 5.8 6.8

Rice-wheat 10 9–27 14.3 14.9 16.3
Rice-rice 23 6–26 16.7 18.1 19.6

Source: Bijay-Singh (2018a, b)
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and 40.2% on integration with P, PK, and FYM, respectively (Table 3.22). Similar 
trend was noted in Mollisols (Pantnagar) under, and agroecological regions need to 
be worked out, and nutrient supply packages with optimum application rates of 
organic manures and fertilizers should be developed.

3.9  Constraints in Adoption of INM Technology

The constraints in the adoption of INM technology are as follows:

• Cost and nonavailability of FYM
• Difficulties in growing green manure crops
• Nonavailability of biofertilizers
• Nonavailability of soil-testing facilities

Table 3.21 Effect of long-term application of organic manures and fertilizers on soil enzyme 
activity

Type of 
manure

Dose 
(Mg ha−1)

Fertilizer 
(kg ha−1) Dehydrogenase 

activity (μg TPF 
g−1 24 h−1)

Alkaline 
phosphatase 
activity (μg PNP 
g−1 h−1)

Urease activity 
(μgNH4

+-N g−1 h−1)N P2O5

No 
manure

0 75 30 36.53 572.25 58.81
0 150 60 32.32 580.75 65.02

FYM 15 0 0 63.71 684.00 87.72
15 150 0 59.75 742.75 76.27
15 150 30 50.48 733.50 71.25

Poultry 
manure

5 0 0 48.62 704.45 85.20
5 150 30 40.13 756.00 75.75

Press mud 7.5 0 0 58.14 664.63 97.60
7.5 75 30 44.86 675.65 83.49
7.5 150 30 39.44 673.20 71.28

C.D. 
(P = 0.05)

5.69 17.91 7.88

Source: Sheoran (2015)

Table 3.22 N use efficiency in different crops as affected by long-term nutrient supply with and 
without FYM

Soil type Location Crop
N use efficiency (%)
N NP NPK NPK + FYM

Inceptisol Ludhiana Maize 16.7 23.5 36.4 40.2
Wheat 32.0 50.6 63.1 67.8

Alfisol Palampur Maize 6.4 34.7 52.6 63.7
Wheat 1.9 35.6 50.6 72.6

Mollisol Pantnagar Rice 37.5 40.7 44.4 61.7
Wheat 42.4 46.1 48.4 47.9

Source: Singh et al. (2012b)
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• High cost of chemical fertilizers
• Nonavailability of water
• Lack of knowledge and poor advisory services
• Nonavailability of quality seeds

3.10  Suggestions for Improving Adoption of INM Technology

The following are the suggestions for improving adoption and implementation of 
the INM technology:

• Create mass awareness among the farmers for recycling and use of organic 
resources and for preparation of quality compost and FYM.

• Educate the farmers through media, mass contact and awareness program, and 
on-farm demonstration about the benefits of INM.

• Educate the farmers about the nature of soil and its importance for mankind and 
need to preserve it for posterity.

• Loan facilities should be provided to farmers by financial agencies to encourage 
adoption of INM.

• Develop promotional literatures in local languages and distribute to the farmers.
• Advise the farmers to incorporate crop residues into soil to the extent possible.
• Information on balanced use of fertilizers based on soil test, biofertilizers, green 

manuring, and information on compost-making techniques should be transferred 
to farmers.

• Motivate KVKs, fertilizer industry, and NGOs to propagate the usefulness of 
INM.

3.11  Priorities for Future Research

• Contribution of organic resources during the crop growing season and residual 
nutrients from their applications to soil nutrient budget should be assessed.

• Efficient management of crop residues in different cropping systems should be 
investigated under different agroecosystems.

• Role of industrial wastes in improving nutrient use efficiency should be evalu-
ated under different agroecosystems.

• The major component of the system that needs attention is recycling of solid 
waste and vermicomposting.

• Beneficial effect of inclusion of legume on soil health needs to be quantified 
under cereal-cereal cropping systems.

• Organics, wastes, residues, and biofertilizers should be identified for various 
location-specific cropping systems.

• Location-specific INM technology should be developed and effectively trans-
ferred to the farmers for sustaining crop productivity of various cropping 
systems.
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• Causes of decline in the rate of growth of total production under various crop-
ping systems associated with the deterioration of soil health and reduction of soil 
OC stocks should be studied, and possible measures should be found out.

• Dynamics of soil organic matter and C sequestration should be studied regularly 
under LTEs in different cropping and agroecosystems.

3.12  Conclusions

Based on the results of short and LTEs conducted in different soil-crop environ-
ments, it is concluded that INM has a great potential to meet the growing demands 
of nutrients, to achieve maximum yields, and to sustain the crop productivity on a 
long-term basis without any adverse effect on the environment. The soil health can 
be maintained with the use of balanced fertilization along with organic resources, 
biofertilizers, and green manures besides getting higher yield. The success of INM 
depends on the different components of INM and how precisely they are used. The 
INM could play a major role in improving the nutrient use efficiency, crop yields, 
soil health, and socioeconomic status of small and marginal farmers. About 25% 
nutrient requirement of Indian agriculture could be met if various sources of organic 
resources (dung, FYM, crop residues, urban/rural waste, and green manuring) are 
properly utilized.
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Abstract
Availability of soil micronutrient is a major limiting factor in crop productivity 
and its quality. The micronutrient deficiencies of zinc (Zn) 40%, iron (Fe) 12.6%, 
copper (Cu) 4.5%, manganese (Mn) 6.0%, and boron (B) 22.8% in soils have 
been reported across the country. The manganese deficiency is emerging 
extremely fast, particularly in wheat crops grown after rice in Haryana (12%) 
and Punjab (18%) due to leaching of Mn from the upper surface of the coarse- 
textured soils. In acid soils of India, the majority of the soil samples indicated a 
sufficient supply of Cu, Fe, and Mn, low deficiencies of Zn (30%), and higher 
deficiencies of B (46%) and Mo (50%). Application of soil or foliar spray of Zn, 
Mo, and B and foliar spray of Fe and Mn has been recommended as the most 
suitable method for the management of micronutrients for the better nutrition of 
the crops. The average response of Zn application to cereals, oilseeds, and pulses 
was around 20, 18, and 24%, respectively. The average yield increase due to iron 
(ferrous sulfate) has been recorded as 450 kg ha−1 in chickpea, 780 kg ha−1 in 
wheat, and up to 1500 kg ha−1 in paddy. The average yield increase recorded in 
paddy and wheat is 360 kg ha−1 and 560 kg ha−1, respectively, due to Mn supple-
mentation in Punjab. The average yield increase in cereals and pulses crops was 
recorded up to 400  kg  ha−1 due to boron application in the northeast region. 
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Cereals, mainly rice and wheat, are inherently very low in concentration of Zn 
and Fe in grain, particularly when grown under Zn- and Fe-deficient soils. 
Deficiency of these nutrients in soil is affecting crop productivity, quality of 
food, and human nutrition. In rice out of the total micronutrients absorbed by the 
crop, only 31% Zn, 33% B, 18% Fe, 9% Mn, and 67% Cu remain in grains, and 
they are removed from the field. In cereals, Fe uptake varies from 150 to 
1200 g ha−1 year−1. Micronutrient malnutrition now afflicts over two billion peo-
ples across the world which causes health problems especially in women and 
children in developing countries. Besides agronomic strategy, microbial and 
physiological interventions help to mobilize micronutrients from source to sink 
and resulted in micronutrient-dense grain production with an increase in crop 
yields which helps to combat malnutrition in animals and humans. Hence, there 
is need to improve micronutrient quality through fortifying the grains with 
micronutrients.

Keywords
Animal · Fortification · Human health · Micronutrients · Malnutrition

Abbreviations

B  Boron
CaCO3 Calcium carbonate
Cl  Chlorine
Cu  Copper
EDTA Ethylenediaminetetraacetic acid
Fe  Iron
FeSO4 Iron sulfate
K  Potassium
Mn  Manganese
Mo  Molybdenum
N  Nitrogen
Ni  Nickel
NPK  Nitrogen phosphorus potassium
P  Phosphorus
S  Sulfur
Zn  Zinc
ZnSO4 Zinc sulfate

4.1  Introduction

Green Revolution has made the country self-sufficient in the food grain produc-
tion. The increased production and productivity have greatly enhanced the 
demand on soil for nutrients (Thiyagarajan 2002). The greater crop production 
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per unit area has resulted in larger depletion of soil-available micronutrients 
because traditional fertilizer practices were designed to meet these needs for 
only major nutrients like nitrogen, phosphorous (P), and potassium (K) (Sharma 
and Kumar 2016; Ashoka et al. 2017). Ultimately, micronutrient deficiency espe-
cially Zn, Fe, and B has become a limiting factor for crop production in different 
states of the country (Shukla et al. 2014). There are eight essential plant nutrient 
elements for better crop defined as micronutrients like B, Zn, Mn, Fe, Cu, Mo, 
Cl, and Ni. They constitute in total less than 1% of the dry weight of most plants. 
In order to release the genetic potential yields of crops, there is need to correcting 
micronutrient deficiencies in soil.

It is estimated that worldwide about 2 billion peoples suffer from Fe, Zn, and 
other micronutrient deficiencies (Black 2003; WHO 2016). The problem is most 
severe in developing countries. Diets in these countries depend on staple crops 
such as cereals and coarse grain crops which are poor in mineral micronutrients 
and vitamin content, and consequently micronutrient deficiencies are wide-
spread among these populations. The chronic lack of micronutrients can cause 
severe but often invisible health problems, especially among women and young 
children (Kennedy et al. 2003; Black et al. 2013; FAO 2015; Jangir et al. 2017). 
On the other hand, increasing crop yields in different agricultural systems as a 
result of chemical fertilizer application has been accomplished with reduced 
micronutrient concentration in the grain of the different crops.

Literature is abounding on crop response to micronutrients in India, espe-
cially to Zn and B, and has been thoroughly reviewed (Rattan et al. 2008; Singh 
et al. 2011; Murthy 2011; Shukla and Behera 2012; Yadav et al. 2018b). A good 
response of crops to Zn  is obtained throughout the country, response to B is 
more in eastern states of India, and response to Mn has strengthen up for wheat 
in Punjab (Singh et al. 2011). Soil application and foliar sprays are the most 
commonly used methods of Zn application. Results from field experiments 
revealed the superiority of soil application of Zn over foliar application 
(Rathore et al. 1995). The lower efficiency of the foliar mode is primarily due 
to delayed cure of the deficiency and the low concentration of Zn in spray 
solution.

Thus, correcting micronutrient deficiency is essential for both maintaining soil 
fertility and harnessing the genetic yield potential of crops with enriched micro-
nutrient content in edible part. It will also help in producing quality food and 
reducing malnutrition in animal and human beings. According to an estimate, the 
current micronutrient application to crops may need to be doubled by 2050 to 
meet the food demand of increasing population of the country through intensive 
cropping on marginal lands.
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4.2  Global Scenario of Micronutrient Deficiency

It is predictable that world human population will hike to 9.7 billion by the year 
2050, and India’s population is projected to overtake that of China and will rise to 
1.6 billion from its existing level of 1.2 billion (Sreeja 2014). The major cause of 
micronutrient deficiency is related with food and nutritional security (Meenakshi 
et al. 2010; Ghaly and Alkoaik 2010; Zadeh and Begum 2011; Kumar et al. 2017b). 
Micronutrients are major limitation across the world and control crop productivity 
as well as produce quality (especially micronutrient concentration). Zinc and iron 
deficiency in soil is a serious problem that affects many cultivated soils. It is esti-
mated that about half of the cultivated soils in the world contains reduced amounts 
of bioavailable zinc (Fig. 4.1).

Due to lower soil organic matter and soil moisture as well as high levels of pH 
and CaCO3, the problem of micronutrient deficiency is aggravated significantly in 
arid and semiarid regions (Cakmak 2008; Gonçalves et al. 2010; Yadav et al. 2018a). 
The low availability of these metals in the soil limits Zn uptake by plants, resulting 
in significant decreases in crop productivity as well as nutritional quality of food. 
Micronutrient deficiency (Zn, 40%; Fe, 12.6%; Cu, 4.5%; Mn, 6.0%; and B, 22.8%) 
in soils is noted across the country. In states like Gujarat, Bihar, and Madhya 
Pradesh, Zn deficiency is almost consistent during the last four decades despite 
making efforts for popularization of Zn application in various crops. Interestingly, 
over the last 15–20 years, when Zn fertilizer in soils was used more commonly, 
deficiencies of Mn and Fe emerged very fast in the intensive rice–wheat cropping 
system. Manganese deficiency is emerging very fast, particularly in wheat crops 

Fig. 4.1 Soil and human and zinc deficiency. (Modified from Cakmak 2011)
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grown after rice in Haryana (12%) and Punjab (18%) due to continuous leaching of 
Mn from the surface of the coarse-textured soils.

4.3  Micronutrient Deficiency in Soils of India

Deficiency of micronutrient has become a major constraint to the crop productivity, 
stability, and sustainability of crops in many Indian soils and may further deteriorate 
due to global warming (Kumar et al. 2011; Datta et al. 2017a). The problem is in the 
areas like arid and semiarid regions where soil pH value and CaCO3 content are high 
and soil organic matter content is low (Katyal and Vlek 1985; Takkar 1996; Singh 
2008). In order to assess the micronutrient status of soil, a large number of soil and 
plant samples were collected and analyzed for micronutrients, viz., Zn, Mn, Fe, Cu, 
Mo, and B, under the aegis of Indian Council of Agricultural Research (ICAR), All 
India Coordinated Research Project of Micro and Secondary Nutrients and Pollutant 
Elements in Soils and Plants [AICRP (MSPE)], and other state agencies. The 
Zn-deficient areas have been delineated, and soil fertility maps have been developed 
for the country (Fig. 4.2). Surface (0–15 cm depth) and some profile soil samples 
were also collected to assess the extent of micronutrient deficiencies in different soil 
types (Katyal and Sharma 1991). Though soils of India are sufficient in total micro-
nutrient contents, but their availability in soil is very low. The concentration of the 
micronutrients of soil varied widely with respect to the types of soil, cropping sys-
tem, and management conditions.

The analysis of more than 2.0 lakhs soil samples by AICRP-MSPE during 
2011–2017 revealed widespread Zn and Fe deficiency in soils. On average, 36.5 
and 12.2% soils are deficient in Zn and Fe, respectively. The spatial distribution 
of Zn deficiency varied from state to state. More than 50% soils of the states like 
Tamil Nadu (63.3%), Rajasthan (56.5%), Madhya Pradesh (57.1%), and Goa 
(55.3%) exhibited Zn deficiency, while the states like Arunachal Pradesh, 
Himachal Pradesh, Meghalaya, Mizoram, Nagaland, Tripura, and Uttarakhand 
had Zn deficiency in less than 10% of soils. More than 20% soils had Fe defi-
ciency in states like Rajasthan (34.4%), Gujarat (25.9%), Haryana (21.7%), and 
Maharashtra (23.1%), while the states like Uttar Pradesh, Telangana, Andhra 
Pradesh, Bihar, Goa, and Tamil Nadu had deficiency in 10–20% of soils. Owing 
to the wide variations in physicochemical properties of soil, variations in the pro-
portion of Zn-deficient soils have been observed in different districts within the 
states (Shukla and Tiwari 2016).

Iron is present in soil in different forms like the pool of immediately available Fe, 
the available Fe, Fe available on decomposition, and potential medium- to long- 
term sources of available Fe (Katyal and Deb 1982). Indian soils are comparatively 
rich in plant-available Fe and its availability in some states like Gujarat, Haryana, 
Maharashtra, Telangana, and Andhra Pradesh is posing threat to the crop production 
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(Fig. 4.3), in soils of the different states of the country, Fe varies from 0.00 to 34.4% 
soil with minimum at Assam where not a single sample was deficient in Fe and 
maximum at Rajasthan (34.3%). Overall Fe deficiency in India stayed close to 12%, 
however, in some of the states like Gujarat, Haryana, Maharashtra, Telangana and 

Fig. 4.2 Zinc deficiency status in soils of different states of India
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Andhra Pradesh the deficiency exhibited 25.9%, 21.7%, 23.1%, 17.6% and 17.2% 
respectively (Shukla and Tiwari 2016).

Boron deficiency is becoming a serious constraint to sustainable agricultural pro-
ductivity. In Indian soils, B deficiency ranged from 2.9 to 60.0%. Deficiency of B is 
more common in highly acid soils of Jharkhand (60.0%), Nagaland (54.3%), Odisha 
(48.9%), Jammu and Kashmir (48.9%), and Meghalaya (47.9%), whereas it was 
negligible in the soils of Andhra Pradesh (2.9%), Rajasthan (3.0%), and Madhya 
Pradesh (4.3%) (Shukla and Tiwari 2016; Dhakal et al. 2015). The spatial distribu-
tion of B deficiency from state to state is presented in Figs. 4.4a and 4.4b.

The availability of micronutrients under floodplain alluvial agroclimatic zone of 
West Bengal, India, may be influenced by the different agroclimatic features (ACF) 
and also variation in soil texture, pH, and organic matter content, which may ulti-
mately affect the optimum crop yield (Ray and Banik 2016; Gogoi et al. 2018). It is 
obvious that the soil micronutrient availability varied with variations in soil physi-
cochemical properties in different agroclimatic features in the alluvial zone of West 
Bengal. It was observed that soils were mostly deficient in Zn (20–33%) and B 
(60–92%), which underlines the need of Zn and B application in order to enhance 
the crop productivity.

Fig. 4.3 Zn and Fe deficiency status in soils of different states of India
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Fig. 4.4a Status of B deficiency in soils of different states of India
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Fig. 4.4b Status of micronutrient deficiency in different zones of India (2011–2016)

4.3.1  Multimicronutrient Deficiency

Deficiencies of multiple micronutrients in crops in Indian soils due to depletion in 
fertility are an emerging issue in agriculture. From the last two decades, multimicro-
nutrient deficiencies for Zn + Fe (5.85%), Fe + B (3.0%), and Zn + B (9.8%) have 
been noticed (Table 4.1). Among the micronutrient combinations, the deficiency of 
Zn + B was much higher in states like Karnataka (23.4%), Bihar (20.3%), Tamil 
Nadu (13.3%), and Odisha (14.0%). Deficiency of Zn + Fe was prevalent in the area 
of Rajasthan (23.3%), Gujarat (11.7%), and Maharashtra (10.1%). Another combi-
nation of Fe + B deficiency was highest in Maharashtra (9.8%) (Shukla and Tiwari 
2016; Yadav et al. 2017b).

4.4  Micronutrient Deficiencies in Crops

Steady growth of crop yields during the past few decades compounded the problem 
by progressively depleting micronutrient pools. Some common farming practices in 
agriculture (such as liming acid soils) contribute to widespread occurrence of micro-
nutrient deficiencies in crops by decreasing the availability of the micronutrients 
present in the soil. The problems in alleviating micronutrient deficiencies include 
difficulties to identify field crop symptoms, variation in soil micronutrient status, 
soil pH, intensity, seasonal fluctuations in the levels, temperature regimes in the 
region, and inadequate facilities and field tests to validate soil and plant micronutri-
ents in the region (IRRI). Assessment of micronutrient deficiency can be made 
through visual leaf symptoms and soil and plant analyses. Crop response to the 
application of micronutrients through soil/foliar not only confirms the deficiencies 
but also helps in determining nutrient needs of crops. Visible symptoms of Zn and 
Fe deficiency in some crops are depicted in Plates 4.1 and 4.2.
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Plate 4.1 Symptoms of Zn deficiency in maize and wheat crop (interveinal chlorosis of young 
leaves with some greenness to veins, short internodes and small leaves, resetting or whirling of 
leaves)

Table 4.1 Deficiency status of multimicronutrients in soils of different states of India

State
Two micronutrients
Zn + B Zn + Fe Fe + B

Andhra Pradesh 3.1 6.9 2.1
Assam 7.5 0.0 0.0
Bihar 20.3 5.1 8.0
Chhattisgarh – 3.1 –
Goa – 2.2 –
Gujarat 7.3 11.7 4.4
Haryana 0.7 6.5 1.3
Himachal Pradesh 5.1 0.1 0.3
Jammu and Kashmir – 0.0 –
Jharkhand 10.1 0.0 0.0
Karnataka 23.4 3.9 1.9
Kerala 4.9 0.9 0.4
Madhya Pradesh 0.9 5.8 0.2
Maharashtra 7.9 10.1 9.8
Manipur 3.1 0.0 0.0
Odisha 14.0 3.8 3.4
Panjab 4.2 3.7 2.2
Rajasthan 3.3 23.3 0.4
Tamil Nadu 13.3 8.2 2.0
Telangana 8.9 4.7 4.1
Uttar Pradesh 8.0 4.7 1.4
Uttarakhand 0.9 0.2 0.0
West Bengal 4.9 0.0 0.0
All India 9.8 5.8 3.0
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4.5  Micronutrient Management Strategies

Micronutrient management varies with crops, type of soil, severity of deficiency, 
and method, time, and frequency of application. The large variation in rate of micro-
nutrient application has emanated from the sensitivity of crops to soil type and defi-
ciency status, soil environment, sources and their residual effects, and method of 
application. Consistent monitoring of the soils under different crops and cropping 
systems acts as a useful guide in determining the frequency, rates, sources, and time 
of application of the micronutrients. Thus, many aspects need to be considered 
when interpreting the results of the studies. While planning replenishment of the 
micronutrients removed by the crop and/or depleted from soil, it has to be taken into 
consideration. For the management of the micronutrient, there is need to maintain 
effective balance between demand set by the plants and supply from the soil (Shukla 
et al. 2016; Dadhich and Meena 2014) of these nutrients which is both crop and soil 
specific (Fig. 4.5).

4.5.1  Zinc (Zn)

A huge number of crops and cropping system based on rice, wheat, maize, sorghum, 
cotton, soybean, sugarcane, potato, mustard, groundnut, green gram, black gram, 
and chickpea occupy most of the areas across the country and have shown high 
responses to Zn application. Zinc fertility status continued to decline, and as a 
result, a number of responsive trials reached 72% during 2001–2010. Therefore, use 
of Zn fertilizer proved a highly profitable option in 58% of cultivated soils in India 
during the year 1967–1984, which has increased to 63% during the year 1985–2001 
and 72% during the year 2002–2011 (Shukla and Behera 2011; Buragohain et al. 
2017; Kumar et al. 2018b).

In intensively cultivated rice–wheat cropping system, Zn application is needed 
once each year. Generally, in Zn-deficient lowland rice areas, Zn is applied to rice at 
5 kg Zn or 25 kg ZnSO4.7H2O ha−1, and wheat is grown on residual Zn fertility 
(Shukla and Behera 2011). Seed priming with Zn can improve crop emergence, 
stand establishment, subsequent growth, and yield. For example, priming Echinacea 

Plate 4.2 Symptoms of Fe deficiency in groundnut and potato crop (plants may include inter-
veinal chlorosis in younger leaves; leaves may turn white as it is the constituent of chlorophyll)
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purpurea (L.) seed with 0.05% ZnSO4 solution increased germination and field 
emergence by 38 and 41%, respectively (Babaeva et al. 1999). Similarly, in com-
mon bean (Phaseolus vulgaris L.), seed priming with Zn significantly improved 
yield and related traits (Kaya et al. 2007). In barley (Hordeum vulgare L.), seed 
priming with Zn improved germination and seedling development (Ajouri et  al. 
2004). Recently Zn-coated urea has been reported as a noble source of Zn for rice 
and wheat (Shivay et al. 2008a, b).

The optimal rate of Zn application to rice was higher (22 kg ha−1) in highly sodic 
(pH >10.0) and in floodplain soils (Takkar and Nayyar 1981) compared to 11 kg ha−1 
in moderately alkaline soils (pH 9.4–9.7; Takkar and Singh 1978) and 2.5 kg ha−1 in 
sandy alkaline soil (Takkar et al. 2004; Kumar et al. 2018a).

4.5.1.1  Soil Management
Soil application of Zn fertilizer increased grain Zn content in several cereal crops by 
a factor of two to three, depending on species and crop genotype. The type of soil 
also influences the extent of increase in Zn content in grain as a consequence of soil 
Zn fertilization. In contrast to Zn, soil application of inorganic Fe fertilizers to 
Fe-deficient soils is usually ineffective because of quick conversion of Fe (II) into 
unavailable Fe (III) forms. In contrast, an application of synthetic Fe chelates for 
correction of Fe deficiency is effective but expensive and is likely to be even more 
uneconomic if the aim is to increase Fe concentration in the grain rather than to 
increase yield. Rengel et al. (1999) noticed that the most effective fertilization could 

Fig. 4.5 Steps in micronutrient management in soil–plant system. (Modified from Shukla et al. 
2016)
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be via soil (for Zn) and foliar (for Fe) to increase micronutrient density in grain of 
field crops (Table 4.2).

4.5.1.2  Foliar Fertilizer Applications
Absorption of Zn from nutrient solution was more efficient than from soil; foliar 
application of Zn was even more effective than application to the rhizosphere in 
providing Zn for transport to soybean grains, indicating that foliar spraying with Zn 
in field-grown crops can be effective in increasing Zn content in grains. Dhaliwal 
et al. (2009) reported that increase in Zn content in different varieties of wheat var-
ied from 17.3 to 38.8%, whereas increase in Fe content of different varieties of 
wheat varied from 13.1 to 30.1% when Zn and Fe were applied through foliar for 
four times at 0.5% of ZnSO4/FeSO4 each at different growth stages (Table  4.3). 
Foliar supplementation with ZnSO4 or FeSO4 generally increases crop yields con-
siderably more than Zn or Fe concentration in grain (Gupta 2005).

4.5.1.3  Seed Treatment
Seeds of cereal crops can be very well treated with different sources of micronutri-
ents before sowing in order to increase their content in harvested grains. Seed treat-
ment with micronutrients is gaining momentum in recent times in research programs. 

Table 4.2 Zn concentration in wheat grain as influenced by soil Zn fertilization

Zn fertilization mg Zn 
kg−1 soil

Yield (g 
plant−1)

Grain Zn content 
(mg kg−1)

Grain Zn content
(ng Zn per 
seed)

(μg Zn per 
plant)

0 1.00 ± 0.17 9.1 ± 0.4 233 ± 35 9 ± 2
0.05 2.20 ± 0.13 9.9 ± 0.6 307 ± 25 22 ± 2
0.2 2.24 ± 0.16 14 ± 0.7 404 ± 11 31 ± 2
0.8 2.51 ± 0.30 83 ± 4 2540 ± 95 205 ± 16
3.2 1.70 ± 0.03 145 ± 5 3750 ± 330 245 ± 7

Zn content of the seed sown = 600 ng seed−1 (Cultivar Excalibur)

Table 4.3 Effect of foliar application of Zn and Fe on their content in wheat grain

Variety Zn content (μg g−1) Fe content (μg g−1)
−Zn +Zn Mean % increase −Fe +Fe Mean % increase

PDW 274 31.7 40.3 36.0 27.1 36.6 47.7 42.2 30.3
PDW 291 31.2 43.3 37.3 38.8 38.1 45.6 41.8 19.7
PBW 343 32.9 38.6 35.7 17.3 40.8 50.9 45.8 24.8
PBW 502 31.8 42.8 37.3 37.7 38.9 47.9 43.4 23.1
PBW 550 30.4 40.0 35.2 31.6 42.1 47.6 44.8 13.1
Mean 31.6 41.0 36.3 21.9 39.3 47.9 43.6 21.9

Zn Fe
Variety NS Variety NS

CD (5%) Foliar spray 2.3 Foliar spray 2.3
Interactions NS Interactions NS

Four foliar applications of 0.5% each of Zn and Fe separately at different growth stages
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Yilmaj et al. (1997) observed that soil + foliar application of zinc registered maxi-
mum Zn content in wheat grain, while similar increase in Zn content of whole shoot 
of wheat was found under seed + foliar application. Harris et al. (2008) also observed 
significant enhancement in yield, Zn content, and its uptake by wheat due to seed 
treatment with 0.3% Zn solution over no seed treatment (Table 4.4).

4.5.2  Iron (Fe)

Interrelated strategies for soil and crop management are attractive not only for 
improving growing conditions for different crops but also for exploiting potential of 
plant for Fe mobilization as well as utilization by crop. Research development in 
soil and crop management strategies has provided the means to resolve complex 
plant Fe nutritional problems through rhizosphere fertilization and water regulation, 
managing cropping systems and screening for Fe-efficient genotypes, etc. Some 
simple and effective soil management practices such as root feeding and bag fertil-
ization have been popularized and widely used by local farmers in India to improve 
the Fe content in food grains.

4.5.2.1  Soil Management
In the past several years, farmers have applied mineral fertilizers to soil in order to 
improve the health of their plants; however, it is very difficult to apply Fe, because 
most inorganic Fe in soil is inaccessible to plants. Numerous studies have showed 
that application of inorganic Fe fertilizers to Fe-deficient soils has been found ben-
eficial for many crops. When FeSO4 applied to calcareous soils, it quickly reacts 
with CaCO3 and form Fe oxides that are less available for plant uptake (Vempati and 
Loeppert 1988). Although application of synthetic Fe chelates in soil, such as 
Fe-EDTA or Fe-EDDHA, has shown better results than inorganic Fe salts, such as 
FeSO4, these compounds are expensive, and the outcome is rarely fruitful (Shenker 
and Chen 2005; Varma et al. 2017).

4.5.2.2  Crop Management
Uptake of micronutrient and its transportation to the edible parts of plants can be 
increased by foliar fertilizer applications. Leaf-applied substances can enter leaves 
either by penetration of the leaf cuticle or via the stomatal pathway. Foliar applica-
tion is increasingly used to alleviate micronutrient deficiencies; many studies have 

Table 4.4 Response of priming seeds with solution of zinc sulfate on grain yield, content, and 
uptake of zinc in wheat

Grain
Seed treatment

LSDNonprimed Primed

Yield (t ha−1) 2.52 2.86 0.123
Zn content (mg kg−1) 27.8 31.1 1.88
Zn uptake (g ha−1) 70.0 88.7 7.44
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been focused on uptake and distribution of a single micronutrient in fruit tree, corn, 
and wheat (Haslett et al. 2001; Godsey et al. 2003; Dadhich et al. 2015). It was 
remarkable that Fe concentrations in the polished rice from optimal foliar fertiliza-
tion in the confirmation experiment were markedly increased by 2.6 times compar-
ing with no foliar application (Fang et al. 2008; Verma et al. 2015b; Mitran et al. 
2018). In another case study, spraying of 2500 mg l−1 FeSO4 solution two to three 
times during the flowering period increased the yield of soybean by 17.5–22.9% 
(Han et al. 1994). The most widely used Fe sources for foliar spraying are inorganic 
Fe forms and chelates mixed with inorganic Fe forms. Chelated forms of Fe are usu-
ally more effective in reducing Fe chlorosis than are inorganic forms (Vempati and 
Loeppert 1988). There are a few studies that aimed to increase yields and Fe con-
centrations in grains by different Fe fertilizers. Although foliar fertilization enhanced 
crop yields to a greater extent than it increased the Fe concentration in grains, it 
might be the only available fertilization practice that can slightly increase Fe con-
centration in grain (Rengel et al. 1999; Frossard et al. 2000). Some simple and cost- 
effective practices to improve Fe nutrition of fruit crops have been put forward and 
widely used by local farmers in China, such as trunk Fe2+ injection (Liu et al. 2002). 
These technical approaches could play a significant role in improving Fe nutrition 
of crops in the short term, resulting in good financial returns for farmers.

4.5.3  Boron (B)

Boron availability in soil to plant is mainly related to the total B content and other 
soil properties such as pH, CaCO3, organic matter contents, nutrient interactions, 
varieties, and environmental factors, which influence the emergence of B deficiency 
or toxicity in plants (Sakal et al. 1996; Saha and Singh 1997). It has been noticed 
that an increase in organic carbon (OC) content from 0.50 to 0.75% enhances the 
fixation of B in soils by 48–60%. Therefore, association of B with OC prevents its 
leaching and thereby ensures its higher availability to crop plants (Katyal and Vlek 
1985). High concentrations of B were recorded in the saline soils of the Indo- 
Gangetic plain and moderate levels in Vertic Ustochrepts of Rajasthan and Madhya 
Pradesh (Mathur et al. 1964; Saha et al. 1998; Ram and Meena 2014).

Borax (Na2B4O7.10H2O) as soil application, boric acid (H3BO3) properly as 
foliar application, disodium octaborate tetrahydrate (Na2B8O13.4H2O), and boro-
nated single superphosphate, these are the B carriers included in the FCO (2003). 
Solubor (Na2B4O7.5H2O + Na2B10O18.10H2O) can be used for both soil and foliar 
application because of its higher solubility.

A large number of crops have responded to B fertilization. Precise B fertilization 
is important for the normal growth, yield, and quality of produce due to a very nar-
row range of B deficiency and toxicity in soil and plants (Singh and Goswami 2013; 
Datta et  al. 2017b). Boron application at 0.75 kg ha−1 and 1.5 kg ha−1 in spring 
sunflower was effective, and the crop responded well up to the second dose, and the 
higher (1.5 kg ha−1) level gave the highest seed yield (2.01 t ha−1), which was 13.5 
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and 6.3% more than that of the control and 0.75 kg B ha−1, respectively (Shekhawat 
and Shivay 2008; Sofi et al. 2018).

Soil application of 20 kg sodium tetraborate (14% B) to supply 2.8 kg B ha−1 or 
two foliar applications with 0.2% solution of this salt was found equally effective 
for increasing grain yield of soybean (Dwivedi et al. 1990). Deficiency of boron is 
also invariably corrected by its soil application depending upon the soil type (Arora 
et al. 1985; Sakal et al. 1988; Ali and Monoranjan 1989). The rate varying between 
1.0 and 2.5 kg B ha−1 has been found to be optimum for different crops in calcareous 
soils of Bihar (Sakal et al. 1988; Sinha et al. 1991).

Foliar application of 0.2% boron at flowering along with three irrigations at 
branching, pre-flowering, and pod development stages is optimum for realizing 
optimum yield of summer mungbean on a sandy loam alluvial soil in West Bengal 
(Mondal et al. 2012). Similarly, soil- and foliar-applied boron have been found to 
have significant effect on growth and yield of groundnut (Ansari et al. 2013; Yadav 
et al. 2017c). They clearly demonstrated that solubor as soil application at 10 kg ha−1 
can be applied to achieve better land utilization, high yield, as well as productivity 
and profitability than other treatments under rainfed sandy loam soils.

4.5.4  Manganese (Mn)

Manganese deficiency has emerged in states of Punjab, Haryana, and western Uttar 
Pradesh where rice–wheat system is practiced on highly permeable coarse-textured 
soils. During rice cultivation, solubility of Mn increases due to reduction under 
submerged condition and leaches down to lower soil layers in 4–7 years of cultiva-
tion. The subsequent wheat and berseem crops suffer due to Mn deficiency. Studies 
conducted in Punjab revealed that adoption of deep tillage practices can ameliorate 
Mn deficiency in coarse-textured soils and enhance wheat yield and uptake of Mn 
by wheat. Crop responses to application of Mn either through soil application or 
foliar spray have been reported by Takkar et al. (1989) in different parts of the coun-
try. Soil application of manganese sulfate (MnSO4) at 50 kg ha−1 is recommended 
for getting the optimum crop response. However, foliar spray of 0.5% MnSO4 solu-
tion to wheat, oat, and berseem was more economical to soil application. Generally, 
3–4 sprays of MnSO4 solution are required to correct Mn deficiency in wheat and 
oat.

Soaking of potato tubers in 0.05% MnSO4 solution for 3 h proved 2.7 times more 
effective than soil application of 20 kg ha−1 of MnSO4 and 11% more effective than 
two foliar sprays of 0.2% MnSO4 solution in increasing the tuber yield (Sharma and 
Grewal 1988). Manganese-efficient cultivars found to have higher harvest index as 
well as grain yield as compared to Mn-inefficient cultivars (Jhanji et al. 2013). The 
magnitude of response of 53 cultivars to Mn application on coarse-textured 
Mn-deficient field decreased successively as the rating of the tolerance increased 
and there were no significant responses in the most tolerant categories (Takkar and 
Walker 1993).
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4.6  Micronutrient Fertilizers in Indian Agriculture

Last five-decade intensive research has been conducted on micronutrient fertil-
izer application schedule in crops and cropping system. But still, no systematic 
information is available on the use of micronutrient fertilizers in India. About 
125 small- scale units are manufacturing ZnSO4 in the country with a capacity to 
produce around 0.175 million tons per annum. It is estimated that, in order to 
ameliorate micronutrient deficiencies by the year 2025, India will need to apply 
a 324,000 t Zn, 130,000 t Fe, 11,000 t Cu, 3900 t B, and 22,000 t Mn as fertil-
izers annually (Takkar et al. 1997). The efficiency of fertilizer particularly zinc 
management through 5 R principles (Right source, Right rate, Right place, Right 
time, and Right method) could be improved through fertilization practices that 
include an application of micronutrients according to crop requirements (Rattan 
2017; Verma et  al. 2015c). An adequate supply of credit for farmers and dis-
tributors is necessary to ensure the availability of fertilizers when and where 
they are required.

In India, among micronutrient fertilizers, maximum ZnSO4 is produced. During 
the year 1991–92, production of ZnSO4 was 58,440 t against installed capacity of 
157,050 t (PDIL 1996). Consumption of ZnSO4 increased from few hundred tons (t) 
in 1970s to attain peak at 194,406 t in 2013–2014, and recently in 2016–2017, it has 
been 179,824 t (Fig. 4.6). Similarly the consumption of FeSO4, MnSO4, and CuSO4 
in 2016–2017 was 21,658, 4287, and 1609 t, respectively (FAI 2017). Numerous 
studies have attempted to examine the role of price and non-price factors in the 
growth of fertilizer use in India (Fig.  4.6; Raju 1989; Kundu and Vishist 1991; 
Rabobank 2005; Sihag et al. 2015).

Fig. 4.6 All India consumption of micronutrients
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4.7  Improving Micronutrient Nutrition in Staple Food Crops

Micronutrient fertilizers can have significant effects on the accumulation of nutri-
ents in edible plant products (Grunes and Allaway 1985; Allaway 1986). It is 
expected that almost half of the Indian soils are deficient in plant-available Zn 
(Singh 2009; Shukla and Behera 2011), leading to reductions in crop production 
and also nutritional quality of the harvested grains (Shukla and Behera 2012; Verma 
et al. 2015a). As cereal grains contain inherently very low amount of Zn, growing 
them on potentially Zn-deficient soils further decreases grain Zn concentrations. As 
cereal-based foods, rice and wheat are the major source of daily calorie intake in 
developing countries like India; hence widespread occurrence of Zn deficiency is 
reported in human. Studies conducted under All India Micronutrient Project in 
Nalgonda and Ranga Reddy districts in Andhra Pradesh indicated that soils having 
low Zn status produced plant grains with lower Zn content. People feeding on such 
grains and other vegetation showed lower Zn content in their blood plasma com-
pared to areas which had high available Zn status and lower Zn deficiency in soil 
(Singh 2009). Severe Fe anemia was found in 34% in adolescent girls of Bikaner, 
Rajasthan, and Gujarat (Seshadari 1998). The concentration of Zn, Cu, Fe, and Mn 
in drinking water and soil is correlated with dental caries in 1516 children age 
between 7 and 17 years in 10 rural areas in the district of Ludhiana (Guaba 1983). 
Crops require minerals and organic materials to transform nutrients into forms that 
plants can use for growth. Without minerals and soil organic matter, it is impossible 
to sustain a healthy crop which is the basis for the nutrition values of animals and 
human. The  bioavailability of minerals for plant growth has been significantly 
decreased as a result of accelerated withdrawal of minerals from the soil without 
corresponding additions and has severely impacted on human health.

4.8  Role of Micronutrient for Soil–Plant–Animal–Human 
Continuum

It has been estimated that approximately 3.7 billion populations are Fe-deficient, 
with 2 billion of these highly deficient in Fe that they can be described as being ane-
mic (WHO). In addition, 35% of all children in the world between 0 and 5 years old 
suffer from Zn/Fe deficiencies, 250 million suffer from vitamin A deficiency, and 
260 million suffer from iodine (I) or selenium (Se) deficiencies (Cababallero 2002; 
Yadav et al. 2017a; Layek et al. 2018). It is estimated that one-third of the world 
population two billion people suffer from mild zinc deficiency and over 450,000 
children die each year due to such deficiency (Welch and Graham 2004; Cakmak 
et al. 2010). Deficiency of Zn in humans can result in several undesirable conse-
quences, including diminished learning ability, impaired immune response, dysfunc-
tion of the reproductive system, and reduced growth rates on infants (WHO 2003). 
Therefore, micronutrient-enriched dietary intake of Zn is essential to reduce illness 
and to decrease child mortality in developing countries. Plant foods (especially seeds 
and grains) contain various antinutrients (Table 4.5) in amounts depending on both 
genetic and environmental factors which can reduce the bioavailability of dietary 
non-haem Fe, Zn, and other nutrients to humans (Welch and House 1984).
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Some dietary substances that promote the bioavailability of Fe and Zn in the 
presence of antinutrients are also known (Table 4.6). Their levels are influenced by 
both genetic and environmental factors.

4.8.1  Agronomic Strategies

Agronomic manipulation is an inexpensive and simple approach which can be uti-
lized to enrich genetically inefficient cultivars by application of micronutrient fertil-
izers at different rates, methods, and crop growth stages (Shukla and Tiwari 2014; 
Dhakal et al. 2016). Fertilizer studies focusing specifically on increasing Zn con-
centration of grain (or other edible parts) are, however, very rare, although a large 
number of studies are available on the role of soil- and foliar-applied Zn fertilizers 

Table 4.5 Antinutrients in plant foods that reduce Fe and Zn bioavailability and examples of 
major dietary sources

Antinutrients

Essential 
micronutrients 
metal-inhibited Major dietary sources

Phytic acid or Phytin Fe, Zn, Cu, Ni Whole legume seeds and cereal 
grains

Fibers (e.g., cellulose, 
hemicellulose, lignin, cutin, 
suberin, etc.)

Fe, Zn, Cu Whole cereal grain products (e.g., 
wheat, rice, maize, oat, barley, and 
rye)

Certain tannins and other 
polyphenolics

Fe Tea, coffee, beans, sorghum

Hemagglutinins (e.g., lectins) Fe Most legumes and wheat
Goitrogens I Brassicas and Alliums
Heavy metals (e.g., Cd, Hg, Pb, 
etc.)

Fe, Zn Contaminated leafy vegetables and 
roots

Graham et al. (2001)

Table 4.6 Examples of substances in foods that promote Fe, Zn, and vitamin A bioavailability 
and major dietary sources

Substance Nutrient Major dietary sources
Certain organic acids (e.g., ascorbic acid, 
fumarate, malate, citrate)

Fe and/or 
Zn

Fresh fruits and vegetables

Hemoglobin Fe Animal meats
Certain amino acids (e.g., methionine, 
cysteine, histidine)

Fe and/or 
Zn

Animal meats

Long-chain fatty acids (e.g., palmitate) Zn Human breast milk
Selenium I Sea foods, tropical nuts
B-carotene Fe Green and orange vegetables
Inulin and other nondigestible carbohydrates 
(prebiotics)

Fe, Zn Chicory, garlic, onion, wheat, 
Jerusalem artichoke

Graham et al. (2001)
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in correction of Zn deficiency and increasing plant growth and yield (Rengel et al. 
1999; Kakraliya et al. 2018).

In India, through NAIP-funded project on micronutrient enrichments, efforts 
have been made to identify genetically efficient cultivars of cereals and pulses for 
Zn and Fe to develop options for micronutrient biofortification. Genetically efficient 
and inefficient cultivars were identified based on Yield Efficiency and Uptake 
Efficiency Index. Interestingly, the genetically inefficient cultivars were agronomi-
cally highly efficient. Thus, the efficient cultivars could be utilized by breeders for 
QTL identification and developing high-yielding micronutrient enriched cultivars 
(genetic biofortification), while the inefficient cultivars were for agronomic biofor-
tification to dense the grains of highly responsive cultivars with micronutrients. 
Application of micronutrient either through soil, foliar, or both could increase yield 
as well as concentration (Table  4.7). However, the variation in yield and 

Table 4.7 Effect of micronutrient application on grain yield and grain Zn/Fe/Mn concentration of 
different groups of cultivars at different locations in India

Crops Efficient cultivars Inefficient cultivars
Zinc (Zn)

Grain yield 
(t ha−1)

Grain Zn 
(mg kg−1)

Grain yield 
(t ha−1)

Grain Zn 
(mg kg−1)

−Zn +Zn −Zn +Zn −Zn +Zn −Zn +Zn
1. Bhopal
A. Pigeonpea 1.41 1.54 32.6 43.8 1.06 1.41 35.1 48.2
B. Wheat 3.72 3.87 41.0 47.8 2.85 3.37 43.0 56.3
2. Hyderabad
A. Rice 

(dehusked)
5.98 6.18 11.0 16.7 5.36 7.92 9.5 16.9

B. Maize 5.04 6.13 24.2 27.4 4.39 6.59 23.7 29.5
3. Pantnagar
A. Wheat 3.71 3.95 20.3 43.1 3.26 4.23 15.1 43.8
Iron (Fe)

Grain yield 
(t ha−1)

Grain Fe 
(mg kg−1)

Grain yield 
(t ha−1)

Grain Fe 
(mg kg−1)

−Fe +Fe −Fe +Fe −Fe +Fe −Fe +Fe
4. Anand
A. Pigeonpea 2.50 2.42 34.1 36.0 2.27 2.55 33.7 38.5
B. Chickpea 3.15 3.27 59.0 62.8 2.36 2.91 56.0 67.5
5. Pusa
A. Maize 5.19 5.55 46.8 66.2 5.22 6.22 41.3 63.2
Manganese (Mn)

Grain yield 
(t ha−1)

Grain Mn 
(mg kg−1)

Grain yield 
(t ha−1)

Grain Mn 
(mg kg−1)

−Mn +Mn −Mn +Mn −Mn +Mn −Mn +Mn
6. Ludhiana
A. Rice 6.71 6.85 41.4 53.0 4.83 5.51 31.6 44.2
B. Wheat 5.02 5.45 25.0 33.1 4.24 5.20 19.9 30.2

D. Kumar et al.



123

concentration was driven by the type of crop and genetic makeup of the cultivars 
(Shukla et al. 2012). In case of efficient cultivars, the application of micronutrient 
had little effect on yield, but increase in Zn and Fe concentration was registered in 
all the crops. At Bhopal, the Zn concentration in efficient cultivars of pigeonpea 
increased by 34%, while it was 16.6% in case of wheat.

Experiment conducted for Zn enrichment in rice and maize at Hyderabad showed 
that Zn application could increase 51.8% Zn concentration in rice grain and 13% in 
maize. In case of inefficient cultivars, both grain yield and micronutrient (Zn and 
Fe) concentration increased with the application of micronutrient. This happens 
because the genetically inefficient cultivars are agronomically highly efficient and 
thus responded to external application of Zn. At Bhopal, application of Zn in inef-
ficient cultivars enhanced the grain yield of pigeonpea by 33%, while that of wheat 
by 18%. The increment in Zn concentration was more in case of pigeonpea (37.2%) 
than that of wheat (30.9%). Inefficient cultivars of rice grown at Hyderabad showed 
47.8% increase in yield and 77.8% increase in Zn concentration. In case of maize, 
the increase in Zn concentration was less than the rice, while grain yield enhanced 
by one and a half-fold. At Pantnagar, wheat yield increased up to 29.8%, but con-
centration increased approximately three times.

Effect of Fe application on grain yield and Fe concentration in grain was studied 
in pigeonpea and gram at Anand, Gujarat and in maize at PUSA, Bihar. Similar to 
Zn application, Fe could hardly influence the yield of efficient cultivars, but it had 
significant effect on Fe concentration in grain. The efficient cultivars of pigeonpea 
and chickpea grown at Anand exhibited 10 and 6% increase in Fe concentration, 
respectively, while in case of Fe-inefficient cultivars, pigeonpea and chickpea yield 
had increased by 14 and 20%, respectively, and the density of Fe concentration in 
both crops enhanced by 20%. At Pusa, seed loading with Fe enhanced by 46% in 
efficient cultivars of maize. In case of inefficient cultivars, increase in grain yield of 
maize was recorded 19% and concentration by 53%. The efficiency of micronutri-
ents depends on the right method, right rate, and right time of application. There are 
different approaches to improve the micronutrient content of the edible part. One is 
to increase the efficiency of uptake and transport into edible tissue and second is to 
increase the amount of bioavailable micronutrient accumulation in the plant. 
Manganese concentration enhanced by 28 and 39.8% in efficient and inefficient rice 
cultivars, respectively, while in wheat this increase was recorded by 32 and 52%.

Strategies for micronutrient (Zn, Fe, and Mn) enrichment in different crops were 
developed using several permutation and combinations of nutrient management 
options. The cultivars of different crops identified as efficient may be grown in soils 
low in specific micronutrients. Of the several strategies used, soil plus three foliar 
feeding has been identified as best option for grain enrichment with Zn, in soils hav-
ing low Zn status. In adequate Zn soils, two to three foliar sprays are sufficient to 
increase grain Zn concentration in rice, wheat, and pigeonpea. Foliar spray of K 
along with Zn was also an effective strategy for enhancing grain Zn concentration 
in pigeonpea. Among the Zn management strategies, soil plus foliar feeding was 
superior over foliar or soil application alone. Zinc applied to previous crop also 
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contributed significantly to grain yield, and it was at par with treatment receiving 
soil Zn application in previous crop. In efficient group of cultivars, the grain yield 
remains unaffected due to either of Zn management strategies.

Grain Zn accumulation mechanism varied with efficiency of cultivars, its ability 
to translocate Zn from soil as well as from shoot to grain. The mechanism for 
increased root uptake in wheat may be related to proliferation of crown root growth, 
exudation of organic acids or phytosiderophores, and increased tolerance to Zn defi-
ciency. In low Zn soil, Zn application to soil is inevitable in order to mitigate Zn 
deficiency at early growth stage, while in excess Zn soil, foliar feeding is an effec-
tive option in enhancing grain Zn concentration in wheat.

4.8.2  Physiological Mechanism for Absorption 
and Translocation of Fe in Gram 

The experiment was conducted in micro-plot having Fe-deficient soil with the Fe 
treatments, viz., control, Fe soil (20 kg Fe ha−1), and Fe spray (0.5% ferrous sulfate 
at flower initiation, pod development, and grain-filling stage), as well as nipping (at 
45 DAS) and defoliation (at 45 DAS, 20% leaves) as physiological interventions to 
study the effect of physiological interventions on yield and Fe content in grain 
of gram. Average Fe concentration in gram grain increased by 2.9 (control 48.2 and 
highest 49.6 mg kg−1) and 13.2% (control 50.2 and highest 56.8 mg kg−1), respec-
tively, over control in case of Fe-efficient and Fe-inefficient group of varieties. Soil 
application and foliar feeding showed beneficial effect to improve Fe content in 
grain. Among physiological interventions, defoliation was found superior over nip-
ping to increase Fe content in gram grain (Fig. 4.7).

Fig. 4.7 Effect of physiological treatments on Fe content in grain of Fe-efficient and Fe-inefficient 
groups of gram varieties
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4.8.3  Bioavailability of Enriched Cereals Using Rat Model

Soils improve human health through the nutrients taken up by plants and animals 
that eat those plants, nutrients that are needed for adequate nutrition as humans 
consume the plants or animals. Enhanced micronutrient content in grain does not 
imply that it will be available to human and animal (Shukla et al. 2016; Kumar et al. 
2017a). Therefore, Fe bioavailability was assessed under AICRP on micronutrient 
(NAIP) using rat models at Anand. The consumption of the experimental diets by 
rats was based on the AIN-93G (Reeves et al. 1993). The results revealed that Fe 
intake was more from pigeonpea-based diet and from seeds of inefficient cultivars 
that contain high Fe. The excretion of Fe was also higher in rats fed with Fe-enriched 
grain due to excess intake, but Fe supplied through enriched grain was bioavailable 
to animals as good as Fe supplied through standard sources.

The absorption of Fe was the highest, i.e., 416.15 ± 26.24 μg day−1 in rats fed 
with standard diet followed by pigeonpea-efficient group (347.09 ± 29.21 μg day−1) 
which did not differ from it. However, D1 and D2 groups differed (p < 0.05) either 
from D0 or D3 group. The iron concentration in the liver due to standard and pigeon-
pea-efficient diets (Table 4.8) was found statistically similar, but they differed from 
D1 or D2 groups. The iron content in the kidney of experimental animals fed with 
standard diet (34.52 ± 1.29 μg g−1) was statistically (p < 0.05) higher than those fed 
with pigeonpea-based diets, i.e., D1, D2, and D3; however, they did not differ among 
themselves. The Fe content of femur in the rats on standard and pigeonpea-based 
diets varied from 87.94  ±  2.03 to 99.95  ±  1.82  μg  g−1 which was significantly 
(p  <  0.05) higher in rats fed with standard diet compared to control pigeonpea, 
pigeonpea-inefficient, and pigeonpea-efficient diets. The data on iron absorption 
and its deposition in the liver in pigeonpea-efficient (D3) diet was comparable with 
standard diet. Thus, bioavailability of Fe from pigeonpea-efficient variety was com-
parable with standard diet comprising of ferrous sulfate as iron source. The iron 
intake (Table 4.9) of the rats from standard diet and pigeonpea-based diets varied 
from 702.90 ± 32.72 to 795.09 ± 46.61 μg day−1 which was statistically similar.

4.9  Conclusion

The agricultural production scenario in the country is facing several challenges so 
far as enhancement in production and quality of the produce is concerned. The 
ICAR and SAUs in the country have very carefully taken up the program of micro-
nutrient research after realizing the importance of its management long back in 
1970s when Zn deficiency as khaira disease was noticed in tarai region of Uttar 
Pradesh and reported by YL Nene (1966). Almost all the parts have been covered by 
AICRP on MNS and pollutant elements to find out the deficient areas in different 
micronutrients. The whole picture has emerged indicating widespread deficiency of 
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Zn followed by B, Fe, Mn, and Cu in specific regions of the country. Accordingly, 
strategies to combat with the deficiencies in soils and plants have been considered 
by identifying suitable agrotechnologies of micronutrient supplementation in soils 
and plants. The cheapest and efficient sources; their rate, frequency, and method of 
application; and possible remedial measures have been worked out for different 
crops and cropping systems.

It has been noticed that the straight inorganic fertilizers containing micronutrient 
elements are cheaper sources although the chelated sources are more efficient but 
still costlier venture for farmers. It has also been noticed that the micronutrient fer-
tilizer efficiency is very less, i.e., 3–5% in many cases, but still they carry the resid-
ual effect and therefore need not apply to all the crops, but their recommendations 
are more meaningful when considered for the cropping systems. Also, native 
sources of micronutrients need to be exploited as they are unavailable to the plant 
roots due to one or other soil-related constraints like salinity/sodicity, high CaCO3 
content, low OC, excess acidity, etc. Therefore, the role of amendments like gypsum 
and lime and use of organics are greater in mitigating the micronutrient deficiencies 
in different regions having various soil types.

There is an emerging deficiency of multimicronutrients in some pockets of the 
country, but it could be managed with site-specific nutrient management or using 
customized micronutrients containing fertilizers. It is a need of the time to meet the 
requirement of crops for their micronutrient demand for dense micronutrient seeds/
grains especially of Zn, Fe, Mn, etc., which are nutritionally important trace ele-
ments. There are several approaches to tackle this issue in which genetic breeding 
approach is one to solve the problem once for all in a long way and agronomical 
approach is a short-term approach which can give relief on temporary basis but 
needs attention every year with regard to its supplementation.

Although the researches on micronutrient management have been carried out so 
exhaustively from basic and application sides, the correct usage still needs attention 
of extension agencies and government policy planners. The fertilizer production 
and consumption of major nutrients like NPK monitoring and data recording sys-
tems are nicely arranged, while in case of micronutrients, no systematic information 
is available, and therefore, it becomes difficult to target the areas for priority atten-
tion. The quality products in markets are also not available for one or other reasons, 
and therefore furious products are sold in the market, and farmers are not only 
cheated, but they lose their confidence from the importance of micronutrient usage 
in their agriculture. The refined information based on GPS mapping could be 

Table 4.9 Apparent absorption (μg day−1) of iron in rats fed with pigeonpea-based experimental 
diets

Diet Fe intake Fe excretion Absorption
D0 752.99 ± 39.89 336.85a ± 20.36 416.15b ± 26.24
D1 795.09 ± 46.61 494.51b ± 19.43 300.58a ± 31.03
D2 702.90 ± 32.72 433.43ab±25.11 269.48a ± 13.92
D3 748.14 ± 30.20 401.04ab±36.97 347.09ab±29.21

abMeans with different superscripts in columns for a parameter differ significantly (p < 0.05)
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utilized to pinpoint the areas deficient in micronutrients for their supplementation 
program. There are areas of developing science like nanotechnology which may be 
utilized to provide benefit to the farmers by developing efficient Nano product with 
its technology of use. However, the steps toward nutrient-based subsidy and other 
policies of organic farming and FCO role to tackle certain issues will help to solve 
these problems in days to come favorably so that micronutrient management will 
have its real impact on agricultural production and quality produce which will fur-
ther help in mitigating the problems of malnutrition in human and animals and 
sustain soil health.

4.10  Future Research Need

More information on the transformation and availability of micronutrients for dif-
ferent soils and the effect of manipulating the soil physical environment and its 
moisture regimes on plant-available micronutrients need to be generated. The resid-
ual availability of various sources of micronutrients for a cropping system needs to 
be worked out. In order to enhance micronutrient use efficiencies, the use of nano-
technology options along with testing of new micronutrient products may be taken 
up. The physiological and microbiological interventions will be quite useful further 
for enhancing the micronutrient availability so as to produce micronutrient-dense 
seeds/grains. There is also need to study on mobilization of native micronutrients 
using indigenous microorganism. A nationwide program of micronutrient fertiliza-
tion could be highly successful in both increasing their concentration in food crops 
and improving daily intake of trace elements in the population to targeted levels 
besides increase in crop yield.
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Abstract
Nitrogen (N) fertilizer has been identified as a crucial input that has alleviated 
nitrogen limitation in crop production and substantially enhanced yield. Global 
N fertilizer consumption in the year 2013 was 107.6 million tons which is 
approximately ten times that of 1961. However, 60–70% of applied N is lost 
from the system in the form of reactive N species such as ammonia (NH3), nitrous 
oxide (N2O), nitric oxide (NO), nitrogen dioxide (NO2), and nitrate (NO3) due to 
poor N use efficiency of agricultural crop. Intensive agricultural practices there-
fore are major anthropogenic interference that disrupt natural N cycle, leading to 
severe environmental hazards in the form of acid rain, smog, eutrophication, 
ozone depletion, and global warming. Monitoring contribution of agriculture to 
global N pollution is essential to raise awareness and adopt mitigation measures 
to ensure environmental sustainability of the production system. Attempts have 
been made to prepare farm-, region-, and country-specific inventories of N leach-
ing, N2O, and NH3 emission separately, though data on the contribution of agri-
culture is associated with its inherent uncertainties and biases. Recently, nitrogen 
footprint approach has been identified as a potential tool to estimate N flow from 
various sectors such as industry, transport, and agriculture. These tools also pro-
vide options of developing strategies for reducing N footprint over a time period. 
The objectives of this chapter are to comprehensively discuss the contribution of 
agricultural activity to reactive N flow and analyze the scope of using N footprint 
tools for comparative assessment of environmental sustainability of various crop 
management practices.
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Abbreviations

AP Acidification potential
ATP Adenosine triphosphate
EEFs Enhanced efficiency fertilizers
EP Eutrophication potential
Gt  Gigatonnes
GWP Global warming potential
MCL Maximum contaminant level
Mt. Metric tons
N2O Nitrous oxide
NH3 Ammonia
NO Nitric oxide
NO2 Nitrogen dioxide
ODP Ozone depletion potential
POCP Photochemical ozone creation potential
SIA Secondary inorganic aerosols
SSNM Site-specific nutrient management
Tg Teragrams

5.1  Introduction

Nitrogen is one of the most yield-limiting nutrients in rice production around the 
world (Samonte et al. 2006). Nitrogen fertilizer is a crucial input for attaining higher 
crop yield and contributes significantly to total crop production cost (Tirol-Padre et al. 
1996). Deficiency of nitrogen adversely affects plant growth and development by 
restricting the formation of enzymes, chlorophyll, and proteins required for different 
metabolic activities. Though nitrogen is abundantly available in the atmosphere, it is 
mainly in nonreactive form (N2). The need for food production led to conversion of 
nonreactive form of N to reactive form. Before the onset of industrial conversion of N2 
to NH3, biological N fixation was the single most important pathway for fixation of 
atmospheric N, and the N input and output in the terrestrial N cycle were in equilib-
rium. However, due to excessive use of N fertilizer during the past decades, there are 
disruptions in natural N cycle leading to severe environmental hazards like eutrophi-
cation, acid rain, smog, global warming, ozone depletion, etc. According to earth sys-
tem researchers, nitrogen is the major factor in biogeochemical pollution and one of 
four “planetary boundaries” that have been exceeded. World over, approximately 120 
million tons of synthetic nitrogen fertilizer is being used each year in agriculture. 
However, more than half of it is lost from the agroecosystem in the form of reactive N 
species to the environment due to abysmal low agricultural N use efficiency that 
shows a declining trend over years. Poisoning of underground water reserves in 
California, toxic “red tides” off the shores of Florida, and toxic algae spread from river 
estuaries across the East China Sea are some of the deadly fallout of N pollution over 
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the world, though not enough attention has been given to the problems of N pollution 
as compared to C pollution. The positive aspect of N use, particularly its role in green 
revolution, has been recognized widely, but there is little or no awareness related to 
environmental issues of N fertilizer use. Assessing the environmental impact of agri-
cultural N use is essential to improve understanding of issues related to N pollution. 
Efforts have been initiated to develop, standardize, and monitor reactive N flow from 
the agroecosystem and prepare countrywise inventories of reactive N emission; how-
ever, available statistics has its own uncertainties and biases due to inherent complexi-
ties of the process involved. Since N is an essential input, its use is rationalized to 
enhance productivity and at the same time minimize its adverse environmental impact 
to ensure sustainability of crop production world over.

Of late, the concept of ecological footprint has been gaining momentum as indi-
cators of sustainability which aims at measuring the impact a person or community 
exerts on its environment due to its consumption pattern and the amount of land 
required to sustain their use of natural resources (Global Footprint Network 2012). 
Analogous to ecological footprint, several other indicators, e.g., carbon footprint, 
water footprint, energy footprint, etc., have been developed which are now part of a 
system of indicators known as footprint family. These indicators estimate the 
impacts of human activities on the environment in relation to resource consumption 
waste generation. These indicators provide a quantifiable and rational assessment of 
efficiency of production processes, limits of resource consumption, and sustainable 
utilization of global resources. Nitrogen footprint is a recent development in sus-
tainability and footprint research which basically aims at quantifying reactive N 
load to environment due to anthropogenic activities assessing its impact.

The objective of this chapter is to discuss the contribution of agricultural activi-
ties toward N pollution and to analyze different nitrogen footprint indicators for 
their usefulness as sustainability indicator for agricultural production.

5.2  Importance of Nitrogen

Nitrogen is one of the elements essential for performing basic life functions in 
plants and animals. Being the major constituent of amino acids that are building 
blocks of proteins and nucleic acids, N is crucial for growth, survival, and subse-
quent generations of all plants and animals. Protein is an integral component of all 
animal tissue; hence, growth, replacement, and repairing of tissues require nitrogen. 
In addition, enzymes which are nothing but proteins play key roles in metabolism of 
plants and animals. In plants, N constitutes the main structural frame of chlorophyll 
that is essential for photosynthesis. Being part of adenosine triphosphate (ATP), it 
plays a significant role in the transfer of energy in both plants and animals. Nitrogen 
is also a constituent of nonprotein compounds, e.g., “heme” in hemoglobin, which 
transports oxygen to all parts in human body.

Nitrogen, though the single most abundant element in the earth’s atmosphere 
constituting around 78%, remains mostly inaccessible to animals and plants. A 
small fraction of N occurring naturally as saltpeter (KNO3, NaNO3) in mineral 
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deposits and as bird guano, i.e., excreta of seabirds and bats, is insufficient to meet 
biological needs. Therefore, N is one of the most limiting elements that significantly 
influence net primary production in earth. Hence, the cycle of N, i.e., conversion of 
inert atmospheric N to available N (NH4, NO3 etc.), is of immense ecological sig-
nificance. Natural N cycle consists of a series of interrelated biogeochemical pro-
cesses, i.e., fixation, ammonification, nitrification, and denitrification, by which 
atmospheric N2 is converted to NH3 biologically by N-fixing organisms or chemi-
cally (in the presence of lightening) and becomes part of the biosphere, i.e., soil- 
plant- animal system. Organic N released from plant and animal in the form of 
residue or manure is converted to inorganic N (NH4-N and NO3-N) through decom-
position, ammonification, and nitrification processes. Part of inorganic N is again 
consumed by plants and microbes and the rest returns back to atmosphere in the 
form of NH3, N2O, and N2 through volatilization and denitrification (Fig. 5.1).

Recycling of crop residues and manures, application of guano and nitrate depos-
its, and cultivation of legumes were the main sources of external N supply to sustain 
plant growth and productivity before the invention of Haber–Bosch process. Haber–
Bosch process that involves production of NH3 from N2 and H2 paved the way for 
fixation of atmospheric N in an industrial scale, and so far, it is considered a break-
through invention that has far reaching consequences on human civilization. This 
process is the basis of synthetic nitrogenous fertilizer production which revolution-
ized agriculture all over the globe by enhancing the productivity. In addition, NH3 
has several other industrial uses, i.e., production of plastics, dyes, drugs, soda ash, 
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rocket fuel (hydrazine), explosives (ammonium nitrate), etc. Worldwide, approxi-
mately 150 million tons of ammonia is being produced annually, and over 80% of it 
is used for production of synthetic fertilizers (U.S.  Geological Survey, Mineral 
Commodity Summaries January 2011). The consumption of nitrogen fertilizers in 
2013 was 113.2 million tons, and this amount is expected to increase up to nearly 
120 million tons in 2018 (https://www.statista.com/statistics/438967/
fertilizer-consumption-globally-by-nutrient).

5.3  Nitrogen and Food Grain Production

Nitrogen is one of the major essential nutrients of plants and required in larger quan-
tities by almost all food crops. It is also one of the most yield-limiting nutrients for 
production of major food crops around the world (Ladha and Reddy 2003; Samonte 
et al. 2006). Availability, uptake, and translocation of N in plants affect many basic 
physiological functions related to biomass and grain yield (Kaizzi et  al. 2012). 
Apart from the establishment and maintenance of photosynthetic capacity and 
activity, N also plays an important role in the development and maintenance of sink 
capacity, more particularly in cereals, by influencing the number and size of the 
seeds (Dreccer et al. 2000; Fageria et al. 2008; Foulkes et al. 2010). Nitrogen also 
has varying effects on the quality of produce, e.g., protein content in the grains of 
cereals (Guarda et al. 2004).

The chlorophyll and N contents of leaves are closely linked (Amaliotis et  al. 
2004) because N is a structural element of chlorophyll and affects the formation of 
chloroplasts (Bojovic and Markovic 2009). The study indicated the chlorophyll con-
tent in rice seedlings decreased by 8% with a low N supply and increased by 12% 
with high N supply (Li et al. 2012). Because of its close association with chloroplast, 
N influences photosynthetic efficiency, carbohydrate accumulation, and subsequent 
dry matter production. Hence, the availability of N affects the area of leaf, formation 
of tillers, spikelets, and the percentage of filled grains in rice (Tanaka et al. 2013). 
Deficiency of N affects reproductive and vegetative phenological development, 
inhibits growth of a plant, and reduces tiller number and leaf emergence rate 
(Umehara et al. 2008; Marschner 2012; Meena and Lal 2018). In addition, inade-
quate N supply to reproductive organs also reduces the number of ear-bearing tillers, 
number of fertile spikelet, and overall yield (Shahrokhnia and Sepaskhah 2016). 
Hence, an optimum supply of N is crucial to prevent retardation of plant growth and 
yield (Tafteh and Sepaskhah 2012). Therefore, nitrogen fertilizers play a crucial role 
in enhancing agricultural production and ensuring food security for the ever-increas-
ing global population (Spiertz 2010; Qiao et al. 2015). On average, wheat crop with 
the total biomass of 2.9 t ha−1 at maturity contains approximately 95 t ha−1 nitrogen 
in the seed and straw (Stone et al. 1996). The N requirement to produce 1 ton of rice 
grain, within the yield range of 4–10 t ha−1, could vary from 18.0 to 20.0 kg ha−1(Guo 
et al. 2016; Meena et al. 2018). Similarly, maize crop with yield of 40 t ha−1 removes 
160 kg N ha−1; however peak uptake could be as high 210 as kg N ha−1 (https://www.
pda.org.uk/pda_leaflets/17-forage-maize-fertiliser-requirements/). According to the 
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latest available world fertilizer statistics, cereals including rice, wheat, and maize 
consume approximately 57.5 TgN, accounting for about 55% of world N fertilizer 
utilization.

Over the past century, use of N fertilizer is identified as one of the agronomic 
management options that have alleviated nitrogen limitation in crop production and 
substantially enhanced yield and soil fertility. According to available statistics, N 
fertilizer consumption increased from 11.3 Tg N year−1 in 1961 to 107.6 Tg N year−1 
in 2013; during this period, average N consumption per unit cropped area in a year 
increased from 0.9 to 7.4 g N m−2 cropland (Lu and Tian 2017). Between 2000–
2001 and 2007–2008, global N fertilizer consumption increased by 23%, from 82.1 
to 100.8 Tg N which was further increased from 101 Tg N in 2010, and with this 
baseline scenario, world N demand is projected to grow by 1.3% per annum to reach 
a figure of 132 Tg in 2030 (Fig. 5.2). Trends of world cereal production and food 
supply show strong linear relationship with nitrogenous fertilizer consumption. 
Based on the relationship between cereal production and fertilizer N consumption, 
it has been projected that approximately 138–161 Mt. of nitrogenous fertilizer will 
be required to produce 2.9–3.0 Gt of cereal by 2050 (Ramankutty et al. 2018).

5.4  Contribution of Agriculture to N Pollution

Before the discovery of Haber-Bosch process, most of the reactive N input to agro-
ecosystem was through biological N fixation. However, with intensive agricultural 
practices, there is a dramatic increase of around 9–10 times in global fertilizer N use 
within the last 4–5 decades. According to an estimate, the total synthetic N fertilizer 
used since 1985 is approximately more than half of all the synthetic N fertilizers 
ever used in the world (NRC 2000; Howarth et al. 2002). However, worldwide N 
use efficiency of applied N is very poor, hardly exceeding 30–40% (Ladha et al. 
2005), causing a loss of the rest 60–70% N from the system in the form of reactive 
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N species such as NH3, N2O, NO, NO2, and NO3. Since the N cycle in the agroeco-
system is an integral part of the global N cycle, accumulation of reactive N species 
due to enhanced fertilizer N application has a cascading effect on it. Therefore, 
intensive farming practice so far has been considered as a major anthropogenic 
activity that is rapidly altering global N cycle with far-reaching consequences of 
atmospheric pollution, greenhouse gas emission, and groundwater pollution, 
thereby raising global sustainability concerns (Smil 1999; Sheldrick et  al. 2002) 
(Fig. 5.3).

Assessment on global nitrogen flows in cropland by Liu et al. (2010) indicated a 
total nitrogen input of 136.60 million ton of N per year in the year 2000, and almost 
half of which was from mineral nitrogen fertilizer making it the singlemost source 
of N (Fig. 5.3). However, there was considerable spatial variability in the contribu-
tion of fertilizer N across the regions of the world that ranged from over 55% in 
Oceania to 25–29% in Africa and South America. The croplands of Europe, Asia, 
and North America received 48–55% of the N input from mineral fertilizers. The 
same study calculated that out of the total N output of around 148 Mt. per year, 55% 
was removed by crops and remaining 45% was lost in leaching (16%), soil erosion 
(15%), and gaseous emission (14%). However, there were region-specific variations 
in distribution of loss depending on prevailing climatic and improved fertilizer man-
agement technology adopted.
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5.4.1  Ammonia Emission and Atmospheric Pollution

Volatilization loss of N in the form of NH3 is an important pathway of N loss from 
arable farming system. It occurs when fertilizers containing NH4 (e.g. NH4SO4, 
NH4NO3) or forming NH4 (urea) are applied to soil, particularly of high pH. When 
urea is applied, it undergoes the process of hydrolysis causing an increase in pH (> 
8.0) of microsite in the vicinity that leads to conversion of NH4 to NH3. Agricultural 
activities so far have been identified as the largest global anthropogenic source of 
NH3 to the atmosphere (Bouwman et al. 1997). According to a recent study, out of 
the total global annual anthropogenic NH3 emission of 3.5 million tons acre−1, agri-
cultural activities including crop and animal husbandry account for 3.4 million tons 
acre−1(Paulot et al. 2014). Depending upon the soil type, crop, and fertilizer mate-
rial, the emission of NH3 from soil could vary from 1 to 26 kg ha−1 (Adhya et al. 
2007). Ammonia volatilization loss to the extent of 69 kg ha−1 from the rice–wheat 
system of North India depending upon the fertilizer management practices has also 
been reported (Banerjee et al. 2002; Kumar et al. 2018). Simulation study indicated 
average volatilization loss from agriculture in different states of Indo-Gangetic 
plains in India could be around 30.6% of N applied through fertilizer and manure 
(Pathak et al. 2002). Annual NH3 emissions from South Asian agricultural systems 
calculated using bidirectional NH3 exchange module (Bi-NH3) and Dynamic Land 
Ecosystem Model was 21.3 ± 3.9 Tg N year−1 in 2014, out of which 10.8 Tg N 
yearr−1 was from synthetic N fertilizer use and 10.4 ± 3.9 Tg N year−1 was released 
from manure production (Xu 2014). In 2000, the total NH3 emission for China was 
estimated to be 13.6 Tg, 50% of which was from fertilizer applications (Streets et al. 
2003).

Enhanced NH3 emissions due to high N inputs could be a potential threat to the 
environment and human health. Being alkaline in reaction, NH3 undergoes several 
chemical reactions with the acidic constituents of the atmosphere such as sulfate 
(SO4

2-) and nitrate (NO3
-) forming secondary inorganic aerosols (SIA). Increasing 

concentration of aerosols in atmosphere has a direct negative relation with the visi-
bility range, climate forcing, and human health (Cheng et al. 2013; He and Dijkstra 
2014). Ammonium salts contribute over 50% of the annual light extinction coeffi-
cients in air (Tao et al. 2014). Apart from this, increasing concentration of NH3 in 
atmosphere also leads to dry and wet deposition of NH3 on terrestrial ecosystem 
causing eutrophication of surface water bodies, loss of biodiversity, and distortion 
of ecosystem balance due to alterations in N transformation processes, e.g., miner-
alization, nitrification, etc. in soil (Kim et al. 2011; Sofi et al. 2018).

5.4.2  Nitrous Oxide Emission and Global Warming

Nitrous oxide is the by-product of both nitrification and denitrification processes in 
soil. Under aerobic conditions, nitrification is the main source of N2O, while deni-
trification dominates under flooded rice fields. Nitrification is the process of micro-
bial conversion of ammonium ion to nitrite and nitrate ions under aerobic condition, 

S. Mohanty et al.



143

and it is also responsible for the production of N2O, possibly from the intermediate 
compounds NH2OH or NO, though the exact pathway is not clearly known.

 

        O2

NH4+               NH2OH               NOH           NO             NO2

                                   N2O                                      N2O  (5.1)

Denitrification is the process of conversion of nitrate or nitrite form of N to dinitro-
gen or N oxides under anaerobic conditions and presented as

 NO NO NO N O N3 2 2 2
- -® ® ® ®  (5.2)

N2O is an important greenhouse gas with atmospheric lifetime of approximately 
120 years and radiative forcing 298 times more than that of CO2 on 100 years period. 
At the global scale, the contribution of N2O to total radiative forcing has been esti-
mated to be 8%. In addition to its greenhouse effect, N2O is now also recognized as 
a major ozone-depleting substance in the stratosphere. On reaction with oxygen, 
nitrous oxide produces nitric oxide, and this in turn reacts with ozone, regulating its 
concentration in the stratosphere. The atmospheric concentration of nitrous oxide 
has risen from a preindustrial value of 270 ppb to 319 ppb in 2005, and during the 
period 1985–2005, its concentrations continued to increase at a rate of 0.25% per 
year (IPCC 2007).

Along with industry, transport, and biomass burning, agriculture has been identi-
fied as a main source of anthropogenic N2O emissions. Agricultural activities 
including application of nitrogenous fertilizer lead to enhanced biogenic production 
of nitrous oxide directly or indirectly through their impact on the global N cycle. 
The direct N2O emissions from fertilized agricultural soils and animal production 
and indirect emissions from N used in agriculture constitute total agricultural N2O 
emission (Mosier et al. 1998). With a value of 2.1 (0.4–3.8) Tg N year−1, estimated 
following the IPCC Phase II methodology (IPCC 1997), the direct N2O emissions 
from agricultural soils account for 24% of the total global emission (Mosier et al. 
1998). However, the contribution of agriculture to total anthropogenic source of 
N2O emission reportedly varies, ranging from 65% to 96% (Mosier et  al. 1998; 
Bouwman et al. 2002; Denman et al. 2007; Yadav et al. 2018). Recently, using the 
revised emission factor from the IPCC 2006 guidelines (IPCC 2006), Syakila and 
Kroeze (2011) calculated the share of agriculture to the total anthropogenic source 
of N2O is 60% which was lower than the earlier estimation of 80% (Kroeze et al. 
1999). Global N2O emission from agricultural activities involving crop and animal 
husbandry has been estimated to be 5.3 N2O Tg N year−1 which included both direct 
and indirect emissions. The direct emission from agricultural soils due to the use of 
synthetic fertilizer, animal waste, biological N2 fixation, crop residue, and cultiva-
tion of histosols was 1.8  N2O (Tg N year−1), and the synthetic fertilizer alone 
accounted for 0.9 N2O Tg N year−1. Fertilizer-induced N2O emission factors calcu-
lated using meta-analysis of more than 200 observations from 68 studies were 
0.68 ± 0.41% and 0.49 ± 0.43% for rice and dry land paddy of China, respectively 
(Chen et al. 2015). Depending upon crop grown, water management practices, and 
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type and dose of fertilizers, the N2O emission from agricultural soils in India ranged 
from 0.06 to 0.93 kg N ha−1 (Pathak et al. 2009). The total N2O–N emission from 
Indian soil, including emission from biological N fixation, N fertilizers, and indirect 
emission from soils, has been estimated to be 170 Gg N2O–N year−1, of which N 
fertilizer-induced direct N2O–N emission constitutes around 81% (Garg et al. 2001).

5.4.3  Nitrate (NO3) Leaching and Water Pollution

Nitrate, the end product of nitrification process that occurs in aerobic soil, is one of 
the preferable forms of inorganic N by most of the arable plants. However, nitrate 
ion is highly labile in nature; because of its negative charge, it is loosely attached to 
the clay surface and hence prone to leaching and runoff losses, particularly in well- 
drained light-textured soils. Depending upon the soil properties and water and nutri-
ent management practices, loss of N could be as high as 80% of applied N (Watt 
et al. 1991). Nitrogen loading from agricultural nonpoint sources accounts for more 
than 50% of the total water pollution in the several countries (Boers 1996; Kronvang 
and Bruhn 1996) and is one of the nonpoint source of pollution that causes serious 
threat to water environments (Xie and Zhu 2003; Chen 2005). Nitrate contamina-
tion of ground and surface water bodies due to leaching and runoff generally leads 
to deterioration of water quality and results in eutrophication, algal bloom, and loss 
of biodiversity in rivers, ponds, and lakes. Drinking of NO3-N polluted water leads 
to a serious health disorder, i.e., methemoglobinemia (infant cyanosis or blue-baby 
syndrome) in which nitrite molecules combine with hemoglobin, forming methe-
moglobin, which prevents the transport of oxygen, leading to suffocation and death 
of the infant.

The maximum contaminant level (MCL) for nitrate in groundwater has been 
prescribed as 10 mg NO3-N l−1 by World Health Organization, beyond which it is 
considered unsafe for drinking. However, there are reports of NO3-N concentration 
exceeding the MCL in many parts of the world, both in developed and developing 
countries. In the United States, out of 20% of wells surveyed in farmland areas are 
found to have NO3-N concentration higher than MCL (Galloway et  al. 2004). 
Studies on groundwater nitrate in agricultural regions of China indicated approxi-
mately 30% of groundwater in several intensively cultivated regions of China, e.g., 
Circum-Bohai-Sea Region, middle of the Heishe River irrigation areas, had NO3

--N 
concentrations higher than the prescribed limit of WHO for drinking water (Yang 
and Liu 2010; Ma et al. 2012; Gogoi et al. 2018). There are few reports of enhanced 
NO3 concentration in groundwater of intensively cultivated Indo–Gangetic states, 
e.g., Punjab and Haryana in India (Chauhan et  al. 2012). A strong connection 
between higher fertilizer N application and the enhanced nitrate concentrations in 
ground and surface water has been reported world over (Howarth et  al. 1996; 
Donoso et  al. 1999; Sihag et  al. 2015). In addition, NO3 enrichment of surface, 
fresh, and marine aquatic system due to soil erosion and surface runoff causes 
excessive algal blooms and eutrophication (Howarth 2008). This results in anoxia 
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(no oxygen) or hypoxia (low oxygen) condition and thereby disrupts the food web 
structure, degrades general habitat, and changes the overall ecosystem function.

5.4.4  Uncertainties in Estimation of Reactive N Flow 
from Agriculture

The processes of N cycling in soil–plant and atmosphere system are intricately 
related and characterized by large spatial and temporal variability, which lead to a 
great degree of uncertainties in quantitative understanding of these processes. 
Standard methodologies for estimation of various N losses, e.g., NH3 emission, 
denitrification, and NO3 leaching from agricultural fields, are yet to be developed. 
Existing point data obtained by the following available methodology are with large 
biases due to the effects of temporal and spatial variability. Agricultural systems are 
highly dispersed across the region and characterized by diversified climate, crop, 
and soil conditions. Agroclimatic factors like wind speed, water depth fertilizer, and 
crop management practices influence N transformation processes, thereby enhanc-
ing the uncertainty in the measurement of NH3 emission-reactive N species. Biotic 
and abiotic factors that affect water storage, transport, and redistribution in soil also 
influence the extent of N leached from soil, which is generally measured by lysim-
eters, the measurement of NO3 in drained water by porous ceramic suction. These 
methods do not consider the preferential flow of water present in cracks and crev-
ices. Accelerated runoff due to presence of hard pan and transport of leached N to 
runoff enhance the uncertainty associated with the measurement of nitrate leaching. 
Quantification of spatiotemporal pattern of various pools and fluxes of nitrogen and 
integrating the data source to a process-based model could help reducing the biases 
and improving uncertainties in the measurement of N flow (Pathak et  al. 2009; 
Kakraliya et al. 2018). Studies assessing N-related environmental problems in rela-
tively larger areas should consider relevant N inputs, outputs, as well as dynamical 
processes and scaling aspects.

5.5  Management Options to Reduce Reactive N Flow 
from Agroecosystem

Since there is direct linkage between application of nitrogen fertilizer and flow of 
reactive N from the agroecosystem, following nutrient management practices to 
enhance N fertilizer use efficiency is an important strategy to reduce N pollution due 
to agriculture. Management interventions for enhancing N use efficiency requires a 
holistic approach to ensure 5 “R” nutrient stewardship, i.e., right source of N, at right 
dose, right time, at the right place, and with the right method of application. Several 
approaches for this purpose, e.g., enhanced efficiency fertilizer material, site-specific 
nutrient management, synchronization of N supply with demand, deep placement of 
urea super granule, integrated nutrient management, etc., have been devised and 
evaluated in different agroclimatic conditions with varying effects.

5 Nitrogen Footprint: A Useful Indicator of Agricultural Sustainability



146

5.5.1  Enhanced Efficiency Fertilizer Material

Enhanced efficiency fertilizers (EEFs) are fertilizer products with the coatings of 
less permeable material and one or more inhibitors (nitrification or urease inhibi-
tors) as extra additives within the formulation or as the coating. The EEFs are gener-
ally designed to regulate either nitrification or urea hydrolysis or both to reduce N 
loss and increase N uptake by plant. Several urease inhibitors (Soares et al. 2012; 
Verma et al. 2015; Mitran et al. 2018) and nitrification inhibitors are found to regu-
late urea hydrolysis and nitrification activity both in laboratory and field condition. 
Meta-analysis study on effects of EEFs indicated over all use of EEFs resulted in 
5.7% (95% CI = 3.9–7.7%) and 8.0% (95% CI = 5.2–10.7%) increase in yield and 
N uptake, respectively, and NBPT [N-(n-butyl) phosphoric triamide] and neem 
proved effective in increasing yield (Linquist et al. 2013). Urease inhibitors could 
increase yield and N use efficiency up to 9 and 29%, respectively, and reduce N loss 
up to 41% in rice–paddy system (Li et al. 2014).

5.5.2  Site-Specific Nutrient Management

Response of crops to applied N is highly field-specific and varies with soil condi-
tion. The broad-based blanket recommendation on the basis of yield–N response 
does not consider the availability of N from all possible sources and crop require-
ment; hence, most of the time excess N is lost from the soil resulting in severe nega-
tive economic and environmental repercussions. Site-specific nutrient management 
(SSNM), on the other hand, takes into consideration climatic yield potential, yield 
goal, relationship between grain yield and plant nutrient accumulation, indigenous 
nutrient supply, and recovery efficiency of fertilizer while calculating the dose of 
N. This approach determines the need of crop according to yield target, effectively 
utilizes existing source of N, and fills the deficit by applying fertilizers and thereby 
aims at optimizing N application and reduces N loss. Field experiments conducted 
in several parts of South Asia showed SSNM-based N application resulted in 10% 
higher average N uptake in rice as compared to prevailing farmer’s practice in a 
season (Dobermann et al. 2002).

5.5.3  Real-Time Nitrogen Management

Application of nitrogen in splits in synchrony with the crop requirement is an 
important strategy to improve N use efficiency, minimization of N loss, and regula-
tion of N2O emission from the rice field. Leaf color chart, SPAD meter, etc. can be 
used to guide farmers in deciding the number of splits, amount of N applied per 
split, and the time of applications to match the N supply with real-time demand of 
rice crop. However, there is a need to standardize these tools for critical threshold 
with respect to cultivars grown and agroclimatic condition. Site-specific nutrient 
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management approach that decides application of nitrogen on the basis of crop 
requirements, indigenous supply, and the recovery efficiency of applied nitrogen 
ensures about 30–40% increase in nitrogen use efficiency and hence a potential 
mitigation option to reduce N2O-N emission from the rice field.

5.5.4  Deep Placement of Urea Super Granules

The flooded lowland rice soil consists of a thin oxidized layer overlying a reduced 
zone, which facilitates simultaneous occurrence of both nitrification and denitrifica-
tion processes and accelerate the loss of N from various forms. Deep placement of 
urea super granules, i.e., large particles (1–2 g) of urea at reduced zone, prevents 
fast conversion of NH4 to NO3 and subsequent losses. Therefore, N availability to 
the plant lasts for a longer period than the traditional urea fertilizer, which results in 
significant increases in N uptake and grain yield. Deep placement of USG could 
save up to 65% of urea fertilizer and increase grain yields up to 50% over that with 
the same amount of split-applied N as prilled urea (Savant and Stangel 1990). 
Studies indicated reduction of N loss due to ammonia volatilization and N2O emis-
sion both in field and laboratory conditions (Khalil et  al. 2011; Chatterjee et  al. 
2018; Nayak et al. 2017).

5.5.5  Integrated Nutrient Management

The integrated nutrient management (INM) approach that judiciously combines all 
possible organic, inorganic, and biological sources of N supply has the potential of 
increasing yield, decreasing nutrient losses, and increasing the efficiency of applied 
and native nutrients. Panda et al. (2007) observed that at N level of 90 kg ha−1, prac-
tices involving Dhaincha green manure or Azolla dual crop were superior to the 
chemical source of N.

5.6  Nitrogen Footprint: Concept, Scope, and Calculation

Nitrogen footprint is a recent concept that has been used to access the contribution 
of anthropogenic activities individually or collectively towards loading of reactive 
N species in the environment. It is defined as accumulated anthropogenic reactive N 
species released to the environment during the life cycle of an entity (Leach et al. 
2012). Nitrogen footprint is the sum total of all forms of nitrogen that are biologi-
cally, photochemically, and radiatively active such as N2O, NO3

-, NO2
-, NH3, and 

ammonium (NH4
+) released to the environment as a result of resource consumption. 

These reactive forms of nitrogen once enter into the environment have a cascading 
impact in the form of smog, acid rain, groundwater pollution, biodiversity loss, etc. 
(Fig. 5.4).
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The N footprint is a useful tool that quantitatively defines the relationship 
between consumption pattern of an individual or community and extent of N pollu-
tion. Conversion of nonreactive N (N2) to reactive N is essential to sustain life on the 
planet; however, indiscriminate infusion of reactive N to the ecosystem has several 
cascading harmful effects. Therefore, calculation of N footprint could be a useful 
indicator for rationalization of N consumption pattern to ensure environmental 
sustainability.

One of the earliest N footprint models developed by Leach et al. (2012) known as 
N-Calculator uses per capita data of food and energy consumption, purchase of goods, 
and use of services. Food nitrogen footprint constituted two parts: food consumption 
and food production nitrogen footprints. The food consumption footprint is the sum 
total of the reactive nitrogen present in the food that enters sewage stream through 
human consumption and excretion. The food production nitrogen footprint is the sum 
total of reactive N losses that take place at each stage of food production, i.e., fertilizer 
application, manure storage and application, disposal of food waste, etc. The N foot-
prints calculated for the United States and the Netherlands using the N-Calculator 
were found to be 41 kg N capita−1 year−1 and 24 kg N capita−1 year−1, respectively. 
Leach et al. (2013) further upscaled the model to N-Institution to calculate the N foot-
print of University of Virginia. The model calculated the N footprint of the university 
by tabulating the nitrogen released due to food consumption, food production, food 
transport and food diversion, N emissions (NOx and N2O) due to energy usage (both 

Inert
Nitrogen

gas

N from fertilizer, synthetic
fertilizer and fossils fuels

N from natural
biological process

Reactive N in form of NO3-, NO2-, N2O, NH4, NH3-

Environmental Impacts and N cascade

Smog,
Haze

Forest Die
Back

Acidifi
cation

Eutroph
ication

Ozone
hole

Climate
Change

Fig. 5.4 Schematic flowchart of conversion of inert N2 to reactive N species and other environ-
ment impacts causing excessive reactive N2 in the environment. (Source: Andrew Greene, www.
sustainableunh.unh.edu)
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self-generated and purchased), contribution of research animal through animal food 
consumption and carcass disposal, N emissions due to transportation, and the total 
amount of nitrogen applied as fertilizers. The results indicated that energy utilities 
were the largest contributor (48%) to the total N footprint of the university (492 metric 
tons in 2010) followed by food production (37%). Among the food production catego-
ries, meat (22%) was the largest contributor. The scenario analysis for 2025 showed 
interventions such as improved treatment of sewage, composting of food waste, food 
donations, reduction of meat consumption, and substitution of chicken for beef, etc. 
can reduce N footprint by 17% as compared to business as usual.

In addition to this, several other country-specific N footprint models have been 
developed and used to calculate the reactive N flow for the country and regional 
level and also for different food items separately. Consumer-based N footprint tool 
such as N-Calculator calculates a person’s N footprint due to consumption of food 
and other services that involve use of energy, e.g., housing, transportation, goods, 
services, etc. Thereby, it helps consumers to take informed decision about his or her 
consumption pattern and bring necessary changes to reduce N footprint. Similarly, 
N footprint tool like N-Institution calculates the contribution of an institution to the 
overall N pollution and also provides a quantitative guideline to reduce N footprint 
by adopting measures like energy saving, choice of low N footprint food, etc.

The overall objective of calculating N footprint of an individual is to provide a 
quantitative indication of impact of our lifestyle choices, particularly food con-
sumption and energy use pattern on N pollution, which can further be used to raise 
awareness among all stakeholders, producers, consumers, policy-makers, and gov-
ernment about the impact of anthropogenic activities on N pollution and take neces-
sary measures to curb the same.

5.7  Monitoring N Footprint in Agriculture and Allied Sector: 
Case Studies

Gu et al. (2013) calculated N footprint of China following mass balance approach 
in the coupled human and natural systems and integrating all anthropogenic reactive 
N fluxes and sources of anthropogenic reactive fluxes and their contribution. This 
approach does away with the huge data required in consumer-based approach of 
N-Calculator. Total national N footprint calculated using this method showed that 
between 1980 and 2008, the per capita N footprint in China increased from 19 to 
32 kg N ha−1 and the reactive N loss from the production and consumption of food 
was the largest component of the N footprint. An integrated nitrogen model 
MITERRA––Europe was developed to assess the effects of integrated measures in 
agriculture to reduce NH3 emission on reactive N flow, e.g., NH3 emission, N2O 
emission, and NO3 leaching to ground and surface water for country as well as 
regional level (Velthof et al. 2007; Datta et al. 2017). The model consists of an input 
module with activity data, emission factors, mitigation measures, and output mod-
ule. The input data include N input, output, surplus, crop type, topography livestock 
types, etc. Estimation for the year 2000 showed that denitrification is the largest 
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pathway of N loss in European agriculture followed by NH3 volatilization, N leach-
ing, and emissions of N2O (Velthof et al. 2009; Layek et al. 2018). Leip et al. (2014) 
used MITERRA and CAPRI models to calculate the N footprint of food products in 
the European Union at the country level and for agriculture and found that the N 
footprint, defined as the total N losses to the environment per unit of product, was 
substantially higher for livestock products, particularly beef (highest value of 
500 g N kg−1), as compared to vegetable products. Sugar beet, fruits and vegetables, 
and potatoes had the lowest N footprint, i.e., 2 g N kg−1. Similarly, Xue and Landis 
(2010) compared eight different food types and found cereals are the food group 
with low nitrogen footprint while red meat is least environmentally friendly with 
high nitrogen footprint. Smithwick et al. (2012) followed the life cycle impact anal-
ysis (LCIA) method to calculate N footprint during the life cycle of 1 kg Swedish 
tomato. The life cycle of tomato is divided into fertilizer production, tomato farm-
ing, transport to warehouse, transport to retail store, and sewage treatment. Results 
showed that the treatment of sewage resulted in the highest amount of elementary 
nitrogen (kg N2 per kg tomato purchased) followed by transport and fertilizer pro-
duction. The impacts are categorized as global warming potential (GWP), eutrophi-
cation potential (EP), acidification potential (AP), photochemical ozone creation 
potential (POCP), and ozone depletion potential (ODP), and the results showed 
fertilizer production had the highest nitrous oxide (kg CO2 equivalent) followed by 
farming. Eutrophication potential measured as kg phosphate equivalent was the 
highest for sewage treatment due to NO3 and NO2 followed by transport and fertil-
izer production. Nitrogen oxides were mainly responsible for acidification poten-
tial, and the highest value was for transport. Photochemical ozone creation potential 
due to nitrogen oxides was the highest for transport followed by farming and fertil-
izer production.

Xue et al. (2016) calculated N footprint of double rice production in Southern 
China following the life cycle analysis method which included reactive N losses 
from agricultural inputs and paddy fields at the entire stage of rice production start-
ing from acquisition of agricultural inputs through processes of agricultural produc-
tion till harvest. The total N emission associated with the entire life cycle of double 
rice production was calculated as follows:

 NE NE NVNH NEN O NLNO NLNHtotal inputs= + + + + +
3 2 3 4

 (5.3)

where NEinput is the total amount of N released due to agricultural input applications, 
which was obtained by multiplying the total input used with specific emission fac-
tors; NVNH3, NEN2O, and NLNO3 are NLNH NH4 3

+  volatilization, N2O emission, 
and NO3

- and NH l
4
+  leaching during double rice growing periods, respectively. The 

yield-scale nitrogen footprint calculated for early, late, and double rice were 10.47, 
10.89, and 10.68 g N-eq kg−1 year−1, respectively. The overwhelming majority of 
nitrogen trifluoride (NF) was due to volatilization of NH3 from paddy fields due to 
N fertilizer applications for double rice production that contributed maximum to the 
total N footprint.
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5.8  Conclusions and Future Perspectives

Nitrogen fertilizers are the integral component of intensive agricultural practices 
that are instrumental for feeding the ever-increasing population all over the world. 
Last few decades witnessed tremendous increase in application of reactive N for 
obvious reasons, but the detrimental environmental impact associated with it is 
largely ignored. Farmers, consumers, and also policy-makers are mostly unaware or 
poorly aware about the N-related environmental hazards. In the absence of standard 
methodology and system for monitoring reactive N flow from agricultural activities, 
it is almost impossible to assess the environmental impact of agricultural N use. 
Efforts have been initiated to quantify these losses in larger scale through improved 
technologies of remote sensing, geographical information system, and simulation 
modeling. In this context, the concept of N footprint is a welcome development. 
Though still in nascent stage, it can give an overall quantitative understanding of an 
individual’s contribution toward N pollution through its consumption pattern. Some 
of the most widely used N footprint models like N-Calculator and N-Institution 
calculate N footprint in kilograms of N2 per person per year. However, these models 
do not calculate the accumulation of different N species, e.g., NO2, NOx, NH3, etc., 
and the associated environmental impact. Some attempts have been made to improve 
upon these N footprint models by introducing components of environmental impact 
assessment such as global warming potential, ozone depletion potential, etc; still, a 
lot of work needs to be done to develop the standard N footprint calculation method 
for uniform adaptability across the region. Despite their shortcoming, the N-footprint 
tool is useful to raise awareness among end users about their contribution toward N 
pollution and also provides alternative options to minimize the impact. The calcula-
tion of N footprint of different agricultural operations during the different stages of 
crop growth will help policy-makers as well as crop growers to adapt environment- 
friendly measures to reduce N flow from the agroecosystem.
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Abstract
Global cereal demand will increase up to 38% by 2025, and to achieve it in a 
sustainable way, 60% increase in global nitrogen (N) use will be necessary. In 
cereals ~30 to 50% of the applied N is taken up by the crop, and the rest is lost in 
the environment causing pollution. Hence, improvement of N use efficiency 
(NUE) in cereals is really important. The NUE is the total biomass or grain yield 
produced per unit of applied N fertilizer. Soil and plant management practices 
play a key role toward enhancing N recovery, but again it greatly depends on 
environmental conditions. Another option for improvement of NUE is the genetic 
strategy. Broadly, NUE has two components, N uptake efficiency (NUpE), which 
is N acquisition by the plant per unit of available N in the soil, and N utilization 
efficiency (NUtE), which is yield per unit of acquired N by the plant. As NUtE is 
directly related to the crop yield, it depends on subcomponent N assimilation, 
remobilization, and finally efficient utilization of assimilated N for starch bio-
synthesis in the grain. Understanding the mechanisms and gene regulating of 
these processes, exploiting genotypic variant in each subcomponent (N uptake, 
assimilation, and remobilization) to find genes and superior alleles is crucial for 
the improvement of NUE in crop plants. In addition, the studies on starch metab-
olism during grain filling are an important factor for N utilization. To study this, 
genotypes with similar background of uptake and assimilation but differing in 
grain filling should be taken into consideration. Global metabolomic profiling of 
these genotypes, transcriptome profiling, identification, and mapping of quanti-
tative trait loci (QTLs) in combination with marker-assisted selection (MAS), 
analyzing mutants defective in their normal response to N limitation, and study-
ing plants that show better growth under N-limiting conditions are different 
options to study the N-utilization efficiency and gene identification. In the first 
topic, we have highlighted the N application and its effect on yield in cereals. 
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Introduction of N-responsive genotype during green revolution has enhanced 
yield, but indiscriminate use of fertilizer mainly N fertilizer has caused severe 
damage to environment. In the subsequent topic, we have defined NUE as a 
whole; later the main focus was on biological NUE and their different compo-
nents. Thereafter we described strategies for genetic improvement to reduce N 
use without much compromising yield. Primarily we tried to highlight candidate 
genes and their role in NUE reported in cereals as well as model plant system. 
We have also described the advance molecular techniques to identify the gene in 
strategic manner. As a part of molecular breeding, QTL identification and its 
introgression are described in one of the topics at the last part.

Keywords
Candidate genes · Cereals · Nitrogen use efficiency

Abbreviation

AAP Amino acid permease
ABA Abscisic acid
ADP Adenosine diphosphate
AE Agronomic efficiency
AFG Auxin signaling F-box
AGPase ADP glucose pyrophosphorylase
AlaAT Alanine aminotransferase
AMT Ammonium transporter
ARE Apparent recovery efficiency
AS Asparagine synthase
ATF Amino acid transporter
BE Branching enzyme
BNF Biological nitrogen fixation
C Carbon
CaMV Cauliflower mosaic virus
cDNA Complimentary DNA
CGs Candidate genes
CLC Chloride channel family
CPSase Carbamoyl phosphate synthase
CRISPR-Cas9 Clustered regularly interspaced short palindromic repeats
DNA Deoxyribonucleic acid
Dof DNA binding with one zinc finger
EMS Ethyl methanesulfonate
G-1-P Glucose-1-phospate
GBSS Granule-bound starch synthase
GDH Glutamate dehydrogenase
GMPase GDP mannose pyrophosphorylase
GOGAT Glutamine-2-oxoglutarate aminotransferase or glutamate synthase
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GS Glutamine synthetase
H+ Hydrogen
HAT High-affinity transport system
HSN1 Hypersensitive to NH4

+

HYVs High-yielding varieties
ISA Isoamylase
LATS Low-affinity transport
LHT Lysine/histidine transporter
MAS Marker-assisted selection
miR micro RNA
MPSS Massively parallel signature sequencing
mQTLs Metabolic QTLs
N Nitrogen
N2O  Nitrogen oxide
NAD(P)H Nicotinamide adenine dinucleotide phosphate
NAGK N-acetyl glutamate kinase
NH3 Ammonia
NIL Near-isogenic lines
NiR Nitrite reductase
NO Nitric oxide
NO3

− Nitrate
NPF Peptide transporter family
NpUE N physiological use efficiency
NR NO3

− reductase
NRA NO3

− reductase activity
NRT NO3

− transporter
NUE Nitrogen use efficiency
NUpE N uptake efficiency
NUtE N utilization efficiency
PEP Partial factor productivity
PEPC Phosphoenolpyruvate carboxylase
PNB Partial nutrient balance
PTST Protein targeting to starch
QTL Quantitative trait loci
RNA Ribonucleic acid
RNAi RNA interference
RS Root system
RSA Root system architecture
SAGE Serial analysis of gene expression
SAV Senescence associated vacuoles
SBE Soluble starch branching enzymes
SG Starch granules
SLAC/SLAH Slow anion-associated channel homolog
SS Starch synthase
SSH Suppression subtractive hybridization
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T-DNA Transfer DNA
TALEN Transcription activator-like effector nucleases
TCA Tricarboxylic acid
TIP Tonoplast intrinsic protein
TOR Target of rifampicin
UI Usage index
WUE Water use efficiency
ZFN Zinc finger nucleus

6.1  Introduction

During last 50 years, the global human population has increased from 5 billion to 9 
billion, which primarily compelled to increase the staple foodstuff production. 
Population in India has increased from 0.36 billion to 1.21 (fourfold). The major 
two cereals (rice and wheat) production has increased from 21 to 103 million tonnes 
and from 6 to 88 million tonnes in India (GOI 2012). These two cereals occupy the 
major cultivated area and are used as staple food throughout the world. Wheat alone 
provides nearly 55% of the carbohydrate and 20% of the calories consumed glob-
ally (Breiman and Graur 1995).

Nitrogen (N) is a key element involved in various life processes of plants like 
biosynthesis of amino acid, nucleic acid, chlorophyll, cofactors, etc. Plants uptake 
on average 40–50 mg N to produce 1 kg of dry weight, whose limited supply in soil 
affects its availability to plant making it a critical limiting element for growth and 
development (Robertson and Vitousek 2009). External supply of N in the form of 
chemical fertilizers has become necessarily a need to sustain food production. In the 
last five decades, cereal production has boosted up to 260%, but this increase in 
production was at the cost of sevenfold increase in N fertilizer application (Ladha 
and Chakraborty 2016). As per the input survey data of 2006–2007, the average N 
fertilizer use of wheat in India is 122 kg ha−1 which makes it the third most N fertil-
izer consumable crop after sugarcane and cotton. Presently, India stands second in 
N fertilizer use with 17.2 million tonnes after China. The global N fertilizer demand 
is expected to increase from a total of 105.3 million tonnes in 2011 to 119 million 
tonnes in 2018 (FAO 2015). At the same time, global cereal demand is also expected 
to increase up to 38% by 2025, and to achieve this, 60% increase in global N use 
will be needed till that time (Dobermann 2005). In case of the wheat crop, the nitro-
gen use efficiency (NUE) is 40%, whereas in rice, it varies from 20–40% (under 
submergence condition) to 40–60% (under upland condition) (Raghuram et  al. 
2007); the remaining N gets lost in the environment and cause pollution. Intensive 
use of N fertilizers in agricultural production is continuing, leaving the negative 
consequence to environment. Because of these consequences, the diversity and 
functioning of nonagricultural system are facing detrimental effect, i.e., eutrophica-
tion of freshwater and marine water due to leaching of N (Hirel et  al. 2007). In 
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addition to environmental effect, N fertilization also increases input cost because 
the Haber-Bosch process of N production consumes natural gas as high as 873 m3 
for producing 1 metric ton of fertilizer N (Xu et al. 2012). One percentage increase 
in NUE for cereal production could save around 1731 crore rupees ($234) fertilizer 
cost (Mosier and Syers 2004). Hence, developing cultivar which can efficiently use 
N is important to render these problems.

Nitrogen use efficiency has several definitions, but for plant biologists and breed-
er’s, definition and expression given by Moll et al. (1982) is mostly used. The NUE 
is calculated by dividing grain weight to total available soil N. Nitrogen use effi-
ciency is the multiplication of two components, N uptake efficiency (NUpE) and N 
utilization efficiency (NUtE). The NUpE is calculated by dividing N in plant harvest 
to total available N in soil, whereas NUtE is obtained by dividing grain dry mass to 
total N in plant harvest. In totality, NUE is defined as the total biomass or grain yield 
produced per unit of available N, which mostly comes from applied fertilizer in case 
of cereals.

Genetics and biochemical mechanisms involved in each component of N use 
have been widely studied in model plants as well as cereal crops to identify many 
key genes and regulators which are potential targets for improving crop NUE and 
also understanding genetic basis of NUE.

6.2  Nitrogen Application and Yield Enhancement in Cereals

Nitrogen derives from atmosphere which is subsequently transformed and trans-
ported to pedosphere and hydrosphere through the process of biological nitrogen 
fixation (BNF). Therefore, N is unique among major nutrient elements which mostly 
form by weathering of rocks and hence also present in less amount in soil. 
Atmosphere contains a large, well-mixed, biologically non-available N pool, a rela-
tively small part of which is converted into a biologically available or reactive N 
pool primarily through BNF.  Industrial N fixation has, however, become more 
important in agriculture, since taking care of the developing demand for sustenance 
has resulted in huge increments in the utilization of N fertilizer.

Nitrogen is one of the nutrients that most often limits crop production, particu-
larly in the major staple cereals. In the tropics, lowland rice produces an approxi-
mate yield of 10–15 qha−1 using naturally available N derived from processes like 
BNF by diazotrophs and mineralization of soil N and wet and dry depositions from 
the atmosphere. Similarly, wheat and maize yields of 10–15 qha−1 were obtained 
without any fertilizer application (Janssen et al. 1990; Witt et al. 1999; Pathak et al. 
2003). Such agro-systems have been sustained, though with low yields, for numbers 
of years without external N supplement (Fischer 2000). Whether it is good or bad, 
environmentally friendly or not, that is a matter of debate, but additional N applica-
tion is necessary to increase the yield to three- to fourfold to feed the ever- increasing 
population (Lassaletta et al. 2014).
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6.3  Green Revolution and Effect of Nitrogen Fertilizer 
in Environment

During Green Revolution the major emphasis was on genetic improvement of crop 
to produce high-yielding varieties (HYVs). Another aspect was intended to shorten-
ing of maturity time in cereal to ultimately achieve greater cropping intensity. Rice- 
wheat system adopted in the Indo-Gangetic Plain is contribution of shorter crop 
growing period. And lastly improved inputs, including fertilizer, irrigation, and, to a 
certain extent, pesticides, also contributed significantly in the Green Revolution.

Therefore, this increased N fertilization resulted in many negative impacts on the 
environment. Added N allows farmers to simplify plant community by displacing 
need of N fixing plant. Addition of N to soil system also interferes with their inhab-
iting microbial community and their associated processes like decomposition, nitri-
fication, denitrification, etc. (Robertson and Vitousek 2009). Other than this, losses 
of fertilizer N to the soil and atmospheric environment cause serious pollution 
which is the fact why the plant use efficiency of N fertilizers is lower and thus 
higher cost of cultivation. Environmental pollution includes eutrophication of fresh-
water (London 2005) and marine ecosystems (Beman et al. 2005) which leads to 
augmentation of algal growth. Subsequently, after the death and decomposition of 
algae in water bodies, the content of organic matter in the water increases. In turn, 
this consumes higher amount of oxygen, causing drop in its level and creating con-
ditions of hypoxia or dead zone. In absence of adequate oxygen availability, the 
aquatic organisms like fish, crabs, and others die (Rabalais et al. 2002). Some solu-
ble portion of N leaches down as nitrate (NO3

−) and pollute groundwater reserve 
(Powlson et al. 2008). In addition to leaching losses, reactive N can also lose to the 
atmosphere in the form of N-containing gases like ammonia (NH3), nitrogen oxide 
(N2O), nitric oxide (NO), etc. causing buildup of greenhouse gases (Robertson and 
Vitousek 2009).

6.4  Definitions of Nitrogen Use Efficiency (NUE)

The simplest definition of NUE is “the ratio of yield either in terms of grain or bio-
mass to the total N (soil N and fertilizer applied)” (Good et al. 2004). However, 
NUE is a complex concept, and its expression and measurement must be context 
dependent. Complexity in meaningful definition and expression of NUE is depen-
dent on many factors: (i) nutrient source including soil N, manure/fertilizer, or 
atmosphere and (ii) factor influencing crop nutrient demand like environmental fac-
tor, crop management practices, or genotypic makeup of plant. In addition to these 
factors, variation in NUE expression also depends on (iii) kind of data available and 
(iv) scale of interest (for plant breeder, interest may be a single plant, and for policy- 
making it may be as large as a country). Some of the measurements of NUE are 
partial factor productivity (PEP), agronomic efficiency (AE), partial nutrient bal-
ance (PNB), apparent recovery efficiency (RE), and N physiological use efficiency 
(NpUE) (Dobermann 2005, 2007; Fixen et al. 2015) which mainly denote efficiency 
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of fertilizer input and are used by agronomist and policy-makers (these are explained 
briefly below). Plant biologist and breeders are mostly interested in another concept 
of NUE where it is mainly presented as plant phenotypic trait. Plant NUE (Xu et al. 
2012) is a combination of two plant physiological components NUpE and 
NUtE. This book chapter is mainly focused on plant NUtE, and it is elaborated later 
in the section.

Partial Factor Productivity (PEP) It is the expression of production efficiency cal-
culated as amount of crop yield produced per unit of nutrient added. The PEP can 
be calculated at farm, regional, or national level if proper statistical record of fertil-
izer input as well as crop yields is available. It is also dependent on cropping sys-
tem, which mainly explains productivity of a cropping system within a region in 
comparison to its N input and is a long-term indicator of trend.

Agronomic Efficiency (AE) It is calculated as unit of grain yield increased per unit 
of nutrient added. It denotes degree of gain in productivity by nutrient input. Usually 
short-term impact of applied nutrient on productivity is indicated by AE, but if long- 
term trials are conducted, then contribution of fertilizer input to crop yield can also 
be indicated by AE.

Partial Nutrient Balance (PNB) It is denoted as nutrient output per unit of nutrient 
input. It expresses the amount of nutrient being removed from the system in relation 
to amount of application. So basically, it expresses nutrient recovery rate. If PNB is 
close to 1, then it is assumed that fertility of soil will be sustained at steady state. 
However, there is lacuna in this assumption because removal of N from soil by 
means of losses like leaching and erosions is not considered. It indicates trends in 
long term and is more advantageous when used along with soil fertility record.

Apparent Recovery Efficiency (RE) or Apparent N Recovery Rate (ANR) It is the 
relative amount of nutrient uptake in aboveground parts of fertilized and unfertilized 
crop plants as a function of quantity of applied nutrient. It tells what amount of 
fertilizer N is acquired by the plant, hence also indicating potential nutrient loss 
from that cropping system and management practice.

N Physiological Use Efficiency (NpUE) It is the ratio of net increased grain weight 
to net increased N uptake in aboveground plant parts with and without application 
of fertilizer N. It is more like uptake efficiency denotes ability of plants to transform 
nutrients acquired by soil and fertilizer to economic yield. This expression also used 
to denote plant NUE.
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NUE as Phenotypic Trait Many people presented different definitions and evalua-
tion methods for NUE (reviewed in Good et al. 2004; Fageria et al. 2008), but the 
appropriate way to estimate it depends on the crop, its harvest product, and whether 
the researcher wants to analyze specific physiological processes involved in 
NUE. The most common and widely used definition among plant breeders is the 
definition given by Moll et al. (1982). He defined it as grain production per unit of 
N available in the soil, and its expression is as follows:

 Gw Ns Nt Ns Gw Nt/ / /= ( )( ) 
where Gw, grain weight; Ns, N supply (gplant-1); and Nt, total N in plant at matu-

rity. Ratio of Gw and Ns denotes NUE which is the multiplication of its two compo-
nents NUpE (Nt/Ns) and NUtE (Gw/Nt).

Another definition is usage index (UI). Usage index is calculated by multiplying 
total plant biomass to the ratio of the total plant biomass and total plant N. For cere-
als, NUE is to be described as NUEg, which is the grain production per unit of N 
available and is a more appropriate presentation than UI plant could produce a lot of 
biomass for every unit N (high UI) without changing over the procured N to seed 
production; therefore, in spite of having high UI, it should have a low NUEg. Crop 
improvement mainly focused on the improvement of cereal yield is the main driver 
to bring economic prosperity in developing countries like India from the last five 
decades (Conant et al. 2013). Scientific approach to plant breeding accelerated its 
rate during this period, but this increase in crop production per unit area also owed 
intensive use of N nutrient input in the form of synthetic N fertilizers. All the selec-
tion for high-yielding, lodging-resistant, short-stature cultivars of cereals are carried 
out in high N environment which results in high N-responsive varieties, which 
means giving more yields with increased N input. Although cereal boosted the food 
production by about 260%, the contribution of N fertilizer to N input increased by 
45% (Ladha et al. 2016). Annually 100 million tonnes of N fertilizers are applied in 
cropland and pastures, globally. Approximately half of this N input is taken by three 
major cereal crops, namely rice, wheat, and maize (Ladha and Chakraborty 2016). 
By seeing the rate of increase in N fertilizer input in these crops for the last 50 years, 
it is assumed that to meet 3 million tonnes of global requirement of cereal by 2050 
and with 7% increase in crop land area, fertilizer N input will increase by 65% in 
these three crops with no change in NUE. Synthetic fertilizer production would also 
increase two times by 2050 (Ladha et al. 2016).

6.5  Components of Nitrogen Use Efficiency (NUE)

6.5.1  Nitrogen Uptake

The factors like soil type, pH, temperature, precipitation, and wind affect the N 
availability and its ionic form in soil both spatially and temporarily. Therefore, the 
N form to be taken by plant will depend on its adaptability to soil condition. Forest 
soils are mostly acidic; hence plant adapted to this condition prefers ammonium and 
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amino acids, similarly plants adapted to more aerobic soil and high pH prefer NO3
− 

form as in the case of most of crop plants except lowland rice because it grows in 
anaerobic condition. For N uptake transporters and root system architecture plays a 
crucial role.

6.5.1.1  Nitrate Transporters
Nitrate form taken by the plants through H NO+ −/ 3 (hydrogen/nitrate) cotransports 
mechanism (Ullrich 1987). Many experiments showed NO3

− uptake causes alkaliza-
tion of medium due to strong ionic difference (Mistrik and Ullrich 1996); this occurs 
due to 2:1 stoichiometry between H NO+ −/ 3 cotransporter. Nitrogen availability in 
soil fluctuates, and to counteract this plants have developed two types of transporter 
systems (Epstein 1972). They are called low-affinity transport system (LATS) and 
high-affinity transport system (HATS). For both the forms, inducible and constitu-
tive types coexist and act coordinately to uptake nutrient from soil through roots and 
distribute it all over the plants. Low-affinity uptake system acquires nutrients in 
high external substrate concentration (>0.5 mM for NO3

−), while the high-affinity 
system uptakes substrate at low external concentrations (< 0.2 for NO3

−). Along with 
these, some dual-affinity transporters are also reported which act as both LATS and 
HATS (Liu et al. 1999). In model plant Arabidopsis thaliana, transport system for 
NO3

− is well studied. Four families, namely, nitrate transporter 2 (NRT2) transport-
ers, NRT 1/peptide transporter family (NPF) transporters, chloride channel family 
(CLC) transporters, and slow anion-associated channel homolog (SLAC/SLAH) 
(Orsel et al. 2002a; Negi et al. 2008; Barbier-Brygoo et al. 2011; Krapp et al. 2014; 
Léran et al. 2014), are responsible for NO3

− uptake, distribution, and storage. Among 
these, transporters from NPF and NRT2 family are responsible for NO3

− uptake from 
root. In addition to it, some members in NPF and NRT2 are also involved in NO3

− 
sensing and signaling. The NRT2 family consists of high-affinity NO3

− transporters 
(Krapp et al. 2014). A total of seven members are known from Arabidopsis NRT2 
family. The NRT2.1 and NRT2.2 exclusively express in root, while the NRT2.5 and 
NRT 2.6 express in leaves along with root, whereas NRT2.7 expresses in leaves 
(Orsel et al. 2002b). Many NRT2 gene expressions are regulated by availability of 
NO3

− and some other factors (Zhuo et al. 1999; Orsel et al. 2002b, 2006). AtNRT2.1 
interacts with another protein NAR2 and forms two component NO3

− uptake systems 
(Orsel et al. 2006). The ZmNRT2.1 and ZmNRT2.2 are the main transports control-
ling high-affinity NO3

− uptake in maize plant (Garnett et  al. 2013). Lupini et  al. 
(2016) showed ZmNRT2.1 expression and localization influenced by ZmNAR2.1; 
expression of these two genes was also correlated by NO3

− influxes. Five members 
of NRT2 family are characterized in rice (Feng et al. 2011), unlike Arabidopsis each 
showing different affinities to NO3

− and N supply dependent regulation also differs. 
Three NRT2 transporters (NRT2.1, NRT2.2, and NRT2.3a) interact with OsNAR2.1 
at messenger RNA (mRNA) as well as protein levels to influence NO3

− uptake over 
both high- and low-concentration ranges (Yan et al. 2011).

For low-affinity uptake, one family of NO3
− transporters, NPF (NRT1), is respon-

sible, but the exception is NRT 1.1/NPF6.3/CHL1 which is a dual-affinity 

6 Strategies for Identification of Genes Toward Enhancing Nitrogen Utilization…



166

transporter (Wang et al. 1998; Liu et al. 1999); along with it, NRT1.1 also act as 
NO3

− sensor (Ho et al. 2009). Fifty-three NRT genes have been reported till date in 
Arabidopsis, of which 51 gene families may have unique functions of each because 
its expression is found to be limited to a specific tissue (Tsay et al. 2007). The NRT 
1.1 initially discovered as low-affinity transporter by Tsay et al. (1993) was later 
found to act as high-affinity transporter at low NO3

− concentration after phosphory-
lation of Thr101 (Liu and Tsay 2003). The protein complex CIPK23-CBL9 (CIPK, 
CBL-interacting protein kinase; CBL, calcineurin B-like protein) phosphorylates 
Thr101 at low NO3

− condition which results in switching of NRT1.1 to HAT (Liu and 
Tsay 2003; Ho et al. 2009). Another protein ABI2, a phosphatase, also regulates 
NRT1.1 and enhances rate of transport by inhibiting CIPK23-CBL1 complex phos-
phorylation (Léran et al. 2015). The location of NRT1.1 is plasma membrane of 
epidermis and root tip, because gene expression is observed in these locations along 
with it in mature part of root; it is also located in the cortex and endodermis (Huang 
et al. 1999). Another member NRT1.2/NPF4.6/AIT1 is also involved in soil NO3

− 
uptake, and it constitutively is expressed in root epidermis, but it comes under LATS 
(Liu et  al. 1999). Interestingly NRT1.2 also transports abscisic acid (ABA) and 
plays an important role in transpiration and seed dormancy (Kanno et  al. 2012). 
After uptake from soil, NO3

− is transported and distributed to all tissue. For root-to- 
shoot transport of NO3

− across several cell membranes, it is carried out by NRT1.5, 
NRT1.8, and NPF2.3 (Lin et al. 2008; Li et al. 2010; Taochy et al. 2015). Another 
NRT1 family member, NPF2.7/NAXT1, involves in NO3

− efflux to maintain NO3
− 

homeostasis (Segonzac et al. 2007).

6.5.1.2  Ammonium Transporter
Nitrogen is also taken up as ammonium ion (NH4

+) by plants growing under anaero-
bic condition. The ammonium transporters (AMT) are responsible for uptake and 
transport of NH4

+. In Arabidopsis, six genes from this family have been reported 
(Gazzarrini et al. 1999), whereas in rice, which is a species well-adapted to NH4

+ 
nutrition, ten genes are reported (Sonoda et al. 2003). Analysis of single and multi-
ple mutants from this gene family in Arabidopsis revealed AMT1.1 and AMT1.3 as 
main transporters conferring 30–35% transport followed by AMT1.2 which confers 
18–25%. The AMT 1.5 has lower Km than that of the previous two transporters 
(AMT 1.1 and 1.3), but in spite of that, it is a low-capacity transporter (Yuan et al. 
2007). Spatial organizations of these AMT transporters are also very interesting. 
Outer root cells and root hairs contain transporters with highest NH4

+ affinity (AMT 
1.3, AMT1.5) to take NH4

+ from soil. The electrochemical gradient between the 
vacuole and cytosol is responsible for NH3 import in exchange of NH4

+ exported to 
the external side of the vacuole. An intrinsic protein TIP in tonoplast plays an 
important role in NH3 import to vacuole (Loque et al. 2005).

6.5.1.3  Amino Acid Transporters
Plant also takes up amino acid from soil in very trace amount. Rentsch et al. (2007) 
reported that at least 5 gene families comprised of a total of 65 genes are considered 
as putative transporter of amino acid. A member of ATF (amino acid transporter) 
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family, LHT1 (lysine/histidine transporter), is important for uptake of neutral and 
acidic amino acid by roots. Under high external concentration of amino acids, the 
uptake of uncharged amino acids is taken care of by AAP1 (amino acid permease 1) 
(Lee et  al. 2007). The AAP5 is responsible for uptake of cationic amino acids 
(Svennerstam et al. 2008).

6.5.1.4  Root System Architecture
Root system architecture is an important trait which affects the performance of crop 
in various stresses like drought, nutrient, and mineral toxicity and has implication in 
providing tolerance from these stresses (Manske and Vlek 2002). Tendency of 
plants to capture limited resources in soil is greatly influenced by the capacity of its 
root system to explore and forage. The root system architecture (RSA) mainly com-
prises of primary roots, lateral roots, and accessory roots. These are the key deter-
minants of NUE and water use efficiency (WUE). At minor scale, root hairs are also 
included in root system (RS). It alleviates uptake of water and nutrient by increasing 
surface area. Many factors influence RSA, one of which is the form and concentra-
tion of N (Marschner 1995). Localized supply of NH4

+ and NO3
− is responsible for 

initiation and elongation of lateral roots, respectively (Zhang and Forde 1998; Lima 
et al. 2010). Nitrate-dependent root elongation is regulated by miR393 (micro RNA 
393) and AFG3 (auxin signaling F-box 3), and AFG3 is induced by NO3

− itself and 
miR399 by N metabolites (Vidal et  al. 2010). In addition to these, NRT1.1 also 
regulates lateral root proliferation. It senses external N and also induces N signaling 
pathway by activating ANR1 (MAD box gene) (Remans et al. 2006; Ho et al. 2009). 
The NH4

+-regulated root growth is governed by some AMTs like AMT1.3 and a 
GMPase (GDP mannose pyrophosphorylase) which is encoded by HSN1 (hypersen-
sitive to NH4

+) (Qin et al. 2008; Lima et al. 2010).

6.5.2  Nitrogen Assimilation

Nitrogen assimilation is a vital process in controlling growth and development of 
plants. Plants take N from soil in the form of NO3

−, ammonium (NH4), and in small 
amount as amino acid. Ultimate substrate for amino acid biosynthesis is NH3; there-
fore NO3

− form has to first reduce to NH4
+. Reduction of NO3

− to NH4
+ takes place in 

two steps. In the first step, NO3
− reduced to form NO2

− (nitrite) in cytosol by the action 
of enzyme nitrate reductase (NR) (Meyer and Stitt 2001). After that, NO2

− is trans-
ported to chloroplast where it gets reduced to NH4

+ by nitrite reductase enzyme (NiR). 
Inorganic NH3 is then assimilated to amino acid glutamine and glutamate which 
serve to translocate organic N from source to sink (Peoples and Gifford 1993; Roche 
et  al. 1993; Lam et  al. 1996). Enzyme NR is homodimer, and each monomer is 
attached to three prosthetic groups: (i) flavin adenine dinucleotide [cytochrome b 
reductase, binding NAD(P)H] (nicotinamide adenine dinucleotide phosphate), (ii) a 
heme (cytochrome b), and (iii) a molybdenum cofactor (MoCo) (site for NO3

− bind-
ing and reduction). The nitrate reductase activity (NRA) is considered as the rate- 
limiting step in the NO3

− assimilating pathway, and different genotypes of a species 
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differ in NRA (Gniazdowska-Skoczek 1997; Bussi et al. 1997; Marwaha 1998). The 
NRA is induced by light in plants (Li and Oaks 1994; Kronzucker et al. 1995), but 
effect of light can be replaced by glucose, sucrose, or acetate (Galvan et al. 1996; 
Pajuelo et al. 1997; Sivasankar et al. 1997; Gniazdowska et al. 1998). Two classes of 
genes, Nia and Cnx, code for NR apoenzyme and MoCo cofactor, respectively. Most 
of the reports showed NR localized in cytoplasm, but there is some evidence of its 
localization in plasma membrane also (maize root and barley) (Ward et al. 1989). 
The next enzyme of pathway, NiR, is located in chloroplast and encoded by Nii gene 
whose number varies from one to two in different species (Meyer and Stitt 2001).

Ammonium is further assimilated to form amino acid. Nitrate reduction, photo-
respiration, or breakdown of amino acid generates NH4

+ which is assimilated in plas-
tid/chloroplast by GS (glutamine synthetase)/GOGAT (glutamine-2-oxoglutarate 
aminotransferase or glutamate synthase) cycle. The first step of fixation of NH4

+ to 
amino acid is catalyzed by GS. It fixes NH4

+ group to the δ-carboxylic group of glu-
tamate to form glutamine. This step consumes an ATP. The second enzyme GOGAT 
transfers δ-amide group of glutamines to 2-oxoglutarate and forms two molecules 
of glutamate. Therefore, the net outcome of GS/GOGAT cycle is glutamate which 
further forms another amino acid by transferring its amino group to other carbon (C) 
skeletons with the help of aminotransferases or transaminases (Forde and Lea 
2007). All N-containing molecules like chlorophyll, protein, secondary metabolites, 
nucleic acid, cytochrome/phytochrome, etc. are subsequently synthesized by a spe-
cific amino acid precursor. As we see, N metabolism requires energy and C skele-
tons, which comes from C-metabolism, so there must be crosstalk between these 
two pathways. Evidences in support of it are as follows: (a) Reduction of NO3

− also 
requires parallel C oxidation to form 2-oxoglutarate through respiratory pathway 
(Foyer et al. 2011). (b) Correlation between starch and protein contents has been 
always found in plants (Sulpice et al. 2009). (c) N availability affects partitioning of 
assimilated C between carbohydrates and organic acids (Foyer et al. 2011).

Enzymes GS and GOGAT exist in the form of different isoenzymes, and indi-
vidual isoenzymes have been proposed to play a role in three major NH3 assimila-
tion processes: primary N assimilation, re-assimilation of photorespiratory NH3, 
and re-assimilation of recycled N (Lam et al. 1996). Traditional assignment of GS/
GOGAT isoenzyme functions is based on their organ-specific distribution. 
Chloroplastic GS2 and Fd-GOGAT (ferredoxin-GOGAT) are predominant 
GS-GOGAT enzymes located in leaves therefore proposed to involve in primary 
assimilation of NH3 to glutamine and glutamate. Photorespiratory mutants also 
show they are specifically defective in enzyme GS2, hence the also highlighted role 
of these two isoforms in photorespiratory NH3 re-assimilation. Catabolic processes 
include protein breakdown, deamination of amino acid, and biosynthetic pathways 
which release ammonia (met hionine, isoleucine, phenylpropanoid, and lignin bio-
synthesis) (Miflin and Lea 1976; Lea 1993). These processes are highest during 
seed germination and senescence of leaf. Cytosolic GS1 and NADH-GOGAT are 
involved in these processes (Stewart et al. 1980; Lea et al. 1990). In higher plants, 
chloroplastic GS2 is coded by a single nuclear gene GLN2 and cytosolic GS1 by 
multiple GLN1 genes (Peterman and Goodman 1991; Oliveira and Coruzzi 1999). 
Expression of GLN2 is primarily observed in leaves and is regulated by light via 
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phytochrome (Peterman and Goodman 1991; Oliveira and Coruzzi 1999). By con-
trast, the GLN1 genes encoding cytosolic GS1 isoenzymes are expressed at higher 
levels in roots (Oliveira and Coruzzi 1999).

In addition to glutamine synthase and GOGAT, three more enzymes playing 
important roles in NH4

+ assimilation are cytosolic asparagine synthase (AS), car-
bamoyl phosphate synthase (CPS), and mitochondrial NADH-glutamate dehydro-
genase (GDH). The AS catalyzes ATP-dependent transfer of amide group of 
glutamines to aspartate and generates glutamate and asparagine. Some evidences 
also showed utilization ofNH3 as substrate (Lam et al. 2003; Masclaux-Daubresse 
et al. 2006). Three genes ASN1, ASN2, and ASN3 encode AS. Asparagine is suitable 
for long-distance transport and storage of fixed N because it has high N/C ratio than 
glutamine (Rochat and Boutin 1991; Lam et al. 2003), but all four molecules gluta-
mate, glutamine, aspartate, and asparagine have shown to be used for translocation 
from source to sink in different plant parts (Lea and Miflin 1980; Peoples and 
Gifford 1993).

The CPSase synthesizes carbamoyl phosphate, using NH4
+ or amide group of 

glutamine, bicarbonate, and ATP. Synthesis of carbamoyl phosphate is carried out 
within plastid which further acts as a precursor of arginine and citrulline. The 
CPSase is a heteromeric enzyme, and its small and large subunits are encoded by 
genes CarA and CarB, respectively (Potel et  al. 2009). Mitochondrial NADH- 
glutamate dehydrogenase (GDH) transaminates glutamate reversibly in response to 
high NH4

+ concentration under stress (Skopelitis et al. 2006). However, glutamate 
deamination has been shown as major catalytic activity of this enzyme in plant cells 
(Masclaux-Daubresse et al. 2006) (Fig. 6.1).

6.5.3  Nitrogen Remobilization

Recycling of N by-product of various catabolic processes is necessary for efficient 
utilization of primary assimilated N (Lam et al. 1996). These catabolic processes 
embody protein catabolism, amino acid deamination, and specific synthesis reac-
tions related to methionine, isoleucine, phenylpropanoid, and lignin biosynthesis 
(Miflin and Lea 1980; Lea 1993). In plant’s entire growth period, there are two 
foremost times when re-assimilation of cast-off NH3 to glutamine and glutamate is 
maximum. First is germination, when seed storage proteins are catabolized and 
amino acids are transferred to growing seedling (Lea and Miflin 1980), and second 
is during senescence of leaves where amino acids are transported to developing seed 
(Miflin and Lea 1976). Increased activity of cytosolic GS1, NADH-GOGAT, AS, 
and GDH during this process supports involvement of these enzymes in remobiliza-
tion (Stewart et al. 1980; Lea et al. 1990). Enormous N is obtained during leave 
senescence due to extensive degradation of photosynthetic proteins of leaves. Plants 
can tap this N to enhance the nourishment of developing organs, for example, new 
leaves and seeds. Up to 95% of seed protein is taken from amino acids that are 
traded to the seed after the degradation of existing proteins in leaves (Taylor et al. 
2010). Glutamine and asparagine play key roles in rendering N available for remo-
bilization from the senescing leaves (Masclaux-Daubresse et al. 2008). These amino 
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acids are carried from source tissue to sink via phloem. Rate of phloem loading is 
determined by activity of amino acid transporters present in sieve element (Tilsner 
et al. 2005). Phloem loading of amino acids is taken care of by members of AAP 
which are the nonspecific amino acid transporters (Koch et  al. 2003). Uptake of 
amino acids by root is facilitated by LHT1 transporter which is lysine/histidine 
transporter with very less Km. This xylem-derived amino acids are supplied to 
mesophyll cell by the same transporter (Hirner et al. 2006). Induced expression of 
LHT1 gene during leaf senescence highlights its role in N remobilization. One NH4

+ 
transport AMT1.1 and a NO3

− transporter NRT2.5 also showing enhanced expres-
sion during leaf senescence suggests that inorganic N might also be mobilized in 
senescing tissues. A key step for economical N remobilization is phloem loading; 
however, whether or not it’s limiting for NUE remains to be evidenced. Other pro-
cesses, like sink strength, may be limiting steps for economical N remobilization 
from senescing leaves (Fig. 6.2).

Fig. 6.1 Schematic presentation of key enzymes involved in primary N assimilation. Various 
transporter imports NO3

−, NH3, and trace amount of urea into cytoplasm. Cytoplasm located in NR 
reduces NO3

− to NO2
−, and urease converts urea into NH3. NO2

− and NH3 are transported to plastid 
where enzyme NiR GS2, fd-GOGAT CPSase, incorporates the NH3 into amino acids. Carbon 
skeleton for amino acid biosynthesis is obtained by mitochondrial respiratory pathway. Amino 
acids are transported in the form of glutamine and asparagine through phloem
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6.6  Strategies for Genetic Improvement

6.6.1  Playing with Candidate Genes (CGs)

Nitrogen use efficiency in crop plants is genetically controlled, and therefore natural 
variation in NUE in different genotype of a crop species is common phenomena and 
reported in many crops. This variation arises either due to one or more components 
of NUE including total N uptake, post-anthesis N uptake, N remobilization, and N 
assimilation. Therefore, genotypes must be screened for its performance for indi-
vidual traits. Some NUE components are developmental-specific like N uptake, so 
screening for uptake efficiency must be at different developmental stages. Another 
important aspect is the screening of NUE variant in different N regimes as different 
genotypes behave differently in low- and high-N doses. Under present scenario 
there is a need to find out genotypes which are efficient in N use under low-N dose 
and also give acceptable yield. Maintaining acceptable yield is important because 
plant will still be called N use-efficient if it requires less N and also gives less yield 
(as NUE is ratio between yield and available N). Once genotypes/germplasm for 

Fig. 6.2 Schematic representation of N remobilization process and key enzymes involved in it. 
During senescence degradation of chloroplast and other proteins occurs, degraded products are 
transported to vacuole for further degradation via SAV (senescence-associated vacuoles). Similarly 
recycling of NH3 occurs in different organelles (mitochondria, cytosol) of mesophyll and compan-
ion cell. These events generate NH3 which is reduced to glutamine glutamate and asparagine by the 
action of enzyme GDH, GS1, NADH-GOGAT, and AS. Schematic presentation of key enzymes 
involved in N assimilation remobilization
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this is identified, it will be exploited to identify the genes and pathways underling 
NUE, mapping quantitative trait loci (QTLs) and markers associated with NUE, and 
ultimately introgression of genes and QTLs in the background of elite cultivars. 
Gene underlying NUE can be identify and validated by various techniques. Here we 
categorized these techniques into following groups:

 (i) Expression-based gene identification: Global expression profile of different 
genotypes and different N treatment helps to uncover differentially expressed 
genes which will further be functionally validated for its role in NUE. This 
technique includes suppression subtractive hybridization (SSH) (Rounsley 
et al. 1996), serial analysis of gene expression (SAGE) (Velculescu et al. 1995), 
massively parallel signature sequencing (MPSS) (Brenner et al. 2000), micro-
array (Katagiri and Glazebrook 2009) and RNA (ribonucleic acid) sequencing 
(Wang et al. 2009) as discussed below.
Suppression subtractive hybridization (SSH): This is a hybridization-based 

transcriptome analysis technique to identify differentially expressed genes. 
It allows comparison of two cDNA (complimentary DNA) populations 
(derived from transcripts) and isolation of a fraction enriched in differen-
tially distributed molecules. An advantage of this technique is that it allows 
the detection of low-abundance differentially expressed transcript, whereas 
limitation includes false-positives and possibility of only pairwise 
comparison.

SAGE (serial analysis of gene expression): The main principle is a short 
sequence tag (10–14 bp) developed from individual mRNA which contains 
sufficient information to uniquely identify a transcript. Sequence tags are 
then linked together to form long serial molecules that can be cloned and 
sequenced. The number of times a particular tag is observed provides the 
information about expression level of the corresponding transcript.

Microarray: Microarray technology is based on the fact that complementary 
sequences of cDNA can be used to hybridize immobilized cDNA mole-
cules. Here in this technique, probe-target hybridization is usually detected 
and quantified by detection of fluorophore or chemiluminescence-labeled 
targets to determine relative abundance of nucleic acid sequences in the 
target. An advantage of this technique includes large data generation in a 
single experiment. Its limitation includes cost, escape of rare allele detec-
tion, need for sequence information to generate microarray chip, do not 
detect unique genes, and analysis is tedious.

RNA sequencing: RNA sequencing is a comparatively new and high- throughput 
technique of NGS-based sequencing cDNA. It works by sequencing every 
RNA molecule and profiling the expression of a particular gene by counting 
the number of its transcript, thereby correlating phenotype with CGs. The 
advantages of this technique are high reproducibility, prior sequence infor-
mation may not be required, discovery of rare alleles, and unique genes are 
possible, although this technique has complexity of analysis and cost.
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 (ii) Discovery of gene and its functional validation by mutation and transgenic 
studies: Artificial mutant population and natural variants both can be used to 
discover a gene which has a role in NUE. In addition, the functional validation 
of putative NUE-governing gene is also possible by targeted mutation of that 
gene. After determining a phenotype which is associated with NUE, the very 
first step is creating mutagenized population and then screening for the plant 
showing mutated phenotype of desired trait. Mutation can be point or inser-
tion. The insertion mutation can be further divided into insertion leading to loss 
of function and insertion resulting into gain of function mutation. At last the 
gene is recovered through map-based cloning approach. The mutagenized pop-
ulation may be created by EMS (ethyl methanesulfonate), T-DNA, or transpo-
son tagging/activation tagging. However, NUE is a complex trait defining a 
single phenotype for it will be misleading.

 (iii) T-DNA/transposon tagging: Insertional mutagenesis is useful since flanking 
site information; in other words the disrupted gene, can be retrieved easily but 
limited by gene redundancy, lethal knockouts, and inability to target the 
inserted element to a specific gene.

 (iv) Activation tagging: Through activation tagging, gain of function phenotype 
can be obtained because it contains four copies of enhancer elements of CaMV 
35S (cauliflower mosaic virus 35S) which can mediate transcriptional activa-
tion of nearby genes. It is mainly useful for genes having redundant function. 
However, activation tagging may fail because every gene may not have an 
overexpression phenotype. After identification of genes, its function should be 
validated either by disruption of its function or by overexpression. Disruption 
of gene can be carried out by the following techniques:
RNA interference (RNAi): RNA interference (abbreviated RNAi) is a mecha-

nism for RNA-guided regulation of gene expression in which double- 
stranded ribonucleic acid inhibits the expression of genes with 
complementary nucleotide sequences. It has several specific advantages 
over forward genetics. Targeted, requiring only a few transformants per tar-
get gene. It facilitates the study of essential genes whose inactivation would 
lead to lethality. But there are some disadvantages too, like it requires prior 
sequence information and has leaky expression.

 (v) Other methods for gene disruption are techniques such as site-directed muta-
genesis, gene knockout through homologous recombination, T-DNA insertion, 
targeted genome modification through TALEN (transcription activator-like 
effector nucleases), ZFN (zinc finger nucleus), and CRISPR-Cas9 (Cas9- 
clustered regularly interspaced short palindromic repeats) systems. The over-
expression is carried out by expressing the gene with a strong promoter (CaMV 
35S).

6.6.1.1  Gene for Nitrogen Acquisition
Many CGs for N uptake and RSA are known which are exploited to improve NUE 
in the past decades either by overexpressing them or by knockout mutation. The 
CKX1 gene code for cytokinin oxidase/dehydrogenase is responsible for 
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degradation of cytokinin (negative regulator of root growth). Root-specific overex-
pression of this gene in Arabidopsis and tobacco leads to increase in root length, 
branching, and root-to-shoot ratio without affecting shoot growth and development 
(Werner et al. 2010). N accumulation is not estimated in this study, which highlights 
the sufficiency of a single dominant gene to alter complex trait like root growth. The 
ANR1 is a transcription factor involved in NO3

− signaling pathway to induce NO3
−

-stimulated lateral root growth. The ANR1 overexpression can stimulate lateral root 
growth, but presence of NO3

− and posttranscriptional modification of ANR1 is pre-
requisite (Walch-Liu and Forde 2008). Root-based traits can provide exquisite 
opportunities for future improvements in NUE for cereals, but direct evidence in 
terms of gene manipulation is still lacking. Overexpression of NO3

− and NH4
+ trans-

porter is also documented. The NRT2.7 overexpression in Arabidopsis enhanced 
NO3

− accumulation and improved seed germination (Chopin et  al. 2007). In rice, 
OsNRT2.1 overexpression showed improved seedling growth without any effect on 
N uptake (Katayama et al. 2009). This may be due to absence of required amount of 
OsNAR2.1, as we know NRT2.1 interacts with NAR2.1 to form functional trans-
porter. The expression of OsNRT2.3b may increase rice yield and total N uptake (Xu 
et al. 2012). Overexpression of AMT1enhances NH4

+ uptake capacity, but probably 
due to its toxicity, the plant biomass gets reduced. Therefore, AMT1 can be a poten-
tial gene under low-NH4

+ condition (Hoque et al. 2006). Transporter and RSA con-
trolling gene may be the potential candidate to increase NUE, provided utilization 
of acquired N should be efficient. So, introgression of these genes in the genotypic 
background efficient in N utilization might be useful to meet the need of NUE 
genotype.

6.6.1.2  Genes for Nitrogen Utilization
The improvement of N utilization can improve grain yield per unit of N acquired. 
The first step of NO3

− reduction by NR has been long known as rate-limiting step. 
The utility of NR/NiR overexpression is to improve how NUE is limited. 
Overexpression of NR in tobacco showed retention of NR activity for a longer 
period and some advantage during water stress (Ferrario-Mery et al. 1998). Similar 
result showed with NiR overexpression in Arabidopsis, potato, and tobacco. It 
reduces NO3

− concentration in plant tissues but does not show effect on seed or tuber 
yield. This may be due to regulation of these enzymes in posttranscriptional level 
(Pathak et al. 2009). The GS1 overexpression studies are more numerous than GS2, 
and in many cases it resulted in higher growth yield in biomass in low N supply 
(Habash et al. 2001; Oliveira et al. 2002). Overexpression of ASN1in Arabidopsis 
enhances plant fitness and growth in low N condition and also increases total protein 
content (Lam et al. 2003). Under anaerobic condition (i.e., flooding), alanine is the 
major storage amino acid. The AlaAT (alanine aminotransferase) catalyzes the syn-
thesis of alanine and 2-oxoglutarate from pyruvate and glutamate. Expression of 
barley AlaAT in rice with the help of rice tissue-specific promoter showed improved 
NUpE, biomass, and yield and hence NUE (Shrawat et  al. 2008). In addition to 
enzymes of N assimilation and amino acid metabolism, the attempts have been 
made to generate plants modified for expression of transcription factors. This is of 
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particular importance because one transcription can regulate more than one gene in 
a metabolic pathway, and hence modification in TF expression may achieve modifi-
cation of more than one gene. The Dof1 (DNA binding with one zinc finger 1) is 
reported to be one of the regulators for N metabolism by coordinated gene expres-
sion involved in TCA (tricarboxylic acid) cycle and hence C-skeleton production, 
viz., pyruvate kinase, PEP carboxylase (phosphoenolpyruvate carboxylase), citrate 
synthase, and isocitrate dehydrogenase. In Arabidopsis, expression of ZmDof1 
results in enhanced N assimilation and better adaption of transgenic plants under N 
stress (Yanagisawa 2004). In rice, transgenic plant overexpressing ZmDof1 showed 
enhanced N assimilation (Kurai et al. 2011). Similarly, in wheat and sorghum, the 
constitutive expression of ZmDof1 leads to increase in PEPC expression (Peña et al. 
2017). These effects suggest that NUE could also be improved by manipulating 
carbon metabolism pathways. Other potential regulatory proteins which could be 
subjected to further research are P-II, NPL7, and TOR (target of rifampicin). The 
P-II is a nuclear-encoded plastid protein which is homologous to bacterial P-II sig-
naling proteins known to be involved in regulation of N metabolism by regulating 
key enzyme of arginine biosynthesis pathway. N-acetyl glutamate kinase 
(NAGK.  P-II) knockout mutant in Arabidopsis showed accumulation of reduced 
ornithine, citrulline, and arginine accumulation in response to NH4

+ supply after N 
starvation (Ferrario-Mery et al. 2006). The NLP7 (NIN-like protein 7) is an impor-
tant element of the NO3

− signal transduction pathway. New regulatory protein spe-
cific for N assimilation in non-nodulating plants Arabidopsis NLP7-knockout 
mutants constitutively showed several features of N-starved plants (Castaings et al. 
2009). Target of rifampicin (TOR) kinase showed positive regulation of growth in 
Arabidopsis under environmental stress (Deprost et al. 2007) (Fig. 6.3 and Table 6.1).

6.6.1.3  Genes for Starch Metabolism
Although N utilization components includes N assimilation and N remobilization, 
if we see the definition of NUE, it explains grain yield per unit of N captured, i.e., 
how efficiently captured N is utilized to ultimately produce yield. So, in case of 
cereal, better N utilization means efficient grain filling by starch biosynthesis and 
accumulation because starch is the main component of grain in cereals. Good N 
utilization in cereals does not mean better partitioning of N to the grain. Better N 
partitioning may enhance protein quality of grain, but grain protein and cereal yield 
have inverse relation, so more protein/N accumulation in grain will actually lead to 
less grain filling due to less starch biosynthesis which results in low NUE. Therefore, 
the role of N in grain filling and enhancement of yield is more important in cereal to 
achieve NUE. The effect of different levels of N fertilization on dry weight parti-
tioning, grain filling, and starch metabolism activities has been investigated in 
wheat. Results indicated increase of N input within a certain extent could increase 
dry matter weights of stem and sheath at the heading and harvest stages. Activities 
of key enzymes of starch synthesis, namely, soluble starch synthase (SS), ADP 
(adenosine diphosphate) glucose pyrophosphorylase (AGPase), and soluble starch 
branching enzymes (SBE), are also influenced by N dose during grain filling. The 
study highlighted higher export and transform percentages of stem and sheath and 
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Table 6.1 Potential CGs for NUE

NUE subcomponent Potential CGs Phenotype References
Uptake RSA CKX1, codes 

for cytokinin 
oxidase/
dehydrogenase

Root-specific overexpression in 
Arabidopsis and Nicotiana 
tobacum leads to increased root 
length, branching, and 
root-to-shoot ratio

Werner et al. 
(2010)

AtANR1 Overexpressions stimulate 
lateral root growth in presence 
of NO3

−

Walch-Liu 
and Forde 
(2008)

Transporters AtNRT 2.7 Overexpression in Arabidopsis 
enhanced NO3

− accumulation 
and improved seed germination

Chopin et al. 
(2007)

OsNRT2.1 Overexpression showed 
improved seedling growth in 
rice

Katayama 
et al. (2009)

OsAMT1 Overexpression of AMT1 
enhances NH4

+  uptake capacity 
in rice; potential CG in low 
NH4

+  condition

Hoque et al. 
(2006)

Fig. 6.3 Schematic presentation of enzymes of carbon metabolism regulated by Dof1
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rate of grain filling, and activities of key enzymes of wheat grain are the physiologi-
cal basis for higher yield under an appropriate N level (Wang et al. 2013). Xiong 
et al. (2014) provided visual evidence of N effect on starch granules (SGs) in wheat 
endosperm. The results suggest that increased N fertilizer application mainly 
increased the numbers of small SGs and decreased the numbers of large SGs but 
that the results varied in different regions of the wheat endosperm. These observa-
tions give some hint of N effect on starch, but very less study is done so far. N 
assimilation is estimated only in terms of protein content, and amino acid content, 
parameters like yield and grain N, is and indicator of plant NUE so far. But in the 
cereals, to estimate utilization efficiency of N, it is more appropriate to focus on the 
factors which are responsible for starch synthesis and grain filling to give more yield 

NUE subcomponent Potential CGs Phenotype References
Utilization N assimilation NR Overexpression in tobacco 

showed retention of NR activity 
for longer period

Ferrario- 
Mery et al. 
(1998)

NiR Overexpression in Arabidopsis, 
potato, and tobacco reduced 
NO3

− concentration in plant 
tissues

Pathak et al. 
(2009)

GS1 Overexpression in wheat and 
Nicotiana resulted in higher 
growth and yield in biomass in 
low N supply

Habash 
et al. (2001), 
Oliveira 
et al. (2002)

ASN1 Overexpression in Arabidopsis 
enhanced plant fitness, growth, 
and total protein content in 
low-N condition

Lam et al. 
(2003)

AlaAT Expression of barley AlaAT in 
rice showed improved NUE

Shrawat 
et al. (2008)

Carbon 
metabolism

Dof1 Expression of ZmDof1 in 
Arabidopsis and rice enhanced 
N assimilation and better 
adaption in N stress

Yanagisawa 
(2004), 
Kurai et al. 
(2011)

Signaling 
factors

P-II Knock out mutant in 
Arabidopsis showed 
accumulation of reduced 
ornithine, citrulline, and 
arginine accumulation in 
response to NH4

+  supply after N 
starvation

Ferrario-
Mery et al. 
(2006)

NLP7 Arabidopsis NLP7 knockout 
mutants constitutively showed 
features of N-starved plants

Castaings 
et al. (2009)

TOR Positive regulation of growth in 
Arabidopsis in environmental 
stress

Deprost 
et al. (2007)

Table 6.1 (continued)
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per unit of plant N. To identify these factors and genes underlying efficient grain 
filling and starch biosynthesis, it is important to screen out the genotype which does 
not differ in terms of N uptake, assimilation, and remobilization capacity, but they 
differ in grain filling, mainly due to starch accumulation. By comparing genes and 
alleles related to starch transport and metabolism, regulatory genes for starch meta-
bolic in these genotypes will help to uncover few underlying CGs which will be 
responsible for efficient grain filling and therefore yield per-unit N in cereals.

The process of starch biosynthesis and genes involved is explained here. 
Phosphoglucose isomerase and plastidial phosphoglucomutase forms glucose- 1- 
phospate (G-1-P) from fructose-6-phosphate derived from the Calvin cycle. The 
G-1-P forms ADP glucose by the action of AGPase enzyme. The ADP glucose is the 
substrate of starch synthases (SSs) and granule-bound starch synthase (GBSS). The 
GBSS synthesizes amylose, while soluble SSs (different types of starch synthetase 
are summarized in Table 6.2), branching enzymes (BEs), and isoamylase-type deb-
ranching enzyme (ISA), pollunase collectively synthesize amylopectin (Pfister and 
Zeeman 2016).

The SS4 is proposed to play a role in generating glucan primers required to initi-
ate starch granule synthesis (Roldán et al. 2007). The SS4 loss-of-function mutant 
showed a smaller number of granules per plastid but larger in size. Protein targeting 
to starch (PTST1) is a protein which functions to localize GBSS to starch granules 
for normal amylose synthesis. PTST2 and PTST3 control starch granule initiation 
(Seung et al. 2017). Along with these other enzymes like D-enzyme, phosphorylase, 
glucan water dikinase is also important. Studies focusing on these genes and its 
regulator including miRNA should be taken up in the genotypes differing only in 
grain filling under the same background (uptake and assimilation).

6.6.2  Discovery of QTLs and Genes by Mapping Studies

Mapping approaches include (a) linkage analysis in biparental mapping population 
and (b) association mapping in naturally existing population. They may not need 
any sequence information, but based on markers, they identify the position of the 
gene. Linkage analysis involves creating biparental populations, genotyping and 

Table 6.2 Types of starch synthetase and their function

Enzyme Function
SS1 (starch synthase 1) Amylopectin synthesis; to produce the short single cluster-filling 

chains [degree of polymerization (DP) -8]
SS2 (starch synthase2) Amylopectin synthesis; to produce the short single cluster-filling 

chains (DP-18)
SS3 (starch synthase 3) Amylopectin synthesis; synthesize longer cluster-spanning B 

chains; role in granule initiation, at least in absence of SS4
SS4 (starch synthase 4) Starch granule initiation
GBSS (granule-bound 
starch synthase)

Amylose synthesis
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phenotyping of segregating progeny in the populations, and testing if sequence vari-
ations in the CGs/marker co-segregate or co-localize with the loci controlling the 
trait in the populations. The main advantage of biparental mapping through linkage 
analysis is that it offers high level of confidence. Among disadvantages, it needs to 
construct mapping population, so it requires more time and resource and also cannot 
offer high resolution. Association mapping, also known as “linkage disequilibrium 
mapping,” is a method of mapping QTLs taking the advantage of linkage disequi-
librium to link phenotype to genotype. It actually discovers linked markers associ-
ated with gene controlling the trait by exploiting diverse lines from natural 
population or germplasm collection. It also has own advantages as well as disadvan-
tages. The prominent advantages over biparental mapping is (1) higher resolution, 
(2) lesser time, and that (3) it can discover additional genes or rare alleles for trait 
of interest. But it has somewhat lesser confidence because it may show association 
with spurious marker.

The QTL generally falls in two groups of genes; one is a major gene having large 
effect. These QTLs contribute to larger variation in highly heritable trait and called 
major QTLs, whereas minor QTLs have lesser effect. In this group, each QTL 
explains a small portion of total trait variation. Many agronomically important 
quantitative traits have small number of moderate effect QTLs and very large num-
ber of small effect QTLs to derive its genetic variation (Robertson 1967; Kearsey 
and Farquhar 1998). For a given study, the number of QTLs detected also depends 
on various factors like mapping population size and type, trait of interest, and effect 
of environment on that trait, in which environment phenotyping has been done as 
well as genome coverage. Major gene effect can be studied by means of segregation 
analysis, as properly as evolutionary history; however, when several genes with 
minor effect decide a trait (like in case of NUE), it is a good deal of great challenge, 
as they commonly can’t be investigated individually. Despite of these challenges, 
NUE trait has been mapped in many crop plants. Obara et al. (2001) investigated 
QTL association with NUE in rice. The main focus of their investigation is to see 
co-segregation of NUE with GS1 and NADH-GOGAT and identify seven and six 
loci for co-segregation with GS1 and NADH-GOGAT, respectively. Also, in GS2 
spanning chromosomal region in wheat and rice has been mapped for number of 
QTLs for NUE, yield, and other agronomic traits (Han et al. 2015). Therefore, intro-
gression of this chromosomal region to NUE-inefficient background in rice and 
wheat may be useful to develop cultivar with improved NUE and agronomic traits. 
The QTL association with NUE in maize has been carried out in segregating maize 
population in numerous studies (Gallais and Hirel 2004). A meta-analysis of QTLs 
for yield and yield components was carried out in low and optimum N regimes to 
identify meta-QTLs and characterize its map position. It reveled 22 QTLs under low 
N condition (Liu et al. 2012). But many researchers do not consider it the analysis 
for NUE as the selection was for yield at low N. Due to multiple QTLs for the trait 
and very low contribution of each QTL for variation, these studies point out many 
challenges. Genome-wide association mapping in 196 accession of wheat for yield 
and yield components reveled 23 N-responsive genomic regions which may be use-
ful for breeding for N responsiveness (Bordes et al. 2013). Traits such as enzyme 
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activity for N metabolism and assay of N metabolites are incorporated with QTL 
studies. It gave some metabolic QTLs (mQTLs) (Habash et  al. 2007) advantage 
from mQTL as it provides evidence to link agronomic traits with potential gene(s) 
underlying the QTLs (Hill et al. 2013). But a disadvantage is that such traits are 
vulnerable to environmental cues. Nitrogen use efficiency and grain protein content 
in wheat and barley are controlled by a common QTL known as Gpc-B1. These loci 
control N remobilization, hence resulting in significant difference in NUE.  The 
NILs (near-isogenic lines) with Gpc-B1 showed increase GPC without decreasing 
grain yield (Uauy et al. 2006; Heidlebaugh et al. 2008).

As we discussed the main objective of a mapping studies is to identify CG 
responsible for the trait, an identification of marker which can further be used to 
track trait of interest and cloning of favorable allele for the trait. Identification of 
CGs for complex trait like NUE faces challenges in spite of precision of these map-
ping studies because QTLs identified have many other genes that also co-segregate. 
Hence, further narrowing of the mapping interval to a place of the chromosome that 
carries a practical wide variety of genes may constrain. Therefore, identification of 
genes that would possibly have an effect on NUE is nonetheless based totally on our 
information of the gene’s characteristic like gene for N uptake, assimilation, remo-
bilization, etc. But there are many evidences that other types of genes completely 
unrelated to N metabolism are also associated with NUE.  For example, various 
studies describe involvement of phenology gene with NUE traits, which are semi- 
dwarf gene Rht and Ppd, and Vrn (Habash et al. 2007; Laperche et al. 2007).

6.7  Conclusion

Nitrogen use efficiency is a complex trait regulated by many environmental factors. 
The manipulation of NUE is a difficult process in spite of genetic potential. Recent 
years have seen a tremendous increase in the number of genes found to be involved 
in the mechanisms of inorganic N uptake and utilization in plants, but maximum 
study is limited to model plant, and there is need to extend it to crop plants. The first 
component of NUE is uptake; many genes of transports are identified in Arabidopsis, 
and some of it is also utilized to develop transgenic, but none of it resulted in NUE 
phenotype so far. Improvement of N uptake may be helpful in counteracting N loss 
from the environment, but it will not necessarily generate NUE phenotype. Nitrogen 
utilization is utilizing of the acquired N to produce grain yield. Traditionally it con-
sists of N assimilation and remobilization, but for cereal, utilization of N to produce 
starch is also important. Several genes in N assimilation and remobilization have 
been reported, and some are used to overexpress in crop or model plant to achieve 
NUE phenotype. Genes of starch metabolism, which potentially affect grain filling 
in N limitation, need to identify in cereals which may further be exploited in creat-
ing NUE cereal.
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7Improving the Nitrogen Cycling 
in Livestock Systems Through 
Silvopastoral Systems
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Abstract
Conventional livestock are monoculture systems where the major species are 
native grasses or African grasses, with biomass production being limited by sea-
sonality of rainfall and low soil fertility. In animal production systems, the pas-
ture degradation is associated with the nitrogen (N) cycle. Therefore, if farmer 
applied no subsequent fertilizer, milk production or live weight gains have been 
gradually reduced. As animals slowly gain weight, they produce more methane 
(CH4) and nitrous oxide (N20). This has led to the search for strategies to help 
minimize the impacts of livestock, and the excessive application of fertilizers, on 
the environment and natural resources. One strategy with promising results that 
has been developed in Latin America is the conversion of traditional livestock 
systems to silvopastoral systems (SPS), which include the establishment of shrub 
legumes at high densities and forage grasses aimed at increasing livestock profit-
ability. With the association of legumes and forage grasses, forage quality can 
increase, more than 100%, compared to monoculture-based pastures and, conse-
quently, production costs related to the purchase of imported cereal grains and 
nitrogen fertilizers are reduced. On the other hand, changes in climate and graz-
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ing pressure to increase stocking rate have resulted in extensive degradation of 
existing vulnerable pastures, which favour poorly palatable, perennial species, 
affecting directly livestock production and enhancing greenhouse gas (GHG) 
emissions and the loss of soil carbon and nitrogen stock severely affecting soil 
fertility. The importance of the association of species of legumes with grasses 
and Leucaena (Leucaena leucocephala L., (Lam.) de Wit) is an environmentally 
friendly proposal of positive interactions to improve soil fertility and animal pro-
ductivity. Overall, improving forage quality and N efficiency of dietary nutrients 
is an effective way of decreasing GHG. Silvopastoral systems (SPS) are used 
successfully in many regions around the world, and there is considerable evi-
dence that SPS can increase production efficiency, increase carbon sequestration 
and improve N cycling on land used for livestock production.

Keywords
Animal urine · Grass N uptake · Greenhouse gasses · Silvopastoral systems

Abbreviations

BNF Biological nitrogen fixation
CH4 Methane
CO2 Carbon dioxide
CP Crude protein
DE Digestible energy
GHG Greenhouse sasses
IFA International Fertilizer Industry Association
ISPS Intensive silvopastoral systems
N Nitrogen
N2 Atmospheric nitrogen
N2O Nitrous oxide
NDF Neutral detergent Fibre
NH4

+ Ammonium ion
NO3

− Nitrate
OM Organic matter
SPS Silvopastoral systems

7.1  Introduction

Global continuous increase of livestock production (milk, eggs and meat) demands 
more forage to feed the animals; consequently, more grazing areas would be neces-
sary to reach the animal food intake; this could increase the deforestation, replacing 
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forest areas for pastures, if the pastures are managed wrong, for example, overgraz-
ing it enters in a process of degradation, so in a few years, more areas are necessary. 
Lately, overgrazing is one of the major causes of grassland degradation and repre-
sents the main cause of degradation among the major biomes. Steinfeld et al. (2006) 
estimated that approximately 73% of the pastures have been degraded; the same 
authors estimated that in the Amazon, the introduction of pastures is responsible for 
70% of the deforestation.

It has been estimated that approximately 5% of soil organic carbon has been lost 
from overgrazing and during the dry season, ruminants are usually fed low-quality 
forages, which are characterized by their low concentrations of crude protein (CP), 
digestible energy (DE) and their high contents of neutral detergent fiber (NDF) and 
lignin, which induce a higher emission of methane (CH4). Degradation of grazing 
biomes not only has a negative and direct effect on livestock production but also 
effects on the soil and the environment. Under tropical grassland conditions, cattle 
generally loses weight, and the milk production per cow is severely affected. Grass- 
based diet can lead to a daily weight gain of less than 300 g or a daily milk produc-
tion of 4 kg/day (Ku et al. 2014; Meena and Meena 2017; Ashoka et al. 2017).

These grassland pastures are one of the ecosystems most vulnerable to climate 
change. In the tropics, livestock in extensive mixed systems suffer from permanent 
or seasonal nutritional stress (Ku et al. 2012; Yadav et al. 2018b). Poor nutrition is 
one of the major production constraints in small holder systems, particularly in 
tropical areas. Additionally, in the last decade, climate change and human popula-
tion growth began to threaten the productivity of those grasslands due to changes in 
vegetation, mainly due to variability in rainfall along the year, frequently raising 
temperatures (IPCC 2007), including incorrect grazing management practices.

Two options to solve these problems have relied on the use of nitrogen-based 
fertilizer and the use of imported supplemental feed concentrates with social, eco-
nomic and environmental negative effects. The dependence on grain as feed animal 
component has created a competition ground between humans and animals for the 
same source of food (Thornton 2009; Meena et  al. 2015d; Kumar et  al. 2017b; 
Meena and Lal 2018a, b). The abuse of chemical fertilizer, mainly those based on 
nitrogen, leads to environment and soil (nitrification and denitrification process) 
contamination. Both of these two options, however, have considerably increased 
animal production.

In the tropical regions, environmental temperature and relative humidity are 
high, and frequently above the physiological capacity of livestock to dissipate body 
heat, causing enormous economic damages. Under these conditions, silvopastoral 
systems (SPS) are an important tool to increase livestock production and enhance 
resilience to drought and in reducing the contribution of cattle to climate change. 
Greenhouse gas (GHG) emissions are reduced due to fewer applications of nitrogen- 
based synthetic fertilizers that improved forage quality and production (CH4 emis-
sion reductions estimated at 15–20% and nitrous oxide (N2O) emission reduction at 
25–30%). Given the prevalence of many leguminous species, closer integration of 
trees and shrub with grasses can rise to increased productivity and increased soil 
fertility (atmospheric nitrogen fixation) including animal welfare. Integrating local 
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leguminous trees and shrubs species is usually well adapted to water stress of the 
tropical climate by storing nutrients and carbohydrates in perennial belowground 
organs, thus improving the capacity to store carbon in the soil and in the aboveg-
round biomass due to trees and shrubs integrating with grass. The objective of this 
chapter is to discuss the role of SPS as a strategy to improve the N cycling in tropi-
cal and subtropical livestock systems.

7.2  Livestock and the Environment

Climate change is the result of the accumulation of GHG emissions in the atmo-
sphere, caused mainly by human activities. The most important GHG directly emit-
ted by humans include carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O). Since the Industrial Revolution, the amount of GHGs emitted exceeds the 
capture capacity of the biosphere, and the net result is the constant increase in GHG 
concentrations, which prevent heat from escaping the atmosphere (IPCC 2007). 
This global warming is the most obvious manifestation of climate change and refers 
to the rise in average surface temperatures.

Human activities such as agriculture and deforestation contribute to the rise of 
GHG emissions. Within this, the livestock sector is considered one of the main 
activities with the biggest impact on climate change through the emission of green-
house gases (Herrero et  al. 2013; Varma et  al. 2017a; Buragohain et  al. 2017). 
According to the FAO (2013), the livestock sector contributes 18% of the total gases 
emitted into the atmosphere. Large amounts of CO2 are emitted from the burning of 
fossils fuels to make fertilizers which are used to grow grain to fed animals, includ-
ing the deforestation to grassland expansion (Fig. 7.1).

Livestock activities contribute to global warming due to the large release of GHG 
into the atmosphere, originated from the enteric fermentation. Ruminant animals 
are the major emitters of CH4, due to the digestive process in which microbes fer-
ment the food consumed.

Fig. 7.1 Deforestation and soil preparation for grassland expansion in the Mexican tropics
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Ruminants grazing low-quality fodder increase CH4 emissions, with a bigger 
negative impact on climate change. Excreted urine and faeces by ruminants signifi-
cantly contributed to CH4 and N2O emissions. Although the amount of nitrogen (N) 
excreted depends on the feed quality ingested, low-quality feeds result in low 
N-excreted factors like temperature, and soil moisture can facilitate the release of 
GHG emissions on pastures based livestock production (Lessa et al. 2014; Meena 
and Yadav 2015; Dhakal et al. 2015; Datta et al. 2017b). Although GHG emissions 
have been increased markedly in the last five decades, many options exist that can 
mitigate GHG emissions from the livestock sector (Fig. 7.2).

7.3  Nitrogen Cycling in Livestock Systems

In the tropics and subtropics, millions of people have no food security; about 60% 
of rural communities are permanently affected by the decline in household food 
production, with sub-Saharan Africa and parts of Latin America, the Caribbean and 
Central Asia suffering worst (Stocking 2003; Meena et  al. 2016a; Verma et  al. 
2015c). From 33 Latin American countries, Mexico occupies the second place in 
deforestation just below Brazil. Current estimates of deforestation rates in Mexico 
range from 400,000 to 1,500,000 hectares per year, the largest area located in the 
southern Mexico including the Peninsula of Yucatan (Cairns et al. 1995). The con-
sequence of forest deforestation is the decline in soil productivity.

The progressive deterioration of natural resources in the tropics has led to the 
need of alternative methods to sustain crop production. Optimizing nutrient cycling 
and improving biological nitrogen fixation as a source of nitrogen have been pro-
posed as the better strategy for achieving improved levels of production without 
further damage to the natural resource (Greenland 1975; Meena and Lal 2018a, b; 
Yadav et al. 2017c; Dadhich and Meena 2014; Kumar et al. 2018b). In the tropics, 
fast-growing trees, particularly nitrogen-fixing trees, are increasingly being recom-
mended for land restoration where soil has been degraded (Franco and De Faria 
1997; Dubeux et  al. 2015; Varma et  al. 2017b; Meena et  al. 2015e), for fallow 

Fig. 7.2 Specific solutions for the mitigation of GHG emissions in the livestock sector
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improvement and for erosion control; examples of benefits in soil improvement are 
well-documented by Kamara et al. (2000), Giller (2001) and Schroth and Sinclair 
(2003). In tropical agroecosystems, the leaf litter decomposition and subsequent 
nutrients released represent a good tool for the poor farmer in order to reduce exter-
nal input and maintain or increase agricultural products (Mthembu et  al. 2018; 
Kumar et al. 2018a). About 70–90% of the nutrients required for growing plants 
could be proportioned by leaf litter decomposition of a companion plants (Waring 
and Schlesinger 1985). Using this system, fodder trees, apart from being a source of 
foliage rich in nutrients to animal feed, could also be a very important source of 
nutrient to the soil (Fig. 7.3).

7.4  Agroecological Strategies to Improve N Cycling

In tropical countries the gap between food production and population growth is 
widening (Stocking 2003). This increased demand for more effective food produc-
tion generally means increased application of industrially produced fertiliser nitro-
gen, because N is the most important nutrient for crop growth. Nevertheless, 
research has shown that biological nitrogen fixation by legumes is an efficient way 
to supply the large amounts of nitrogen needed to produce high-yielding crops with 
high protein content (Crews and Peoples 2004; Boddey et al. 2015; Meena et al. 
2018a; Sihag et al. 2015). Introducing legumes into farming systems can provide a 
continuous supply of N for plant growth and provide good-quality organic matter to 
be incorporated into the soil; thus, legume species should play an important role in 
developing new strategies to increase food production (CGIAR 2004). Biological 
N2 fixation contributes to enhanced production directly by increasing the yield of 
grain or other food crops for human or animal consumption or indirectly by contrib-
uting to the maintenance of soil fertility (Giller and Cadisch 1995; Graham and 

Fig. 7.3 Approach to outline for synthesizing understanding of N dynamics in livestock SPS
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Vance 2003; Meena et al. 2016b; Yadav et al. 2017b). In the latter case, N2 fixation 
by leguminous trees is most likely to constitute a relevant input to farming systems 
when the soil is low in N and when N fertiliser is scarce (Schroth et al. 2001; Verma 
et al. 2015b). Additionally, trees or shrubs survive in most dry seasons and can con-
tribute significantly to animal feed by providing nutritional foliage, in places where 
grassland productivity depends largely on the rainfall.

7.5  Silvopastoral Systems

At present, livestock production in tropical areas face serious problems related to 
climate change and the prevailing model of extensive production (FAO 2012). These 
problems are characterized by the transformation of natural ecosystems into large 
monoculture pastures, low productivity and with strong demand for fertilizers 
mainly nitrogen (Meena and Lal 2018a, b; Meena and Yadav 2014). This has a nega-
tive impact on agricultural production and plant biodiversity, which leads to a high 
dependence on external inputs and little integration between the agricultural, live-
stock and forestry sectors (Williams et al. 2017; Dadhich et al. 2015). In addition, 
extensive livestock systems have low levels of efficiency and profitability (Ku et al. 
2014; Sofi et al. 2018) and are more vulnerable to extreme climatic conditions such 
as droughts or floods (Cuartas et al. 2014; Meena et al. 2015c).

The availability of nitrogen is one of the main constraints of tropical animal pro-
duction (Ku et al. 2014). The application of nitrogenous inorganic fertilizers is a 
frequent practice, to correct the problem as well as to increase the productivity and 
quality of the pastures (Silveira et al. 2013; Yadav et al. 2018a). This causes consid-
erable quantities of fertilizers to be imported annually to be applied to the soil 
(FAOSTAT 2014).

Additionally, the indiscriminate application of fertilizers causes irreversible 
damage to the environment by emissions of gases, mainly N2O and contamination 
of groundwater (IFA 2002). In addition, the high costs of nitrogen N fertilizers 
increase the costs of livestock production (Pelletier and Tyedmers 2010; Verma 
et al. 2015a). In Mexico, for example, the price of agrochemicals doubled in recent 
years, to such a degree that in 1 year more than 60 million pesos were invested in 
their purchase; just to cite one example, urea has a cost of approximately $ 500 per 
ton (FAO 2008) and, 1 hectare of pasture requires approximately 120 kg of N/ha/
year. This has led to the search for strategies to minimize the environmental impact 
of livestock production and the excessive application of fertilizers. Efforts have also 
been made with particular emphasis on increasing forage production and quality 
within these livestock production systems, which may contribute to a more efficient 
use of N throughout the production system.

One of the strategies with promising results that has arisen in Latin American 
tropical livestock is the reconversion of traditional monoculture systems with inten-
sive silvopastoral systems (ISPS) (Murgueitio et al. 2011; Bacab et al. 2012; Solorio 
et al. 2012; Meena et al. 2015b), including shrub legumes at high densities associ-
ated with forage grasses which would increase both yield and quality of forage and 
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promote the N atmospheric fixation and recycling nutrients (Fig.  7.4). With the 
association of legumes and forage grasses, forage quality could increase more than 
100% in comparison to monoculture-based pastures (Sturludóttir 2011; Datta et al. 
2017a), and, consequently, the production costs related to the purchase of nitrogen 
fertilizers and the use of feed concentrates will be reduced (Murgueitio et al. 2015; 
Meena et al. 2015a).

Intensive silvopastoral systems is an agroecological model of agricultural pro-
duction, in which perennial woody trees (multipurpose trees and high-forage shrub 
densities) interact with pastures and animals under an integrated management sys-
tem (Fig. 7.5). These systems have been designed and proposed based on research 
results, which have evaluated the yield and quality of forage (Murgueitio et al. 2015; 
Meena et al. 2014), animal productivity (e.g. production and quality of meat and 
milk) and carbon capture (Solorio et  al. 2016; Dhakal et  al. 2016), as well as 
improved the microclimate of grazing animals and biodiversity (Broom et al. 2013; 
Kakraliya et al. 2018).

With the implementation of SPS, it is feasible to reduce the environmental impact 
of traditional extensive livestock production systems (Murgueitio et  al. 2011; 
Solorio et al. 2012; Ram and Meena 2014). Silvopastoral systems are developed as 
sustainable animal production strategies. The main structure of the SPS includes the 
association of grasses with shrub legumes and represents additional advantages, 
including legumes in the paddocks that obtain benefits in the production and quality 

Fig. 7.4 Shrub forage legume for effective reconversion grassland to silvopastoral systems
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of forage biomass, as a consequence of the biological fixation and transfer of N 
(Casanova et al. 2014). Several studies have demonstrated the potential benefits of 
silvopastoral systems and their effect on the profitability of livestock systems 
including environmental benefits, soil and their benefits in the productivity and sus-
tainability of agroecosystems (Goh et al. 1996; Mercado et al. 2011; Alvarez et al. 
2014; Meena et al. 2017c).

Other positive interactions among trees or shrub species may maximize above- 
and belowground resource utilization for growth (Cadisch et al. 2002; Yadav et al. 
2017a; Kumar et al. 2017a). Intercropping legumes and nonlegumes increases the 
opportunity for complementary N use (van Kessel and Hartley 2000). Mixing spe-
cies may also improve resilience, by improving nutrient cycling and enhancing 
resistance to pests or diseases. Additionally, mixing species can exploit interactions 
in which one species enhances the biological performance of another (Khanna 
1997; Cadisch et al. 2002; Gathumbi et al. 2003; Meena et al. 2017a); perhaps the 

Fig. 7.5 ISPS with multipurpose trees, edible shrubs and the integration of animal-grass
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most important feature is the direct transfer of N from a N2-fixing plant to a non- 
fixing plant, which can be better exploited in a mixed system.

7.6  Challenges in the Tropical Livestock Production 
Systems

Livestock activity has been associated with problems of deforestation, soil degrada-
tion, loss of biodiversity, environmental pollution and low productivity (Broom 
et al. 2013). These livestock systems often remove all the vegetation (as erroneous, 
considered competition for water and soil nutrients) in order to allow the growth of 
native or introduced forage grasses, (Grande et al. 2010; Jiménez et al. 2011).

Most Latin American beef cattle production systems use tropical grasses as the 
basal forage source. However, extensive livestock production that is mainly pasture- 
based results in lower yield (milk or beef) per unit of land and a negative environ-
ment impact (Ku et al. 2014). Its development and profitability are based on the 
extension of the grazing area with large areas that have been deforested for the 
production of milk and meat with dual-purpose cattle, specialized breeds and their 
crosses (Murgueitio et  al. 2011). These problems can result in livestock weight 
losses and hence greatly restrict farmer’s income. Fluctuations in forage availability, 
throughout the year, restrict the ability to achieve sustainable levels of animal pro-
duction (Ku et al. 2014; Solorio et al. 2012), mainly due to the low quality of the 
grass which will consequently limit pasture intake and digestibility. Mismanagement 
of the grazing systems, the seasonality and low quality of forages, consequently, 
further decreases animal production (Murgueitio et  al. 2011) and contributed to 
increase the CH4 emissions from the digestive process of ruminants.

Mismanagement of the grazing systems has also contributed to the pasture deg-
radation, due to overgrazing that has extracted nutrients from the soil without resti-
tution (Murgueitio et al. 2013). The conservation and maintenance of ecosystems 
are currently under threat by the intensification of livestock systems. In order to 
reduce the deficiency of pasture-based animal production, farmers frequently rely 
on large quantities of imported concentrate feed (e.g. grains and cereals), and in the 
use of fertilizers, trying to increase livestock production, but highly dependent of 
external inputs and polluting the environment (Solorio et al. 2009).

In order to resolve the feed deficit in the dry season and meet the competing 
demands of increasing animal intensity while maintaining sustainable grain produc-
tion, alternative forage sources need to be identified (Fig. 7.6). One of the options 
increasing the profitability of the livestock farmers includes the renovation of 
degraded pastures. The identification of the grass nutritional deficiencies can be 
reduced by improving livestock and grassland management with the incorporation 
of tropical forage legumes into their farming system. Figure 7.6 shows the effects of 
tropical forage legumes on the animal nutrition.

Another very important issue related to animal production is water. Water is a 
scarce and valuable resource essential to human and animal life. Water for livestock 
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production is used for drinking, irrigation and growing crops/pasture. The water 
required to produce feed is the major factor behind the water footprint of animal 
products (Mekonnen and Hoekstra 2012). Animals can negatively affect water qual-
ity by having free access to water sources where animals can excrete faeces. Waste 
from animals can be dangerous because it carries harmful bacteria. Bacteria can 
enter water sources during heavy rainfalls that might result in an overflow of the 
manure catchment basin or from manure that has been put on fields as fertilizer 
(McAllister et al. 2012).

The challenge for livestock production therefore is to improve environmental 
sustainability and reduce greenhouse gas emissions. Challenges remain to reverse 
the economic losses from grassland degradation while accommodating growing 
demand and simultaneously avoiding the conversion of ecosystems.

7.7  Fertilizers and Livestock

Livestock production, as mentioned previously, is constrained by many factors. 
However, feed shortages during the dry season constitute the greatest challenge in 
terms of quantity and quality given by the seasonality of rainfall. Other factors 
include low soil fertility for forage production. Of the 17 chemical elements that are 
essential for plant growth, N is the nutrient that most often limits grass growth. N is 
very mobile in the soil and can become limiting in areas with high rainfall or irriga-
tion, in coarse or shallow soils and in soils with low organic matter.

Climate change together with inadequate grassland management and the soil’s 
low fertility is the main constraint to increasing livestock productivity. The lack of 
good-quality livestock feed, produced at a competitive cost, in the dry season, can 
jeopardize food security. Improvements in forage production through improved soil 
fertility practices have the potential to increase income and reduce livestock produc-
tion costs. As pasture soil do not usually contain sufficient amounts of N for high 
and sustained fodder production, frequently farmers rely on the use of chemical 
fertilizer. The most common sources of commercial fertilizer N are urea. However, 
urea application is highly susceptible to volatilization (leaching to the atmosphere 
and water pollution).

Fig. 7.6 Forage legumes for animal production and the GHG mitigation
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The purpose of using of inorganic chemical fertilizers is to increase livestock 
productivity, but it also leads to environmental problems and contamination of natu-
ral resources (water, soil and air). Nitrogen is the main element for the growth of 
plants and agricultural crops in general; this element forms part of 46% of urea, the 
most widely used fertilizer in the world (Liu et al. 2015). In pastures and forages, 
doses of 140 to 325 kg/ha/year of this chemical fertilizer are used (González Torres 
et al. 2009). In 2007, urea production increased by 6.6%, reaching 144 million tons. 
For 2009, world consumption of 184.3 million tons was estimated, with approxi-
mate applications of 140 to 200 kg of N/ha/year for pastures and up to 325 kg of N/
ha/year in crops such as forage maize (González Torres et al. 2009).

A common problem with the indiscriminate use of chemical fertilizers is related 
to the infiltration and consequent contamination of aquifers (approximately 10% of 
the fertilizer applied to the soil is infiltrated) and emissions of gases to the atmo-
sphere (approximately 5% of the applied fertilizer is lost as a gas) (Vendramini et al. 
2007). In addition, livestock contribute approximately 40% of global ammonia 
emissions mainly from animal excreta and from the use of fertilizers in pastures 
(IFA 2002). According to the International Fertilizer Industry Association (IFA), 
between 2002 and 2007, there was an increasing trend in world fertilizer produc-
tion. The global supply grew by 3.4%, reaching an average of 165.3 million tons of 
nutrients: nitrogen, phosphorus and potassium, mainly (FAO 2008).

However, agroecological opportunities for improving the nutrition of livestock 
do exist, for instance, multipurpose legume trees can provide high-quality feed and 
improve soil fertility (Lenné and Thomas 2006). Intercropping legumes with 
grasses, which are an excellent source of N, improves forage quality. In Queensland, 
Australia, Leucaena (Leucaena leucocephala L., -Lam- de Wit)-grass mixes had 
higher live weight gain. A steer must consume a diet containing 35–40% Leucaena 
(4 kg/day for a 450 kg steer) to gain more than 1 kg/day (Dalzell et al. 2006). The 
main value of Leucaena is as a much-needed protein supplement to cattle grazing 
tropical grass pastures. Cattle require about 13% CP in their diets to produce good 
weight gains; they cannot get this from grass alone. When cattle are allowed to 
graze in Leucaena paddocks, their intake of protein immediately increases.

Intercropping Leucaena pastures can also enhance the environment by revitaliz-
ing the fertility of degraded soils by contributing biologically fixed nitrogen (BNF). 
Leucaena pastures offer the opportunity to intensify production in an environmen-
tally sustainable manner. Leucaena-grass pastures are persistent and productive at 
higher stocking rates. Beef production is 4–6 times higher than from the best native 
pastures. Most crop-livestock production relies directly on rainfall, and adverse 
changes in quantity and temporal patterns of rainfall are a major risk to production. 
The drought tolerance of deep-rooted Leucaena can protect the land against the 
worst effects of drought. Also these may increase soil organic matter (OM), aggre-
gation, nutrient availability, plant resistance to stresses and yield.

According to Ku et al. (2014), for improving meat and milk production and qual-
ity in tropical regions, different options have been created for manipulating the 
energy metabolism of ruminants. Silvopastoral systems, based on Leucaena and 
Tanzania grass (Megathyrsus maximus (jacq) B.K.  Simon & S.W.L.  Jacobs) 
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association, can provide live weight gains of 770 g/d in growing cattle. For milk, it 
is possible to increase the concentration of unsaturated fatty acids from tannins in 
foliage that are beneficial effect on human health. This addition could provide 
aggregate value to the cow’s milk. Improved feeding practices are required to 
decrease CH4 emissions from the rumen. This can be done by feeding animals with 
foliage and fruits which contain secondary metabolites which are capable of affect-
ing ruminal fermentation.

7.8  Silvopastoral Systems Benefits

7.8.1  Environmental Issue

The benefits of ISPS are associated with the integration of the multipurpose trees 
and shrubs. The leguminous component viz; Leucaena, Gliricidia sepium (Jacq.) 
Kunth ex Walp., Sesbania grandiflora L. Pers., Cratylia argentea, (Desv.) O. Kuntze, 
of these species has the capacity to fix atmospheric nitrogen through symbiotic 
association with bacteria of the genus Rhizobium (Peoples and Herridge 1999; 
Peoples et al. 2009). For example, Leucaena has the capacity to fix between 70 and 
> 285 kg atmospheric N/ha/year (Goh et al. 1996; Giller 2001; Sarabia 2013; Meena 
et al. 2017b). Therefore, the leguminous component contributes to the reduction of 
the excessive use of nitrogen fertilizers required by grasses in monocultures to 
improve the production and quality (Sierra et al. 2007; Peoples et al. 2009; Layek 
et al. 2018).

In addition, this type of shrub legume species presents greater tolerance to 
droughts, besides having a wide range of adaptation to diverse climatic conditions 
(climate change mitigation) and a great capacity to regrow in short periods or to 
resist frequent defoliations. SPS also integrates multipurpose trees that contribute to 
improving environmental conditions, reducing temperatures, improving animal 
behaviour and generating other products (e.g. wood, fruits, fodder, etc.). In addition, 
the inclusion of trees in association with pastures helps carbon sequestration, reduce 
water loss through evaporation and increase OM content in soils (Don 2012; 
Casanova Lugo et al. 2014).

7.8.2  Production and Quality of Forage

Silvopastoral systems are characterized by the diversity of species that can be incor-
porated into the system to increase animal production (Solorio et al. 2016). It high-
lights the importance of the association between shrub legumes, such as Leucaena, 
with grasses, since a variety of positive interactions occur, such as increased nitro-
gen availability, reduced solar radiation impact and temperature, improves animal 
comfort, shrubs also improve forage quality (increase protein content of the whole 
grassed forage), which contributes to improved animal productivity (Solorio et al. 
2016). An important aspect of these interactions is the fixation and transfer of N, of 
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which the associated pastures are directly benefited (Tessema and Baars 2006). Due 
to the high production of forage of high nutritional value, shrub legumes contribute 
significantly to animal feed, increasing the production and quality of the ingested 
forage.

Leguminous shrubs can continuously fix nitrogen and due to their deep rooting 
system act as a ‘pumps’; they can also bring up nutrients from lower soil horizons 
and return them to the surface in the litter (Young 1997). Proper management of 
trees will ensure that the foliage is available for animal feeding during the critical 
period of food scarcity. For example, the association of leguminous with non- 
leguminous trees in a mixture may increase rates of N cycling. On nitrogen- deficient 
sites, mixed stands present an ecological opportunity for increasing both total stand 
growth and the growth of non-fixing trees (Binkley et al. 1992; Dakora and Keya 
1997; Parrota 1999).

Evidence suggests that in addition to the positive advantages to agriculture from 
the leguminous species, they also play a major role in the growth of non-leguminous 
plants if they are planted in close contact with them (Parrota 1999; Rothe and 
Binkley 2001; Forrester et al. 2004). Reports on mixtures of leguminous trees with 
non-leguminous trees or annual crops show that the N concentration tends to 
increase in the leaves of the non-leguminous species in comparison to that of mono-
crop stands of the non-fixing plants (Khanna 1997; Chirwa et al. 2003). New evi-
dence suggests that non-leguminous crops benefit from the direct transfer of N fixed 
by the plants (Fagbola et al. 1998; Graham and Vance 2000). The roots of nitrogen- 
fixing species have more nodules when they grow in close contact with roots of 
non-nitrogen-fixing plants (Van Noordwijk and Dommergues 1990; Sanchez 1995; 
Young 1997). This increased nodulation may lead to the direct transfer of nitrogen 
to the non-nodulating plant. Symbiotic activity in some intercropped legume spe-
cies can be stimulated if the associated plants in the mixture exert intense competi-
tion for soil N, forcing the legume to rely more on symbiosis for its N nutrition 
(Eaglesham et al. 1981; Rerkasem et al. 1988). Since legumes usually do not have 
to compete with non-leguminous plants for soil N uptake, legumes grown in mix-
ture with non-leguminous plants usually derive a higher percentage of their N from 
symbiosis (Graham and Vance 2000).

7.8.3  Importance of N2 Fixation

Nitrogen is a key element in soil fertility and in the development of food production 
systems, being one of the most important elements for plant growth (Mafongoya 
et al. 2004). The N content of the soil is maintained thanks to natural processes, 
such as the BNF and the application of organic fertilizers and mineral fertilizers 
(Giller et al. 1997). However, BNF is the most important source for sustaining soil 
fertility (Stockdale et al. 2001; Unkovich et al. 2008; Meena et al. 2018b).
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Generally, the N absorbed by the plants comes from the soil, which must be 
mineralized in the form of nitrate (NO3

−) or ammonium (NH4
+). On the other hand, 

78% of the air in the atmosphere is nitrogen gas (N2), which is not readily available 
to plants; only some species are able to directly use N2 by symbiosis with soil bac-
teria that are N2-binding agents (Fig. 7.7). In this case, there are different genera of 
N2-fixing bacteria. The genus Rhizobium is one of the most important for legumi-
nous plants, since they play a very important role in some N transformations through 
the biological fixation process.

The amount of nitrogen required by the plants may be greater than that provided 
by the soil; in most crops, N fertilization is necessary, since the nitrogen cycle has 
been altered by the removal of trees (particularly legumes) from the system and the 
excessive use of grassland in monoculture.

Introducing legumes into livestock farming systems can provide a continuous 
supply of N for animals and for plant growth (Fig. 7.7). Also, providing OM of good 
quality to be incorporated in the soil, legume species should play an important role 
in developing new strategies to increase animal production. Biological N2 fixation 
contributes to enhanced production directly by increasing forage biomass and qual-
ity or indirectly by contributing to the maintenance of soil fertility (Giller and 
Cadisch 1995; Murgueitio et al. 2015). In the latter case, N2 fixation by leguminous 
trees is most likely to constitute a relevant input to farming systems when the soil is 
low in N and when N fertilizer is scarce (Schroth et al. 2001; Meena et al. 2018c). 
Additionally, trees or shrubs usually survive dry seasons and can contribute 

Fig. 7.7 The proposed model of the N fixation in SPS for animal production
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significantly to animal feed by providing nutritional foliage, in places where grass-
land productivity depends largely on the rainfall.

7.8.4  BNF and N Transfer

Positive interactions among trees or shrub species in SPS may maximize above- and 
belowground resource utilization for growth (Cadisch et al. 2002). Intercropping 
legumes and non-legumes increases the opportunity for complementary N use (van 
Kessel and Hartley 2000). Mixing different species may also improve resilience, by 
improving nutrient cycling and enhancing resistance to pests or diseases. 
Additionally, mixing species can exploit interactions in which one species enhances 
the biological performance of another (Cadisch et al. 2002; Gathumbi et al. 2003). 
Perhaps the most important feature is the direct transfer of N from a N2-fixing plant 
to a non-fixing plant, which can be better exploited in a mixed system.

Evidence suggests that in addition to the positive advantages to agriculture from 
the leguminous species, they also play a major role in the growth of non-leguminous 
plants if they are planted in close contact with them (Sierra et al. 2007). Reports on 
mixtures of leguminous trees with non-leguminous trees or annual crops show that 
the N concentration tends to increase in the leaves of the non-leguminous species in 
comparison to that of monocrop stands of the non-fixing plants (Khanna 1997; 
Chirwa et al. 2003). New evidence suggests that non-leguminous crops benefit from 
the direct transfer of N fixed by the plants (Thilakarathna et al. 2016). The roots of 
nitrogen-fixing species have more nodules when they grow in close contact with 
roots of non-nitrogen-fixing plants (Van Noordwijk and Dommergues 1990; 
Sanchez 1995; Young 1997). This increased nodulation may lead to the direct trans-
fer of nitrogen to the non-nodulating plant. Symbiotic activity in some intercropped 
legume species can be stimulated if the associated plants in the mixture exert intense 
competition for soil N, forcing the legume to rely more on symbiosis for its N nutri-
tion (Eaglesham et al. 1981; Rerkasem et al. 1988). Since legumes usually do not 
have to compete with non-leguminous plants for soil N uptake, legumes grown 
together with non-leguminous plants usually derive a higher percentage of their N 
from symbiosis (Graham and Vance 2000).

N2 fixation is made by N-fixing bacteria, which require a source of chemical 
energy from the plant. Therefore, this process has been identified as Rhizobium – 
leguminous symbiosis. This association contributes between 30 and 50% of biologi-
cal N2 fixation and is based on the exchange of carbon by nitrogen between both 
symbionts (symbiotically associated organisms), also helping to reverse the low 
fertility of the soil. Therein lays the importance of proper inoculation with 
Rhizobium, since it is possible to considerably increase the atmospheric fixation of 
N2 in agricultural systems (Rodrigues et al. 2013).

The capacity of N2 fixation is an important characteristic of the Rhizobium bac-
teria, which infects and colonizes the roots of the legumes causing the deformations 
that are known as nodules; it is in these where the transformation of N2 to mineral 
nitrogen is carried out. The N2 fixation process has a high energy cost, because the 
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triple bond linking the two nitrogen atoms is difficult to break. The great advantages 
that they obtain from this symbiosis are multiple; among the most important, we can 
cite the following ones: (a) the plant can self-supply of N, increasing considerably 
the content of protein in its tissues; (b) the legume transfers N to other associated 
crops (Kurppa et al. 2010); (c) the legume helps to prevent loss of soil fertility by 
incorporating and leaving available nitrogen in the soil for the next crop in the rota-
tion; and (d) there is a greater efficiency of the use of atmospheric nitrogen by crops 
compared to the application of nitrogen fertilizers, because the applications of the 
latter are lost leaching fractions, which then become pollutants of soils, waters, 
animals and even humans (Parsons 2004).

Several studies (Solorio 2005; Sierra et  al. 2007; Burchill et  al. 2014; Mitran 
et al. 2018) show that in agroforestry systems, crops associated with legumes can 
increase their N content, since in the roots of trees and shrubs when interacting 
closely with the roots of crops, the N fixed by the legumes is transferred directly and 
is used by the grasses and is expressed through the increase in the protein content of 
the grasses. In this sense, the importance of nitrogen transfer is oriented to the abil-
ity of legumes to transfer nitrogen directly to grazing animals including the pastures 
associated with it (Table 7.1). Therefore, they have the capacity to increase the pro-
tein content in forage, which is reflected in higher weight gain in grazing animals 
and higher milk yield compared to monoculture pastures (Table 7.1).

Recent studies with SPS established with Leucaena, which evaluated the fixation 
and transfer of atmospheric nitrogen, indicate the ability of Leucaena to fix high 
amounts of N up to 285 kg N ha-1 (Solorio 2005; Sarabia 2013), having greater 
potential of fixation and transference when they have high densities of Leucaena. In 
recent studies with Leucaena established at high densities, N transference to pas-
tures greater than 50% has been found (Sarabia 2013). Despite the great importance 
of atmospheric N fixation for agricultural systems, there are few studies to evaluate 
the effect of climatic and edaphic conditions on the influence of legumes to incor-
porate nitrogen into the associated crops (Dreyfus et al. 1988).

Table 7.1 Milk and meat production under ISPS and grass monoculture

System
Milk production (kg animal−1 
día−1) References

ISPS + concentrated feed (1,5 kg) 9.20 Bacab and Solorio 
(2011)

Grass-based only + concentrated 
feed (8 kg)

10.4
Meat production (kg animal−1 
día−1)

ISPS 0.770 Mayo et al. (2013)
Grass-based only 0.28-0.62 Ku et al. (2012)
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7.9  Challenges

Despite the research evidence showing the advantages of SPS and the large interest 
in soil fertility maintenance in tropical agroecosystems, few reliable estimates and 
data of N cycling in SPS are available. Most of the research involving woody plants 
has been focused on grassland monoculture, while other research on more than one 
species relates only to their growth in a rotation system. Strategies for improving N 
use in livestock systems are becoming critically important, and today one of the 
most promising strategies for the GHG mitigation relies on the improvement of the 
fodder quality. Tropical soils have not enough N soil to crops, improving the overall 
use efficiency of available N, through intercropping systems where non-N2-fixing 
plants are grown in close contact with N2-fixing legumes (van Kessel and Hartley 
2000; Graham and Vance 2003; Gogoi et al. 2018).

Silvopastoral systems adoption by farmers are still limited; livestock producers 
are reluctant to integrate the SPS into their farming systems. Research should be 
addressed to identify specific barrier (Dagang and Nair 2003). Long-term invest-
ment return and high costs for initial implementation could be another barrier for 
their adoption. Inefficient support of state policies, a national programme should be 
orientated to the implementation and to give a long-term support for the livestock 
producers.

7.10  Conclusions

Extensive livestock systems have resulted in degradation of natural resources and 
loss of productivity. In order to counter this effect, farmer uses the acquisition of 
inputs which results in a vicious circle of low productivity and environmental pol-
lution. Silvopastoral systems have been increasingly adopted in different eco- 
regions of Latin America. They represent a viable alternative to contribute to 
providing excellent quality forage for tropical livestock. Additionally, they have 
several advantages over traditional monoculture-based livestock systems. The inclu-
sion of legumes into animal production systems can incorporate significant amounts 
of N into the soil and transfer much of it directly or indirectly to the animal, soil and 
the associated grasses.

Silvopastoral systems can play also a major role in the rehabilitation of frag-
mented ecosystems, contributing towards mitigating the impacts of climate change 
on livestock and reducing GHG emissions, mainly N2O, CO2 and CH4.Grass pas-
tures can be restored by improving the carbon sequestration and increasing atmo-
spheric N fixation in the soil through the integrations of leguminous shrubs and 
trees. Livestock feeding with leguminous species rich in N, tannins and saponins 
would be one of the best strategies for methane mitigation and reduce gaseous N 
losses from manure.
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8Enhanced Phosphorus Fertilizer Use 
Efficiency with Microorganisms

Hassan Etesami

Abstract
Phosphorus (P) is an essential nutrient in plant development and growth, and its 
deficiency is one of the major factors limiting crop yields worldwide. Although 
soils generally possess a large amount of total P (400–1000 mg kg−1), only a 
small ratio (1.00–2.50%) is immediately available for uptake of plants since 
75–90% of added P is precipitated by metal–cation (calcium, iron, and aluminum) 
complexes and quickly becomes fixed in soils. The nature of calcareous soils in 
the arid and semiarid regions of the world has made P use efficiency (PUE) low 
(10–25%) in this land. For this reason, farmers have added a significant amount 
of these chemical fertilizers to the cultivated land to achieve the desired result 
every year. Low-use efficiency of the P fertilizers and their continuous long-term 
use have led to environmental pollution. The use of chemical P fertilizers cannot 
be omitted at this time without intensely diminishing food production. However, 
it is known that the compound use of phosphate-solubilizing microorganisms 
(PSMs) and chemical P fertilizers can reduce the negative impacts of overuse of 
these fertilizers and improve PUE in an efficient and environmentally prudent 
manner. Among the PSMs, it can be mentioned arbuscular mycorrhizal fungi 
(AMF) and plant growth-promoting rhizobacteria (PGPR). AMF increase the 
growth, yield, and absorption of nutrients in the plant mostly by increasing the 
effective absorptive area of the roots by formation of an extensive extraradical 
hyphal network, and PGPR also contribute directly to increasing the solubiliza-
tion of insoluble P compounds in the soil and thereby plant growth through 
mechanisms like producing organic and inorganic acids, increasing root surface 
area, and improving beneficial symbiosis with host plants at different stages of 
plant growth. In addition, it is known that the plants inoculated with a combination 
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of PGPR and AMF can express synergistic effect to augment plant growth indi-
ces while maintaining safe natural resources such as P stocks. This chapter is a 
critical summary of the efforts in using phosphate-solubilizing bacteria (PSB) 
and phosphate- solubilizing-AMF for augmenting the use efficiency of P 
fertilizers.

Keywords
Arbuscular mycorrhizal fungi · Bio-fertilizer · Compound use · Fertilizer use 
efficiency · PGPR · Sustainable agriculture

Abbreviations

ACC 1-Aminocyclopropane-1-carboxylate
AMF Arbuscular mycorrhizal fungi
CK Cytokinins
GAs Gibberellins
IAA Indole-3-acetic acid
NFR N2-fixing rhizobia
N Nitrogen
P Phosphorus
PGP Plant growth promoting
PGPEB Plant growth-promoting endophytic bacteria
PGPR Plant growth-promoting rhizobacteria
PSB Phosphate-solubilizing bacteria
PSF Phosphorus-solubilizing fungi
PSMs Phosphate-solubilizing microorganisms
PUE P use efficiency
RP Rock phosphate
TCP Tricalcium phosphate

8.1  Introduction

Soil is one of the largest vital systems in the planet Earth and will face major chal-
lenges in the coming decades. By 2050, the human population is expected to exceed 
9.7 billion (Nations 2015), which will result in up to 50% increase in food and fuel 
demand. Given this issue, supplying food will face a huge challenge for many parts 
of the world. In general, with the growing world population, more food is needed to 
be produced via intensive agriculture, which requires large quantities of fertilizer 
(Fallah Nosratabad et al. 2017; Vitousek et al. 1997; Ashoka et al. 2017). Chemical 
fertilizers are essential components of modern agriculture because they provide 
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necessary plant macro- and micronutrients (Adesemoye and Kloepper 2009; 
Martinez 2010; Kumar et  al. 2017b). Phosphorus (P) fertilizers are one of these 
fertilizers. Phosphorus is a necessary nutrient and the most limiting element after 
nitrogen (N) for plants. Phosphorus plays several key roles in the plant, including 
participation in energy transfer reactions, root expansion, root and stem strength, 
flower and seed formation, photosynthesis, molecular nitrogen (N2) fixation in 
legumes, product quality, resistance to plant diseases, deformation of sugar into 
starch, and transfer of genetic traits in plants (Cockefair 1931). In addition, P is part 
of the protein of cells and plays a special role as part of the nucleus protein, cell 
membrane, and nucleic acids (Cockefair 1931; Theodorou and Plaxton 1993). 
Accordingly, sufficient P nutrition is necessary for proper growth and yield of all 
plants (Cockefair 1931).

There are large amounts of P in the form of apatite minerals, which are the origi-
nal source of all P, complexes of iron(III) phosphate (FePO4), aluminum phosphate 
(AlPO4) and calcium phosphate (Ca3(PO4)2), and P adsorbed on clay particles in the 
soil. In addition, organic P, which originates from organic sources like microbial 
residues, manures, and plant tissues (as inositol phosphatases (phytate), phospho-
esters, phospholipids and nucleic acids (phosphodiesters), and phosphotriesters), 
accounts for up to 30–65% of total P in soils (Islam and Hossain 2012; Rodrıǵuez 
and Fraga 1999). Despite the high amount of P in the soil (400–1000 mg kg−1), only 
a very low concentration of P (1.00–2.50%) is available to plants (Chen et al. 2008; 
Meena and Meena 2017). Since mineral and organic P are immobilized and mostly 
unavailable, many soils are actually P-deficient (Adesemoye and Kloepper 2009; 
Dey 1988; Meena and Lal 2018). Phosphorus is absorbed by the roots of plants from 
the soil solution mainly as orthophosphate ions (H2PO4

− and HPO4
2−). Phosphorus 

in pH 5.5–7 is relatively available to plant, respectively, at soil pH less than 5.5 and 
more than 7, due to the high reactivity of P with some metal complexes such as Fe, 
Al, and Ca resulting in the precipitation or adsorption of between 74 and 90% of P 
in the soil (Gyaneshwar et  al. 2002; Leytem and Mikkelsen 2005; Yadav et  al. 
2018a). In general, the solubility of these P compounds (Ca–P, Fe–P, and Al–P), as 
well as organic P, is extremely low, and only very small amounts of soil P are in 
solution at any one time. In addition to soil pH, the amount of plant available P in 
the soil is controlled by other factors such as Ca ion concentration, soil organic mat-
ter content, type and amount of clay, soil moisture, soil texture, secretion, and den-
sity of root (Al-Rohily et al. 2013; Meena and Yadav 2015).

In order to compensate for the shortage of P, large quantities of phosphate fertil-
izers are added to the soil by farmers annually. The majority of P fertilizers are 
absorbed by solid particles and stored in a solid phase of soil (Fallah Nosratabad 
et  al. 2017; Leytem and Mikkelsen 2005; Buragohain et  al. 2017; Kumar et  al. 
2017a). In calcareous soils, such as Iran’s soils, which have evolved in dry and 
semiarid climates, high pH, high calcium carbonate content, the low amounts of 
organic matter, and low soil moisture (drought stress) have caused the amount of 
plant available P to be less than the amount of P needed to provide the optimal 
growth of most agricultural products (Al-Rohily et al. 2013; Leytem and Mikkelsen 
2005; Meena et al. 2015d). The use of chemical fertilizers containing this nutrient, 

8 Enhanced Phosphorus Fertilizer Use Efficiency with Microorganisms



218

especially superphosphates, which are one of the common ways of compensating 
for the deficiency of this nutrient in soil, is not very effective in calcareous and 
alkaline soils because most of the P in the fertilizer, after entering the soil, gradually 
turns into insoluble form and is stored in a plant nonavailable form in the soil 
(Leytem and Mikkelsen 2005; Yadav et al. 2017c; Dadhich and Meena 2014).

Although the application of chemical fertilizers including P fertilizers, as the 
best means to resolve P deficiency in crop plants (Etesami and Maheshwari 2018; 
Meena and Yadav 2014); Dhakal et  al. 2015), initially has had an impact on the 
increase in yield, the excessive use of these inputs has led to a reduction in soil fer-
tility, environmental degradation, and unexpected harmful environmental effects 
such as surface runoff of P, changes in the food web, eutrophication of aquatic eco-
systems, and reduction in biodiversity (Adesemoye and Kloepper 2009; Verma et al. 
2015c). In addition, the use efficiency of chemical fertilizers is now theoretically up 
to its highest level, which means that more use of chemical fertilizers can hardly 
increase yields. It has been known that the use efficiency of P fertilizers in calcare-
ous and alkaline soils does not exceed 20%. Sometimes up to 90% of applied P in 
soil is precipitated by metal complexes in the soil (Gyaneshwar et al. 2002; Meena 
et al. 2015e; Yadav et al. 2018b).

Although most plants (P-efficient plants) have evolved diverse array of strategies 
to uptake sufficient P under P- restricting conditions and cope with P-stressed 
conditions (i.e., carbon metabolism, modifications to root morphology, exudation of 
organic and inorganic acids, protons, and enzymes of acid phosphatase, membrane 
structure, etc.) (Islam and Hossain 2012; Karthikeyan et al. 2002; Lambers et al. 
2006, 2015; Mudge et al. 2002), studies have shown that this strategy cannot meet 
the plant’s need for this nutrient (Etesami and Beattie 2017; Meena et al. 2016a).

The phosphorus mobility in soil is very low and cannot respond to the rapid 
absorption of P by plant. This leads to the emergence and development of phos-
phate-depleted areas adjacent to the contact surface of roots with soil. Therefore, 
the plant needs an auxiliary system that can easily go beyond these P-depleted 
areas and, by developing a wide network around the root system, receive P from a 
larger volume of adjacent soil (Etesami and Beattie 2017; Lambers et  al. 2006; 
Varma et al. 2017a; Datta et al. 2017a).

Biological fertilizers are considered to be the most effective plant assistants for 
the supply of P at the optimal level, which are prepared based on the selection of a 
variety of useful soil microorganisms (Etesami and Maheshwari 2018; Meena et al. 
2018b). Today, biological fertilizers are considered as a supplement for chemical 
fertilizers aimed at increasing soil fertility and producing agricultural products in 
sustainable agriculture (Adesemoye and Kloepper 2009; Sihag et al. 2015; Kumar 
et al. 2018a). Biological fertilizers have significant advantages in comparison with 
chemical substances, including that they do not produce toxic substances in the food 
cycle, have self-replicating properties, and cause soil physical and chemical 
properties to be improved (Al Abboud et al. 2014; Singh et al. 2016; Yadav et al. 
2017b). Generally, the microorganisms used to produce biological fertilizers 
originate from soil and are active in most soils. However, in many cases, their 
quantity and quality are not optimal, and therefore the use of their inoculations is 
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necessary. In these biological fertilizers, the cell population density is such that it 
can provide up to more than one million living cells for each inoculated plant, while 
naturally there is no such number of bacteria, especially in the plant’s rhizosphere 
(Etesami and Maheshwari 2018; Nosratabad et al. 2017; Meena et al. 2015c).

The role of phosphate-solubilizing microorganisms (PSMs) is well-known in 
solubilizing insoluble phosphates and increasing its availability to plants (Sharma 
et al. 2013; Kumar et al. 2018b). Although there are several PSMs in the soil, usually 
this number of bacteria is not noticeable in comparison with other common bacteria 
and is located in the rhizosphere of different plants (Rodrıǵuez and Fraga 1999). 
Less than 10% of all microorganisms in the soil are able to dissolve insoluble 
phosphates (Gupta et al. 1998). Therefore, the amount of P released by these bacteria 
is not usually sufficient to increase the growth of the plants. Therefore, inoculation 
of plants with specific bacteria with a much larger population than that found in the 
soil is necessary to benefit from the P-solubilizing properties of those bacteria in 
increasing plant growth and yield considerably (Etesami and Maheshwari 2018; 
Meena et al. 2016b).

PGPR (plant growth-promoting rhizobacteria), the bacteria that colonize plant 
roots and promote plant growth, and AMF (arbuscular mycorrhizal fungi), which 
are composed of a group of root obligate biotrophs (obligate symbiosis) that barter 
mutual benefits with about 80% of plants, augment the availability of micro- and 
macronutrients to growing plants by influencing solubility or uptake conditions 
(i.e., augmenting the solubility of P and Fe) (Berruti et  al. 2016; Vessey 2003). 
Under conditions of nutritional deficiencies, these microorganisms augment the 
availability of micro- and macronutrients by different ways. Tolerance to nutrient 
deficiency stress can be explained by nutrient mobilization in the rhizosphere and 
via generation of phytohormones especially IAA (indole-3-acetic acid), ACC 
(1-aminocyclopropane-1-carboxylate) deaminase activity, siderophore production, 
and phosphate solubilization (Etesami and Beattie 2017; Glick 2014). Plant- 
associated beneficial microorganisms can be applied to make better the ability of 
crop plants to withstand and produce yield in nutrient-poor growth environments 
(Etesami 2018b; Etesami and Maheshwari 2018). As an example, PGPR- IAA- 
induced changes in root architecture might lead to an enlargement in total root 
surface area, consequently improving micro- and macronutrients and water uptake, 
which may have positive effects on plant growth in a general sense (Etesami et al. 
2015a; Etesami and Alikhani 2016a; Etesami and Maheshwari 2018; Glick 2012; 
Somers et al. 2008).

There are several reports that show the potential of various bacterial strains to 
solubilize insoluble inorganic phosphates such as TCP (tricalcium phosphate), 
dicalcium phosphate (CaHPO4), hydroxyapatite [Ca5(PO4)3(OH)], and rock 
phosphate (phosphorite) and mineralize organic phosphates (Islam and Hossain 
2012; Khan et al. 2007; Sharma et al. 2013). In addition to enhancing P availability, 
PSB can, through other mechanisms such as fixing atmospheric nitrogen, producing 
plant hormones, e.g., such as GAs (gibberellins), CK (cytokinins), and auxins (i.e., 
IAA), and synthesizing the enzyme ACC deaminase, which lessens plant levels of 
ethylene, thereby diminishing environmental stresses (abiotic and biotic stresses) 
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on plants, sequestering Fe for plants by production of siderophores, and antifungal 
activity, improve plant growth (Bianco and Defez 2010; Chabot et al. 1996; Duarah 
et al. 2011; Hamdali et al. 2008; Islam and Hossain 2012; Naik et al. 2008; Thakuria 
et al. 2004; Yildirim et al. 2011; Zaidi et al. 2006; Varma et al. 2017b).

The availability of macronutrient elements including P can be a major restriction 
to plant growth in many agricultural environments of the world, especially the 
tropics where soils are highly low in macro- and micronutrients (Etesami and 
Maheshwari 2018). PGPR and AMF take part in the geochemical cycling of micro- 
and macronutrients and determine their availability for plants and soil microbial 
community by different action mechanisms (Adesemoye et al. 2008; Desai et al. 
2016; Sofi et al. 2018). In this chapter, a summary of the efforts in using PSB and 
phosphate-solubilizing-AMF for increasing the use efficiency of P fertilizers is 
discussed. Review of the literature shows that the PSMs as both co-inoculation and 
single inoculation can take advantage of plant uptake of P and thereby augment the 
use efficiency of applied chemical P fertilizers.

8.2  Plant–Microbe Interactions

Long ago, the study of the interactions between plant and their associated microor-
ganisms (whether beneficial microorganisms or harmful microorganisms) has been 
very interesting for microbiologists and botanists. The knowledge gained from this 
research could lead to the development of novel agricultural applications. Plant 
communities affect soil microorganisms via interactions inside the rhizosphere, the 
region of soil where microbial communities are directly influenced by plant root 
systems and exudates (Fig. 8.1) (Berg and Smalla 2009; Buée et al. 2009).

The rhizosphere is a rich niche for diverse microorganisms compared to sur-
rounding bulk soils (Bais et al. 2006). Microbial root colonization often initiates 
with the recognition of specific compounds in the root exudates by microorganisms. 
These compounds probably have also major roles in belowground community 
interactions (Compant et  al. 2010). Plant roots secrete a wide range of organic 
compounds between 6% and 21% of the carbon fixed including sugars (i.e., glucose, 
xylose, fructose, maltose, sucrose, and ribose), organic acids (i.e., citric, malic, 
lactic, succinic, oxalic, and pyruvic acids), putrescine, amino acids, fatty acids, 
nucleotides, and vitamins (Etesami and Maheshwari 2018; Meena et  al. 2015a), 
which can be used as nutrients or signals by microbial populations. These signal 
molecules can also be used for cross talk between the plant and microbes (Lugtenberg 
2015). From the other point of view, plant-associated microorganisms release some 
metabolites like phytohormones, small molecules, or volatile compounds, which 
may operate directly or indirectly to actuate plant immunity or adjust plant growth 
and morphogenesis (Ortíz-Castro et al. 2009).

Recent advance in plant–microorganism interaction research revealed that plants 
are able to shape their rhizosphere and endorhiza microbiome (Berendsen et  al. 
2012). Under stress conditions, stressed plants can require the presence of associated 
microorganisms for their growth and establishment in different ecosystems 
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(Hardoim et al. 2008; Kakraliya et al. 2018). Symbiotic microorganisms exist in all 
plants living in the natural ecosystems. This relationship may be the key factor 
involved in plants’ stress tolerance ability. Indeed, local adjustment of plants to their 
growth environment is driven by genetic differentiation in plant closely associated 
microorganisms (Etesami and Beattie 2018; Rodriguez and Redman 2008). It has 
been proven that transplanting different plant species in the absence of 
microorganisms is notoriously difficult, which hints at a role of microorganisms in 
plant growth under stressful conditions (Leifert et al. 1989).

In general, the microorganisms may affect plant growth in one of three ways. The 
interaction may be (1) beneficial, such as interaction between plant and AMF, 
PGPR, plant growth-promoting endophytic bacteria (PGPEB), and the N-fixing 
rhizobia (NFR), (2) harmful such as the interaction between plant and 
phytopathogenic microorganisms (plant disease-causing soil microorganisms), and 
(3) neutral for the plant, and sometimes the impact of a microorganism may vary as 
the soil conditions alter (Cheng et al. 2010; Yadav et al. 2017a). Majority of plants 
harbor a diverse community of microorganisms that can positively affect host plant 

Fig. 8.1 A diagrammatic representation of how interactions occur between plants and their asso-
ciated bacteria. Up to 40% of photosynthetically fixed carbon is secreted into the rhizosphere by 
plants. These carbon materials attract microbial populations, especially those able to metabolize 
plant-exuded compounds and proliferate in this microbial habitat. Microorganisms can use these 
compounds as substrates, resulting in an increased microbial biomass and activity around the roots, 
the so-called rhizosphere effect. Plants can influence bacterial gene expression, especially genes 
encoding plant-beneficial traits, by releasing these root exudates. Root exudation-mediated plant- 
associated PGPR can modulate root development and growth through the production of 
phytohormones (indole-3-acetic acid, IAA), 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase, siderophores, organic and inorganic acids, etc. The PGPR result in a reduction of the 
growth rate of primary root and an increase of the number and length of lateral roots and root hairs. 
PGPR also modify root physiology by changing gene transcription and metabolite biosynthesis in 
plant cells and thereby increase root exudations, resulting in the microbial activity, and this process 
continues in a cycle
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growth (Hardoim et al. 2008). In general, plant-associated beneficial microorganisms 
such as AMF, PGPR, and NFR possess the capacity to assist plant growth, augment 
nutrient availability and uptake (direct action mechanisms), and support the health 
of plants by decreasing the deleterious effects of various pathogens on the growth 
and yield of plants as biocontrol agents (indirect action mechanisms) (Etesami and 
Maheshwari 2018; Vessey 2003).

8.3  Limitations of Using Phosphate Fertilizers

Mineral forms of soil phosphorus are composed of P adsorbed on clay particles, 
apatite minerals, and complexes of Fe–P, Al–P, and Ca–P. The solubility of these P 
compounds, as well as organic P, is highly low, and, despite the high amount of total 
phosphorus in the soil, only very small amounts of soil P exist in soil solution. In 
other words, when soils are initially fertilized with P fertilizers, owing to the 
complex behavior of P in soils, only a small fraction of added P fertilizer to 
agricultural soils is taken up by plants. In addition to worldwide concern about the 
energy and costs connected with mining the phosphorite (rock phosphate) and its 
conveyance from manufacturing sites to farm crop fields (Sharma et al. 2013), the 
use efficiency of P fertilizers (recovery of fertilizer P) in calcareous and alkaline 
soils does not exceed 20%. Sometimes up to 90% of applied P in soil is precipitated 
by metal complexes in the soil (Gyaneshwar et al. 2002). The alteration of plant- 
available phosphorus to less available forms in soil is the reason for the low initial 
efficiency of P fertilizers. Soil P availability is affected by soil pH. Phosphorus in 
pH 6.5 is more available to plants. In other words, pH-dependent chemical fixation 
determines the quantity of available P. In highly calcareous soils, soluble P readily 
forms insoluble minerals with calcium (Ca3(PO4)2), which is indeed a problem 
(Bertrand et al. 2003). Soils with high clay content, particularly those dominated by 
Al- and Fe oxide minerals (Fe2O3 and Al2O3), retain P most forcefully. When organic 
matter is accruing in soil, retention of P in organic matter (P immobilization) is also 
only an inefficiency process (Williams and Donald 1957).

In the near future, most countries face the energy crisis and environmental haz-
ards due to pollutants so that the process of producing chemical fertilizers may not 
be easily possible. Although the available P sources in the world are so high that the 
risk of a critical shortage is not very serious at least until the next century, it is very 
likely that the excess costs of preparing and producing P fertilizers in the near future 
are very probable. Therefore, it is needed to reduce application of P fertilizers in 
agricultural land by PSMs. Mycorrhizal fungi and PSB cannot replace all P fertil-
izers. However, these microorganisms can reduce the plant’s need for chemical P 
fertilizers by increasing the plant’s ability to absorb more P and other mineral ele-
ments from the soil and enhancing the efficiency of P fertilizer use. As an example, 
research has shown that mycorrhizal fungi and PSB could supply the plant with P 
from an RP source in calcareous soils (Ghorchiani et al. 2018; Dhakal et al. 2016).
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8.4  Strategies for Increasing Fertilizer Phosphorus Use 
Efficiency

Some strategies that can improve fertilizer PUE include (McLaughlin 2012) (1) 
altering timing of fertilizer application. In soils with high P-retention capacities like 
calcareous soil and acidic soil, P fertilizers must not be applied too long before 
planting because increase in the time of contact with soil diminishes P availability 
rapidly in those soils (McLaughlin 2012). It is known that the best time to apply P 
fertilizers in soils with high fixation capacity is at sowing. Applying small amounts 
and splitting applications at sowing and topdressing later in the crop growth cycle 
are managements that must be considered about this element in highly sandy soils, 
(2) altering rate of fertilizer application. The best and only way to determine the 
correct rate of P fertilizers to apply is based on soil testing. Adding P fertilizers to 
soils that contain sufficient amounts of plant-available P is wasteful and could lead 
to P losses to water bodies (McLaughlin 2012), (3) altering placement in the soil. 
Since adsorption of P is high in soils with high P retention, band placement of P is 
the best management practice for soluble P fertilizers because this method of 
fertilizer application decreases the amount of soil fertilizer contact and limits strong 
adsorption (McLaughlin 2012). On the other hand, the best method of fertilizer 
application for sparingly soluble fertilizers like reactive RP is broadcast application 
because this method of fertilizer application promotes dissolution in the soil, (4) 
picking out crop species or varieties efficient at scavenging P from soils (McLaughlin 
2012). Since P is diffusion-limited in most soils, it is known that genotypes/species 
with efficient and extensive root systems (to access a greater soil volume) and with 
effective associations with mycorrhizal fungi are more efficient in taking up P from 
soils and thereby increase P use efficiency (Lynch 2007) and (5) different fertilizer 
formulations. Use of acidifying fertilizers in alkaline soils or the compound use of 
PSM and chemical P fertilizers improves P use efficiency. Among the strategies 
mentioned above, it seems that microbial mediated P management is an eco-friendly 
and cost-effective way for sustainable development of agricultural crop (Etesami 
and Maheshwari 2018; Meena et al. 2014).

8.5  Biodiversity of Phosphate-Solubilizing Microorganisms

Both fungi and bacteria play a central role in the natural P cycle and convert insol-
uble forms of P to available forms to plants. Diverse genera of PSMs inhabit in soil 
and plant rhizosphere. These microorganisms occur in both fertile and P-deficient 
soils (Etesami and Maheshwari 2018; Oehl et  al. 2001) and were isolated from 
diverse environment including rhizoplane, rhizosphere, and endorhiza (endosphere) 
of different plants (Etesami and Alikhani 2016b; Etesami et al. 2014a, b; Islam et al. 
2007; Islam and Hossain 2012; Kumar et al. 2001; Oliveira et al. 2009; Panhwar 
et al. 2011a, b; Pei-Xiang et al. 2012; Sharma et al. 2013) and from salinity and 
heavy metal-stressed environments (Etesami 2018a; Etesami and Beattie 2018; 
Etesami and Maheshwari 2018; Zhu et  al. 2011; Layek et  al. 2018). Soil PSMs 
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include bacterial genera viz. Micrococcus, Bacillus, Flavobacterium, Enterobacter, 
Klebsiella, Azotobacter, Vibrio, Chryseobacterium, Xanthobacter, Erwinia, 
Acinetobacter, Pantoea, Burkholderia, Arthrobacter, Achromobacter, 
Agrobacterium, Pseudomonas, fungi of Aspergillus, Trichoderma, Rhizoctonia 
solani, Glomus manihotis, Fusarium, Helminthosporium, Alternaria, and 
Penicillium and some Actinomyces such as Streptomyces and Micromonospora, as 
well as some cyanobacteria (i.e., Anabaena sp., Calothrix braunii, Nostoc sp., and 
Scytonema sp.) (Behera et al. 2014; Sharma et al. 2013). It has also been reported 
that some rhizobial strains can also dissolve organic and inorganic phosphates. Of 
the bacteria mentioned above, the bacteria with multiple plant growth-promoting 
(PGP) traits such as Pseudomonas, Bacillus, Burkholderia, Streptomyces, and 
Pantoea have been reported among the most efficient PSB as well as important bio- 
inoculants (Islam and Hossain 2012; Rodrıǵuez and Fraga 1999). Bacteria are more 
effective at solubilizing phosphorus than fungi (Alam et  al. 2002; Sharma et  al. 
2013; Ram and Meena 2014) and play a remarkable role in mediating the transfor-
mation of complex form of essential micro- and macronutrient elements into more 
available form for swift acquisition by the plants (Sharma et al. 2013). PSB com-
prise 1–50% of the soil microbial population, while phosphorus- solubilizing fungi 
(PSF) comprise only 0.1–0.5% (Chen et al. 2006; Kucey 1983). In general, P solu-
bilization by microorganisms depends on many factors including nutritional, physi-
ological, and growth condition of the culture (Behera et al. 2014).

8.6  Mechanisms of PSB in Increasing P Availability

PSB directly and indirectly contribute to increasing the available P to the plant. In 
the direct method, the presence of microorganisms is necessary, for example, when 
the microorganisms increase the P available to the plant by releasing organic and 
inorganic acids. In an indirect way, the presence of these microorganisms during the 
increase of plant phosphorus is not necessary. In this case, microorganisms secrete 
enzymes capable of mineralizing organic P. According to previous findings, there 
have been some potential mechanisms by which PSB could increase the availability 
of P (P release from insoluble phosphates) and thereby promote plant growth 
(Sharma et al. 2013). One of the first mechanisms suggested in the literature is the 
production of low-molecular-weight organic acids (Goldstein 1986; Kim et  al. 
1997a). By chelating the cations bound to phosphate through their hydroxyl and 
carboxyl groups, the released organic acids convert insoluble P forms into soluble 
forms (Kpomblekou-a and Tabatabai 1994). Different organic acids (in terms of 
both amount and type) such as oxalic acid, malic acid, succinic acid, propionic acid, 
2-ketogluconic acid, 2-hydroxyglutaric acid, formic acid, citric acid, and lactic acid 
(Chen et al. 2006; Rodrıǵuez and Fraga 1999) have been produced by PSB (i.e., 
Acinetobacter sp., Sinorhizobium meliloti, Bacillus spp., B. megaterium, 
Burkholderia sp., Enterobacter sp., E. agglomerans, Microbacterium sp., 
Pseudomonas sp., P. fluorescens, P. trivialis, P. poea, Serratia sp., Ralstonia sp., 
Pantoea sp., and Klebsiella sp.), but gluconic acid has been reported to be as the 
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principal organic acid produced by these bacteria (Bianco and Defez 2010; Castagno 
et al. 2011; Islam and Hossain 2012; Ogut et  al. 2010; Panhwar et  al. 2011a, b; 
Perez-Lopez et al. 2007; Sharma et al. 2013; Vyas and Gulati 2009).

In some studies, there is a direct relationship between the amount of produced 
organic acid and the amount of solubilized P, but in some studies, such a relationship 
has not been observed (Vyas and Gulati 2009). Some researchers reported the 
solubilization of insoluble phosphates by PSB without producing organic acids 
(Chen et al. 2006; Illmer and Schinner 1992). These findings suggests that organic 
acids cannot be the only mechanism for solubilizing phosphorus by bacteria, but 
mechanisms such as the production of inorganic acids and the release of proton (H+) 
as a result of absorption of cations such as NH4

+ are also involved in this work 
(Illmer and Schinner 1992).

An important part of soil P is as organic P, which is in fact not available to the 
plant. Therefore, these organic P compounds need to be converted into mineral form 
by enzymes. Secretion of hydrolytic enzymes (e.g., phosphatases and phytases) is 
another mechanism of PSB such as Bacillus megaterium and S. meliloti to increase 
P availability to the plant (Bianco and Defez 2010; Dey et al. 2004; Rodríguez et al. 
2006; Sharma et al. 2013; Verma et al. 2015a). Since P mobility in soils is low, it is 
necessary that the roots move themselves to the sites where P is accumulated. The 
rooting system is the main channel for water absorption and mineral elements in all 
plants. One of the known mechanism by which IAA-producing PSB affect P uptake 
is by increasing development and growth of plant roots, causing root systems with 
larger surface area and enhanced number of root hairs, which are then able to access 
more P (Etesami and Beattie 2017; Etesami and Maheshwari 2018).

Application of PSB such as Bacillus spp., Acinetobacter sp., B. megaterium, 
Pseudomonas sp., P. trivialis, and P. poea alone or in combination with low rate of 
P fertilizers or with varying doses of P fertilizers has been shown to remarkably 
augment P availability in soils as well as high P uptake by major crops (Duarah et al. 
2011; Gyaneshwar et al. 2002; Ogut et al. 2010; Oliveira et al. 2009; Panhwar et al. 
2011a, b; Sapsirisopa et al. 2009; Sharma et al. 2007; Toro et al. 1997; Vyas and 
Gulati 2009; Yildirim et al. 2011; Meena et al. 2017a), augment the efficiency of P 
fertilizer, and diminish about 25–50% of the required P to crop plants (Adesemoye 
et al. 2010; Attia et al. 2009; Duarah et al. 2011; Güneş et al. 2009; Gyaneshwar 
et al. 2002; Kennedy et al. 2004; Kumar et al. 2010; Yildirim et al. 2011).

Since most of the PSB are heterotrophic and dependent on carbon and energy 
sources (Nahas 2007), to ensure their growth, organic acid production, and hence 
solubilization of insoluble phosphate compounds, metabolizable carbon compounds 
must be applied as an energy source to the PSB (Vassilev and Vassileva 2003; Meena 
et al. 2015b), especially in soils of arid and semiarid regions. Previous studies have 
also shown that use of PSB along with organic amendments could be a promising 
management strategy to increase PUE of insoluble P resources (i.e., RP) for crop 
production (Abbasi et al. 2013; Adnan et al. 2017; Fallah Nosratabad et al. 2017; 
Dadhich et  al. 2015). Some examples of PSB that have been able to increase P 
availability from P sources with low P solubility in the presence or absence of an 
organic amendment are shown in Table 8.1.
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Table 8.1 Role of PSB (phosphate-solubilizing bacteria) in increasing the solubility and avail-
ability of P from P sources with low P solubility in the presence or absence of an organic 
amendment

PSB P sources Effect References
Pseudomonas, Pantoea, 
Mycobacterium, Bacillus, 
Rhizobia, Burkholderia, 
Arthrobacter, and 
Enterobacter

Rock phosphate 
(RP), single super 
phosphate (SSP), 
farmyard manure 
(FYM), and 
poultry manure 
(PM)

PSB could increase 
Olsen-extractable P in all P 
sources compared to the 
control, but this increase was 
higher in organic sources 
(PM and FYM) than mineral 
P sources (SSP and RP)

Adnan et al. 
(2017)

Bacillus, Rhodococcus, 
Arthrobacter, Serratia, 
Chryseobacterium, 
Delftia, Gordonia, and 
Phyllobacterium

Tricalcium 
phosphate (TCP)

These PSB could solubilize 
considerable amount of TCP 
in the medium by secreting 
organic acids

Chen et al. 
(2006)

Agrobacterium 
tumefaciens

Poultry manure 
(PM) and rock 
phosphate (RP)

The combined use of 
phosphate-solubilizing 
bacterium and PM with RP 
increased Olsen-extractable 
P (25 mg P kg−1) that was 
maintained at high levels 
without any loss

Abbasi et al. 
(2015)

Pantoea cypripedii and P. 
plecoglossicida

Rock phosphate 
(RP)

The combined use of PSB 
and RP increased the growth 
indices and total P uptake in 
maize and wheat crops 
compared to control

Kaur and 
Reddy 
(2015)

Bacillus spp. Rock phosphate 
(RP)

PSB solubilized significantly 
high amounts of P (20.05–
24.08 mg kg−1) compared to 
control (19–23.10 mg kg−1) 
treatments.

Panhwar 
et al. 
(2011b)

Bacillus sp. Rock phosphate 
(RP)

The application of PSB 
enhanced soluble P in the 
soil solution

Panhwar 
et al. (2013)

Bacillus sp. Rock phosphate 
(RP) and compost

PSB along with compost 
indicated an increase of 
12.9% and 4.3% in P 
contents in straw and grains 
of chickpea, respectively, 
compared to control

Ditta et al. 
(2018)

Pseudomonas, 
Azospirillum, and 
Agrobacterium

Poultry manure 
(PM), rock 
phosphate (RP), 
and compost

PSB along with PM and 
compost resulted in more 
increase in wheat plant yield, 
P uptake, and P utilization 
efficiency (PUE) compared 
to control

Abbasi et al. 
(2013)

(continued)
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In addition to PSB, IAA, ACC deaminase, and siderophore-producing bacteria 
can also indirectly provide P for the plant (Etesami et al. 2015b, c; Etesami and 
Beattie 2017). The mechanisms by which these bacteria lead to an increase in P 
availability are shown in Fig. 8.2.

8.7  Mechanisms of Phosphate-Solubilizing-AMF 
in Increasing P Availability

Mycorrhiza is a symbiotic relationship between the roots of plants and fungi. AMF 
belong to phylum Glomeromycota, which form symbiotic associations. This 
mycorrhizal symbiosis is one of the oldest types of symbioses known between 
mycorrhizal fungi and a wide variety of plants. More than 80% of the plants on 
Earth are benefiting from this mycorrhizal symbiosis. In other words, AMF are 
widely distributed and can be found on all Earth ecosystems where plants can grow 
(Redecker et al. 2013; Datta et al. 2017b). Arbuscular mycorrhizal fungi can also 
colonize and establish symbiotic, reciprocally advantageous associations with the 
roots of most agricultural crop plants (Munyanziza et al. 1997) and augment the 
effective absorptive area of the roots by forming an extensive extraradical hyphal 
network, which boosts the efficiency of the absorption of micro- and macronutri-
ents. By a high-affinity P-uptake mechanism and scavenging the available P 
through their hyphae, which are important in the absorption of P and P transfer 
from the AMF to plants and act as a bridge between the soil and plant roots 
(Bianciotto and Bonfante 2002; Harrison and van Buuren 1995; Liu et al. 2000), 
AMF influence P content and enhance P nutrition in plants as has been widely 
reported over the years (Barea et al. 2002; Giovannetti et al. 2006).

The root system is known as the main channel for water absorption and mineral 
elements in all plants. One of the scientific solutions proposed to increase the 
growth and efficiency of the root system of plants is the use of symbiotic microor-
ganisms, such as mycorrhizal fungi, along with appropriate chemical and organic 
inputs in the vicinity of the root system of the plants. Mycorrhizal symbiosis is one 
of the most well-known and, at the same time, the most extensive and most impor-
tant symbiosis on the planet Earth. The most important effect of the mycorrhizal 
symbiosis association is the increase in the absorption of mineral elements and 
especially P in host plants. This effect is more evident especially in areas where 

Table 8.1 (continued)

PSB P sources Effect References
P. fluorescens Tricalcium 

phosphate (TCP)
PSB reduced the 
transformation of Olsen-P to 
Ca10-P, thus increasing P 
availability in soil solution

Shi et al. 
(2017)

B. megaterium Rock phosphate 
(RP) and organic 
manure

PSB along with organic 
fertilizers were effective at 
solubilizing RP

Alzoubi and 
Gaibore 
(2012)
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plant-available P in soils is low or due to drought, the diffusion coefficient of P has 
been significantly reduced. The absorption of nutrients, e.g., P, which is carried out 
through diffusion process and moving toward the root, depends on rate of their 
diffusion in the soil and on the distances that must be traversed to reach the absorb-
ing surfaces the root. It is known that the mycorrhizal roots have higher density 
than non-mycorrhizal roots. The presence of extraradical hyphal network, which 
penetrates up to 24 cm away from the root surface, results in decreasing the dis-
tance that P must go through to reach the absorbing surfaces of the root, and 
thereby the rate of absorption of the element increases (Smith and Smith 2011; 
Meena et al. 2017b).

Fig. 8.2 Schematic representation of mechanisms by which IAA, ACC deaminase, and  
siderophore-producing PGPR may affect P availability in the rhizosphere. 1-aminocyclopropane-
1-carboxylate deaminase producing PGPR hydrolyzes the ethylene precursor 1-aminocyclopro-
pane-1-carboxylate (ACC) to ammonia and α-ketobutyrate (α-KB) and thus prevents the production 
of stress ethylene. The result of decreased ethylene production is the increase in root length and 
subsequently increased root exudates. One of the most common roles of IAA in the plant is the 
increase in root length and root exudation (role in loosening plant cell walls). The root exudation 
subsequently provides additional nutrients to support the growth of plants and PGPR in rhizosphere. 
Root exudates also contain different chemical molecules such as chelating agents that mobilize the 
availability of P in P-deficient soils. Siderophore prevents iron phosphate (FePO4) precipitation 
through chelating iron (Fe3+), and in the absence of free iron, P can be absorbed by the plant. 
Phosphorus uptake by the plant increases plant growth, and increase in the plant growth inevitably 
leads to an increase in root exudates, and the exudates also lead to an increase in the number of 
PGPR and increased P availability in the rhizosphere, and this process continues in a cycle

H. Etesami



229

The rate of development of extraradical hyphae is, on average, 800 times the rate 
of development of the root system of the plant. Therefore, the P-depleted region 
around the hyphae of mycorrhizal fungi is more restricted than that of around root 
hairs, which is why more P is absorbed in the mycorrhizal symbiosis (Smith and 
Smith 2011; Meena et al. 2018a). On the other hand, the thickness of hyphae of 
mycorrhizal fungi is one-tenth of that of the root hairs, so these fungal hyphae pen-
etrate into the pores of the soil where the roots cannot penetrate them and thereby 
absorb more P. In mycorrhizal plants, P is absorbed through fungal hyphal network 
and transmitted through the cytoplasmic channel of the fungal network to the plant, 
in which the transfer rate of P to the plant is much higher than its transfer rate in the 
soil (Smith and Smith 2011). Arbuscular mycorrhizal fungi increase the absorption 
area of the root zone by 10–100%, thereby improving the ability of plants to use 
more soil resources. The roots of mycorrhizal plants can explore more soil volume 
due to their extramatrical hyphae that make easy them for taking up and translocat-
ing more P than by plants non-inoculated with mycorrhizal fungi (Guo et al. 2010; 
Gogoi et al. 2018).

There is evidence of activity of acid phosphatase and alkaline phosphatase 
enzymes in mycorrhizal fungi, which indicates the ability of these fungi to use 
phosphorus existing in organic compounds (Antibus et al. 1992). On the other hand, 
these fungi, by secretion of organic acids such as oxalic acid/oxalates, which have a 
higher affinity to combine with Ca, Fe, and Al ions in comparison to P, release P 
from insoluble metal compounds and absorb the released P (Miyasaka and Habte 
2001). The secreted oxalates are eventually degraded by actinomycetes and 
converted to CO2. The carbon dioxide released, by lowering pH in alkaline soils, 
releases more P from insoluble P compounds and makes it available to the plant 
(Miransari 2010; Smith and Read 2010; Meena et al. 2017c). It has been estimated 
that about 80% of the P taken up by a mycorrhizal plant is supplied by AM fungus 
(Marschner and Dell 1994). In general, it is believed that mycorrhizal fungi can be 
a good alternative to a part of the chemical fertilizers used, especially phosphate 
fertilizers, in different systems (Ghorchiani et al. 2018).

8.8  Synergistic Effects of PSB and Phosphate-Solubilizing- 
AMF in Increasing P Availability

One of the ways to boost the efficiency of microorganisms is co-inoculation of 
microorganisms (Etesami et al. 2015c; Nadeem et al. 2014) that through various 
mechanisms leads to stimulating plant growth (Bashan et  al. 2004). There is an 
accruing and synergistic effect of PSB combined with AMF (Table 8.2). They (dual 
inoculation of PSB and phosphate-solubilizing-AMF) have disclosed better 
performance in terms of sustainable plant growth on nutrient-poor environments 
(Lee et al. 2015; Mohamed et al. 2014; Nadeem et al. 2014; Xun et al. 2015; Zarei 
et al. 2006; Verma et al. 2015b). Increased yields of crop plants (Mäder et al. 2011), 
augmented fruit quality (Bona et al. 2016; Ordookhani et al. 2010), improved nutri-
ent use efficiency of chemicals fertilizers, enhanced phytoremediation  
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Table 8.2 The synergistic effects of AMF (arbuscular mycorrhizal fungi) and PSB (phosphate- 
solubilizing bacteria) on the plants grown in soil with low available P

PSB AM fungi
Experimental 
plant Effect References

Pseudomonas 
fluorescens

Funneliformis 
mosseae

Maize (Zea 
mays L.)

Under the conditions of 
fertilization with 
phosphate rock, dual 
inoculation of maize 
plants with AM fungus and 
phosphate-solubilizing 
bacterium led to a 
significant increase in 
colonization of root, the 
grain yield of maize, plant 
vegetative and 
reproductive traits, and P 
and N content in plant 
tissue in comparison with 
non-inoculated controls 
and the plants inoculated 
with these microorganisms 
alone

Ghorchiani 
et al. 
(2018)

Coccus sp., 
Streptococcus 
sp., and 
Bacillus sp.

unknown Maize (Zea 
mays L.)

Compared to control and 
single inoculation, 
co-inoculation of maize 
with AM fungus and PSB 
significantly promoted 
mineralization of 
phosphate rock in soil and 
improved all growth 
parameters including 
shoot (56%), height 
(41%), root yield (52%), 
and N (80%) and P (91%) 
uptake by the maize plants

Wahid 
et al. 
(2016)

Bacillus 
polymyxa

Rhizophagus 
fasciculatus

Terminalia 
paniculata 
and T. 
tomentosa

The combined inoculation 
of phosphate-solubilizing 
bacterium and AM fungus 
brought marked increase 
in plant growth, dry 
matter, and P uptake 
when, compared to 
individual inoculants or 
non-inoculated plants. The 
increase in growth was 
attributed to the increase 
in P uptake in shoots of 
the seedlings

Jang et al. 
(2016)

(continued)
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Table 8.2 (continued)

PSB AM fungi
Experimental 
plant Effect References

B. subtilis Claroideoglomus 
etunicatum, 
Funneliformis 
mosseae, and 
Rhizophagus 
intraradices

Acacia 
gerrardii

The combined inoculation 
of A. gerrardii with B. 
subtilis and AM fungi 
resulted in a significant 
increase in shoot and root 
dry weight, nodule 
number, and 
leghemoglobin content in 
comparison with 
non-inoculated controls 
and the plants inoculated 
with these microorganisms 
alone under salinity stress. 
Co-inoculation and single 
inoculation of A. gerrardii 
increased the N, P, K, Mg, 
and Ca contents and 
phosphatase activities in 
salt-stressed A. gerrardii 
tissues and diminished 
concentration of Na and 
Cl

Hashem 
et al. 
(2016)

Bacillus 
polymyxa

Glomus mosseae Onion 
(Allium cepa 
L.)

Co-inoculation of onion 
with AM fungus and 
phosphate-solubilizing 
bacterium significantly 
augmented shoot fresh 
and dry weights, plant 
height, root fresh and dry 
weights, average bulb 
diameter, and total yield in 
comparison with 
non-inoculated controls 
and the plants inoculated 
with these microorganisms 
alone

Mohamed 
(2015)

(continued)
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Table 8.2 (continued)

PSB AM fungi
Experimental 
plant Effect References

Burkholderia 
cepacia

G. etunicatum Wheat Co-inoculation of wheat 
with B. cepacia and G. 
etunicatum increased all 
growth and yield 
parameters in comparison 
with non-inoculated 
controls and the wheat 
inoculated with these 
microorganisms alone. 
Co-inoculation also 
increased crop yield and N 
concentration more than 
50% and 90%, 
respectively

Saxena and 
Jha (2014)

Pseudomonas 
fluorescens

G. mosseae and 
G. intraradices

Wheat Combined application of 
P. fluorescens, G. 
mosseae, and G. 
intraradices augmented 
shoot dry matter yield, 
seed grain spike number, 
and grain yield by 52%, 
19%, and 26%, 
respectively, in 
comparison with 
non-inoculated controls 
and the plants inoculated 
with these microorganisms 
alone

Yousefi 
et al. 
(2011)

Mortierella 
sp.

G.s aggregatum 
and G. mosseae

Kostelelzkya 
virginica

Compared to single 
inoculation, co-inoculation 
of G.s aggregatum, G. 
mosseae, and Mortierella 
sp. augmented the AMF 
colonization (%) and 
bacterial populations 
under salinity stress (i.e., 
100, 200, and 300 mM 
NaCl). Co- inoculation of 
salinity-stressed K. 
virginica with bacterium 
and AMF had significant 
effects on electrical 
conductivities of 
rhizosphere and bulk soils, 
pH values, and shoot and 
root dry weights and 
concentration of available 
P.

Zhang 
et al. 
(2011)

(continued)
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(Xun et al. 2015), and reduced application of chemical fertilizers (Adesemoye et al. 
2009) are some of the most combined applications of PGPR/PSB and AMF/
phosphate- solubilizing- AMF used so far. Among co-inoculation, the interactions 
between AM fungi and PSB have been the subject of great interest. There is much 
speculation that PSB and AMF work together to provide the benefits to plant 
(Ordoñez et al. 2016). It has been well-proven that AMF and PSB acted synergisti-
cally and increased the growth of different plants as compared to that of the plants 
inoculated with each of them alone (Bona et  al. 2017; Bouhraoua et  al. 2015; 
Gamalero et al. 2004; Jangandi et al. 2016; Kalavathi et al. 2000; Kim et al. 1997a, 
b, 2010; Kothamasi et al. 2006; Mäder et al. 2011; Marulanda et al. 2009; Nadagouda 
and Lakshman 2010; Ordoñez et al. 2016; Ordookhani et al. 2010; Sabannavar and 
Lakshman 2009; Sandhya et al. 2013; Saxena et al. 2013, 2015; Souchie et al. 2006; 
Toro et al. 1997; Wahid et al. 2016; Zhang et al. 2014; Zhang et al. 2016; Meena 

Table 8.2 (continued)

PSB AM fungi
Experimental 
plant Effect References

Pseudomonas 
striata

G. intraradices 
and G. mosseae

Maize 
(Zea-mays 
L.)

Both single inoculation 
and co-inoculation of 
maize with P. striata, G. 
intraradices, and G. 
mosseae significantly 
increased crop 
productivity, grain protein 
content, mycorrhizal root 
colonization, and 
inorganic P, thus showing 
a synergistic interaction 
between AMF and 
phosphate-solubilizing 
bacterium. Single 
inoculation of maize with 
AMF or co- inoculation of 
maize with AMF + P. 
striata + 75% P2O5 
remained at par with 
single application of 
100% P2O5 dose with 
regard to productivity, soil 
fertility status, and 
nutrient uptake 
(particularly P)

Suri et al. 
(2011)

Enterobacter 
sp. and B. 
subtilis

G. intraradices Onion 
(Allium cepa 
L.)

Co-inoculation of onion 
with AM fungus and 
phosphate-solubilizing 
bacterium significantly 
augmented onion biomass 
and accumulation of N 
and P in onion tissues

Toro et al. 
(1997)
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et al. 2018c). In general, in this synergistic effect, AMF can only exploit soluble P 
sources. However, a large amount of P in the soil is in an unsolvable form, in which 
PSB can potentially make these insoluble forms available for uptake by AMF 
hyphae and plants. PSB probably augment the availability of P, which subsequently 
can be efficiently absorbed by AMF hyphae (Fig. 8.3) (Nazir et al. 2010; Toro et al. 
1997; Mitran et al. 2018).

Fig. 8.3 The synergistic effects of arbuscular mycorrhizal fungi (AMF) and phosphate- 
solubilizing bacteria (PSB) in increasing availability of P to plant. Phosphate-solubilizing micro-
organisms enhance the capacity of plants to acquire P from soil through alteration of sorption 
equilibria that may result in increased net transfer of orthophosphate ions (H2PO4

− and HPO4
2−) 

into soil solution. Organic anions and protons are particularly effective at solubilizing precipitated 
forms of P (e.g., Ca phosphates under alkaline conditions and Fe and Al phosphates under acidic 
conditions), chelating metal ions that are commonly associated with complexed forms of soil 
P. According to Le Chatelier’s principle, by increasing the concentration of any substance, the bal-
ance moves to the consumption of that material, and, by lowering the concentration of each sub-
stance, the balance proceeds to produce that material. Chelating agents, such as siderophore and 
organic anions, by reaction with Fe3+, Al3+, and Ca2+, remove these ions from the reaction, causing 
the balance to be moved to the right and thereby producing more H2PO4

− and HPO4
2−. The addition 

of H+ ion also causes the balance to be adjusted to the right in order to reduce the H+ ion, thereby 
producing more H2PO4

− and HPO4
2−. Arbuscular mycorrhizal fungi can take up and transfer ortho-

phosphate ions to plant roots by their effective mycorrhizal mycelium, reaching microhabitats 
where orthophosphate is made available by P-mobilizing bacteria (PSB) and preventing quickly its 
immobilization by microbial biomass

H. Etesami



235

8.9  Conclusions and Future Prospects

Nonnormative and nonscientific use of phosphorus fertilizers is nothing but waste 
of money on one side and, on the other hand, the degradation and pollution of basic 
resources, namely, soil and water. It is known that PSB and PS-mycorrhizal fungi, 
if used as seed inoculation, can provide between 25% and 50% of the P requirement 
of the plant in soils with high total P and low plant available P.  Therefore, it is 
recommended that inoculants of these microorganisms along with 50% of the 
chemical P fertilizer recommended by the soil test be used. It is known that different 
species of PSB and PS-mycorrhizal fungi have different abilities to dissolve low- 
soluble P compounds, and usually it has been observed that the use of inoculants 
including several PSM has a much better effect in increasing the availability of P 
than the use of only one type of these microorganisms. Since most of PSM are 
heterotrophic and, as a result, dependent on organic matter in terms of carbon source 
supply, adding organic matter to the soil when using PSM usually results in 
increasing their efficiency. As a very good feature of PSM, it is possible to use them 
simultaneously with mycorrhizal fungi and other PGPR such as IAA, siderophores, 
and ACC deaminase producers. In this way, in addition to supplying the host plant 
with P, other plant nutrients will also be supplied, and at the same time, the plant 
will better grow as a result of the production of growth-promoting hormones by 
IAA-producing bacteria. When the plant is exposed to environmental stresses, 
especially drought and salinity, and there is a limit to the use of chemical fertilizers 
due to their effect on increasing the osmotic pressure of the soil solution and 
reducing the plant’s ability to absorb water, the use of AM fungi can be a very 
suitable option. By increasing the level of root absorption, AM fungi not only 
increase the ability of the host plant to absorb water and mineral elements, by 
modifying the physical structure of the soil, but also create a more favorable 
environment for the growth of the host plant roots and ultimately reduce consump-
tion of chemical fertilizers, especially phosphorus fertilizers. The possibility of 
using PSM with rock phosphate, sulfur, organic matter, and Thiobacillus bacteria is 
another potential of microorganisms. In general, broader research is needed on the 
efficacy of these microorganisms, along with various sources of organic and inor-
ganic materials in different soils and climates and in the presence of the indigenous 
microflora under field conditions.
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participating in food production and management maintenance of environmental 
quality. In arid and semiarid regions, oases appear to be a major threat model in 
the soil component. The palm plantations contribute to the formation of oasis 
ecosystems by promoting the creation of a suitable microclimate for the develop-
ment of underlying crops and offsetting the effects of drought. These ecosystems 
play key roles in multiple socioeconomic and environmental issues. Nevertheless, 
they remain fragile and undergo impacts of human and/or natural origins perma-
nently such as extreme temperatures, soil salinity, drought, erosion, and low con-
tents in organic matter and native fertility. In order to ensure good yields, farmers 
use an intensive amount of chemical fertilizer, but it can have detrimental effects 
on soil. In this chapter, we will focus on the improvement of the biomass and 
yield of different agricultural crops – i.e., cereals (wheat, corn), vegetable crops 
(lettuce, tomato, leek), leguminous (alfalfa), and trees (date palm) – in field via 
the enrichment of soil by setting up an efficient biological protocol integrating 
arbuscular mycorrhizal fungi (AMF), PGPR, and/or organic soil conditioners 
resulting from green waste, phosphogypsum, phosphate wash sludge, and agro- 
industrial poultry waste manure. Our results confirmed the advantages of various 
biological and organic fertilizers in improving the biomass and yields for differ-
ent crops. The combination of AMF and compost green waste appeared to be 
interesting for the improvement of the growth, mineral nutrition, and physiologi-
cal and water parameters of date palm (Phoenix dactylifera L.). Furthermore, the 
combination of low dose (5%, 10%) and indigenous AMF is clearly beneficial 
for the growth of alfalfa and tomato under a greenhouse. Concerning the experi-
ments carried out in the field, it confirmed the advantages of biological and 
organic fertilizers in improving the yield for leguminous (alfalfa), vegetable 
crops (lettuce, tomato, and leek), and cereals (wheat). Application of the tripar-
tite combination AMF-PGPR compost was more efficient in increasing the yield 
of the tested plants. Indeed, biological treatments had an important effect on the 
physicochemical properties of the soil. Finally, we have elucidated the positive 
impacts of biofertilizers used and the interest of adopting the innovative practices 
improving soil fertility, preserving water resources, respecting the environment, 
and ensuring the development of sustainable organic agriculture.

Keywords
Climate change · Compost · Arbuscular mycorrhizal fungi · PGPR · Symbiosis · 
Soil degradation · Date palm · Yield · Soil management · Sustainable agriculture 
· Underlying crops

Abbreviations

AMF Arbuscular mycorrhizal fungi
F Mycorrhizal frequency
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Foa Fusarium oxysporum f. sp. albedinis
MPN Most probable number
PGPR Plant growth-promoting rhizobacteria
GWDL Grass waste and dead leaves
GWSP Grass waste and sludge of phosphate
OCOMWWG Olive cake, olive oil mill wastewater, and garbage
PGGW Phosphogypsum and green waste
PMGW Poultry manure and green waste
R Stomatal resistance
RWC Relative water content
SOC Soil organic carbon
SOM Soil organic matter
TOC Total organic carbon
TKN Total Kjeldahl nitrogen

9.1  Introduction

Interest in the sustainability of soil resources has been stimulated by increasing 
concerns that soil is one of the most critical components of the earth’s biosphere, 
involved in producing food and maintaining different scales of environmental qual-
ity. At the same time, the function of supporting world food and agriculture is a key 
for the preservation and advancement of all life on planet Earth. However, the 
decline in the soil quality around the world is a challenging task and will likely 
remain an important global issue in the years to come. International attention to 
protecting the environment has been increasing in recent decades focusing on pro-
tection from global warmth and desertification, which has affected the ecosystems 
worldwide. In arid and semiarid regions, oases appear to be a major threat model in 
the soil component. Therefore, it is important to understand the spatial distribution 
characteristics of the soil and the management practices to provide a wide range of 
ecosystem services and specific sustainability benefits associated with improving 
soil health practices. Oasis environment is considered as a model ecosystem where 
agriculture is possible by the microclimate determined by the date palm (Phoenix 
dactylifera L.) for the development of underlying crops (arboriculture, cereals, and 
horticultural crops) and offsetting the effects of environmental stresses (Ehsine 
et al. 2014). This ecosystem plays key roles in integrating economic, social, and 
environmental issues. Nevertheless, this agroecosystem remains fragile and often 
vulnerable to human and/or natural impacts such as urbanization, abiotic (i.e., heat, 
drought, salinity, desertification, depletion of soil organic matter, and nutrients) and 
biotic stresses (i.e., bayoud palm caused by Fusarium oxysporum f. sp. albedinis 
(Foa)), genetic erosion, and aging (Oihabi 1991; Saaidi 1992; Ziouti 1998; Botes 
and Zaid 2002; Awad 2006; Jaiti et al. 2008; Meddich et al. 2015a; Meddich and 
Boumezzough 2017; Ashoka et al. 2017; Kumar et al. 2017b).
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In the oasis, the date palm is the oldest and most widely cultivated tree that is 
commercially the most important tree in the life of its people and their heritage. The 
importance of the date palm occurs because of its great contribution to the creation, 
maintenance, and development of the economy in the oases. The economic utility of 
these palms is multifold, including staple food, beverages, ornamentals, building 
wood, and industrial materials (Balick and Beck 1990; Meena et al. 2015d; Gogoi 
et al. 2018). In addition to its commercial and nutritional value, the date palm tree 
has a minimum water demand, tolerates harsh weather, and tolerates high levels of 
salinity. Morocco, one of the important countries for date palm cultivation, has 41% 
of the world’s date palm trees (14% of the date production), and nearly 340 of 2000 
varieties recorded around the world are grown here. Morocco occupied the 3rd larg-
est producer countries (Oihabi 1991) with 15 × 106 date palm trees at the end of the 
nineteenth century. However, this number currently decreased dramatically to 
6.6 × 106 palm trees spread on 51,000 ha (FAOSTAT 2018). Yet it’s important to 
note that this shrinking owing to bayoud disease is caused by Foa, tree aging, lack 
of maintenance, and the environmental conditions affecting negatively the develop-
ment of date palm and its underlying cultures (FAO 2012). In addition, the low 
contents in organic matter and native fertility remain one of the major constraints to 
date palm production. As a result of these circumstances and to ensure good yields, 
many farmers increase the frequency of watering and the use of an intensive amount 
of chemical fertilizer to increase the level of nutrients found in soil. Inorganic fertil-
izers, which are highly absorbed by the ground, enhance plants’ growth and yields 
of fruits and vegetables in a relatively short period of time leaving the rest of the 
chemicals to leach. As a result of leaching, the chemical fertilizer adversely affects 
soil chemical properties, water irrigation, and the amount, activity, and diversity of 
microorganisms beneficial to plant and soil health. The need to respond to these 
situations by adopting appropriate and sustainable strategies to ensure the protec-
tion and restoration of our oasis is a time-demanding task. Organic and biologic 
fertilizers such as arbuscular mycorrhizal fungi (AMF), plant growth-promoting 
rhizobacteria (PGPR), and compost have emerged as safe and effective alternatives 
to the chemical fertilizers in order to improve the sustainability of agroecosystems 
as well as to increase soil quality and crop production per unit area of arable land.

AMF are a key integral component of the soil rhizosphere and are essential for 
the stability, sustainability, and functioning of the ecosystems. The external myce-
lium of AMF, considered as an extension of host plant roots, acts as a direct link 
between roots and soil nutrient reserves. The abundance of extraradical hyphae is a 
major factor in soil structure as they promote soil aggregate formation, which is 
important in resistance of soil erosion. The roots of date palm are receptive to the 
AMF and are capable to grow in the arid area (Oihabi 1991; Al-Yahya’ei et al. 2011; 
Meddich et al. 2015b; Meena and Meena 2017; Yadav et al. 2017c). The positive 
effects of mycorrhizal symbiosis on the growth and health of date palm have been 
reported (Al-Karaki 2013; Meddich et al. 2015a; Buragohain et al. 2017). Previous 
reports have revealed that AMF (1) promoted the growth of date palm seedlings in 
nursery conditions (Shabbir et  al. 2011) than the controls treated with chemical 
fertilizers (Symanczik et al. 2014), (2) increased nutrient availability in soil cultures 
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(Al-Karaki et  al. 2007), and (3) improved the absorption of water and nutrients 
under salt and drought stress conditions (Bearden and Petersen 2000; Baslam et al. 
2013). Additionally, AMF were involved to improve the salt and drought tolerance 
in other crops such as lettuce (Ruiz-lozano et  al. 1995; Baslam and Goicoechea 
2012; Vicente-Sánchez et al. 2014), sorghum (Augé et al. 1995), corn (Subramanian 
and Charest 1997), clover (Oihabi and Meddich 1996; Meddich et al. 2000), and 
barley (Meddich 2001; Tao et  al. 2014). AMF can protect also their host plant 
against biotic stress factors such as soil-borne fungal pathogens causing root rot or 
wilting and aboveground pathogens such as Alternaria solani in tomato (Linderman 
1994; Azcon-Aguilar and Barea 1996; Thygesen et al. 2004; Fritz et al. 2006; Jung 
et al. 2012; Xiao et al. 2014; Meddich et al. 2015a; Meena and Yadav 2015).

PGPR bacteria promote the growth of plants and represent a beneficial and 
heterogeneous group of rhizosphere microorganisms on the root surface. They are 
capable of improving plant growth and increasing tolerance against biotic and abi-
otic stresses (Dimkpa et  al. 2009; Grover et  al. 2011; Glick 2012; Oufdou et  al. 
2014; Dadhich and Meena 2014). PGPR stimulate plant growth through direct 
mechanisms such as biological nitrogen fixation, phosphate solubilization, stress 
reduction, and production of phytohormones and siderophores or by indirect mech-
anisms such as stimulation of mycorrhizal symbiosis, antagonism toward phyto-
pathogens, or removal of phytotoxic substances (Glick 2005; Haas and Défago 
2005; Blaha et al. 2006; Couillerot et al. 2009; Zamioudis and Pieterse 2012; Datta 
et al. 2017a). The mode of action of PGPR is influenced by a number of biotic fac-
tors (plant genotypes, plant developmental stages, plant defense mechanisms, other 
members of the microbial community) and abiotic factors (soil composition, soil 
management, and climatic conditions) (Vacheron et al. 2013; Meena et al. 2015e; 
Meena and Lal 2018). Although studies on boosting plant growth through PGPR are 
widely available, information between the potential uses of PGPR for sustainable 
development and their present applications remain to be clarified.

The combination of socioeconomic development and population growth in many 
countries was accompanied by the increase of large quantities of solid and liquid 
wastes generated mainly by households, green space maintenance services, and 
industry and farming livestock units (Laarousi et al. 2006; Yadav et al. 2018b; Verma 
et al. 2015c; Mitran et al. (2018). Despite the fact that organic wastes are full of 
enormous potential, their use is currently very limited. Morocco, one of the green 
waste producers, has launched several strategies falling within the framework of 
sustainable development, which are aimed to preserve the country’s natural 
resources. Therefore, in Marrakesh city, the choice of these green wastes as organic 
waste is justified by their high abundance in the gardens (18,000 t/year) and their 
improving effect of the mixture structure by ensuring source carbon for microbial 
growth. Morocco holds more than 72% of all phosphate rock reserves in the world, 
being the natural phosphate residue especially phosphogypsum, a mixture of cal-
cium phosphate in various forms and gypsum, never valorized locally. The esti-
mated production of this residue in Morocco is 20 × 106 t/year with 4 × 106 t of P2O5 
(El Cadi et  al. 2014). Li et  al. (2018) and Kammoun et  al. (2017) reported that 
phosphogypsum – as the main by-product of phosphoric acid production – might be 

9 Use of Organic and Biological Fertilizers as Strategies to Improve Crop Biomass…



252

effective in reducing NH3 and CH4 emissions throughout the composting process 
with an increment of SO4

2− content of the compost. Similarly, phosphate sludge 
waste is generated at significant quantities estimated at 2 × 106 t/year.

Currently, animal organic manures like poultry manure are receiving more 
attention as fertilizers due to the high cost of inorganic fertilizers and its limited 
ability to improve soil quality for sustainable production systems (Arancon et al. 
2008; Kumar et al. 2018b; Meena et al. 2016a). The increase in poultry production 
driven by the recent demand for low-cholesterol meat products conjunctly with high 
protein sources and the economic incentive has led to an expansion in the poultry 
industry worldwide (Sarangi et al. 2016; Dhakal et al. 2015). FAO projections sug-
gest that global meat production and consumption will continue rising over the 
coming years. Manure from poultry units, containing organic and mineral sub-
stances, is often produced in large quantities and discharged into landfills without 
any exploitation. Other types of waste are generated in significant quantities by 
industrialists, in particular, liquid effluents (400,000  m3/year) and olive cake 
(180,000 t/year) (CFC/COI 2008).

In this sense, composting these wastes can be a valuable economic and ecological 
solution allowing the return of organic matter to the soil as a stable humus-like 
product and its reintegration to the biogeochemical systems (Francou 2003). 
Compost is an effective way to increase healthy plant production, reduce costs and 
the use of chemical fertilizers, and conserve natural resources. Compost provides a 
stable organic matter that improves the physical, chemical, and biological properties 
of soils, thereby enhancing soil quality and crop production. Organic amendments 
are known to improve soil productivity by influencing soil organic matter (SOM) 
pool. The SOM is considered to be an important criterion of soil quality and there-
fore is a major determinant of sustainability of agricultural systems. Soil organic 
carbon (SOC) influences productivity via soil structure, water-holding capacity, 
soil-buffering capacity, and as a source of plant nutrients. Stable soil structure is in 
fact required for better soil physical environment. The compost enriches the organic 
matter in soil with organic molecules, diversified degradation products, and humus 
substances that improve the belowground structure by interaction with minerals and 
aggregation of clay particles allowing the production of microaggregates and hence 
soil stability (Stevenson 1994; Clapp et al. 2001; Seul et al. 2009). This organic mat-
ter also decreases the density and promotes the root growth and penetration by 
improving nutrition, photosynthesis, and plant biomass (Schnitzer and Poapest 
1967; Rauthan and Schnitzer 1981; Nardi et al. 1996; Tejada et al. 2009; Varma 
et al. 2017a; Meena and Yadav 2014). Similarly, the compost increases the cation 
exchange capacity and soil water retention by ensuring a good flow of water and 
limiting leaching (Giusquiani et al. 1995; Takeda et al. 2009). It stimulates the activ-
ity of microorganisms and thus accelerates the cycle of elements and mineral altera-
tion. The gradual decomposition requires large amounts of macro- and micronutrients 
necessary for plant nutrition (Clapp et al. 2001). Compost can inhibit the develop-
ment of pathogenic microorganisms (Tautorus and Townsley 1983, Vassilev et al. 
2009; Yadav et  al. 2017b). Little information is available about the integrative 
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potential of microorganisms with organic fertilizers and its effects on crops in the 
ability of agricultural systems to adapt to climatic and other global changes.

This chapter aims to address the importance of the functional rhizospheric 
microbiome as a sustainable and effective strategy in plant fitness and disease 
protection. It also highlights the beneficial interactions among plants and different 
AMF, PGPR, and compost in boosting agricultural productivity in food security.

Here we will focus on the improvement of the biomass and yield of different 
agricultural crops – cereals (wheat and corn), vegetable crops (lettuce, tomato, and 
leek), leguminous (alfalfa), and trees (date palm) – in field via the enrichment of soil 
by setting up an efficient biological protocol integrating by AMF, exotic and endog-
enous species; and/or rhizobia, autochthonous bacteria inoculum rhizobia strain; 
and/or organic soil conditioners resulting from green waste, phosphogypsum, phos-
phate wash sludge, and agro-industrial poultry waste. This integrated nutrient man-
agement approach would improve the fertility of soils and preserve the hydrous 
resources to reduce the harmful environmental effects while achieving high-quality 
and high-yielding crops. Also, integrating biofertilizers for the development of 
plants might be considered as an appropriate strategy to reverse the land degradation 
trend and encourage sustainable patterns for the development of oasis zones with a 
vision to promote durable and biological agriculture. Our findings represent the 
first-of-its-kind study examining the combined application of indigenous/exotic 
AMF, rhizobia, and organic amendments for the improvement of morphological and 
physiological parameters, water status, and yields of underlying crops such as legu-
minous, cereals, and vegetable crops in oasis system. These key species have been 
selected based on their economic value, their interests and protected status, and their 
potential for more widespread use by farmers. In addition, our work will illustrate 
the impact of the interaction effects of the rhizosphere cultivable microorganisms 
and compost on soil physicochemical properties.

9.2  Methodology

9.2.1  Study Site

We grew the selected plants in the farm field spread over a total area of 3 hectares 
and equipped with a drip tape irrigation system. The farm is located in the munici-
pality of Tamesloht, Marrakesh, Morocco (N 31 54 176°; W 008 02 087°; elevation 
531  m) (Fig.  9.1). The regional climate of the experimental site is typically 
Mediterranean, with an average temperature of 20.5 °C and 281 mm of annual rain-
fall. We didn’t apply any herbicides nor chemical fertilizers in the previous growing 
seasons.
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9.2.2  Characterization of Arbuscular Mycorrhizal Fungi

The AMF used were (1) Rhizophagus irregularis (pure spores produced in vitro from 
Glomus irregularis (GI) isolate of DAOM 197198), kindly provided by M.  Hijri 
Ph.D. (Research Institute of Plant Biology, University of Quebec, Montreal, Canada), 
and (2) consortium arbuscular mycorrhizal (CAM) isolated from Tafilalet palms 
located in Tafilalet, 500 Km southeast of Marrakesh, Morocco (Meddich et  al. 
2015a). The CAM contains a mixture of endogenous species, Glomus sp. (15 spores/
gr soil), Sclerocystis sp. (9 spores/gr soil), and Acaulospora sp. (1 spore/gr soil). The 
endogenous (native) species were identified according to their color, size, attachment 
hyphae, and consistency (Koske and Tessier 1983; Morton and Benny 1990).

Fifty (50) of rhizosphere soil samples from 10 to 40 cm in depth – area of date 
palm tree roots rich with AMF – were collected from Tafilalet palm grove. Samples 

Fig. 9.1 Geographical location of the study area. (Google Maps 2017)
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were taken at 1 m of palm stems and were spaced 80–100 m. Soil samples were 
mixed thoroughly to obtain a homogenous sample representative of the entire sam-
pling interval.

The mycorrhizal potential of Tafilalet palm grove was determined by the most 
probable number (MPN) of propagules per unit of soil method (Plenchette et al. 
1989) to reflect the ability of soil to initiate the formation of mycorrhizal associa-
tions from propagules, i.e., spores, mycelium, and roots of debris-carrying 
vesicles.

Corn (Zea mays L.) plants were used as a host plant to trap the native mycorrhizal 
complex naturally associated with date palm and for the multiplication of G. 
irregularis.

MPN propagules were calculated by the following formula: Log MPN = (x log 
a) – K, where x = average mycorrhizal pots, a = dilution factor, and y = s − x where 
s = dilution number and y is required for the determination of K in the table of 
Fisher and Yates (1970).

The rate of mycorrhizal root infection was microscopically estimated according 
to the method described by Trouvelot et  al. (1986). The method calculates the 
parameters of infection as follows:

F: Frequency of root mycorrhization (percentage of root segments infection)

 F% /= −( ) ×N n N0 100 

where N = number of fragments observed and n0 = number of fragments without a 
trace of mycorrhization.

M: Intensity of cortical infection (proportion of the cortical colonization in all the 
mycorrhizal root system)

 M N% /= ×( ) + ×( ) + ×( ) + × +( ) 95 70 30 55 4 3 2 1n n n n n  

where n5, n4, … n1 = number of fragments noted 5,4,… and 1, respectively. Class 5, 
more than 91%; Class 4, from 51% to 90%; Class 3, from 11% to 50%; Class 2, less 
than 10 %; Class 1, trace; and Class 0, no mycorrhization.

9.2.3  Characterization of Rhizobacterial Strains

The autochthonous bacterial inoculum, kindly provided by Prof. Oufdou (Cadi 
Ayyad University, Marrakesh, Morocco), was isolated from the local bean 
(Phaseolus vulgaris) rhizospheric soil – attached to bean roots – and consists of two 
PGPR and two rhizobia strains. The bacteria selected have been described as plant 
growth promoters and nitrogen-fixing bacteria. Active culture of strains was pre-
pared in Tryptic Soy Broth (TSB) medium (tryptone, 15 g/L; peptone of soya, 5 g/L; 
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and sodium chloride, 5 g/L) and agitated for 2–3 days at 28 °C to obtain an optical 
density (OD = 1) at 600 nm (equivalent to 109 colony forming unit/ml).

PGPR strains were selected based on their ability for solubilization of complex 
insoluble phosphate (Raklami 2017). These microbial strains have the ability to 
solubilize K from K-bearing minerals. These PGPR can produce indole acetic acid 
(AIA) and exopolysaccharides at very low levels and are incapable of producing 
hydrogen cyanide (HCN).

9.2.4  Preparation of High-Grade Compost by an Enrichment 
Technique

In our study, the main raw materials used for composting are

 – Grass waste (GW) or dandelion
 – Dead leaves (DL)
 – Waste from livestock units of poultry
 – Phosphates washing sludge (GWSP)
 – Phosphogypsum
 – Pomace olive consisting of olive cake and olive oil mill wastewater (OCOMWWG)
 – Household waste

All of the main raw materials were analyzed for physiochemical, nutrients, and 
heavy metals. Composting was carried out in a composting area consisting of a 
metal frame of 2400 m at the municipal nursery of Marrakesh. In this experiment, 
there are five treatments compost piles. The mixtures used for all piles were 
arranged:

 – Grass waste and dead leaves (GWDL)
 – Grass waste and phosphates washing sludge (GWSP)
 – Pomace olive and household waste (OCOMWWG)
 – Phosphogypsum and green waste
 – Poultry manure and green waste

The moisture content was maintained at 50–60% by the addition of water 
throughout the active composting period by frequent checking. To maintain the 
moisture and prevent excessive loss of heat, drying windrows runoff, and leaching 
phenomena, the heaps of composting material were then deposited and covered 
using plastic sheets. The mixtures were turned at 3-day intervals to permit the ven-
tilation, porosity, and high decomposition until the end of the composting. The tem-
perature was measured daily with a thermometer at random depths. The maturity of 
composts is considered complete when the temperature inside the heap decreased to 
the surrounding temperature (around 90 days).
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9.2.5  Inoculation Methods and Growth Under Greenhouse 
and Field Conditions

Three crops (lettuce, Lactuca sativa; tomato, Solanum lycopersicum; and leek, 
Allium ampeloprasum), two cereals (wheat, Triticum aestivum, and corn, Zea mays), 
one leguminous (alfalfa, Medicago sativa), and one tree (date palm, Phoenix dacty-
lifera) species were tested for the microorganisms and compost effectiveness. The 
goal was to select plants of economic importance, compatible as date palm underly-
ing culture, and widespread use and capable of producing high biomass under local 
climatic conditions. Seeds were sterilized in 2.5% sodium hypochlorite, incubated 
under the corresponding temperature of each plant in the dark condition. They were 
then placed and cultured on seedling nursery trays and cultured.

Seedlings were transplanted in 5  L pots filled with sterilized soils sampled 
directly from the research sites to replicate the in situ rhizosphere condition and 
hence give a better prediction of plant growth promotion effects of AMF and/or 
PGPR and/or compost for the field trials. Plants were grown under semi-controlled 
greenhouse conditions; the average temperature was 24.5  °C, average relative 
humidity was 70%, and light intensity was 330 μmol m−2 s−1. The young palm trees 
and its underlying cultures were amended by the compost produced locally (Meddich 
et al. 2017) based on green waste (couch grass, dead leaves), agro-industrial waste 
(solid and liquid wastes olives), household waste, animal waste (poultry manure), 
phosphogypsum, and/or phosphate wash sludge. The combination of compost addi-
tion and/or AMF and/or PGPR has been evaluated for their growth promotion effect 
on plants. Furthermore, the physicochemical properties of different waste mixtures 
and composts were determined.

Under our field experiments, the agricultural soil properties used for plants 
growth were sandy loam texture (sand, 74.75%; silt, 13.55%; and clay, 11.69%); 
pH, 8.12; electrical conductivity, 138.3 μs/cm; organic matter, 0.87%; limestone 
content, 5.04%; phosphorus available, 57.42 ppm; and total nitrogen, 9.98 mg/g. 
Seedlings were treated by the various biological fertilizers (compost, PGPR, indig-
enous rhizobia, and/or native or exotic AMF strains).

At transplanting, half of the plants were inoculated (2.8 g) near the root system 
with the mycorrhizal and disinfected corn roots used as trap AMF (Strullu 1986). 
The inoculum was infective propagules (mycelium, spores, and roots). A filtrate 
was added to plants that did not receive the mycorrhizal inoculum (NM plants) in an 
attempt to restore other soil free-living microorganisms accompanying AMF.

Plants were inoculated two times in different days, 4  ml and 8  ml of each 
suspension with the symbiotic bacteria PGPR and the rhizobia strains to increase 
the level of these bacteria in soil and ensure the infection of newly formed roots. The 
liquid suspension of these strains at a concentration of 108 cells/ml for each selected 
strain was inoculated.

According to our previous studies, we used the low doses of compost (5–10%) in 
this experiment.

Our field trial was conducted to test the effectiveness of the native biofertilizers 
as single or co-inoculations on crops biomass. The uninoculated (control) plants for 
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each crop were grown under the same environmental conditions without any bio-
logical nor organic amendments. The experimental design was a randomized com-
plete block subdivided into several basic blocks of 1.5 m × 0.8 m each. The plots 
and their blocks were equipped with a drop by drop system (Fig. 9.2). A device of 
12 blocks repeated for the same treatment and the same culture was used to evaluate 
the impact of the various biological and organic treatments. The evaluation of the 
yield of the studied crops was determined by measuring the fresh weight, the bio-
mass produced, and/or the number of fruits produced.

9.2.6  Studied Parameters

We evaluated the efficacy of AMF-PGPR and/or compost combination for crop 
yield production and their impact on soil quality and properties. The AMF infectiv-
ity, plant growth, water content, and the physiological parameters for amended and 
non-amended plants were measured. Nutritional analyses were conducted in treated 
and non-treated (control) plants.

9.2.6.1  Physicochemical Properties of Composts and Soils
Samples were taken at 0–15 cm depth before and after the trial experiment in order 
to measure the soil physicochemical properties. Field texturing was determined by 
Robinson’s method (Baize 1988). The total organic carbon content was determined 

Fig. 9.2 Field plot layout showing the field design equipped with drip irrigation system
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according to Aubert (1978) by the oxidation method of organic material in cold 
condition with an excess of potassium dichromate K2Cr2O7 in the presence of con-
centrated sulfuric acid. The total limestone was determined using a Bernard calcim-
eter. After each brushing waste for composting, the sampling was performed at ten 
different levels of windrows (deep, surface, side, and center), as described in the 
method of quartering (AFNOR 1999).

The different soil-size fractions of minerals were determined. The hydrogen 
peroxide (H2O2 to 20 V) was used to remove the organic carbon matter and the 
sodium hexametaphosphate (50  g/L) for clay dispersion. The portions of coarse 
sand and fine aggregate were recovered by passing 200  μm and 50  μm sieve, 
respectively. The sift-clay fraction was sorted according to Robinson’s pipette 
method. Soil pH was measured by an electrometric procedure using a suspension of 
10  g of fresh sample in 20  ml of distilled water. The measurement of bulk soil 
electrical conductivity (EC) was quantified by a probe. The compost temperature 
was measured continuously at depth of 30, 70, and 100  cm. Each temperature 
measurement is an average of six temperature readings taken at three equally spaced 
locations along the sides of the pile.

Ash content was determined by calcining the previously dried samples in a 
muffle furnace at 600 °C for 6 h. The increase in temperature has been achieved by 
heat bearing (105 °C [1 h], 200 °C [1 h], 600 °C [6 h]) to prevent from the sudden 
destruction of the organic matter.

The measurement of the total nitrogen was based on the transformation of 
organic nitrogen into ammonium nitrogen. After sample mineralization by concen-
trated sulfuric acid and in the presence of Kjeldahl catalyst, the formed ammonia 
was displaced by NaOH (40%). Then, the entrained ammonia by the water vapor 
was fixed by the boric acid and titrated with sulfuric acid. NKT content was deter-
mined by the distillation unit Velp-UDK132 according to the protocol described by 
Rodier (1984).

Ammonium levels were determined according to the Kjeldahl method (AFNOR 
1975) from a fresh sample (2 g) using a distillation in an alkaline medium with 
10 ml of sodium hydroxide 40%.

Nitrates were measured by passing the filtered sample through a column 
containing granulated copper-cadmium to reduce nitrate to nitrite. The nitrite (and 
reduced nitrate) was determined by diazotizing with sulfanilamide and coupling 
with N-(1- naphthyl)-ethylenediamine dihydrochloride to form a highly colored azo 
dye which was measured colorimetrically.

Total phosphorus was determined by a colorimetric assay as described by Olsen 
and Sommers (1982). The potassium content of the filtered extract was measured 
using a Jenway PFP7 flame spectrophotometer.

9.2.6.2  Mycorrhization Parameters
Root samples were cleared and stained by trypan blue 0.01% in lactoglycerol 
(Phillips and Hayman 1970), and mycorrhizal colonization was determined by 
examining 1 cm root segments (n = 20 per sample) under the microscope. Results 
were expressed as a percentage of infection (Hayman et al. 1976). The analysis of 
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the state of the mycorrhizal root system was performed according to the method 
described by Trouvelot et al. (1986) to characterize the frequency and intensity of 
mycorrhization in the presence and absence of biofertilizers.

9.2.6.3  Measurement of Plant Growth and Minerals Concentration
The response of control and treated plants by biofertilizers was evaluated by 
determining the shoots (SDM) and root (RDM) dry masses, a reliable indicator of 
biomass. SDM and RDM were measured after drying the fresh material into the 
oven at 80 °C until the weight was constant. Mineral determinations (P, K+, Ca2+, 
Mg2+, and Na+) were quantified by a wet digestion method (Pequerul et al. 1993). 
Dried, finely powered plant samples (0.5  g) were placed in the oven for 6  h at 
550 °C. The obtained material was digested in 3 ml of 6N HCl, evaporated on a hot 
plate, and then recovered with hot distilled water. The solutions obtained were 
filtered, and the extracts were collected and subsequently stored. The digested 
solution was shaken gently and filtered through 0.2 μm filters (Whatman, England), 
and the solid fraction was discarded.

The content of phosphorus in the extract was determined according to Olsen and 
Sommers (1982). The K+, Ca2+, Mg2+, and Na+ elements were quantified by a flame 
photometer (AFP 100 flame photometer). The total content of nitrogen (N) in plants 
was carried out according to the method described by Kjeldahl.

9.2.6.4  Physiological Parameters
The relative water content (RWC%) of plant leaves was determined according to 
Sade et al. (2009) as:

 
% /WC fresh weight dry weight turgid weight dry weight= −( ) −( )×1000  

Turgid weight (TW) was calculated after fully hydrating fresh leaves in darkness at 
4°C for 24 h. Results were expressed as percentages.

Leaf water potential (Wh) was measured using a pressure chamber (Scholander 
et al. 1965). The stomatal resistance was determined in fully expanded leaves of the 
same rank with an LI-1600 gas exchange system (LI-COR Inc., USA). Chlorophyll 
fluorescence was measured within plants leaves of the same row using a fluorimeter 
(OS-30p + OPTI-SCIENCES). The measured parameters correspond to the initial 
fluorescence (F0), the maximum fluorescence (Fm), and the quantum efficiency 
noted Fv/Fm, where Fv is the variable fluorescence (Tardieu 2005).

9.2.7  Statistical Analysis

Values are presented as the mean ± standard deviation (SD). Means were tested by 
one-way analysis of variance (ANOVA) followed by Newman and Keuls test at 
P ˂ 0.05 in the SPSS software (SPSS Inc., Chicago, IL, USA).
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9.3  Results

9.3.1  AM Colonization Potential and Infectivity Parameters

Results of the mycorrhizal roots of corn plants grown on different dilutions of the 
studied soil are presented in Table 9.1. The symbol (+) represents the plants with at 
least one point of infection, while the symbol (−) shows the no-infection of roots. 
For the tested soil, the percentage inoculation with AMF remained 100%, indepen-
dently of the soil dilution level achieved. The soil of the Tafilalet palm grove shows 
the most significant number of mycorrhizal propagules, estimated at 1,626.89.

Maize roots inoculated with AMF obtained from Tafilalet palm groves and 
Glomus irregularis (GI) showed higher mycorrhizal frequencies ranging from 98% 
to 100% (Fig.  9.3). Similarly, the colonization intensity of corn roots remained 
higher and exceeds 65% after 3 months of cultivation with AMF from palm grove 
and GI.

Table 9.1 Mycorrhizal potential of Tafilalet palm grove

Dilution Site
Repetitions

Number of mycorrhizal plantsR1 R2 R3 R4 R5

1 Palm grove of Tafilalet + + + + + 5
1/4 + + + + + 5
1/16 + + + + + 5
1/64 + + + + + 5
1/256 + + + + + 5
1/1024 + + + + + 5

R Repetition

Fig. 9.3 Frequency and intensity of mycorrhizal corn root after 3  months of culture. AMF 
mycorrhizal consortium obtained from Tafilalet palm grove, GI Glomus irregularis
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9.3.2  Composting Agricultural, Animal, and Agro-industrial 
Wastes

9.3.2.1  Physicochemical Characteristics of Waste Raw Materials
The physicochemical characteristics of the raw materials used in the composting 
process are presented in Table 9.2 and Fig. 9.4. We found that the pH of the waste 
varies between 5 and 8, favorable to microorganisms’ growth. The dandelions, 
phosphate sludge, and poultry have an alkaline pH (~8). Poultry manure is rich in 
total nitrogen (>3%). The tested dandelions and household waste were rich in 
organic matter and contain relatively moderate amounts of total nitrogen. Most of 
the waste used in our study presents a C/N ratio between 14 and 40 enough for 
enhanced microbial activities and suitable for the composting process. Many studies 
report that pH and C/N ratio are considered important compost parameters owing to 
their effects on the quality and suitability of the final product for plant growth.

9.3.2.2  Composting Mixture Process
In Fig. 9.5, we illustrate the different phases of composting. The biodegradation can 
be assessed by the temperature of the compost, which shows a gradual increase dur-
ing the mesophilic phase and reaching maximum values during the thermophilic 
phase. For waste mixtures used in our study, we observed that the temperature 
increased rapidly in the first days of composting reaching maximum values between 
56 and 69  °C.  Then it gradually decreased to values ranging from 30 to 35  °C 
approaching the air temperature during the maturation phase.

We evaluated the pH values of the different combination of the main raw material. 
PMGW had the highest pH values ranged from 8.50 to 9.20, followed by GWDL 
with values between 7.23 and 8.40. While the lowest pH value was observed in 
OCOMWWG (5.49–6.06), the compost pH value ranging from 5.5 to 8.5 is 
considered acceptable (Table  9.3). The combination of grass waste with waste 
sludge phosphate showed slightly alkaline pH and remained stable throughout the 
composting process. However, this parameter was increased from 6.50 to 8.00 in 
PGGW.  Monitoring the evolution of C/N ratio in the mixtures GWDL, GWSP, 

Table 9.2 Physicochemical properties of the raw waste before composting

Raw materials
Humidity 
(%) pH

Total organic 
carbon (%)

Total Kjeldahl 
nitrogen (%)

Ratio 
C/N

Dandelions (Grass 
waste)

69.00 8.01 58.10 1.68 34,58

Dead leaves 58.00 6.64 55.40 1.37 40.44
Poultry manure 39.00 8.00 47.30 3.41 13.87
Phosphates washing 
sludge

59.00 8.29 2.00 0.073 27.39

Phosphogypsum 18.73 5.49 1.64 0.90 2.00
Olive pomace and 
liquid effluents

54.00 5.77 46.52 1.34 34.72

Household waste 
(Garbage)

84.40 5.20 60.80 2.41 25.23
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OCOMWWG, PGGW, and PMGW showed a rapid decrease from 33 to 11, 64 to 
12, 32 to 19, 47 to 18, and 17 to 12, respectively, after the third month (Table 9.3).

The ash content varies widely among the compost owing to the mineralization of 
organic matter and concentration of carbon, nitrogen, phosphorus, and other nutri-
ents during composting. Notably, GWSP had the higher ash content relative to other 
mixtures.

As a result, the composts obtained from grass waste and dead leaves presented 
the lower levels of available phosphorus, which do not exceed 11 ppm, than those of 
other compost combinations. The values of this element remained high in the other 
composts, especially in poultry manure and green waste (1,800 ppm).

Fig. 9.4 Pictures of the raw material waste used for the composting process and the platform 
composting
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9.3.2.3  Compost Characterization at the Maturity Stage
GWDL, GWSP, PGGW, and PMGW had alkaline pH 8.40, 7.77, 8.00, and 9.20, 
respectively (Table  9.3), but the OCOMWWG stayed neutral or slightly acid 
(pH = 6.06). The composts with a pH between 6 and 9 are compatible for most 
plants.

The results of total organic carbon (TOC) have demonstrated that the composts 
OCOMWWG (37.30%) and PMGW (36.05%) had significantly higher levels than 
the GWDL (18.40%), GWSP (7.64%), and PGGW (25.00%) (Table 9.3).

The TOC concentration declined for all the treatments between the initial day 
and the 3 months of the composting period.

One of the often-used criteria to assess the rate of decomposition in the composting 
process is the C/N ratio since it can reflect the maturity of the compost. The higher 
C/N ratio at the initial period of compost, C is not in an available form and drops 
significantly in all the combinations than the end of composting. After 3 months of 
composting, we found that all composts had lower C/N ratio values ranging from 
11.2 (GWDL) to 18.8 (OCOMWWG). The C/N ratio which is less than 20 is indica-
tive of an acceptable maturity and suitable for nursery plant production.

9.3.3  Impacts of Biofertilizers on Growth and Physiological 
Parameters of Date Palm (P. dactylifera) 
and the Underlying Crops

9.3.3.1  The Case Study of Date Palm

9.3.3.1.1  Effects of Biofertilizers on the AMF Infectivity, Growth, 
and Water Status of Date Palm

We assessed the effects of the single or combination application of compost (5%) 
and AMF (mycorrhizal consortium of Tafilalet) on P. dactylifera growth. As a result, 

Fig. 9.5 Pictures illustrating the different stages during composting
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the frequency of infection (F) of palm root system with AMF remained high 
(F  >  60%), and it was substantially affected by the application of compost 
(Table 9.4). Plants inoculated with AMF produced higher above- and belowground 
biomasses than the control plants. The single application of the organic amend-
ments has no impact on the root growth of the palm. Interestingly, the combination 
AMF + green waste compost had significantly higher shoot and root biomasses, 
relative water content, and water potential than the no-treated control plants. Indeed, 
our results showed that the association AMF and compost GWDL increased 1.6× 
shoot and 1.9× root biomasses than the control.

Moreover, amended plants with AMF+compost showed a relative water content 
(81%) slightly higher to the control (77%) (Table 9.4). The mycorrhizal date palms 
and amended with compost had a higher leaf water potential (−16.83 bar) than con-
trol plants (−30.37 bar). Exposure of date palm to the single AMF (2.21 s/cm) or 
compost (2.22  s/cm) or combined (2.12  s/cm) led to a considerable decrease in 
stomatal resistance (R) than no-treated plants (2.93 s/cm).

9.3.3.1.2  Date Palm (P. dactylifera) Treated with AMF and/or Compost 
Showed Increased Minerals

We assayed the nutrient contents in shoots of date palm leaves amended with AMF 
and/or compost since the degree of growth depends on their uptake and transloca-
tion. Shoot N, P, K, Ca, and Mg was significantly higher in plants treated with single 
or synergism effect of AMF and compost than control plants (Table  9.5). These 
results could at least partly be explained by the effective contribution of mycorrhizal 
association in improving nutrients of plants through the development of fungal 
hyphae, allowing good use of the soil minerals and their mobilization to the plants. 
The positive effects of applying compost GWDL on mineral nutrition was clearly 
observed. The values of the ionic content are higher in palms amended with 
AMF+compost than control plants.

9.3.3.2  The Case Study of the Underlying Crops

9.3.3.2.1 Impacts of Biofertilizers on AMF Infectivity and Crop Growth
The calculated frequency of mycorrhization in alfalfa, tomato, wheat, and corn 
roots exceeds 90% and that in the absence of compost (Table 9.6). On the contrary, 
the rate of mycorrhization decreases and remains below 66% for plants amended 
with compost.

9.3.3.2.2 Effect of GWDL Compost and AMF on Alfalfa Biomass
After 2 months of culture, the application of GWDL at doses of 5% has a beneficial 
effect on improving the production of the shoot and root dry biomasses of alfalfa 
(Medicago sativa) than the control (Fig.  9.6 and Table  9.6). The combination 
compost+AMF showed the highest values of the shoot and root biomasses.
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9.3.3.2.3  Tomato Has Better Growth After the Compost (GWSP) and/or 
AMF Applications

We evaluated tomato growth parameters after the amendment with mycorrhizal 
consortium Tafilalet (AMF) and/or GWSP compost (a mixture of dandelions and 
phosphates washing sludge, at 10% dose) (Table 9.6). The production of the shoot 
and root biomasses has increased following the colonization with AMF and/or com-
post, being more relevant after the combination of both treatments. Indeed, the syn-
ergism effects of both biofertilizers have markedly improved plant growth compared 
with uninoculated control.

9.3.3.2.4  Wheat Plants Showed Increased Biomass in Response 
to Compost (OCOMWWG) and/or AMF

The application of compost-based waste pomace olive and garbage (OCOMWWG) 
at a dose 10% or the inoculation of the roots by Glomus irregularis (GI) increased 
slightly the above- and belowground biomasses of wheat than control plants 
(Table 9.6). The dual application of GI and OCOMWWG compost has no positive 
effect on the SDM of wheat, but this combination has increased the root biomass 
than control plants.

Table 9.5 Effects of mycorrhization and/or compost on the mineral composition of date palm 
after 4 months of culture

Element Treatments Content (mg/g DM)
N (mg/g DM) Control 12.14 ± 0.452

AMF 18.64 ± 0.516
Compost GWDL 20.54 ± 0.935
Compost GWDL + AMF 26.33 ± 0.539

P (mg/g DM) Control 3.73 ± 0.428
AMF 3.62 ± 0.436
Compost GWDL 5.44 ± 0.180
Compost GWDL + AMF 7.98 ± 0.921

K (mg/g DM) Control 1.49 ± 0.231
AMF 1.79 ± 0.141
Compost GWDL 1.85 ± 0.107
Compost GWDL + AMF 2.01 ± 0.104

Ca (mg/g DM) Control 0.55 ± 0.127
AMF 0.86 ± 0.032
Compost GWDL 1.03 ± 0.168
Compost GWDL + AMF 1.15 ± 0.078

Mg (mg/g DM) Control 1.49 ± 0.122
AMF 1.77 ± 0.1417
Compost GWDL 2.07 ± 0.065
Compost GWDL + AMF 2.74 ± 0.097

GWDL grass waste and dead leaves, AMF mycorrhizal consortium of Tafilalet palm grove, DM dry 
matter
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9.3.3.2.5  Compost (OCOMWWG) and AMF Promote Aerial and Root Traits 
of Corn Plants

The mixed treatment of corn with compost (OCOMWWG) and AMF (G. 
intraradices) increased shoot and root dry matters. In the same line of results, the 
single inoculation of the corn plant with GI improved the 1.25× the aerial biomass 
and 1.71× the root DM.  However, we observed no difference of the mentioned 
parameters between the efficiency of compost alone on the belowground biomass.

9.3.4  The Potential Effects of Biofertilizers to Improve Crops 
Yield in the Field

We evaluated alfalfa, green and red lettuces, leek, and wheat treated with AMF (G. 
intraradices)-rhizobia and/or compost (poultry manure and green waste) in the field 
to compare the yield trait with those of untreated control plants. Each crop was 

Table 9.6 Impacts of biofertilizers on the growth of underlying crops

Plants Treatments

Frequency of 
mycorrhization 
(F) (%)

Aerial dry 
mass (g)

Root dry mass 
(g)

Legume Alfalfa Control plants – 0.006 ± 0.00 0.006 ± 0.004
Compost GWDL – 0.379 ± 0.01 0.234 ± 0.029
AMF 100.00 ± 5.77 0.079 ± 0.03 0.075 ± 0.025
Compost GWDL 
+ AMF

52.00 ± 7.23 0.666 ± 0.05 0.361 ± 0.051

Vegetable 
crops

Tomato Control plants – 0.060 ± 0.01 0.020 ± 0.003
Compost GWSP – 0.130 ± 0.01 0.030 ± 0.003
AMF 91.55 ± 4,57 0.100 ± 0.00 0.030 ± 0.002
Compost GWSP 
+ AMF

65.25 ± 5,57 0.350 ± 0.02 0.100 ± 0.007

Cereals Wheat Control plants – 0.068 ± 0.01 0.004 ± 0.001
Compost 
OCOMWWG

– 0.082 ± 0.01 0.018 ± 0.002

GI 95.00 ± 3,84 0.077 ± 0.01 0.017 ± 0.001
Compost 
OCOMWWG+ 
GI

60.00 ± 3,85 0.065 ± 0.01 0.013 ± 0.003

Corn Control plants – 0.438 ± 0.03 0.139 ± 0.013
Compost 
OCOMWWG

– 0.648 ± 0.06 0.137 ± 0.036

GI 98.04 ± 3,85 0.534 ± 0.04 0.241 ± 0.02
Compost 
OCOMWWG + 
GI

65.77 ± 5.05 0.456 ± 0.08 0.183 ± 0.013

GWDL grass waste and dead leaves, GWSP grass waste and sludge of phosphate, OCOMWWG 
olive cake, olive oil mill wastewater, and garbage, AMF mycorrhizal consortium of Tafilalet, GI 
Glomus irregularis
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randomly arranged in the different blocks of the managed parcels (Fig. 9.7). We 
found a significant difference in yielding after biological and organic fertilizers uses 
in leguminous (alfalfa), vegetable crops (lettuce, leek), and cereals (wheat) 
(Table  9.7). The application of indigenous AMF-rhizobia and compost (GWDL) 
increased 2× the total fresh biomass of alfalfa and green lettuce than control plants.

Composts (PMGW) promoted 4.4× the yield in leek plants and 1.5× red lettuce. 
The synergism of composts enriched by PGPR and G. irregularis improved yields 
of red lettuce and leek 1.6× than control plants. The single application of PGPR or 
its combination with compost and GI increased significantly red lettuce yield.

We also examined the important positive effects of the combination of AMF- 
PGPR and rhizobia on wheat yield compared to untreated control plants.

Fig. 9.7 Implementation and randomization of crops plantations treated or not with different 
biofertilizers (AMF, PGPR, and/or compost)

Fig. 9.6 Effect of mycorrhizal consortium of Tafilalet (AMF) and grass waste and dead leaf 
(GWDL) compost on alfalfa growth after 2 months of culture
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These results suggest the beneficial role of the tripartite association AMF-PGPR- 
compost to increase the yield of underlying crops. This efficacy depends on the 
plant cultivar, the nature, and dose of the compost and the mycorrhizal and bacterial 
strains used.

9.3.5  Assessment of Physicochemical Parameters in Soil 
Samples Collected from the Agricultural Areas

We evaluated physicochemical properties of the field soils used before and after the 
experimentation (Table 9.8). The percentages of sand (74.75%) and silt (13.55%) 
were higher compared to the other soil elements. The soil used for our field trial is 
classified as calcareous with a pH value of 8.12. The soil conductivity was ranging 
between 0 and 500 μs/cm, and the percentage of limestone was 5.04%. In addition, 

Table 9.7 Impacts of the tested biofertilizers on crops yield in the field

Plant Treatment/combination Yield (g/plant)
Legume Alfalfa Control plants 11.63 ± 1.15

Compost GWDL 14.93 ± 3.22
AMF 17.46 ± 2.26
Rhizobia 16.53 ± 2.97
Compost GWDL + AMF + rhizobia 26.06 ± 3.25

Vegetable crops Green lettuce Control plants 357.10 ± 43.28
Compost PGGW 464.75 ± 65.44
GI 536.75 ± 64.49
Compost PGGW + GI 635.38 ± 90.27

Red lettuce Control plants 465.60 ± 32.95
Compost PMGW 685.15 ± 59.68
GI 557.15 ± 40.78
PGPR 739.10 ± 43.33
Compost PMGW + GI + PGPR 761.57 ± 35.07

Leek Control plants 5.27 ± 1.53
Compost PMGW 23.00 ± 5.49
GI 6.32 ± 0.57
PGPR 6.28 ± 0.66
Compost PMGW + GI + PGPR 9.00 ± 1.28

Cereal Wheat Control plants 4.52 ± 0.18
AMF 5.73 ± 1.03
PGPR 5.45 ± 0.39
Rhizobia 7.37 ± 1.12
AMF+PGPR+rhizobia 11.00 ± 1.16

n = 12 belonging to each of the 12 repeated blocks for the same treatment and the same culture
GWDL grass waste and dead leaves, PGGW phosphogypsum and green waste, PMGW, poultry 
manure and green waste, AMF mycorrhizal consortium of Tafilalet, GI Glomus irregularis, PGPR 
plant growth-promoting rhizobacteria
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the contents of total carbon (0.50%) and organic matter (0.87%) reflected the poorly 
remineralized soil organic matter. Furthermore, the field soil before starting the 
treatments contains 9.98 mg/g of total nitrogen and 57.42 ppm of available 
phosphorus.

After the field trials, our results (Table 9.8) showed that the treatments applied 
(compost, AMF, and PGPR) have improved soil quality than the before starting. 
Moreover, our treatments have slightly decreased the value of pH, with the excep-
tion of leguminous. The electrical conductivity has increased throughout the culti-
vation, being the untreated cereals (506.66 μs/cm) and lettuces (424 μs/cm) the 
highest. Relative to untreated control conditions, the biofertilizers increased total 
organic matter and total carbon content especially the combination AMF-PGPR- 
compost. The application of tripartite combination was correlated positively with 
the organic matter (3.97%) and total carbon (2.30%) in wheat crops. The total nitro-
gen content in soil was also enhanced by the application of biofertilizers. The high-
est value of total nitrogen (42.65 mg/g) was observed in alfalfa plants grown under 
the amended condition of AMF-rhizobia-compost. This element remained similar to 
the value obtained at the initial in leek and lettuce independently of the treatment.

Interestingly, the application of biofertilizers improved the soil available 
phosphorus at the harvest of different cultures, being the highest values observed in 
the rhizosphere of lettuce 4.5× (257.4 ppm) and leek 3.41× (195.8 ppm) compared 
to control (57.4 ppm).

9.4  Discussion

The purpose of our study was to investigate the growth promotion effect of single 
and combined (1) compost-based crop residues and animal wastes, microorganisms, 
(2) AMF (native AMF, mycorrhizal consortium of Tafilalet, and exotic AMF, G. 
intraradices), and (3) rhizobia and indigenous PGPR isolated from soil of the 
research sites. All these key players were tested in the greenhouse and the field for 
their effect on biomass, yield, development and physiology, and nutrient levels in 
several crop tissues. The mycorrhizal potential of a soil depends on the number of 
spores present in the rhizosphere, their quality, and capacity for adaptation and 
infectious properties. For instance, the number of mycorrhizal propagules of 
Tafilalet palm groves rhizosphere (1627/100  g) is 7.5× higher than palm grove 
northeast of Marrakesh in Morocco (219 propagules/100 g) (Meddich et al. 2017; 
Meena et al. 2014); Varma et al. 2017b; Kumar et al. 2018a). Whereas the mycor-
rhizal potential of saline soils of the Marrakesh palm grove does not exceed 149 
propagules per 100 g of soil (Meddich et al. 2015c; Meena et al. 2015c; Yadav et al. 
2018a). Changes in physicochemical properties of rhizospheric soil such as soil pH, 
water potential and partial pressure of O2, and plant exudation could affect the abil-
ity of PGPR strains to colonize the rhizosphere.

The infectivity parameters (F% and M%) were higher in Tafilalet palm groves 
soils than the reference strain G. irregularis. The consortium mycorrhizal isolated 
from Tafilalet oasis area and selected G. irregularis showed a great ability to infect 
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palms roots and the underlying crops (wheat, corn, alfalfa, leek, lettuce, and tomato). 
These results suggest the presence of variability in the parameters of infectivity of 
AMF according to the host plants and the conditions of the medium. A signal 
exchange between the two partners AMF-plant could be established, and molecules 
contained in the root exudates influence the development of the arbuscular mycelia 
(Gianinazzi-Pearson et al. 1996; Meena et al. 2018b; Dadhich et al. 2015; Sofi et al. 
2018). Subsequently, AMF mycelia colonize cortical cells and give rise to fungal 
arbuscules representing the preferred site of exchange between the fungus and the 
host plant (Gianinazzi-Pearson and Gianinazzi-Silvio 1988; Gianinazzi-Pearson 
et al. 1996). The frequency of mycorrhization of palm roots and underlying crops 
with Tafilalet consortium and G. intraradices decreased following the application of 
compost. This could be due, at least partly, to the richness of compost in mineral 
elements or the high water retention inhibiting, by asphyxiation, thus the develop-
ment of the symbiotic association and undermining the aggressivity of the mycor-
rhizal isolates. In addition, plants subjected to these conditions can directly benefit 
from the organic and mineral amendments and the absorption of water without 
establishing the relationship with AMF. Similar results were reported by Meddich 
(2001) for clover and barley imposed to increasing concentrations of mineral ele-
ments, especially phosphorus.

It is important to note the importance of mixed inoculation of AMF and compost 
in improving the growth and mineral nutrition of date palm. Mycorrhizal and 
amended palms with compost showed higher levels of N, P, K, Ca, and Mg than 
control plants, suggesting the compost and bacterium’s ability to increase crops 
absorption of minerals.

The increase of waste temperature during the aerobic process of composting 
owing to the metabolism of microorganisms to solubilize the organic compounds. 
Hachicha et al. (2009) reported that during composting, a temperature exceeding 
60 °C and maintained for several days ensures the destruction of pathogenic micro-
organisms. Generally, four phases of temperature fluctuation exist in the compost-
ing process: mesophilic, thermophilic, cooling, and maturation. The decrease in 
temperature during the maturity phase owing to the depletion of easily biodegrad-
able organic matter (Gea et al. 2003; Petiot and Guardia 2004; Meena et al. 2016b; 
Sihag et al. 2015; Verma et al. 2015a).

The increase in pH can be explained by the accumulation of ammonia and/or a 
loss of short-chain fatty acids and volatiles resulting from the microbial activity 
(Lim et al. 2012; Shak et al. 2014). The rapid decrease in C/N observed in our com-
post at the third month of composting phase could be explained by the significant 
reduction in the metabolizable organic carbon related to the biodegradation of 
organic matter. Compost with a C/N ratio below 20 is considered mature and can be 
used without any restrictions (Jimenez and Garcia 1989). A C/N ratio close to 10–15 
is often considered as an index of humic material formation and stability of com-
posts (Lim et  al. 2014; Meena et  al. 2015a; Yadav et  al. 2017a; Kakraliya et  al. 
2018). The application of low dose (5%) of compost GWDL, with low levels of 
available phosphorus, with AMF isolated from Tafilalet palm grove, showed a ben-
eficial effect to improve P. dactylifera growth parameters. Roca-Pérez et al. (2009) 
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reported that the addition of organic matter by adding compost improves soil struc-
ture, fertility, porosity, and water retention. Several soil properties, including struc-
ture and porosity, affect root growth (Roca-Pérez et al. 2009; Datta et al. 2017b; 
Ram and Meena 2014). The high content of organic matter in composts stimulates 
the biological and enzymatic activities of substrates and the bioavailability of nutri-
ents by mineralization of the organic matter (Hofman and Dušek 2003; Crecchio 
et al. 2004; Meena et al. 2015b). Also, the humic substances might promote nutrient 
uptake and can determine the rhizogenic activity (Eyheraguibel et al. 2008).

Overall, the low dose (5% and 10%) of the tested compost with or without 
mycorrhizal fungi has beneficial impacts on improving the growth of crops species: 
alfalfa, tomato, wheat, and corn. Similar results were observed in lettuce and maize 
amended with low compost concentrations (Mrabet et  al. 2011). In contrast, the 
negative effect of 100% compost dose application has decreased both aerial and root 
biomasses and nutrients uptake than control (Meddich et  al. 2017; Dhakal et  al. 
2016; Kumar et al. 2017a). This finding owing to the high concentration of min-
eral and elements in the substrate leading to inadequate assimilation of nutrients. 
Similar results were found in corn plant biomass amended with high compost con-
centration (Abouelwafa 2009).

Indeed, our study showed that the interaction of low-dose compost GWDL (5%) 
and AMF has significantly stimulated shoot and root biomasses of alfalfa. Similar 
results were observed in tomato plants treated with the combination of the low dose 
10% of compost GWSP and AMF. The single application of GI and OCOMWWG 
promoted the growth of wheat and corn, while the combination GI+OCOMWWG 
has positively affected the root growth. These results confirm the good functioning 
of mycorrhization under limiting conditions and soils with low organic matter and 
nutrients supply (Meddich et al. 2017).

The application of different doses of phosphorus or NPK chemical fertilizers to 
substrates for growing non-mycorrhizal plants of clover, barley, and date palm did 
not lead to better results to those obtained with AMF or compost application 
(Meddich 2001; Meddich et al. 2015d). The availability and mobilization of phos-
phorus element with AMF or composts could not be solely responsible for improv-
ing plant tolerance to water and salt stress. Other nutrients such as Ca, K, N, and Mg 
could contribute to these strategies. Also, a better distribution of the water circula-
tion in the plant can explain, partially, this tolerance in presence of AMF.

Our genetic analyses revealed the expression of three genes of MIP family coding 
for the synthesis of aquaporins in mycorrhizal clover roots with the Aoufous 
complex of Tafilalet and G. monosporus under severe drought stress (30% FC) 
(Zeze et al. 2007, 2008; Meena et al. 2017a). In this study, P. dactylifera inoculated 
with AMF or amended with compost showed similar RWC than control plants, 
whereas mycorrhizal palms amended with compost showed higher leaf water poten-
tial than control plants. At the same time, mycorrhizal and treated plants with com-
post showed the lowest stomatal resistance compared to control plants. The low 
stomatal resistance in amended plants could improve the mesophilic CO2 uptake 
(Brown and Bethelenfalvay 1987) conferring an increase in photosynthesis (Lawlor 
1987).
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To assess the efficacy of microorganisms and compost on the underlying culture 
used in arid and semiarid regions, we exposed several crop species to the application 
of AMF-rhizobia and compost (GWDL). Our field assessment results indicate yield 
enhancement of wheat and alfalfa. Our results corroborate findings in Vicia faba (Jia 
et  al. 2004), beans (Amrani 2009) and Vigna unguiculata (Clautilde et  al. 2011) 
inoculated with rhizobia and AMF. The interactions between plants and AMF and/
or rhizobia bacteria by which all partners could benefit from the mutual association 
may improve the growth of the plants owing to the mechanisms of growth promo-
tion developed by the microorganisms such as the fixation of nitrogen, mineral solu-
bilization, water uptake, and phytohormone production (Finlay 2007; Jalili et  al. 
2009; Oufdou et al. 2014; Verma et al. 2015b).

We also assessed the yield traits of underlying crops under the exposition to 
agricultural, animal, or agro-industrial wastes. Compost of green waste associated 
with poultry manure (PMGW) has considerably increased the yield of leek and red 
lettuce. The combination of this compost enriched with PGPR and G. irregularis 
improved also the yield of red lettuce. Our results are comparable to those obtained 
by Koulibaly et al. (2015) showing an increment of 65% of the cotton plant yield 
after the addition of compost. Copetta et al. (2011) showed that the use of AMF and 
compost from green waste considerably improved the yield and quality of tomato 
fruit. Composts improve the different physicochemical and biological properties of 
soils (Toumpeli et  al. 2013; Mehta et  al. 2014; Meena et  al. 2017c) and conse-
quently increase the yield of plants (Motta and Maggiore 2013). They are able to 
improve the mineral and water status of plants (Gharib et al. 2008; Meddich et al. 
2015c; Layek et al. 2018). In addition, compost enriched soil with organic matter 
and microorganisms. These components contribute to make available and store 
nutrients for plants, promote the biological activity as a source of energy for micro-
organisms, and help on the structure, physicochemical properties, and aeration of 
the soil. Furthermore, the composts are involved in the maintenance of sandy soils 
and colloidal particles to avoid the erosion phenomena by retaining the particles set 
in motion by the rain and absorbing the drops (Bodet and Carioli 2001).

PGPR have the ability to solubilize complex phosphate, assimilate nitrogen, and 
reduce stresses by modulating the expression of ACC deaminase (Jalili et al. 2009). 
They are able to modulate the growth and architecture of crop roots by releasing 
phytohormones (i.e., auxin, cytokinins, etc.) or other antimicrobial and/or antifun-
gal substances for the control of the harmful effects of pathogens (Souza et  al. 
2015). The pathway of AIA synthesis by PGPR could also stimulate plant growth 
(Barnawal et al. 2012; Chen et al. 2013; Meena et al. 2017b).

It is notable that AMF can solubilize phosphate and mobilize other nutrients for 
the benefit of the plant (Jia et al. 2004; Clautilde et al. 2011; Tarraf et al. 2017). 
Furthermore, AMF have the ability to improve the water status of plants (Zeze et al. 
2007, 2008; Baslam et al. 2013). They are capable of mobilizing macro- and micro-
elements in soil and water level in plants and controlling pathogens.

The agricultural soil analysis carried out before the plantation was able to 
characterize the sandy loam texture, low in organic matter (0.87%), low electrical 
conductivity (138.3  μs/cm), and slightly alkaline pH (8.12) owing to the high 
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limestone content (5.04%). Moreover, the phosphorus content available from the 
soil (57.42 ppm) is relatively low, which is in favor of the formation, development, 
and proper functioning of symbiosis between plants and microorganisms such as 
PGPR and AMF (Meddich et al. 2015d, 2017). The application of compost can be 
of great interest in improving the fertility of agricultural soils and consequently 
improving crops growth and yield (Meddich et al. 2016; Meena et al. 2018a).

The AMF applied in our study were infectious and adapted to all the studied 
crop species showing their higher frequency of mycorrhization in seedlings treated 
with the association with compost. AMF infectivity and root colonization rates are 
positively correlated to improve crop biomass and plant physiological and water 
parameters (Meddich et al. 2015a, b). Sghir et al. (2014) observed that mycorrhizal 
frequencies of date palm roots and arbuscular contents decreased significantly in 
palm trees inoculated with the combination AMF-Trichoderma harzianum than 
in plants inoculated with only AMF.  However, the double inoculation makes a 
major contribution to the growth and root architecture of date palm (Sghir et al. 
2014; Meena et al. 2018c) and high yielding of soybean (Egberongbe et al. 2010). 
This suggests the existence of compromises and positive and complementary 
impacts between the symbiotic microorganisms and their host plant. The 
physicochemical properties of the agricultural soil after the crop harvests showed 
that all treatments had a positive effect on the nutritional and physicochemical 
properties of the rhizosphere. In fact, the contents of organic matter, carbon, and 
available phosphorus improved by the composts and/or microorganisms compared 
to uninoculated control soil. According to Caravaca et al. (2002), the mycorrhizal 
inoculation of Olea europaea was very effective in improving soil quality. Other 
studies (Bhattacharyya and Jha 2012; Sharma et  al. 2013) have found that the 
ability of microorganisms especially PGPR and rhizobia improved the quality 
of soil and the availability of nutrients through different mechanisms including 
solubilization of phosphate and potassium, symbiotic and free nitrogen fixation, 
and the production of siderophores.

Together the results of field trials suggest that indigenous biofertilizers can 
constitute a better alternative well adapted to the use of chemical fertilizers in arid 
and semiarid conditions and can fulfill diverse beneficial interactions in plants 
leading to promising solutions for sustainable and environment-friendly agriculture.

9.5  Future Perspectives

Healthy soil is vital to life on Earth to maintain or increase the global yield 
production by at least 70% to feed the anticipated 9.6 × 109 people by 2050. Yield 
losses are caused by the effects of climate change and by indirect effects such as 
increased inputs in crop production. To counteract these negative effects, various 
adaptation strategies have been suggested. Benefiting the soil in terms of quality or 
health is closely linked by the adoption of best management practices. These 
principles call for the integrated use of beneficial microorganisms and organic 
manures to meet global food security and sustainable agriculture demands. Thus, 
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this study clearly pointed out how the natural microbial-mediated process can 
impact positively the soil and consequently growth and yield of crops adapted to 
harsh environmental conditions. Our approach of rhizoengineering based on the 
single or multi- inoculation of native or exotic microorganisms such as AMF and 
PGPR, together with the use of different compost-based growing media, influences 
the nutrient use of plants and the rhizosphere quality. An understanding of the 
mechanisms of action of these complex interactions of the compost and/or microbial-
promoted increase of crop yield and health and soil fertility has yet to be explored. 
Further, future researches hinging soil aspects in addition to the primary focus of 
crop yields are needed. At same time, long-term agronomic experiments in different 
agro- ecological zones across the world to provide practical datasets pertinent to soil 
quality are time-demanding tasks.

9.6  Conclusions

In summary, our results demonstrate:

• The soils of Tafilalet palm grove showed higher mycorrhizal potential and 
infectivity capacity. The mycorrhizal fungi isolated from this grove and G. 
irregularis were infectious and increased the biomass and other physiological 
parameters of the date palm and its underlying crops (wheat, corn, tomato, 
lettuce, alfalfa, and leek).

• AMF symbiosis may enhance the osmotic adjustment in plants conferring the 
maintenance of higher leaf water status.

• The use of the composts has clearly promoted the growth of date palm and 
underlying crops tested. The combination of low doses of native composts and 
indigenous AMF significantly improved the growth of P. dactylifera and the crop 
species.

• The combination of G. irregularis and 10% OCOMWWG compost has no 
positive effect on the production of shoot dry matter of wheat and corn but 
increased substantially the root biomass than control plants.

• The application of the various combinations and biological treatments in field 
conditions resulted in significant differences than the control. The tripartite com-
bination of AMF-PGPR-compost significantly increased crop yields in all crop 
species: leguminous, cereals, and vegetable crops. This efficacy depends on the 
plant, the nature and dose of the compost, and the mycorrhizal and bacterial 
isolates tested.

• The use of such effective organic and biological amendments could constitute a 
biotechnological tool to improve yield and plant adaptation to soil and environ-
mental constraints.

In general, our study elucidated the positive impacts of biofertilizers composts- 
AMF- PGPR on the growth, yield, and development of date palms and cultures 
underlying with the adoption of innovative practices. The application of composts 
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and/or microorganisms could improve soil fertility, preserve water resources, 
respect the environment, and ensure the development of sustainable organic agricul-
ture. The transfer of this technology in the open field will have a positive impact on 
the oasis environment by generating socioeconomic and environmental benefits 
such as improving farmers’ incomes, reducing poverty, and preserving natural 
resources.
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Organic Fertilizers for Sustainable Soil 
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Abstract
The modernization of agriculture along with the “Green Revolution” transforms 
the agriculture practices in a new dimension where the traditional knowledge and 
techniques were replaced by the new technology to increase the productivity to 
feed the growing population. This Green Revolution changed the country status 
from importer to self-sufficient. Traditional source of nutrients was replaced by 
the synthetic and chemical fertilizers. Undoubtedly the inorganic fertilizers are 
keys behind the increasing productivity to a greater scale. However, inappropri-
ate use of these chemical/synthetic fertilizers, unscientific management, over-
utilization, etc. lead to soil and environmental pollution as well as deterioration 
of the soil quality. Moreover, continuous use of these fertilizers leads to toxicity 
as well as deficiency of some major and minor nutrients. In the scenario of global 
climate change, the unscientific use of these chemical inputs are major threats to 
environment. To reduce or minimize these ill effects, it is high time to shift the 
agriculture system from inorganic to organic mode to sustain the soil and envi-
ronments for a longer period. Side by side, the use of chemical fertilizers should 
be minimized or avoided depending upon the cropping condition and demand of 
the system. Organic farming system and combined system (organic and inor-
ganic or INM) both can promote agriculture toward the reducing use of chemical 
fertilizers, and that system must be popularized. Organic as well as INM have 
several advantages over the convention (chemical-based) system in terms of soil 
quality, environmental pollution, crop productivity, as well as the quality of pro-
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duce. This chapter aims to focus on the use of organic fertilizers (alone or in 
combination) for better soil and environmental management. However, the 
organic system also has the several limitations that must be addressed, and proper 
management must be evaluated to promote the organic production system. The 
popularization of the technology and techniques is governed by different factors, 
so the organic farming practices will be adopted by the farmers only when the 
technology will reach to the farmers with the clear message. Organic farming or 
organic nutrient management not only reduces the input cost but also provides an 
opportunity to recycle the waste unused materials, crop and plant residues to 
reduce the soil, water, and environment pollution. The use of organic fertilizers 
will improve the soil carbon status and soil quality which help in improving, 
carbon sequestration. With the several advantages associated with organic nutri-
ent management, still proper demonstration, awareness, and training are required 
to popularize among the farmers and to get the best benefit out of it.

Keywords
Agricultural sustainability · Greenhouse gas · Integrated nutrient management · 
Management of soil carbon · Organic fertilizer · Soil and water pollution · Soil 
health

Abbreviations

BD Bulk density
C/N Carbon and nitrogen ratio
CEC Cation exchange capacity
CMI Carbon management index
EC Electrical conductivity
FYM Farmyard manure
GHG Greenhouse gas
GWP Global warming potential
IARI Indian Agricultural Research Institute
IFOAM International Federation of Organic Agriculture Movements
IGP Indo-Gangetic plain
INM Integrated nutrient management
IPCC Intergovernmental Panel on Climate Change
MOC Mustard oil cake
Mt. Million tons
NPK Nitrogen, phosphorus, and potassium
OF Organic farming
ONM Organic nutrient management
PFPN Partial factor productivity of applied nutrient
PR Penetration resistance
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RDF Recommended dose of fertilizer
RDN Recommended dose of nitrogen
SOC Soil organic carbon
SOM Soil organic matter
SWC Soil water content
WUE Water use efficiency

10.1  Introduction

Before the modernization/mechanization of agriculture or the advent of synthetic 
fertilizers, pesticides, agrochemicals, etc., the agricultural practices are aimed to use 
locally available materials and natural resources to sustain the productivity, and the 
farmers had no formal knowledge regarding the nutrient management or crop man-
agement. The “Green Revolution” in the early 1970s transforms the way of agricul-
ture, and traditional farming practices were abandoned in the wake of new scientific 
methods and inputs with the main objective to enhance the productivity to feed the 
growing populations and changed country scenario from food importer to self- 
sufficient (Rena 2004). Chemical fertilizers have a major role in bringing the Green 
Revolution to boost the productivity; these are mainly formulated in appropriate 
concentrations and combinations to supply essential plant nutrients to sustain the 
crop growth. However, major portion of applied nutrients is lost to the environment 
through physical, chemical, and biochemical processes and cannot be absorbed by 
plants, causing substantial economic and resource losses but also possess very seri-
ous threats to soil and environment (Saigusa 2000; Meena et al. 2015). Along with 
this low use efficiency, unscientific and indiscriminate use of these inputs (agro-
chemical) causes some major problems like degradation of natural (soil and water) 
resources, depletion of soil health and quality, soil and water pollution, buildup of 
pesticide residues, micronutrient deficiencies in soil, ecological imbalance, etc. 
(Bhattacharyya et al. 2015). Simultaneously, increasing demand of food leads to 
overexploitation of land resources under intensive agricultural production systems 
which cause adverse impact and reduce or stagnate the productivity of the system. 
These impart a serious concern to the sustainability of agricultural system. Gradually 
it was realized that the agriculture production system needs some alternative prac-
tices for sustainable development to conserve these natural resources. The use of 
appropriate combination of mineral fertilizers along with organic source of nutri-
ents (organic fertilizers) like farmyard manure (FYM), organic manures, crop resi-
dues, compost, vermicompost, etc. has proved to be beneficial in improving and 
sustaining soil and environmental quality and health (Vanlauwe et al. 2001; Sanchez 
et al. 2004; Ashoka et al. 2017). Such observations transform the farming systems 
where chemical fertilizers have either been minimized or avoided. The rising cost of 
chemical fertilizers has further focused attention on cycling of plant nutrients 
through organic materials or use of organic fertilizers. This is the key ingredient of 
organic farming/organic agriculture production system. The organic farming is a 
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unique combination of environmentally sound practices with low external inputs. It 
relies not only on the fertilizers of organic origin (compost, manure, green manure, 
bone meal, etc.) but places emphasis on techniques such as crop rotation, compan-
ion planting, etc. Organic agriculture promotes practices such as extended crop rota-
tions and soil amendments including animal manure and compost. The International 
Federation of Organic Agriculture Movements (IFOAM) defined organic farming as 
“a production system that sustains the health of soils, ecosystems and people. It 
relies on ecological processes, biodiversity and cycles adapted to local conditions, 
rather than the use of inputs with adverse effects. Organic agriculture combines 
traditional and scientific methods to benefit the shared environment and promote 
fair relationships and good quality of life for all involved” (IFOAM 2009).

Agriculture is a backbone of the Indian economy where large population depends 
on it either directly or indirectly. The agriculture sector itself produces a vast amount 
of residues/by-products that must be utilized properly. The major crop residues/by- 
products are obtained from paddy, wheat, millet, sorghum, pigeon pea, castor, mus-
tard, groundnut, maize, cotton, jute, sugarcane, tea, etc. (Sugumaran and Sheshadri 
2009; Kumar et al. 2017). In India the total amount of residues obtained from agri-
culture is about 435 million tons (Mt) in a year, out of which 70% of residues are 
excess, which are not used properly due to several constraints (Meena and Yadav 
2015). On an average, among the states, Uttar Pradesh produces maximum crop 
residues followed by Punjab and Maharashtra; however, among the crops cereals 
top in terms of residue production, followed by fibers, oilseeds, pulses, sugarcane, 
etc. (Vishram 2014). The negative effect of this surplus residue is that a major por-
tion was burnt in the field which not only causes the air pollution but also nutrient 
loss. Burning is considered as an easiest option for farmers, which can manage resi-
dues and help in preparing land for further sowing. Intentional burning of crop resi-
dues is promoted, which might be due to some reasons that include fertility 
enhancement and pest management (insects, disease, weeds, etc.) by killing them or 
changing their environment (Vishram 2014; Meena and Lal 2018).

Burning of crop residues is considered to be useful as it increases soil fertility; 
however, burning actually has differential mixed effect on soil fertility. It may some-
times increase the availability of phosphorus and potassium and also increase the 
soil pH; however, it triggers loss of other important nutrients like nitrogen and sul-
fur (Vishram 2014; Meena et al. 2016a). Burning of crop residues is the important 
factor which causes air pollution by releasing different pollutants. In Punjab alone, 
about 70–80 Mt. of rice and wheat straw are burned annually (Punia et al. 2008), 
releasing approximately 140 million tons of carbon dioxide along with different 
greenhouse gases and air pollutants.

These surplus residues must be converted into compost (organic fertilizers) for 
overall benefit of soil and environment. The per capita solid waste generation in our 
country lies between 200 and 500 g, and most of them are biodegradable in nature. 
This provides an opportunity to convert these wastes into organic amendments and 
reuse to improve the soil health, quality, and productivity. However, lack of knowl-
edge and awareness is the major limitation in this process, and these waste materials 
are thrown away in water bodies and streams, and burn causing soil, water, and 
environmental pollution (Saikia et al. 2017; Yadav et al. 2017b). In recent years, 
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there has been a rising demand for organic food due to increased public concerns 
about the negative environmental and health impacts of agrochemicals (pesticides, 
growth regulators, and mineral fertilizers) used in crop production (Baranski et al. 
2014). Hence, there is a potential scope of the organic fertilizer for sustaining soil 
and environment, and organic agriculture is now seen as a significant means for 
sustainable food production.

10.2  Effect of Organic Fertilizer on Soil Health, Quality, 
and Productivity

10.2.1  Crop Production and Productivity

To counter the negative or ill effects of inorganic/synthetic/chemical fertilizers or 
agrochemicals, there is an approach in hand called the organic production system 
where the materials from organic origin are being used. To supply the plant nutri-
ents, in place of chemical fertilizers, organic fertilizers (fertilizers having biological 
origin) are recommended. It is obtained mainly from the plants (residues, crop and 
vegetable biomass, etc.), animals (cow dung, urine, litters, etc.), waste materials, 
etc. Organic production system is a holistic approach providing preventive rather 
than reactive at the systems level. It is a system of production that doesn’t allow any 
use of synthetic fertilizers and promotes application of compost and manures, 
organic wastes, crop rotations, legumes, pest control, etc. through biological mea-
sures. It restricts the use of synthetically produced fertilizers, pesticides, growth 
regulators, etc. It is an ecological production management system that promotes and 
enhances biodiversity, biological cycles, and biological health of the soil (Kumar 
et al. 2018b). The code of organic production system is to feed the soil rather than 
the crops to maintain optimum soil health, thus making the soil capable of providing 
the necessary nutrients to the crop for its growth and development. Basic principles 
of organic farming or organic crop production are to make maximum and sustain-
able use of locally available resources and minimize the leaching of nutrients 
through rotation with deep-rooted crops, produce quality food of high nutritional 
value, and maintain the genetic diversity of the production system and its surround-
ings including the protection of wildlife habitats. All the required plant nutrients can 
be provided through organic manures, which can increase the crop productivity and 
also help in succeeding crop with their residual effects (Ghosh et al. 2004; Kumar 
et al. 2018a). To improve the soil organic matter which directly influences physical, 
chemical, and biological properties of the soil, various kinds of organic materials/
fertilizers such as animal manures (FYM, compost, poultry litter, etc.) sewage and 
sludge, crop residues, etc. are applied which finally leads to improvement in crop 
productivity (Debosz et al. 2002; Meena et al. 2016b).Organic fertilizers have nearly 
all the vital plant nutrients required for plant growth and produce other non-nutrient 
benefits also by providing foods for soil microbes, different growth-promoting 
organic acids, improving soil structure, water holding capacity, etc.; however, its 
real impact is not generally understood because their value was principally assessed 
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in terms of nitrogen or nutrients only. Better plant growth has been linked with 
organic amendments, and ensuing better plant growth and vigor can be related to 
greater root development, water and nutrient use efficiency, etc. Consecutively, bet-
ter-established roots can cover a larger area and draw more amount of water enter-
ing in a soil through infiltration. Improved soil structure because of better aggregation 
in organically amended soil will help to open up soil pores and channels in fine-
textured soil, and consequently it helps in better growth of the crops. Besides, well-
aggregated soil helps to reduce soil surface crusting which is beneficial for seedling 
emergence of the plants. Moreover, organically amended soil covers the soil sur-
faces which reduce the evaporative losses and increase water infiltration and soil 
structural stability. A study conducted by Pramanik and Prasad (2015) reported that 
bulk density (BD), soil water content (SWC), and porosity for 0–15 cm soil depth 
in organic wheat field were 1.61 Mgm−3, 19.52%, and 39.08%, while inconventional 
wheat field were 1.72 Mgm−3, 9.46%, and 35.26%, respectively (Table 10.1). They 
also reported that up to 15 cm soil depth, penetration resistance (PR) was lower 
(925  kPa) in organic wheat system as compared to conventional wheat field 
(1144 kPa).

Organic fertilizers help in keeping balance in carbon and nitrogen (C/N) ratio of 
the soil and also enhance the soil fertility and productivity. Due to more biological 
activities in soil, the nutrients that are in the lower depths are made available to the 
plants. The positive effects of organic fertilization are well-documented in terms of 
crop production and productivity. Rasul et  al. (2015) reported that the poultry 
manure treatment is the most efficient in achieving highest grain yield, biological 
yield, and grain protein content as compared to the other organic and inorganic 
treatments. Likewise,  organic manure especially poultry droppings significantly 
increased Jatropha curcas growth when compared to the inorganic sources of fertil-
izers. Prabhakaran (2003) reported that application of recommended dose of nitro-
gen through organic manure increases the nutrient uptake and yield in tomato. 
Jannoura et al. (2014) also reported that use of yard waste compost, horse manure, 
etc. (carbon rich organic fertilizers) helps in increasing pea yields by stimulating 
soil microbial biomass indices. Organic fertilizers increase the quality and yield of 
agricultural crops in ways similar to inorganic fertilizers (Bulluck et  al. 2002; 
Dadhich and Meena 2014; Sofi et al. 2018) and also do not cause soil and environ-
ment pollution.

Table 10.1 Physico-chemical properties of organic and conventional wheat field (Pramanik and 
Prasad 2015)

Treatment
Depth 
(cm)

SWC 
(%)

Bulk density 
(Mg m−3)

Porosity 
(%)

EC (dS 
m−1) pH

Organic wheat 0–15 19.52 1.61 39.08 0.35 7.7
15–30 17.38 1.77 33.25 0.36 7.9

Conventional 
wheat

0–15 9.46 1.72 35.26 0.41 8.05
15–30 21.37 1.67 37.03 0.43 8.15

B. C. Verma et al.



295

10.2.2  Nutrient Management

10.2.2.1  Organic Nutrient Management (ONM)
As organic crop production depends upon concept that all the input in crop produc-
tion must be of organic nature/origin, nutrients should also be provided from the 
organic sources (plant and animal origin). A large number of plant biomass, resi-
dues, weed biomass, as well as agricultural and animal wastes can be transformed 
decomposed and applied in the soil which can release nutrients to the plants. The 
biomass when applied in the soil gets converted into different fractions, and it will 
form a complex with the soil matrix. The present biomass and its fractions will work 
as a sink and source for available nutrients, which help in crop growth. The organic 
matter fraction forms a matrix with the soil and holds the nutrients and releases as 
per the requirement, which is illustrated (for understanding) in the below diagram 
(Fig. 10.1). The compost can be enriched and well-prepared with the help of techni-
cal know how and expert supervision to get the higher nutrient content. Although 
the use of organic resources is good for the soil and environment, but nutrient sup-
ply from this source is limited, and thus it is difficult to supply the nutrient as per the 
crop demand to get the maximum productivity. The sole ONM is not popular among 
the farming communities of lowland rice system and also because the uncertainty of 
the yield performance of different rice varieties is univocal.

But considering the sustenance of soil health, the locally available and cost- 
friendly investment of organic manures is sometimes preferred. Very few experi-
ments documented the statistically at par yield under the ONM treatments, while 
few others emphasized using organic manure for quality rice production only. An 
almost similar situation is noticed for other field crops; however, practicing organic 
farming is not so uncommon for high-value crops like fruits and vegetables. It was 
reported that application of 50% nitrogen through FYM and rest 50% through ver-
micompost + biofertilizer was found equally productive and recorded 29.5% higher 

Fig. 10.1 Soil matrix as 
source and sink for 
nutrients (https://www.
tankonyvtar.hu/en/
tartalom/tamop425/0032_
talajtan/ch05s04.html)
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net returns and 9.9% higher energy use efficiency over the blanket farmer’s practice 
(FYM at 1.0  t ha−1) in rice-vegetable pea cropping system of eastern Himalayan 
soils (Singh et al. 2015; Varma et al. 2017). The combination of green manure and 
liquid organic manures improved the yield of japonica rice and almost all available 
major and micronutrient status of soil (Debbarma and Abraham 2015). A study 
from China reported that (PFAN) both physiological efficiency and partial factor 
productivity of applied nitrogen were inclined under sole organic farming in rice 
that relied on rapeseed cake, grass manure, and locally made Sanan organic fertil-
izer; more ever the cooking and eating quality was also found better for the tested 
varieties under organic farming over conventional farming; however, the yield, yield 
attributes, and dry matter accumulation were not impressive (Huang et al. 2016). 
While comparing the phenolic compounds and antioxidant activities of organically 
and conventionally grown japonica rice cultivars, Kesarwani et al. (2013) reported 
that increased phytochemical content was observed at the organically grown milled 
rice and evidenced to be a potent natural antioxidant. In another instance, the organ-
ically grown improved upland rice variety (IR 55419) and traditional variety 
(Speaker) had better tolerated the drought stress, and the yields were found consis-
tently higher (Taylaran et al. 2013; Verma et al. 2015c). It was observed that under 
different crops and cropping systems, there is a scope for the nutrient management 
through organic fertilizers; however, the yield and quality are the important decisive 
factors. Apart from the nutrient-supplying capacity of the organic system as well as 
contribution towards the yield and quality of produce, it is well-accepted that the 
organic production system has more input of carbon as compared to all other sys-
tems. Carbon input and buildup in soil is very important in terms of soil carbon 
sequestration and soil health/quality. The carbon built up in soil is measured in 
terms of carbon management index (CMI) which measures the buildup of carbon in 
relation to stabilized as well as labile pools of carbon (Blair et  al. 1995). It was 
observed that organic-based system showing the increase in CMI as compared to 
other system. Under different cropping systems with different set of nutrient man-
agement practices, it was found that by and large, maximum improvement in carbon 
management index (CMI) was observed in plots receiving 100% organic source of 
nutrients (Verma et al. 2013a, 2014; Yadav et al. 2017a).

10.2.2.2  Integrated Nutrient Management (INM)
Although, it is well explained in the above section that nutrient can be provided 
through the organic means and the use of organic resources is good for the soil and 
environment, as nutrient supply from these sources are limited, it is difficult to sup-
ply the nutrients as per the crop demand to get the maximum productivity. Hence, 
for continuous supply of nutrient, the concept of INMs came, where we can supply 
the nutrients in inorganic as well as organic form so that it can take care of long-
term and short-term supply of nutrients to the plant and can maintain soil and envi-
ronment health. The strategy of INM is the best option in creating a balance in the 
soil-plant continuum. An INM ideally combines both inorganic and organic sources 
of nutrients in a balanced way. While inorganic nutrient forms readily supplied 
plant-essential nutrients and ensures better crop productivity, the organic forms of 
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nutrients on the other hand increase the nutrient use efficiency in soil and reduce the 
chances of soil and environment pollution. It also helps in proper utilization of natu-
ral resources and ecosystem balance. The concepts of INM and its functions are 
briefly explained with flowcharts (Fig. 10.2).

In the INM, flux of nutrients is very important and it should match with the crop 
demand. It was reported by the Verma et  al. (2013b) that under the INM, urea- 
nitrogen can be substituted by the organic source of nutrients like FYM and Sesbania 
as much as 50% without hampering the nitrogen flux in soil. Long-term trials have 
revealed that application of manures with inorganic fertilizers results in higher 
yields over a longer period of time and also build up the soil carbon content. The 
practice of proper use of inorganic and organic sources of nutrients in appropriate 
proportion/combinations not only reduces the sole dependence and demand of 
chemical fertilizers but also builds up the soil fertility, soil health, and quality. 
Positive effects on soil fertility and productivity can be achieved by addition of 
organic matter and plant nutrients through effective management of crop residues, 
root biomass, stubbles, and weed biomass (Singh 2003; Kakraliya et al. 2018). It is 
well- documented that the soil fertility and crop productivity are increased by incor-
poration or retentions of organic manure or crop straw/residues on soil surface by 
benefiting the physical, chemical, and biological properties of soil positively. It 
increases hydraulic conductivity and reduces soil bulk density by altering soil struc-
ture, porosity, and soil aggregation. Mulching with plant/crop residues reduces the 
soil temperature fluctuations as it raises the minimum soil temperature in winter and 
decreases soil temperature during summer. When crop residues were evenly distrib-
uted over the soil surfaces as mulch than it reduces wind and water erosions also by 
influencing the hydraulic conductivity, surface runoff and soil moisture retention, 
etc. The management practices in which there is an addition of carbon in soil lead 
to increase the microbial biomass by accelerating the growth of microorganism. 
Organic amendments led to an increase in microbial biomass as these amendments 

Fig. 10.2 Concept of INM and its functions
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supplied readily decomposable organic matter in addition to increasing root bio-
mass and root exudates due to increased crop growth (Verma et al. 2010; Dadhich 
et al. 2015). Soil microorganisms play a crucial role in carbon flow and nutrient 
cycling in ecosystems. Soil microbial biomass, a living part of soil organic matter 
(SOM), constitutes a transformation matrix for native and added SOM and acts as a 
labile reservoir for plant-available nitrogen, phosphorus, and sulfur (Singh et  al. 
1989). Its improvement in soil not only increases nutrient availability but works as 
a source and sink of plant nutrients. Experiment under acid soil revealed that inte-
grated soil management comprising 50% NPK + FYM at 5 t ha−1 + lime at 0.5 t ha−1 
significantly improved the SOC fractions, and the proportional changes were more 
in the labile SOC fractions (Verma et al. 2017). Over the years, INM has proved its 
multifaceted potential for the improvement of crop performance and resource use 
efficiency while having less environmental impact (Wu and Ma 2015). They also 
reviewed from an array of experiments that INM enhances crop yields by 8–150% 
compared to conventional practices; moreover, it increases WUE and ensures eco-
nomic benefit to farmers, maintaining soil health with fair grain quality. Mondal 
et  al. (2016) observed the treatment(s) of 50% recommended dose of fertilizer 
(RDF)  +  50% recommended dose of nitrogen (RDN) through mustard oil cake 
(MOC) or 75% RDF  +  25% RDN through MOC  +  biofertilizer applied during 
hybrid rice cultivation in sandy loam soils of West Bengal, showed a good example 
of how best INM can assure higher grain and biomass yields, greater NPK removal, 
and higher partial factor productivity of applied nutrient (PFPN). In a long-term 
rice-wheat system-based experiment conducted at IARI, New Delhi, the highest 
rice yield was obtained in the INM treatment, 100% N (25% N substituted by FYM) 
(Bhaduri et  al. 2014a). The fertilizer prescription equations (STCR-INM with a 
fixed dose of FYM at 5  t ha−1) developed for rice was validated for alluvial soil 
(inceptisol) of Pratapgarh, eastern Uttar Pradesh, for achieving a yield target of 4.5 
and 5.0 t ha−1 with sustained soil fertility and able to give a good economic return to 
farmers over the existing farmers’ practice and general recommended dose (Singh 
et al. 2017; Verma et al. 2015b). Similar beneficial effect with STCR-INM approach 
was achieved for wheat crop also in the Terai region of Uttarakhand and for produc-
tivity (Bhaduri and Gautam 2013) and soil nutrient recovery (Bhaduri and Gautam 
2012), hence ensuring a more sustainable system. Another study reported from the 
coastal Sundarbans of West Bengal comprising the INM treatments of farmyard 
manure, green leaf manure, and vermicompost (75% RDF  +  25% substitution) 
tested for the yields of rice-based vegetable systems (rice-tomato, rice-sunflower, 
and rice-chili) over conventional farmer’s practice, and rice-sunflower system 
recorded maximum rice equivalent yield also overcoming the salinity stress (Mitran 
et al. 2017). The INM practiced in rice (fertilizer NPK in combination with 50% N 
through compost) resulted in the increase of organic matter content, available P, and 
available K content in soil, while the maximum available N was observed in other 
treatment, substitution of 50% N through sewage sludge (Gosal et al. 2017). The 
organic supplemented treatments (FYM, green manure, biofertilizers, crop resi-
dues, etc.) showed improvement on soil available N and P contents owing to faster 
mineralization of the organics and changing pH in rice-wheat system (Bhaduri et al. 
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2014b). These reports confirm that integrated nutrient management is the best way 
to provide nutrient according to the crop demand as well as to sustain the soil health 
and quality along with reducing the soil and environmental pollution. Hence, INM 
creates a scope for the organic fertilizers being used in agriculture.

10.2.3  Soil Carbon Storage/Carbon Sequestration

Soil organic carbon is the central key element which governs most of the soil prop-
erties. It regulates physical, chemical, as well as biological properties of soil. It is 
the key component to define the soil quality or soil health. Soil organic carbon 
(SOC) stocks contribute to the principal terrestrial carbon pool, even though these 
stocks decline after conversion of natural lands to agricultural lands (Guo and 
Gifford 2002). Agricultural land comprises a key proportion of the world’s land 
surface, so SOC sequestration in agricultural ecosystems plays a vital role in man-
aging carbon dynamics and mitigating climate change (Lal 2004a, b). Application 
of organic fertilizers (organic farming, OF) improves SOC stocks in agricultural 
lands as compared to traditional farming (García-Palacios 2018). Due to continuous 
intensive cropping systems, the long-term balances between input and output of 
carbon sources and sinks are disturbed (Kong et al. 2005), causing depletion of SOC 
in tropical and subtropical climatic situations. However, organic farming can 
improve the soil health and quality by improving the organic carbon content. 
Organically healthy soils can capture extra/surplus water through infiltration which 
thereafter increases the farm’s resiliency to drought, substantial rainfall, and extreme 
weather events. A study conducted by Leifeld and Fuhrer (2010) revealed that SOC 
in organic farming (OF) system increased annually by 2.2% on average, while con-
ventional farming did not change SOC significantly; hence, OF is associated with 
carbon sequestration. Organic mulch and crop residue play a vital role in sequester-
ing SOC, where organic mulching is done through covering the soil surface by 
compost or farmyard manure (FYM) followed by applying dry organic matter above 
it. Organic mulching can improve the soil health by improving the growth of benefi-
cial soil microbes and can improve the soil fertility status; besides it can sequester 
atmospheric carbon dioxide in soil. García- Palacios et al. (2016) reported that even 
with minimal dose of organic manure application, there is a significant improve-
ment on soil respiration, carbon stocks, and sequestration rates. SOC stocks signify 
the net balance of long-term variation in soil C inputs and outputs (Crowther et al. 
2016). The buildup of organic carbon depends upon the nature of organic matter as 
the different rate of organic matter decompositions causing different amounts of 
SOC losses from the soil contribute differential increase in SOC stocks. Soil organic 
matter or carbon decomposition is primarily controlled by the climatic conditions, 
morphological and chemical quality of plant residues, and soil characteristics 
(Parton et al. 2007; Cornwell et al. 2008; García-Palacios et al. 2016).The quality of 
plant residues available for the microbes determines the rate at which carbon will be 
sequestered in the soil or will be lost to the environment in different cropping sys-
tems (Faucon et  al. 2017).The labile crop residues with more nitrogen content 
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undergo rapid decomposition and greater carbon losses to the atmosphere (Cornwell 
et  al. 2008; García-Palacios et  al. 2016). According to the Microbial Efficiency-
Matrix Stabilization framework, microbial biomass will increase after the degrada-
tion of labile litter and chemically fused with the soil matrix. This fusion and 
protection increase the stability of soil organic matter by protecting them from deg-
radation (Cotrufo et al. 2013). So, the quality of organic residue added to the soils 
determines the carbon sequestration rate (Faucon et al. 2017) as it governs the soil 
organic carbon pools. Soil organic carbon pools are very important in determining 
the soil carbon sequestration. Organic materials with wider C/N ratio like FYM and 
crop residues had a more positive impact on the relatively stabilized fractions of soil 
organic carbon which may help in the carbon sequestration, while active fractions 
or labile form of carbon was more affected by the organic materials with narrower 
C/N ratio like green manure, etc. (Verma et al. 2014, 2015a). Active fractions of 
organic carbon pools are not stable, and it was more affected by the alternation in 
the agricultural management practices. Use of organic manures and compost 
enhances the organic carbon in soil as well as organic carbon pools. A study con-
ducted by Pramanik and Prasad (2015) showed that SOC content was 0.71% in 
organically grown wheat and 0.43% in conventional wheat crop in the Bulandshahar 
district of Uttar Pradesh, India, after 10 years (Fig. 10.3).

Improvement in soil organic carbon content is the basic requirement to achieve 
the soil carbon sequestration under climate change scenario also. Nowadays, use of 
residues, compost, or other organic source has been partially replaced in some 
places by the application of biochar. This is the new dimension of utilization of resi-
dues in a productive way in agriculture. Biochar is a carbon-enriched substance 
produced by heating/burning of materials from organic origin in inert environment, 
or it is a recalcitrant organic carbon compound produced by incomplete combustion 
of biological materials (plant biomass, crop residues, waste materials, etc.) in the 
absence or with limited supply of oxygen at 300–1000  °C under the process of 
pyrolysis (Lehmann 2007).The properties (pH, EC, nutrient content, CEC, water 
holding capacity, surface area, etc.) of biochar depend on the type of feedstock and 
pyrolysis conditions under which the biochar has been prepared (Chan and Xu 
2009; Singh et al. 2010).

The objective of biochar application is to improve soil properties and functions 
related to agronomic and environmental performance mainly related to enhanced 
water and nutrient retention and use efficiency (Lehmann and Joseph 2009; Woolf 
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Fig. 10.3 Variation of 
organic carbon content in 
organic and conventional 
farming under wheat in 
Bulandshahar district of 
Uttar Pradesh. (Pramanik 
and Prasad 2015)
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et al. 2010). Biochar application is also encouraged to get the benefits of soil carbon 
sequestration as this is an important aspect in the global climate change. The bio-
mass (crop residues, weed biomass, or product of organic origin), when converted 
to biochar, half of carbon goes with the bio-oil, biogas, etc.; however the remaining 
half of carbon is present in biochar, when this biochar will be applied in soil, which 
can improve the soil carbon content and help in soil carbon sequestration. This is 
well-illustrated in the below flowchart (Fig. 10.4).

Biochar can be used as a soil amendment to improve soil quality and health by 
influencing soil pH, CEC, structure, aggregation, and moisture retention and by 
reducing leaching of nutrients, soil acidity, irrigation, and fertilizer requirements 
(Peng et al. 2011; Zhang et al. 2012). Application of biochar with or without fertil-
izers was studied on maize under pot experiment, and it was found that biochar 
application has the positive effect on soil pH and biomass production (Mandal et al. 
2015).

Biochar application has also positive effects on soil quality and crop productiv-
ity. Peng et al. (2011) has reported that, under pot experiment, application of bio-
char with or without fertilizers significantly alters the biomass production and found 
that with fertilizers, improvement is around two times as compared to without fertil-
izers (NPK). Several workers also reported that biochar applications affect posi-
tively to net crop productivity, grain yield and dry matter production, biomass 
production, etc. (Chan and Xu 2009; Major et al. 2010; Dhakal et al. 2015). Trail 
conducted on maize at IARI, New Delhi, farm reveled that application of biochar 

Fig. 10.4 Carbon cycle under biochar application
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with recommended dose of fertilizers increased the yield significantly and it was 
superior as compared to crop residue burning or incorporation. Major et al. (2010) 
reported that the biochar application decreases the exchangeable acidity and 
increases the availability of nutrients particularly calcium and magnesium. 
Application of biochar has positive effect that is related with the enhanced nutrient 
use efficiency, water holding capacity, microbial activity, etc. and shows positive 
significant role in crop growth. Biochar applications also stabilize carbon and 
absorb ionic solutes and hydrophobic organic pollutants which results in reduction 
of greenhouse gas emission and environmental pollution. Biochar application for 
environmental management may be encouraged for soil improvement, waste man-
agement, energy production, and climate change mitigation. It was observed that 
soil and crops respond positively to biochar additions; however, what will be the 
limit for that application, and what are the pros and cons of biochar use in agricul-
ture? Still a detailed research and investigation is required to find the suitable use of 
biochar in agriculture for soil and environment management.

10.2.4  Environmental Impact and Greenhouse Gas Emission

There are a number of researches and reports around the world conclusively said 
that traditional agricultural practice has been a potent source of greenhouse gases 
(GHGs) emission, particularly nitrous oxide (N2O) and methane (CH4). It creates 
havoc and there is a concern among environmentalists and agricultural scientists 
over the years that have been constantly trying to minimize the level of emission(s) 
by modifying the existing farming practices to better ones. Turning from conven-
tional chemical fertilizer-based to organic nutrient-oriented farming practice is such 
an alternative avenue that has been highlighted to reduced GHG emission per- unit 
cropped land. The Fourth Assessment Report of the IPCC (Intergovernmental Panel 
on Climate Change) proposed some important recommendations on how agriculture 
could mitigate GHG emissions (Smith et al. 2007; Ram and Meena 2014), which 
includes crop rotations and farming system design, nutrients, manure and livestock 
management, improvement of pasture and fodder, maintenance and restoration of 
fertile soil and degraded land, etc. However, all these aspects may not be covered 
fully with the use of organic fertilizer, but to some extent, it can. With an approach 
to assess the total GHG emission (CO2, CH4and N2O) from two different farming 
systems (traditional synthetic fertilizer-based and organic farming-based) in south-
ern Germany, it was reported that there was a distinct difference in GHG emission 
(4.2 Mg CO2 equivalent in traditional vs. 3.0 Mg CO2 equivalents in organic farm) 
and CH4 and N2O emissions individually from per hectare land, where organic 
farming-based farm showed lower emission in each case (Flessa et al. 2002; Meena 
et al. 2017). In the Mediterranean region of Spain, researchers opined that organic 
management reduced GHG emissions on area basis by 36–65% for herbaceous 
crops and 56% for fruit tree orchards, while the product-based GHG emissions 
organic crops were also lower by 30% and 39%, respectively, with an exception of 
rice showing an increased CH4 emission of 8% (Aguilera et al. 2015a, b). In three 
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contrasting nutrient managements (INM, ONM, and NPK) of soybean-wheat rota-
tion in Vertisols of central India, Lenka et al. (2017) found that the Global warming 
potential (GWP) per-unit grain yield was lowest under ONM over rest practices; 
GHG flux (in terms of cumulative N2O and CO2 emissions) and annual GWP (in 
terms of CH4 and N2O emissions) of ONM were better than INM practice 
followed.

In a more mechanistic approach, Skinner et al. (2014) concluded after a global 
meta-analysis that N2O emission from nonorganically managed soils is mainly 
influenced by total nitrogen inputs, whereas the same from organically managed 
soils is controlled by soil characteristics, while the lower N2O emissions from 
organically managed soils was reported over the nonorganic soils. Pathak (2015) 
opined that the application of organic manures and compost enhances the SOC pool 
and ensures better long-term soil C-sequestration, which may even persist for a 
century, over the use of equal amount of inorganic fertilizers. This increased SOC 
carries dual advantages: mitigation of CO2 emission and enhancement of soil 
productivity.

Organic farming and reduced tillage techniques together showed interesting facts 
both in terms of C-storage in soil vis-à-vis reduced GHG emission; the long- term 
C-sequestration rates on arable land could be increased to a value of 500  kg C 
ha−1 year−1, which has a potential to mitigate 4.0 Gt CO2-eq. year−1 or cut down 65% 
of the agricultural GHG emission (Lal 2004a, b). Conservation agriculture, in the 
form of spreading of rice straw along with zero-tilled wheat cultivation in dominant 
rice-wheat systems of IGP, can be promoted for reducing the havoc of rice residue 
burning and lessen the air pollution since this particular management option reduced 
the N2O emission from soil (Gupta et al. 2016; Datta et al. 2017). Hence, it was 
well-explained that the organic fertilizer application is the requirement of the time 
for better soil and environmental management.

10.3  Factors Affecting the Use of Organic Fertilizers

Application, use and spread of any technology are governed by many factors, and it 
is difficult to manage single-handedly. According to Hadi et al. (2010), knowledge 
and understanding of certain new technology can be considered as an indicator of 
adoption level. Khanna (2001) viewed that higher level of education and experience 
can lead to higher adoption rates of new agricultural technologies. In acceptance of 
organic fertilizers in agriculture, several factors like household size, education level, 
and experience can negatively impact the adoption, whereas livestock numbers, 
extension contacts, access to information and media, and membership to farmer-
based organizations positively influenced the decision to adopt organic fertilizer 
(Gelgo et al. 2016). As farm size and education are the most important factors for 
adopting organic fertilizers, awareness can be developed among the farmers regard-
ing the importance of organic fertilizers through workshop, seminars, Krishi Vigyan 
mela, etc., and farmers should also be encouraged to operate large holding size. 
Access to information on different aspects of a new technology played a significant 
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role in adoption of them. Various scientists also reported that environmental factors 
also play a very significant role in farmers’ decision to adopt organic fertilizers. 
(Genius et al. 2006; Mzoughi 2001; Best 2010). The most important constraint are 
low livestock holding, lack of adequate labor, inadequate knowledge related to 
organic fertilizer adoption, high transaction costs, low skill, and capital.

Varma et al. (2017) found that a household head who is new and less experienced 
in agriculture, highly educated, had several exposures to extension, has bigger land 
holding, and is nearer to commercial organic fertilizer source is expected to adopt 
organic farming more as compared to households with contrasting characteristics. 
Likewise, the  better information propagation through farmers’ associations has 
encouraging impact on the farmer’s decision to adopt advanced agricultural tech-
nologies. Better network among the farmers may access more information about 
several agricultural technologies. Ketema and Bauer (2011) revealed that a farmer 
with a big family is expected to adopt organic manures compared to synthetic fertil-
izer because he/she has sufficient labor for manure preparation and application. As 
this is comparatively less capital-intensive, farmers with low capital coupled with 
big households may swing from synthetic fertilizer to organic fertilizer. An increase 
in farm size may increase probability of manure application (Birungi 2007; Ketema 
and Bauer 2011). According to Diagne and Zeller (2001), farmers who have less 
fertile plots have positive perception toward adoption of the agricultural technolo-
gies such as organic fertilizer due to their expectation for better returns.

10.4  Limitation and Advantages of Organic Fertilizer

There were several enormous advantages of organic fertilizers mentioned; however, 
still we cannot assure the potential use of organic fertilizers. As the organic fertil-
izers can provide the nutrients slowly, the nutrient content in these materials are 
very low so huge amount of organic fertilizers are required to supply the nutrient as 
per the crop demand which creates a lot of limitation at the farmer’s level. It became 
a labor-intensive operation to use the organic fertilizers. Nutrient supplying power 
through the organic fertilizers is slow, and it takes more time to provide the nutri-
ents; even the organic fertilizers need several years to get the positive results. 
However, in commercial cultivation, farmers cannot wait for a longer period of time 
to get the positive effect of nutrient supply through organic fertilizers. Still there is 
some scope to get the quick response from the organic fertilizers if liquid formula-
tion can be used like Vermiwash, seaweed extract, etc. Availability of these organic 
fertilizers is also not assured at the proper time to apply in the field, and the user 
could not wait to get them. Quality of organic fertilizers is very important to get the 
desired advantages, and there is uncertainty to get the quality product. It is very dif-
ficult to assure the quality of the organic fertilizers. In preparation of compost of 
good quality, it needs a proper condition and training, which is not always possible 
at the village levels. Compost preparation is a labor-intensive work, and getting 
labor during the composting is a serious concern for mixing of residues, filling the 
compost pit, etc. Proper benefit of organic fertilizers is dependent on the quality of 
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the product as well as soil and environment conditions. It is highly dependent on 
soil temperature, moisture, aeration, and microbial diversity and density. Use of 
compost also has severe limitation as it is a potentially pathogenic as it bears seed 
of pathogen and negatively affects the soil and environment.

However, there are several limitations involved in proper use of organic fertilizer 
or organic source of nutrient; still practices have several advantages, which are 
briefly presented/summarized below. A large volume of waste obtained from the 
city, kitchen, as well as by-product of different industries, if not used properly. It 
became a challenge to handle, and the conversion of these residues into the valuable 
compost may definitively solve the problems. This prepared compost can be used as 
a source of nutrients in kitchen garden, pots, as well as in agricultural field along 
with fertilizers to support the crops by providing different nutrients after mineraliza-
tion. This will be an excellent way to recycle the waste materials to productive nutri-
ent source; otherwise, the nutrients present in that material will be locked as such 
and be slowly lost to the environment which has no use. These steps have put eco-
nomic values to the waste materials and reduce the cost of production and finally 
lead to greater income from the farm. This mature compost is not only providing the 
nutrient but during the process of conversion/decomposition/mineralization, it pro-
duces several beneficial organic compounds like organic acids and fatty acids which 
positively affect the plant growth. It also releases vitamins, minerals for the better-
ment of the plants. It also provides organic matter to soil which helps in the buildup 
of the soil organic carbon and allows the microorganism to grow and multiply as it 
acts as a food source of these organisms. Application of organic fertilizers helps to 
maintain the carbon/nitrogen ratio in soil. Addition of compost or organic source of 
nutrient not only provides the major nutrients but provides almost all the nutrient 
which is required for the plant growth and also improve the soil quality and health 
by affecting the soil aggregation and soil structure formation which lead to an 
increase in the water holding capacity and infiltration and reduction of soil erosion. 
It also affects the soil temperature and moderates it at the optimum levels, which 
positively affects the germination and plant growth. With these numerous advan-
tages of organic fertilizers, it reduces the dependency on fertilizers and condition-
ers. Apart of organic manure and compost, the use of green manure can improve the 
nitrogen status of soil and reduce the external nitrogen requirement as most of the 
green manure are leguminous in nature.

10.5  Scope and Future Prospects of Organic Fertilizer

A synthesis of a number of research papers, reviews, and meta-analyses supported 
well that the hypothesis of using organic fertilizer vis-à-vis organic farming systems 
is far more sustainable and environment-friendly than conventional farming sys-
tems (Reganold and Wachter 2016), with the following clear-cut benefits at a glance:
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• Organic systems consistently have better soil carbon levels, hence sustaining 
good soil quality and health (specifically soil quality indicators) and less soil 
deterioration/erosion over the conventional systems.

• Organic farms usually support more plant and faunal diversity (insects, soil 
micro- and macro-fauna) and altogether a better diversified system. Most func-
tional groups (herbivores, pollinators, predators and producers, i.e., plants) are 
more diverse in organic systems.

• With respect to nutrient leaching and greenhouse gas emissions, organic farming 
systems score better and reduce environmental pollution than conventional farm-
ing. Reports said that organic farms were found to have lower rate of nitrogen 
loss (NO3 leaching, N2O emissions and NH3 emissions).

• As organic agriculture uses virtually no synthetic fertilizers, there is a low to 
minimum risk associated with water pollution. Degradation in quality of fresh-
water and marine ecosystems is mainly linked to excessive use of chemical fertil-
izers (nitrogen and phosphorus) causing eutrophication (production of hypoxic 
zones) and becoming threats to aquatic lives.

• Organic systems are usually more energy-efficient (or, less energy-consumptive) 
than their conventional agriculture fields. European countries like Germany, 
Italy, Sweden, and Switzerland while partially trusted upon organic farming 
were found to use significantly less energy on a per-hectare basis.

10.6  Summary and Conclusion

The “Green Revolution” transforms the way of agriculture and farming practices 
(use of locally available materials and natural resources without any formal knowl-
edge), and these old technologies were abandoned in the flow of new scientific 
methods and inputs with objective to produce more food for the growing popula-
tions. However, unscientific and indiscriminate use of these inputs (agrochemical) 
to achieve more productivity causes some major problems like degradation of natu-
ral (soil and water) resources, depletion of soil health and quality, soil and water 
pollution, buildup of pesticide residues, micronutrient deficiencies in soil, ecologi-
cal imbalance, etc. In the context of soil and environment degradation and increas-
ing cost of these inputs, it was realized that the agriculture production system needs 
some alternative practices for sustainable development to conserve these natural 
resources. The use of appropriate combination of mineral fertilizers along with 
organic source of nutrients (organic fertilizers) like farmyard manure (FYM), 
organic manures, crop residues, compost, vermicompost, etc. will be beneficial in 
improving and sustaining soil and environmental quality and health. The organic 
farming (organic fertilizer-based system) is a unique combination of environmen-
tally sound practices with low external inputs. It relies not only on the fertilizers of 
organic origin (compost, manure, green manure, bone meal, etc.) but places empha-
sis on techniques such as crop rotation, green manuring, companion planting, etc. 
The use of materials of organic origin is not an issue in agriculture as this sector 
itself produces a vast amount of residues/by-product that must be utilized properly. 
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Only we required a sound idea and technology to reuse these residues for the better-
ment of soil and environment quality. The negative use of this surplus residue is that 
a major portion was burnt in the field which not only causes the pollution but also 
nutrient loss because burning is considered as an easiest option for farmers for fast 
management of crop/biomass residues to clear the agricultural field. Hence, there is 
a potential scope of the organic fertilizer for sustaining soil and environment, and 
organic agriculture is now seen as a significant means for sustainable food produc-
tion. The code of organic production system is to feed the soil rather than the crops 
to maintain optimum soil health so that soil can provide necessary nutrients to the 
crop for its growth and development. Basic principles of organic farming or organic 
crop production are to make maximum and sustainable use of locally available 
resources and minimize the leaching of nutrients. Organic fertilizers have nearly all 
the important nutrients required for plant growth and produce other non-nutrient 
benefits also by providing foods for soil microbes and different growth-promoting 
organic acids and improving soil structure, water holding capacity, etc. Incorporation 
of crop residues or its retention on the soil surface has several positive impacts on 
physical, chemical, and biological properties of soil. It increases hydraulic conduc-
tivity and reduces soil bulk density by modifying soil structure, porosity, and aggre-
gate stability. Apart from the nutrient-supplying power of the organic system as well 
as the yield and quality of produce, it is well-accepted that organic production sys-
tem has more input of carbon as compared to all other systems. Carbon input and 
build up in soil is very impotent in terms of soil carbon sequestration and soil health/
quality. Soil organic carbon is the central key element which governs most of the 
soil properties. It is the key component to define the soil quality or soil health. 
Improvement in soil organic carbon content is the basic requirement to achieve the 
soil carbon sequestration under climate change scenario also. Nowadays, the use of 
residues, compost, or other organic source has been partially replaced in some 
places by the application of biochar. This is the new dimension of utilization of resi-
dues in a productive way in agriculture. Biochar is intended to improve soil proper-
ties and functions relevant to agronomic and environmental performance mainly 
related to enhanced water and nutrient retention as well as improved soil structure 
and drainage. Biochar can be used as a soil amendment to improve soil quality by 
increasing soil pH, CEC, and moisture retention and by reducing leaching of nutri-
ents, soil acidity, irrigation, and fertilizer requirements. Biochar application for 
environmental management can be motivated for soil improvement, waste manage-
ment, energy production, and climate change mitigation. It was observed that soil 
and crops respond positively to biochar additions; however, still a detailed research 
and investigation is required to find the suitable use of biochar in agriculture for soil 
and environment management. Application, use, and spread of any technology are 
governed by many factors, and it is difficult to manage the single-handedly. Several 
factors like household size, education level, experience, livestock numbers, exten-
sion contacts, access to information media, and membership to farmer-based orga-
nizations affect to adopt organic fertilizer technology. The compost can be enriched 
and well-prepared with the help of technical knowledge and supervision to get the 
higher nutrient content. There were several enormous advantages of organic 
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fertilizers mentioned; however, still we cannot assure the potential use of organic 
fertilizers. As the organic fertilizers can provide the nutrients slowly and the nutrient 
content in these materials are very low so huge amount of organic fertilizers are 
required to supply the nutrient as per the crop demand which creates a lot of limita-
tion at the farmer’s level. It became a labor-intensive operation to use the organic 
fertilizers. Quality of organic fertilizers is very important to get the desired advan-
tages, and there is uncertainty to get the quality product. A large volume of waste 
obtained from the city, kitchen waste, as well as by-product of different industries, 
if not use properly, becomes a challenge to handle, and the conversion of these resi-
dues into the valuable compost may definitively solve the problems. This prepared 
compost can be used as a source of nutrients in kitchen garden, pots, as well as in 
agricultural field along with fertilizers to support the crops by providing different 
nutrients after mineralization. This will be an excellent way to recycle the waste 
materials to productive nutrient source; otherwise, the nutrients present in that 
materials will be locked as such and be slowly lost to the environment which has no 
use. So the use of organic fertilizer in agriculture for sustainable soil and environ-
ment management is very much required; however, the spread of this technology 
needs some improvement at the different levels of operation.
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Abstract
Rice (Oryza sativa spp.) is a main cash crop all around the globe. It is grown 
under a wide range of environments. Food deficiency is a major issue in the 
world with growing global population. The current challenge in agriculture is 
food quality and quantity decline. In earlier times conventional farming tech-
niques were used for rice cultivation. The major issue about conventional farm-
ing is to maintain the crop productivity, soil structure and fertility. Integrated 
farming, inorganic chemical fertilizers, ecological farming and Sri Lanka farm-
ing system are conventional practices which we mentioned in this chapter. These 
conventional farming practices raising rice crop showed decreased fertility of 
soil and increase the negative impact on environmental ecosystems. These con-
ventional methods upgrade the risk of global warming and minimize the effec-
tive agricultural operations. To achieve required food production in the last few 
eras, nanotechnology has become one of the most promising techniques to revo-
lutionize the conventional food science and technologies. Nanotechnology is the 
technology of the twenty-first century. This new discipline brings nano- 
agrochemicals, i.e. plant growth-promoting nanosystems (to enhance plant 
growth and production), nanopesticides and nanofertilizers. Nanotechnology 
offers the nanofood processing and advancement of nano-based food material, 
smart delivery of nutrients and bioactive materials. This chapter focused on 
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nano-agrochemicals, diagnosis of plant pathogen and nanofood-based technolo-
gies as advanced approaches of nanotechnology in the field of agriculture and 
food industry. In this chapter the potential uses and benefits of nanotechnology 
in precision agriculture are discussed. We also discussed the current and future 
uses of nanomaterials in agriculture, food safety and security and recommenda-
tions regarding to nanomaterial.

Keywords
Agriculture · Diagnosis of plant pathogen · Food quality · Nano-agrochemicals · 
Nanofoods · Nanofertilizers · Nanopesticides · Nanotechnology

Abbreviations

BARC Bhabha Atomic Research Centre
EIS  Electrochemical impedance spectroscopy
ENMs  Engineered nanomaterials
FAO Food and Agriculture Organization
FRET  Fluorescent resonance energy transfer
FYM  Farmyard manure
GNWA  Gold nanowire array
NGS Next-generation sequence
NLCs Nanostructure lipid carriers
PEG  Polyethylene glycol
PSA Prostate-specific antigen
QD  Quantum dots
SERS Surface-enhanced Raman scattering
SLNs  Solid lipid nanoparticles
SWNT  Single-walled nanotubes
VRE  Vancomycin-resistant enterococci
WFC  World Food Council

11.1  Introduction

The practice and profits of nanotechnology in the agri-crops sector require substan-
tial attention, especially in the synthesis of unique nano-agrochemicals like nanopes-
ticides and nanofertilizers. The modern approaches in nanotechnology are 
acknowledged, and the most significant prospects awaiting the agricultural division 
from the latest scientific literature are addressed. In this chapter, discussion is on the 
significant use and recent application of nano-based technologies in the form of 
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nanofertilizers, nanopesticides, nanosensors, plant protection and pathogen detec-
tion, food quality and safety measures. In novel nanoparticles for fertilizer covering, 
nanosensors have been reported for primary application in crop cultivation prac-
tices, food quality and packing techniques. Therefore, nanotechnology will change 
the agricultural sector for improved production and agri-food products. 
Nanotechnology plays an important role in effective nutrient utilization, plant 
pathogens and controlled released pesticides and fertilizers. Due to application of 
nanotechnology, we can overcome the scientific breaks between research, and fun-
damental questions have been addressed. Different subdivisions of nanotechnology 
like nanoscience and nanoengineering offer wide opportunities and provide a fea-
sible alternative in agri and food processing sector by providing novel and advanced 
solutions (Kim et al. 2018; Ashoka et al. 2017).

Nanotechnology research activities are extremely important in agricultural sec-
tor in particular to global changes, population demand, climate change and limited 
availability of macro- and micronutrients of plants. Mei-Yan Wu in 2013 presented 
his work about the effect of nano-carbon and slow-released fertilizers on rice yield. 
In his results he mentioned that it is possible to use nano-carbon as coating agent for 
different types of combinations of fertilizers and it will be also helpful for reducing 
the water pollution especially Jingzhengda slow-released fertilizer and nano-carbon 
(JSCU+C) (Wu 2013; Meena and Lal 2018).

Nanotechnology and nanoparticles have a great potential as ‘magic bullets’ 
loaded with herbicides, fungicides, nutrients, fertilizers or nucleic acids, targeting 
specific plant tissues to release their charge to the desired part of the plant to achieve 
desired results.

There is a piece of work on rice with urea-HANP (hydroxyapatite nanoparticle) 
hybrids, and they showed 50% less consumption of urea in their results (Kottegoda 
et al. 2017). Due to use of nanofertilizers of urea, rice production was increased by 
approximately 7.9 tons/hectares which are higher than the normal urea fertilizers of 
7.3 tons/hectares. HA is a bioceramic which provides calcium (Ca), phosphate (P) 
and other micronutrients. Urea coated with HA nanoparticles which slow down the 
release of nitrogen because of chemical bonding properties of HANPs and increase 
the uptake of urea into rice crop. NPs sized 10–200 nm in length and 15–20 width 
diameters, and it showed no penetration effect into rice crops (Kottegoda et  al. 
2017).

In this piece of work, we have evaluated different studies on rice production and 
consumption from view of supply and demand of different regions. Authors 
described performance of different rice cultivation methods and techniques. In this 
context, the present work discusses the key knowledge gaps due to orthodox meth-
ods and further high points for a promising approach of future agri-nanotechnology 
researches. This chapter is focused on modern strategies of nanotechnology used for 
management of agricultural land, fertilizers, pesticides, sensors, minimal use of 
synthetic or chemical pesticides and potential of nanoparticles in sustainable agri-
culture as modern approaches of nanotechnologies.
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11.2  Rice as Functional Food Species

Oryza sativa L. commonly known as rice is the main and leading staple food crop 
eaten worldwide, providing basic nutrient intake to more than three billion people 
with worth 50–80% of their daily calories (Khush 2005). Rice has functional proper-
ties for both human and animals as it is a highly fibrous crop. Literature has also 
reported benefits of high fibre intake as compared to low fibre intake. In literature, 
22% extruded moisture was reported from short- and long-grain rice flour at 
70–120  °C, while the huge densities essentially stayed unchanged except water 
absorption and water solubility which increase with increasing extrusion temperature. 
Meanwhile, fat absorption indices decreased only at 55 °C. With increasing extrusion 
in temperature, cold paste viscosities progressively increased, whereas, the peak, 
breakdown, setback and final viscosities decreased. A substitution of 25% of extracted 
or 70 °C removed long-grain rice flour into a wheat flour-based cooked snack dimin-
ished its fat assimilation by 35–50% without influencing the general surface.

11.3  Rice Production All Over the World

Asia (East and West), the Middle East, Latin America and West Indies are cultivating 
rice on a large scale from centuries ago (FAO 2005). In the twenty-first century, a 
rapid increase in population is seen especially in Asia, the Middle East and African 
counties, and increasing population has uplifted its demand and supply to an esti-
mated quantity of 2000 million metric tons by 2030 (Coats 2003; Bloom David 2011; 
FAO World Agriculture 2002). To achieve this target, new technologies are required to 
control and significantly improve this horrific scenario (Ainsworth 2008).

As the increasing population will shake off the current position of supply and 
demand of rice and therefore expected to become a major food crisis affecting the 
mankind and environment. The International Rice Research Institute in 2000 com-
pare the current values of the population with food demand, and according to them, 
if this condition pursues for longer time period, the demand will rise to 800 million 
tons by 2025. In another report by the Food and Agriculture Organization (2000), 
currently the world population has expanded by 1.3%, which is slightly less than the 
growth rate between (1.9%) 1984 and 1994. With this tremendous population, the 
predicted rice production will be 424 million tons and demand 422 million tons in 
next 5 years (FAO 2005). This expectation from FAO was already proved by Yap; 
one of his researches highlighted the major contributing factors influencing nega-
tively to rice supply and demand (Yap 1997). On overall scenario he made predic-
tion that worldwide rice consumption would become 482 million tons till the year 
2010 with almost 19 million tons and 463 million tons of consumption in industrial 
countries and developing countries, respectively. Keeping these future food crises in 
mind (Schwartz 1991), the research was pursued to clarify the relationship of future 
demand and supply of rice, which is well-connected with Asia.

In the year 2016, FAO production forecast confirmed the record outcome of the 
season. Global paddy production in 2016 was set to go beyond 751.9 million tons 
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(499.2 million tons, milled basis), which was 3.9 million tons and 1.6% more than 
the 2015 blue level. The 2016 season also stretched out well in Africa, where a 
record of 30.8 million tons was predicted to be gathered. More winning paddy costs 
in respect to contending crops likewise encouraged a production bounce back in the 
United States, yet the season demonstrated all the more difficult somewhere else. In 
Latin America and the Caribbean, a mix of sporadic climate and prospects of dimin-
ished edges discouraged yield in Argentina, Bolivia, Brazil, Ecuador, Guyana, 
Uruguay and Venezuela, overshading gains in Chile, Colombia, Cuba, the Dominican 
Republic, Mexico and Peru. In Oceania, constrained and expensive water supplies 
for water system also restricted production in Australia (FAO 2016).

Then coming to the next year 2017, FAO’s preliminary forecast of global paddy 
production in 2017 was set at 758.9 million tons (503.8 million tons, milled basis). 
They said that the forecast would infer a 0.9% yearly development while recom-
mending a likely strike in the rate of production growth next season. This could be 
particularly the case in Asia, which is probable to account for a significant part of 
the worldwide increase in production but where essential rice producers have seen 
returns diminished by large harvests of crops as of now undermined by harsh cli-
mate. Within the area, huge gains are expected to concern China (Mainland), India 
and Indonesia, where rice keeps on profiting from strong state incentives (FAO 
2017). According to FAO rice production record from 2011 to 2022 (000 Tons) 
increases all over the world as shown in Table 11.1. Output was also expected to 
magnify in Bangladesh, the Democratic People’s Republic of Korea, Malaysia, 
Myanmar, Nepal, Pakistan, the Philippines, Thailand, Turkey and Vietnam, more 
than reimbursing for compressions in Afghanistan, Cambodia, the Democratic 
People’s Republic of Korea and Sri Lanka. In Africa, inconsistent downpours have 
imperfected the viewpoint for Madagascar and the United Republic of Tanzania, 
adding to a forecast of a shortage of rainfall in Egypt, as lands come back to cotton 
cultivation. However, provided no major setback is incurred, continued efforts to 
reduce reliance on imports could prompt further crosswise over West Africa, in this 
manner keeping yield in the continent close to the exceptional 2016 harvest. In 
Latin America and the Caribbean, constrictions postured by high costs of produc-
tion and unpleasant rates have prohibited noteworthy territory recoveries in South 
America. However, crops have gained large profit by favourable climate, which is 
probable to manage retrieval in the area’s yield. In the world elsewhere, Europe and 
the United States look headed towards making constrictions, in the midst of reduced 
edges, though yield in Australia is set to organize a strong retrieval because of bot-
tomless water availabilities and lower water system costs.

11.4  Worldwide Supply and Demand for Rice

Looking at the current situation, in the next 35 years, the cereal and rice harvest area 
will uplift by 15% and 11% respectively. The harvested area of rice comprises about 
23.5% of the cereal harvest area and accounts for 26.6% of worldwide cereal pro-
duction and consumption (FAO 2018). Asia is cultivating rice on a vast scale due to 
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excessive field area, and that’s why its demand and supply are going smoothly and 
steadily until now. Trade of rice all over the world record from 2011 to 2022 (000 
tons) is shown in Table 11.2.

According to FAO and United Nations Procurement Division (UNPD) reports, 
crop and other commodity demand and production will be higher than 40% from 
2009 to 2030, as we can say that the increase will be of 1.5% per year (FAO 2006; 
UNPD 2006). Using reference of World Bank (2008), it is also calculated that 50% 
increase will occur in demand of cereals between 2000 and 2030.

11.5  Rice Protects Asian Areas from Starvation

Asia and Africa are on the edge of starvation. Economic and Social Development 
and World Food Council (WFC) in 1974 in its 1st annual convention mainly dis-
cussed about the prevention of starvation in Asian and African states. Then later in 
their 10th annual convention held in 1984, they made conclusions and recommenda-
tions on exterminating starvation all over the world keeping emphasis on the reputa-
tion of food approaches to solve this serious food problem rooted mainly in Africa 
(Imoki 1984). This initiative showed fruitful results during those 10 years by elimi-
nating Asian starvation especially in countries such as India and China facing large 
food issues and has now become self-sufficient.

11.6  Conventional Practices for Raising Rice Crop

Crop productivity depends upon several factors like physical and chemical proper-
ties of soil and water availability. Overall trends in Asia indicate declined rice yields. 
One of the big issues for farmers is to maintain productivity by conventional 

Table 11.2 Trade of rice all over the world grain: world markets and trade US Department of 
Agriculture; Foreign Agricultural US Department of Agriculture; Foreign Agricultural Service 
Circular Series FG 12-11 December 2011 Service Circular Series FG 09-12 September 2012, June 
2014, May 2016, August 2018

World trade rice export record from 2011 to 2022 (000 tons)
2011–
2012

2012–
2013

2013–
2014

2014–
2015

2015–
2016

2016–
2017

2017–
2018

2018–
2019

2019–
2020

United 
States

3247 3500 3350 3381 3355 3349 2950 3300 3320

Thailand 10,647 6500 8000 9779 9867 11,615 10,500 11,000 11,000
Vietnam 7000 7000 7000 6606 5088 6488 7000 7000 7000
India 4637 8000 6500 11,046 10,040 12,056 12,800 12,500 12,500
Pakistan 3000 3750 4000 4000 4100 3642 4300 4200 4300
Ungurary 975 850 850 718 996 1051 860 800 800
China 500 600 600 262 368 1173 1600 1800 1800
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agricultural practices and low soil organic matter. Crop production and tenability 
depend on soil fertility structure. Soil fertility is a functional element describing 
physical, chemical and biological condition of the intrinsic or artificially maintained 
soil environment. These properties collectively influence nutrient supply in plants 
and successive crop production (Bhuiyan and Tuong 1999). The urge for headway 
of changes in farming practice has prompted the advancement of a twofold and 
threefold harvested rice pattern in Bangladesh, and comparable rice-based harvest-
ing system is present all through Asia. There are apprehensions that in the year 
2030, by following conventional methods particularly in case of rice, its yield will 
decline (Cassman and Pingali 1995).

However, this proof is not totally acceptable as unreliable confirmation from 
agriculturists proposes that efficiency components might change instead of yields, 
i.e. greater inputs (labour, fertilizer, pesticide, etc.) will be required to maintain the 
level of yield. The Bhabha Atomic Research Centre (BARC) proposals spot the soil 
nutrient status as the real cause of soil fertility. However, physical properties of soil 
are also important determinants along with nutrient status. As a well-refined soil is 
thought to have the best structure for most crops, permitting free permeation of 
surplus water and at the same time provide more pore area for roots growth (Fitz 
Patric 1986). While scientists also alarmed the decline in rice yield despite such 
rigorous farming in a number of Asian countries including Bangladesh (Cassman 
and Pingali 1995).

11.6.1  Integrated Farming Practices

New and advanced farming methods are now gaining attraction towards rural com-
munities. Nayak et al. (2018) showed the vibrant and temporary characteristics of 
rice field ecosystems in combination with well-suited components such as fish and 
duck for integrated insect/pest management. This technique can enhance crop qual-
ity and overall efficiency through proper nutrient reutilizing. Anyhow, the natural 
mechanism underlying the rice-fish-duck system effectiveness was not studied in 
the past especially on soil and water interaction, microbial population and their 
work proficiency. So Nayak et al. (2018) study the ecological significance of organ-
isms’ interaction to conserve soil, nutrient and yield management and to enhance 
fertility in rice-based integrated farming systems. In this system fish-rice, duck-rice 
and rice-fish-duck and different physiological and chemical parameters of water, 
organic matter, alkalinity and soil nutrient level were higher than the conventional 
system. This addition of fertility was due to faecal matter mixing with soil by fish 
and duck in the paddy field. Integrated system provides higher yield and effective-
ness in terms of rice equivalent yields, and input-to-output ratio of farming was 
higher than the conventional farming system. Thus, the integrated farming system 
augments total yield and revenue by increasing soil and water index through better 
nutrient cycling to produce maximum production of rice.
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11.6.2  Inorganic Chemical Fertilizers and Rice Cultivation

The contribution of chemical fertilizers and the successive subsidy to ensure the 
affordability have influenced and encouraged farmers to use the organic matter 
within their farming systems (Khan et al. 1996). Past administrations emphasized 
the use of nitrogen fertilizers to farmers for speedy yield and low labour require-
ment. This is the major reason in declining of organic manure in crop production. 
Also soil addiction to chemical fertilizers increases soil hardening due to lack of 
OM (organic manure) inputs.

Therefore, concerns about potential nitrogen load from agriculture have led 
towards more usage of organic nitrogen sources and regulations reducing the use of 
nitrogen fertilizers, whereas only 1% of the world’s cropland (about 16 Mha) is cur-
rently under certified organic production, and demand for organic food is expected 
to grow specifically in developed countries, and the organic agriculture might 
become a more common alternative to traditional agriculture in the next 30 years 
(FAO World Agriculture 2002). Though it is usually believed that organic agricul-
ture offers a number of environmental benefits, the scientific basis for such an 
insight is weakly developed. Recent results have indicated drawbacks of controlling 
the fate of nitrogen from organic sources to be just as difficult as managing the fate 
of mineral nitrogen fertilizer (Poudel et al. 2002; Dadhich et al. 2015).

11.6.3  Ecological Farming

Ecological farming holds a strong grip on successive cropping system from ancient 
time. Proshika, a Bangladesh-based organization, has promoted ecological farming 
by using quick compost, made of a mixture of cow dung, rice bran and oil cake, in 
the ratio of 4:2:1 and recycling of plant remainders to soil as a substitute of chemical 
fertilizer and pesticides. They also encouraged farmers to use FYM (farmyard 
manure), household wastes, oils and green manures. Farmers following Proshika 
found change in their fields, i.e. softness, fertility and soil uniformity, with enhanced 
physical and biological properties. Keeping in view the concerns of scientists and 
farmers about the sustainability and profitability of rice-based farming systems 
purely based on mineral fertilization, this manuscript examines the soil fertility sta-
tus of fields under ecological and current farming practices.

11.6.4  Sri Lanka’s Farming Systems

Sri Lanka’s cultural diverse system of cultivation has combined a wide range of 
ecological landscapes resulting in a wide variety of farming practices. This type of 
farming system has been used over thousands of years to incorporate a rich display 
of farming systems and cultivated crops including grains, rice, spices, vegetables 
and fruits which have introduced new varieties formally or informally.
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The indigenous communities of Sri Lanka lived happily with self-sufficiency of 
food due to acclimatized agricultural practices. Due to uncertainty of rainfall and 
fragility of ecosystem, soil erosion damaged insect pest and wildlife. To control all 
these limiting factors, indigenous civilization of Sri Lanka generally known as 
hydraulic civilization adopted indigenous agricultural practices to support all these 
factors.

However, SRI method can be applied in combination of organic or inorganic 
fertilizer to increase crop quality and quantity (Bezner-Kerr et al. 2012). The advan-
tages of application of SRI method on the conventional method include less seed 
requirement; up to 50% water savings; almost 50% reduction in the use of inorganic 
fertilizers, if coupled with 50% organic fertilizers or with a combination of organic 
fertilizer and biological fertilizer; 20% reduction in production costs; and increase 
in yield (Hutabarat 2011; Kumar et al. 2018).

11.7  Problems in Rice Production

 1. Conventional farming system where it tends to decrease the maximum negative 
impact on environment also decreases fertility of soil. Systematic repetitions of 
rice crop rice on same land showed decreased plant nutrient supply and low crop 
productivity by altering physical and chemicals factors in field ecology.

 2. Environmental ecological degradation also occurs by chemical fertilizers regard-
ing ecosystem safety. Intensive human interference dramatically changes the 
natural habitats by influencing biogeochemical cycles and modifying biotic 
communities with concerns of loss of biodiversity and ecosystem. In modern 
agricultural practices, the conventional system of rice intensification is subjected 
to the application of heavy doses of different agrochemicals negatively impact-
ing the quality of ecosystem.

 3. In the mid-twentieth century, the beginning of the Green Revolution has alarmed 
a serious threat for the traditional agriculture system by inducing Western agri-
cultural technology.

 4. Then keeping in mind all consequences, it can be expected for future crop pro-
duction to adopt the integrated farming system where risks of environmental 
degradation and global warming effects could be significantly minimized in 
order to get advantageous agricultural operational cost.

11.8  Improvement of Agro-Farming by Nanotechnology

11.8.1  Agrochemicals and Nanotechnology

For crop sustainability application of biosynthesized nanoparticles intends towards 
better development. Nanomaterials are carrier of agrochemicals also called nano- 
biosensors (Bhattacharyya 2009), with facilitated target transportation of basic 
supplements directly improving the development and yield of the product. They 
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also perform as nano-biosensors for crop protection (Singh et  al. 2015a; Kumar 
et  al. 2017). Furthermore, much importance is given to the new improvement in 
plant science referring to nano-biotechnology that accentuates on agricultural prac-
tice, plant cultivation and so forth (Bhattacharyya et al. 2009, 2015; Sofi et al. 2018).

Nanoparticle synthesis occurs by bio-reduction of nanomaterials which is 
obtained from both in vivo and in vitro processes. Proteins, sugars, enzymes and 
phytochemicals, like phenolics, terpenoids, flavonoids and cofactors, generally act 
as reducing and stabilizing representatives for the synthesis of nanoparticles (Prasad 
et  al. 2014). Synthesis of TiO2-NPs by using leaf extract of false daisy (Eclipta 
prostrata L.) noticeably indicates that nanomaterials, particularly, titanium hydrox-
ide, may organize at room temperature (Rajakumar et al. 2012). The decrease was 
supported because of the presence of carboxyl group (-COOH) stretch and amine 
group (-NH), alongside other numerous secondary metabolites, existing in the plant 
extract. It can likewise be viewed that the Cu ions present in the plant support to 
condense the biosynthesis of CuO NPs (5–10 nm, spherical size) and they were 
observed to be lively against both Gram-negative and Gram-positive bacteria 
(Awwad et al. 2015; Acharyulu et al. 2014; Philip 2009; Vardhana and Kathiravan 
2015; Meena and Meena 2017). Additionally, the nanoparticles display more note-
worthy antibacterial properties against Bacillus subtilis as compared to ampicillin. 
CeO2 NPs (5 nm, spherical shape) with antibacterial activities were magnificently 
synthesized from the leaf extract of flame lily (Gloriosa superba L.) (Kargara et al. 
2015; Arumugama et al. 2015; Singh et al. 2015a). The utilization of nanoparticles 
for the discharge of anti-microbiological or drug molecules will be exceedingly test-
ing assignment in close desire for the direct of all pathological pest plants. The 
conceivable payback of nanotechnology for agriculture and food needs to be unbi-
ased alongside concern as the water, soil and environment are linked with this pro-
cess (Bhattacharyya et al. 2010; Khot et al. 2012; Singh et al. 2015a, b).

11.8.2  Fertilizers and Nanotechnology

Over the past decade, the field of nanotechnology has had a substantial impact on all 
aspects of our society from electronic to medicine and has seen outstanding growth 
over this earlier era. However, applications of nanotechnology in the rural division 
are still relatively unused. Nanotechnology can provide elucidation of the major 
problems affected to agri-crops by conventional fertilizer management. These days, 
agriculture is fronting greater capability due to growing population and a fading 
arable land base and water resources. Fertilizers are applied to soil-crop systems for 
fulfilling the vital nutrient requirements of the plants either naturally or syntheti-
cally. In improving crop yield, commercial fertilizers play a pivotal role, yet natural 
inefficiencies and expectable fertilizer management can lead to massive economic 
and environmental outlay. Negative environmental impressions such as leached fer-
tilizer in the form of nitrate due to lost farmland water, air and other processes into 
marine ecosystem (Johnson and Raun 2003; Meena et al. 2015).
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The significant financial impact of insufficient fertilization also cannot be over-
looked. For example, farmers can improve their financial performance (approxi-
mately $4.7 billion per  annum) by improving their nitrogen use efficiency up to 
20% worldwide (Raun and Jonhson 1999). If global food manufacture and demands 
are to be met in an ecologically and economically sustainable manner, new 
approaches and technologies must be investigated in agriculture. Clear predictions 
exist for impacting agriculture productivity through the use of nanotechnology. 
Nanofertilizers are one potential yield that could be a major development for agri-
culture; the large surface area and small size of the nanomaterials result in increased 
interaction and capable uptake of nutrients for crop fertilization (Derosa et al. 2010; 
Meena and Yadav 2015). In fertilizers’ products, nanotechnology may improve 
release profiles and increase uptake efficiency, foremost to significant financial and 
eco-friendly benefits. While nanotechnology may provide as an opportunity for the 
improvement of fertilizers, they may also be a source of unease. The increased reac-
tivity and faster dissolution kinetics are the result of increased surface area of nano-
materials (Chahal and Kumari 2012; Kakraliya et al. 2018). These factors might 
impair inefficiency problems if nanofertilizer formulations are more easily dis-
solved and leached into the environment.

The use of nanomaterials in fertilizers would establish a planned input of nano-
materials into the environmental exposure (Fig.  11.1). Plant, particularly farmed 
crops, could serve as a potential pathway of nanoparticle bioaccumulation in the 
food chain. Thus, it is vital that the risk and benefits of nanotechnology in fertilizers 
be critically evaluated. The main purpose of this piece of work is to provide the 

Fig. 11.1 Application of fertilizers and nanomaterials for agri-crops
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modern information about nanotechnology and their associations with area of agri- 
fertilizers and nutrition. Through this manuscript, we aim to provide an overview of 
the current state of nanotechnology and to emphasize opportunities for the interven-
tions of nanotechnologies in the area of fertilizers and plant nutrition. Nanotechnology 
plays a significant role on rice production and disease management as shown in 
Table 11.3.

11.8.3  Pesticides and Nanotechnology

In the area of pesticides, competence of pesticides can be measured and assessed by 
their significant status during initial stages of plant growth as it provides assistances 
in reducing pest populace, thus having an effective control over pests for a longer 
phase. Therefore, the practice of dynamic constituents which can be functional at 
surface of the host collections is an economical and flexible way of monitoring 
pests. For biopesticides long-persistence nano-encapsulation has become a manda-
tory feature from adverse environmental conditions. Subsequently, nano- 
encapsulation of pesticides is one of the tremendous processes which can make it 
possible for time-controlled release or release upon the different environmental fac-
tors like temperature, humidity, photoperiod, etc. (Nair et  al. 2010). Thus the 
advancement of nano-encapsulated pesticides is on the increasing development 
(OECD and Allianz 2008). Though its commercialization is still to take place in the 
future for the improvement of nano-formulations which deals with plant protection 
(insect pest management) and precludes build-up of wastes into the field or other 
ecological matrices (Manimaran 2015; Channabasava et  al. 2015; Layek et  al. 
2018), formations of a nano-encapsulated pesticide have slow releasing properties, 
improved solubility, penetrability and consistency (Manimaran 2015; Channabasava 
et al. 2015; Ram and Meena 2014).

These assets are mainly achieved through either defending the encapsulated 
active ingredients from early poverty or increasing their insect pest control efficacy 
for a longer period (Fig. 11.2). Nano-encapsulated pesticide formulation is able to 
reduce the quantity of pesticides, and thus no human risk will be exposed. Moreover, 
it may reflect on as high quality of recyclable material for crop protection. However, 
be short of data of the mechanism of synthesis and there is no apposite information 
of a cost-benefit study of nano-encapsulation materials overdue their application 
process in relation to pesticide delivery. The scientific research brought about pri-
mary and critical information for technocrats for the use of nano-encapsulation 
techniques in relation to pesticide delivery (Nuruzzaman et al. 2016).

Nanoparticles also play a useful role for preparation of new formulations against 
insect/pest management (Barik et al. 2008; Gajbhiye et al. 2009). Nanotechnology 
is a proficient technology which can be useful in nanoparticle gene-mediated DNA 
transfer, desired DNA or chemicals into plant cells for safety and security of host 
plants against insect pests (Torney 2009).

Another type of nanoparticles, spongy hollow silica nanoparticles (PHSNs) 
laden with validamycin pesticide, can be worked as proficient transporter in 
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Table 11.3 Role of nanotechnology improved rice production and disease management

Form of disease 
scientific name Nanotechnology type

Rice production/quality/output 
of experiment References

Ustilaginoidea 
virens (false smut 
disease of rice)

1. Aluminium 
nanoparticles

Impact of fungicides and 
nanoparticles on 
Ustilaginoidea virens causing 
false smut disease of rice

Priya et al. 
(2018)

2. Silver nanoparticles
3. Titanium dioxide 
nanoparticles
4. Silicon carbide 
nanoparticles

Magnaporthe 
grisea (blast 
disease)

Silver nanoparticles in 
concentrations 0, 25, 
50, 100 and 200 ppm

Inhibition effects of silver 
nanoparticles against rice blast 
disease caused by 
Magnaporthe grisea

Elamawi 
Rabab and 
EL-Shafey 
(2013)

Xanthomonas 
oryzae pv. oryzae

Silicon dioxide 
nanospheres

Facile fabrication of rice 
husk-based silicon dioxide 
nanospheres loaded with 
silver nanoparticles as a rice 
antibacterial agent

Jianghu et al. 
(2016)

Xanthomonas 
perforans

Nanotechnology in plant 
disease management 
DNA-directed silver 
nanoparticles on graphene 
oxide as an antibacterial 
against Xanthomonas 
perforans

Ocsoy et al. 
(2013)

Foliar application of 
two silica sols

Foliar application of two silica 
sols reduced cadmium 
accumulation in rice grains. 
Journal of Hazardous 
Materials

Liu et al. 
(2009)

Effects of nanoscale 
silica sol foliar 
application on arsenic 
uptake

Effects of nanoscale silica sol 
foliar application on arsenic 
uptake, distribution and 
oxidative damage defence in 
rice (Oryza sativa L.) under 
arsenic stress

Liu et al. 
(2014)

Rhizoctonia solani, 
Pyricularia oryzae 
and Gibberella 
fujikuroi

Nanomaterial treated 
water

The effects of nanomaterial 
treated water on the pathogens 
of rice diseases and fungicides

Li et al. 2005

Nano-carbon Application effect of fertilizer 
added with nano-carbon on 
rice [J]

Liu et al. 
(2011)

Silicon Silicon supplying capacity of 
paddy soils and characteristics 
of silicon uptake by rice plants 
in cool regions in Japan

Sumida 
(1992)

(continued)
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agriculture for proficient delivery system for in-controlled delivery system release 
(Liu et al. 2006). Nanoemulsions are water and oil in combinations like pesticide 
formulations which are helpful and work against the pest population in agronomy 
(Wang et al. 2007). In the same way, lipid nanoparticles can be utilized for formula-
tions of nanopesticides (Liu et  al. 2006). Another example of nanoemulsions is 
nano-silica which can be utilized as nanopesticide.

In insects different kinds of cuticular lipids act as defensive system that prevents 
dehydration or death. A type of nano-silica insecticide when applied on plant sur-
face can adhere to the cuticular lipids of insects and leads towards death. Barik et al. 
(2008) worked on charged nano-silica 3–5 nm; these can be effectively used for 
ectoparasite of animals and insects in agriculture. Polyethylene glycol nanoparticles 
(PEG nanoparticles) enclosed with garlic vital oil excellently used for red flour 
beetle (Tribolium castaneum Herbst,) insect these pest found in stored foodstuff. 
These nanoparticles can also commendable for red flour beetle. These types of 
insecticides can be slow and frequent release of active part of nanoparticles (Yang 
et al. 2009).

Table 11.3 (continued)

Form of disease 
scientific name Nanotechnology type

Rice production/quality/output 
of experiment References

Nano-silica fertilizers The effects of nano-silica 
fertilizer on the number of 
stomata, chlorophyll content 
and growth of black rice 
(Oryza sativa L. Cv. Japonica)

Putri et al. 
(2017)

Response of upland rice 
(Oryza sativa L.) on the 
application of silicate and 
phosphate fertilizer on ultisol

Zulputra and 
Dan (2014)

Potassium and 
phosphorus 
nanofertilizers

Effect of nanofertilizers on 
rice growth [J]

Zhang et al. 
(2010)

Nanopesticides, 
nanofertilizers, 
nanoherbicide, 
biosensors with 
nanomaterials

Nanotechnology: the new 
perspective in precision 
agriculture

Duhana et al. 
(2017)

Nanotechnology, 
silver nanoemulsion, 
biocontrol, 
nanofungicide

Agro-nanotechnology for 
plant fungal disease 
management: a review

Patel et al. 
(2014)

Nanofertilizers, 
nanoherbicide, 
nanopesticides, 
nanosensors

Nanofertilizers and 
nanosensors – an attempt for 
developing smart agriculture

Rameshaiah 
et al. (2015)

Nanoparticles, 
nanopesticides

Nanotechnology: scope and 
application in plant disease 
management

Khan and 
Rizvi (2014)
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Trends of nanoparticles can be varied like silver nanoparticles, aluminium oxide, 
zinc oxide and titanium dioxide in controlling of rice weevil and grasserie disease 
in silkworm (Bombyx mori) are caused by rice weevil (Sitophilus oryzae L.) and 
baculovirus BmNPV (B. mori nuclear polyhedrosis virus, respectively (Goswami 
et al. 2010). Alumina nano-insecticides worked against rice weevil and lesser grain 
borer (Rhyzopertha dominica F.); these pests stored in foodstuff move from one 
region to another by transportation (Teodoro et  al. (2010)). If we used alumina 
nanostructured nanoparticles, then we found controlled mortality rate of pest in 
wheat. These nano-insecticides are more cheaper and favourable alternative for 
management of insects.

11.9  Pathogen Detection

Nanotechnology showed that surprised approach exhibits more benefits at scientific 
level with different types of nanoparticle properties (Fig. 11.3). Some nanoparticles 
act as antimicrobial agents like silver nanoparticles has developed more advanced 
and reasonable production. Silver nanoparticles showed different ways to express 
their actions against pathogens (microorganisms) (Young 2009); these types of 
nanoparticles can be used for numerous plant pests in a comparatively safer way as 
compared to commercially available fungicides. Due to their specific function, it 
can affect the pest biochemical process (Pal et al. 2007). These silver nanoparticles 
can also disturb the ATP synthesis related to proteins (Yamanka et al. 2005; Meena 
et al. 2018). In a nutshell, the detailed pathway of bio-molecule inhibition is yet to 
be understood.

Fig. 11.2 Presentation of pesticides and nanomaterial capsulation
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Additionally, nanoparticles have been reflected as an alternate and efficient line 
in expressions of environmentally safer and economical (Kumar and Yadav 2009; 
Prasad et al. 2011; Swamy and Prasad 2012; Prasad and Swamy 2013). Nanoparticles 
ensure a pronounced effect on plant disease management as compared to chemical 
fungicides (Park et  al. 2006). Zinc oxide (ZnO) and magnesium oxide (MgO) 
nanoparticles are most appropriate antibacterial and anti-odour agents (Shah and 
Towkeer 2010).

There are some factors which make it more efficient for antimicrobial activity 
like being easily dispersed, optical transparency and smoothness which make ZnO 
and MgO nanostructures an attractive antibacterial component in many products. 
These two nanoparticles have been suggested as an antimicrobial protective for 
wood or food products (Aruoja et al. 2009; Huang et al. 2005; Sharma et al. 2009; 
Varma et  al. 2017). Some suitable nanoparticles deliver improved permeation 
through epidermis and allow controlled slow release of most active elements on 
specific target weeds. The practice of nanoparticle-based pesticides is more appro-
priate, and they are safer for plants and cause less ecological disturbance associated 
with conventional chemical pesticides (Barik et al. 2008).

In the past decade, nano-silver was most studied and consumed as powerful anti-
bacterial and antimicrobial agent (Swamy and Prasad 2012; Prasad et  al. 2012; 
Prasad and Swamy 2013). The main reason behind utilization of sliver is that it has 
high surface area, high fraction of surface area and high antimicrobial effect as 
compared to other substances (Suman et al. 2010). Nano-silver acts as antifungal 
agent against various plant pathogens. Nano-silver is the most effective inhibitor of 
fungal pathogen like most considerable inhibitions of plant pathogenic fungi 
observed on potato dextrose agar (PDA) and 100 ppm of AgNPs.

Fig. 11.3 Pathogen detection by nanocapsules and pesticide complex (self-creation by authors)
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11.9.1  Quantum Dots (QD) for Pathogen Detection

Quantum dots can behave as nanocrystals and semiconductor; the definite size of 
nanoparticles can emit light of specific wavelength (lambda λ). If the size of 
nanoparticles is greater, then higher wavelength of light will be emitted (Edmundson 
et al. 2014). It deals with numerous benefits than organic dye-based broad spectra. 
QD have some properties: narrow specific emission peak, longer fluorescence life-
time, resistance to photo bleaching and 10–100 times larger molar extinction coef-
ficient. The above-mentioned properties of quantum dots allow multicolour quantum 
dots to be excited from one source to another with the help of common fluorescent 
dyes without releasing signal overlap which results in brighter probes compared to 
conventional fluorophores (Zhao and Zeng 2015). In QD-FRET-based nanosensors 
achieved massive admiration in agriculture and related areas. These nanosensors are 
most frequently operative in detecting DNA and proteins (enzyme activity) 
(Stanisavljevic et al. 2015).

In 1989 Dameron et al. firstly worked on mycosynthesis of semiconductor nano-
materials on yeast, capable of producing cadmium sulphide (CdS) in reaction of 
cadmium salt stress. In another study different types of microorganisms have been 
used for the bio-formulation of CdS but partially focused on luminous properties 
(Yadav et al. 2015), and when Fusarium oxysporum was reacted with mixture of 
CdCl2 and TeCl2, a valuable myco-mediated fusion of highly illuminated CdTe 
quantum dot was obtained (Jain 2003; Kashyap et  al. 2013; Alghuthaymi et  al. 
2015). In another research QD-based nanosensors capable of producing multiple 
enzymatic activities were exposed (Knudsen et al. 2013), and nowadays these CdTe 
quantum dot-based biosensors are used with specific antibody coatings against 
Polymyxa betae-specific glutathione-S-transferase (GST) protein (Safarpour et al. 
2012). The combined affinity of antigen and antibody brought the CdTe quantum 
dots and rhodamine closer together.

Some immune sensors express high sensitivity by fluorescent resonance energy 
transfer (FRET), and they can screen plant samples with appropriate results within 
30 min. Rad et  al., in 2012, worked on quantum dots based on nano-biosensors 
which can detect phytoplasma witches’ broom disease of lime (Candidatus 
Phytoplasma aurantifolia) in infected lime trees. These kinds of immunosensors 
expressed more specificity and defined detection of witches’ broom. In another 
research they developed biosensors for the detection of specific sequence of DNA 
for basal stem rot of oil palm (Ganoderma boninense) (Bakhori et al. 2013).

Modified quantum dots which are 5–8  nm contained carboxylic groups con-
nected with DNA probe (single-stranded DNA) through amide linkage. In QD con-
jugated with single-stranded DNA, these probes were labelled with Cy5 detection 
of specific sequence of basal stem rot of oil palm gene based on FRET signals. The 
manufactured biosensor sensitivity has been shown with a detection limit from 
3.55 × 10−9 M (Bakhori et  al. 2013). This technique is also a proficient, simple, 
quick and sensitive method for detection of plant pathogen. Furthermore, quantum 
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dots can be active using UV light, and illumination can be visualized with the naked 
eye; technology is directly practical into the field.

Research based on quantum dots is at initial stage for plant pathology and food 
toxins. So, in this area work must carry on for optimization of assay to attain effi-
cient signals for low levels of pathogens in complex systems, whether they are food, 
plants or insects. The applications of functional quantum dots have various pros-
pects like nanoparticle-based diagnostic system in agriculture and its related sector. 
This field is vast, and researchers are struggling to continue with latest technologies 
which can be used to shield agricultural harvests and food commodities from plant 
pathogens.

11.9.2  Nanofabrication Imaging

Nanotechnology offers unique opportunities to precisely tune and control the chem-
ical and physical properties of contrast materials in order to overcome problems of 
toxicity, useful imaging time and specific tissue. Nie (2013) reported that meso-
scopic nanoparticles (5–100 nm diameter) have large surface areas and are ideal for 
conjugating functional groups in multiple pathogen diagnosis assays. Electron 
beam and photolithography techniques are also used to fabricate topographies that 
mimic leaf surface features as well as the internal plumbing of plants, and then 
nano-imaging technologies are used to study how pathogen invade and colonize the 
leaf tissue (Mccandless 2005). Lithography was used to nanofabricate a pillared 
surface on silicon wafers. This lawn of miniature pillars (1.4 and 20 mm wide) was 
used to examine the movement across the surface by the fungus that mimicked some 
of the characteristics of the host plant.

Images of the red stalk rot of cereal (Colletotrichum graminicola) crawling 
across the nanofabricated surface assisted the researchers to determine that the fun-
gus needs to make a minimum contact (at least 4.5  mm) former to initiation of 
appressoria formation. To develop disease resistant cultivars, the infection process 
and behaviour of Xylella fastidiosa causing Pierce’s disease inside grapevine xylem 
were studied using nanofabrication methods (Meng et al. 2005). The application of 
carbon-coated magnetic nanoparticles and microscopy methods at different levels 
of resolution to visualize the transport and deposition of nanoparticles inside the 
plant host was reported by González-Melendi et al. (2008). Further, Szeghalmi et al. 
(2007) investigated nanostructured surface-enhanced Raman scattering (SERS) 
substrates for imaging applications at high spatial resolution (1  μm). They per-
formed SERS imaging of dried fungal hyphae grown on commercially available 
nanostructured gold-coated substrates and concluded that this type of nanofabrica-
tion techniques offers a well-characterized and reproducible substrate for in situ or 
in vivo imaging studies of plant pathogen interactions. Rispail et al. (2014) evalu-
ated the behaviour of quantum dots and superparamagnetic nanoparticles on 
Fusarium wilt (Fusarium oxysporum) and indicated integration of nanomaterials 
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with the fungal hypha labelling the presence of the pathogenic fungus. Though they 
showed differential behaviour of nanomaterials with respect to internalization. This 
work represents the first study on the behaviour of quantum dots and superparamag-
netic particles on fungal cells and creates the first and essential step to address the 
feasibility of new nanotechnology-based systems for early detection and eventual 
control of pathogenic fungi.

11.9.3  Nanopore System

This system is based on electric identification of DNA sequence and can performed 
with low quantification of samples more efficiently and effectively (Branton et al. 
2008). This technique is used for agricultural point of view and applicable for 
genome of pathogen, gene function in addition to pathogen detection and estimation 
in agricultural crops. We can also identify the nucleotide by using nanopore system. 
Its mechanism is based on dimension of conductivity variation across a lipid mem-
brane, whereas DNA can be dragged through a nanoscale pore by an electric cur-
rent. Each nucleotide has specific conductivity and nucleotide identification by 
allowing passing through pore (Egan et al. 2012; Mitran et al. 2018).

Kumar et al. in 2012 introduced nanopore-based sequencing (nano-SBS) tech-
nique which can accurately distinguish four nucleotides, guanine (G), cytosine (C), 
arginine (A) and thymine (T), of DNA by detecting the different sized tags released 
from 5′-phosphate-modified nucleotides at the single molecule level for sequence 
determination. A most recent approach about nanopore technique, a portable DNA 
sequencing machine (MinION) was launched by UK-based Oxford Nanopore 
Technologies (Hayden 2015). This type of tool is able to sequence the single sense 
and antisense DNA strand (10 KB) and will make next-generation sequence (NGS).

11.9.4  Bio-barcode System

Nanomaterials are well-thought-out as very interesting sensitive materials. Keeping 
in mind their sensitivity, nowadays bio-barcode system is widely used with high 
sensitivity and selective detection approach system high sensitive and selective 
detection approach. Its technique depends on nanomaterial capability to transfer the 
target binding towards an enhanced detection system by recognition of selected 
target specificity of the elements (Charbgoo et al. 2016; Verma et al. 2015).

This is a hypersensitive approach as, for detection of proteins analytes have been 
entrenched. This system is magnetic microparticle probes-dependent associated 
with target-specific antibodies binding to a specific target called prostate-specific 
antigen (PSA) and nanoparticle probes that are encoded with DNA that is unique to 
the protein target of interest and antibodies that can sandwich the target captured by 
the microparticle probes. The magnetic separation of the complexed probes and 
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target followed by dehybridization of the oligonucleotides on the nanoparticle probe 
surface allows the determination of the presence of the target protein by identifying 
the oligonucleotide sequence released from the nanoparticle probe. Because the 
nanoparticle probe carries with it a large number of oligonucleotides per protein 
binding event, there is substantial amplification and PSA can be detected at 30 atto-
molar concentration (Jwa-Min et al. 2003).

11.9.5  Nanosensors

The chemical or mechanical sensors used to detect chemical species and nanopar-
ticles or to observe physical factors on nanoscale are known as nanosensors. Due to 
their small size, they least affect chemical or physical properties of species and 
provide such a mean of transduction or amplification which does not provide bulk 
structure of material flow. In 2004, Basu et al. (2004) tested anti-E. coli-bound gold 
nanowire arrays (GNWA) prepared on anodized porous alumina template for cap-
turing E. coli 0157:H7. This bacterial antibody complex can alter the surface prop-
erties of the sensors, such as biomembrane. This alteration was detected using 
electrochemical impedance spectroscopy (EIS) to measure the amount of E. coli, 
and then the amount of bound E. coli was determined. Their initial results showed 
that GNWA biosensor can detect up to 50 E. coli cells with 1.78cm2 sensor areas 
(Basu et al. 2004).

In another study carried out by Zhou et  al. (2006), the attachment of single- 
walled nanotubes (SWNT) enhanced and reversed bacteria di-electrophoresis (DEP) 
mobility. Subsequently, the SWNT-bacteria groups accumulate rapidly (<5  min) 
into conducting bridges between two electrodes by positive alternating current 
DEP. Therefore, this approach revealed a detection doorstep of 104 CFU/ml of E. 
coli incorporation of functionalized SWNT will lead SWNT to play a more specific 
role as absorbers and transporters of pathogens in biosensors.

11.9.6  Metal Nanoparticles

Metallic nanomaterials themselves are known to have antibacterial effects (Fig. 11.4). 
Silver nanoparticles are found effective to both Gram-negative bacteria including E. 
coli, P. aeruginosa and S. typhus and Gram-positive Staphylococcus epidermis 
(Sondi and Salopek-Sondi 2004; Furno et al. 2004; Melaiye et al. 2005). Deposition 
of silver on nanoparticles of titanium dioxide significantly increases its bactericidal 
effects against E. coli (Kim et al. 2006; Gogoi et al. 2018). Silver nanoparticles in 
combination with amoxicillin resulted in a synergistic effect against E. coli, which 
was greater than when they applied it separately (Li et al. 2005). Vancomycin-capped 
gold nanoparticles exhibited enhanced activities against vancomycin- resistant 
enterococci (VRE) stains and Gram-negative E. coli (Gu et al. 2004).
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11.10  Food Processing and Packaging by Nanotechnology

11.10.1  Nano-capsulation

This technique permits the safety of the sensitive bioactive food components from 
negative environmental surroundings, suppression of discordancy, solubilization or 
covering of unpleasant taste or aroma. The lipid-based carriers include nanoemul-
sions, nanoliposomes, solid lipid nanoparticles (SLNs) and novel generation of 
encapsulation system, namely, nanostructure lipid carriers (NLCs), which are more 
functionalized and stable concerning their production and physicochemical 
properties.

New technology in nanotechnology is nano-encapsulation for food and nutraceu-
tical industries. It deals with encapsulation of bioactive compounds in an easy and 
compact way to serve as a collection of advanced techniques and systems in food 
and nutraceutical industries. The prospective of nano-encapsulation technologies 
also enhances their unusual applications in functional foods and nutraceutical sys-
tems (Fathi et al. 2012).

Fig. 11.4 Application of nanotechnology: pathogens detection and diagnosis
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11.10.2  Smart Packing

Industries are using nanomaterials in food packaging because they are progressively 
being used in the food packaging industry due to their progressive efficient proper-
ties (Silvestre et al. 2011; Duncan 2011). It is also known as intelligent packing or 
smart packing which can sense any biochemical or microbial modification in the 
food, for example, detection of specific pathogen production in food or gases from 
food spoiling. Somewhere ‘smart’ packaging has also been developed to be used as 
a tracking device for safety or to warn about products imitation. Research is being 
done to explore more possibilities of ‘smart’ packaging surrounded by smart mate-
rials and stretchable nanoelectronic devices to regulate inside the environment of 
packaging and to alert about the food expiry.

Here we are discussing some more new advancement of nanotechnology that is 
the colour-changing property of plastic packaging due to nanoparticles which 
become active during food decay. It can be achieved either physically or chemically. 
In chemical mechanism, chemical indicator changes colour in the presence of cer-
tain gases given off during food oxidation. While the other mechanism is physical, 
nanoparticles embedded in the polymer layers change their visual properties 
depending upon their relative position in the matrix structure. This designed mecha-
nism is used to produce a strong colour while the packaging stretches and giving off 
a clear sign of gas releasing decomposition of food.

11.11  Feasibility of Nanotechnology Towards Improved Rice 
Production Under Changing Climate

Parisi et al. (2014) described nanotechnology which contains up to 50% artificial 
and natural particle size ranging from 1 to100 nm (it is a billion part of 1 m). White 
and Elmer in 2016 hypothesized that nano-nutrients can stimulate the plant’s own 
immune system. These nanoparticles are exclusive due to their small size, high 
volume- to-surface ratio, high solubility and increased reactivity with no chemical 
and genetic modifications into the plant biochemistry and surrounding environment. 
Christian and Prem (2018) examined numerous nanotechnologies for crops in 
Nigeria. Nanomaterials can address several crop plants like growth, yield, disease 
and resistance to environment such as drought stress. Nanotechnology might help 
farmers fight climate change, pests and disease – and boost yields (Genetic Literacy 
Project), November 16, 2017. A study conducted by the University of Leeds (2018) 
has publicized that global warming of only 2 °C will be damaging to crops (like 
rice, wheat, cotton, corn) in temperate and tropical regions, with less harvests from 
the 2030s onwards.

There is another study conducted by researchers Guerriero and Cai (2018) about 
HA nano-hybrid which is a bioceramic with nanoparticle combination which has 
maximum potential in different types of soils (different regions worldwide, e.g. 
temperate and tropical regions for rice crop), because nano-covering reduces the use 
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of urea and makes possible an approach to more available global nitrogen issue 
commercially viable (Guerriero and Cai 2018; Yadav et al. 2017).

Nano-urea improved agronomic competence by 44.5% and grain yield 10.2%. 
Nanoparticles especially address excess fertilizer application and prevent early loss 
and release specific amount of demand nutrient (Wang et al. 2010). Some previous 
studies conducted in high-yielding rice cultivar Wandao153 was provided with ordi-
nary urea and NMUrea (nanomaterial-coated urea) at N 0, 90, 135, 180, 225 and 
270 kg/ha to examine the effects of NMUrea on rice yield and agronomic efficiency 
of nitrogen fertilizer (NAE). When they use the same N rates, tiller number, SPAD 
values and dry matter of plants were expressively higher in NMUrea treatments than 
without nanomaterial urea treatments.

They designed a model between grain yield and fertilizer rate; application could 
be reduced by 12.4–41.7% with nitrogen amount of 90–244.9 kg/ha. In this study 
the optimum fertilizer management was applied with application of nanomaterial 
urea at N 244.9 kg/ha, in which the highest grain yield (11174.7 kg/ha) and NAE 
(13.7 kg/kg) were obtained, being 9.25% and 4 kg/kg higher than in the ordinary 
urea treatment. With an N rate of 180  kg/ha, the grain yield and NAE were 
10332.9 kg/ha and 18.5% in the NMUrea treatment, respectively, being 6.0% and 
4.3 kg/kg higher than in the ordinary urea treatment (Wang et al. 2010).

Wu (2013) focused on nano-carbon slow-released fertilizer which reduced the 
quantity of fertilizer consumption and lessen environmental pollution. Nano-carbon 
increased the surface area (energy and chemical activity) and produced positive 
effect on rice yield nitrogen loss in shallow water of paddy soil. This experiment 
contained three treatments, i.e. control, Jingzhengda slow-released fertilizer+nano- 
carbon (JSCU+C) and Stanley slow-released compound fertilizer (SSRF+N-P) 
were used. In their findings they mention (JSCU+C) treatment fertilizer concentra-
tion 31.0%, and (SSCU+C) treatment 29.8% dropped. The time of nitrogen runoff 
loss due to rainfall was shortening 2.2 days and 1.8 days. Due to use of released 
fertilizer+nano-carbon, rice grain yield, and nitrogen use efficiency increased sig-
nificantly. So Wu in 2013 recommended that nano-carbon can be used as coating 
material (nano-carbon) and slow-released fertilizer was a benefit for reducing water 
pollution.

Another study investigated the effect of nano-carbon nitrogen fertilizer on soil 
and rice cv. Changbai10 yield (Fan et al. 2012). They utilized different concentra-
tions of nitrogen fertilizers and nano-carbon A1 (N 215 kg hm-2 + nano-carbon 
1.194  kg hm-2), A2 (N 150.5  kg hm-2  +  nano-carbon 0.836  kg hm-2), A3 (N 
107.5 kg hm-2 + nano-carbon 0.597 kg hm-2), B1 (N 215 kg hm-2), B2 (N 150.5 kg 
hm-2 + nano-carbon 0.836 kg hm-2) and B3 (N 107.5 kg hm-2). The nitrogen accu-
mulation of rice of A1, A2 and A3 treatments were 13.23%, 9.57% and 38.14% 
higher than B1, B2 and B3 treatments, respectively; total nitrogen residues of soil of 
A1, A2 and A3 treatments were 6.95%, 8.48% and 9.65% lower than B1, B2 and B3 
treatments, respectively; dry biomass of aerial part of A1, A2 and A3 treatments 
were 58%, 15.7% and 19.3% higher than B1, B2 and B3 treatments. They indicated 
combined treatment of nano-carbon and nitrogen fertilizer most appropriate in their 
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results. The application ratio of nitrogen fertilizer increased with combination of 
nano-carbon which can save the N fertilizer in production practice. So, the collec-
tive treatment is more appropriate and dissemination in soda saline-alkali soil in the 
agriculture.

11.12  Sustainable Approaches in Relation to Nanotechnology 
Towards Natural Resource Management

Nanomaterials can provide us a sustainable approach towards a broad spectrum. 
Engineered nanomaterials (ENMs) and ENM-enabled products have emerged as 
potentially high-performance substitutes to conventional materials and chemicals. 
There is a crucial need to incorporate environmental and human health objectives 
into ENM selection and design processes. So, an adapted framework based on the 
Ashby material selection strategy is presented as an enhanced selection and design 
process, which includes functional performance as well as environmental and 
human health considerations. The utility of this framework is demonstrated through 
two case studies, the design and selection of antimicrobial substances and conduc-
tive polymers, including ENMs, ENM-enabled products and their alternatives. 
Further, these case studies consider both the comparative efficacy and impacts at 
two scales: (i) a broad scale, where chemical/material classes are readily compared 
for primary decision-making, and (ii) within a chemical/material class, where phys-
icochemical properties are manipulated to tailor the desired performance and envi-
ronmental impact profile. Development and implementation of this framework can 
inform decision-making for the implementation of ENMs to facilitate promising 
applications and prevent unintended consequences.

11.13  Risk Management

Nanotechnology, which delivers a comprehensive zone, is also a border area of sci-
ence and technology that has been evolved sharply recently and gives a wide appli-
cation perspective of things, life, information, environment, energy and security at 
national level (Bai et al. 2009). But unfortunately, nanotechnology is also a two- 
edged sword; while it can be used in several areas to achieve unlimited benefits, 
many adverse effects affecting danger to human life, animals, plants and environ-
ment has also reported. Management and controlling establishments as well as envi-
ronmental boards, non-governmental administrations and scientific establishments 
around the globe are concerning about the risk valuation of nanotechnology and 
have specified their suggestions, views and guidance (Vyom et  al. 2012; COT- 
COM- COC 2005). In addition, nanomaterial size, shape, surface area, pH value, 
temperature and light density will affect its toxicity, while the same nanomaterials 
having the same chemical but different physical properties will affect differently in 
its toxicity.
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In this chapter we mention another risk of nanotechnologies which is social risk 
of nanotechnology. Nanotechnology acts as advanced contaminant gaining more 
attention. According to researchers, specific properties of nanomaterial and their 
environmental behaviour are the main reason of ecological toxicity. Nanotechnologies 
also show extensive usage scenarios in the field of chemistry, chemical engineering, 
biomedical, composite materials, information technology, catalysts and other sides 
(Krrlik and Biffis 2001). Nanotechnology is widely used and necessarily discharged 
into the environment causing harm to the ecological system, whereas there are a 
huge number of eco-toxicological research reports reported to overcome this emerg-
ing pollution.

On the other hand, there are several reports on efficiency of various nanotech-
nologies which affect the whole ecosystem diversity. These are 31% TiO2, nano-Co 
(18%), nano-ZnO (17%), nano-Ag (13%), single-walled carbon nanotubes (9%) 
and nano-CuO (9%) (Kahru and Dubourguier 2010) based on chemical and physi-
cal interactions of nanotechnology and environment (Yin et al. 2011).

The overall scenario demands that there should be some agency to undertake, 
collaborate, support and guide the researcher to provide better understanding and 
sharing of information about nanomaterial. That agency can detect the environmen-
tal disorder detection and analysis and environmental fate and classify the nanoma-
terial (chemical and physical identification) impending discharge, human 
vulnerability and environmental effect evaluation assessment (Henshaw and 
O’Carroll 2009).

At present, monitoring organization, industry group and health organization at 
public, nationwide and worldwide stages are allowing to control and monitor prom-
ising health threats from engineered nanoscale materials by using a full life cycle 
assessment method. Now, it has created a challenging situation to develop manage-
ment frameworks for safe production, handling and disposal of engineered nanoscale 
materials supposed to be the large number of uncertain queries.

Countries like the United States and Europe have already taken action on precau-
tionary measures into risk management agenda to accomplish determined uncer-
tainties connected with several nanomaterials. Many practical agendas have been 
established that keep equally existing technical information, expert’s suggestions 
and protective policies side by side to fill the current larger gaps in knowledge. To 
meet up the standards of any community, research institutes or universities, it is 
mandatory to have this framework of equilibrium to balance the value of research 
against cost of protective measures.

11.14  Future Perspective

Nanotechnology is capable of converting the current conventional agricultural prac-
tices into advanced techniques. It provides a promising defence system against 
many agriculture-related problems like enhancing insect/pest management caused 
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by traditional methods and adversity of chemically used pesticides as well as devel-
opment of improved crop varieties. Therefore, nanomaterial in several forms can be 
applied to efficiently manage insect/pest formulations. Nanoparticle facilitating 
gene transfer can be fruitful in producing such insect-/pest-resistant varieties. 
Hence, it can be concluded that nanotechnology can give us green eco-friendly for-
mulation without altering nature as an alternative to commonly used harmful 
chemicals.

Through progressed knowledge of nanomaterials and the realization of their 
potential in the food industry, initiation of nanotech foods will provide solutions for 
persisting problems associated with foods and will offer long-term economic ben-
efits. Internationally, nations will profit from increased food productivity with cost- 
effective revenues and innovative products with tunable properties to deliver smarter 
and healthier foods along with intelligent packaging systems with improved storage 
properties for healthier food protection. Nanomaterials in foods will have a huge 
impact on sustainability and will be accompanied by health and environmental ben-
efits if regulated suitably.

However, every innovation created a challenge in evaluating the safety of com-
plex novel nano-foods and nano-packaging to ensure that human and environmental 
concerns are not compromised as new products are released. Therefore, every intro-
ductory technology must be sufficiently slowed to allow potential risks for proper 
check and balance by regulatory and reliable measuring tools which are currently 
absent for nano-foods. Also, if nano-foods are to be implemented successively in 
our food cycle, the benefits of nanotech foods must be accompanied by greater 
transparency of the risks of such foods publicly to build consumer confidence. 
Public engagement acting in concert with public opinion is expected to perform the 
main role in the acceptance of nano-processed foods.

Evidently, there is a chance for this technology to leave a considerate influence 
upon energy, on environment and by enhancing the selection the economy and the 
environment by improving the screening procedures. Advance new visions for 
incorporating nanotechnologies into nano-biosensors need to be exposed, familiar 
of any possible threat to environment or mankind. With this focused effort on tar-
geted goals related to agro-products by researchers and government, we believe on 
transformation of nanotechnology in the area of agriculture towards achieving the 
goal of sustainable agriculture in the globe.

11.15  Recommendation

First of all, to fulfil the desired demand and supply of rice, there is a need for a 
detailed and focused advanced research program on the established stabilizing food 
cost at national-level economies, as well as an emphasis on application of strategy, 
administration of food logistics organizations and tools to overcome corruption in 
these organizations. Secondly, there is need for larger rice reserves at four different 
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global levels starting from private sector rice economy to minor trade in countries 
by the public sector then in large rice producing and consuming countries held pub-
licly finally at international-level community. If we look at the above conditions, the 
basic and utmost recommendations are as follows:

 1. Assessment of figures from general to specific element interacting with biologi-
cal system.

Mutual promotion and collaborative promotion and collaborative efforts by 
researchers to further understand and explore the innovative properties of sci-
ence, as well as advanced methodologies to detect and measure nanoparticles on 
nanoscale

 2. Collection, collation and interpretation of scientific information based on prod-
uct review strategies

 3. Construction of infrastructure setup to transfer knowledge inside and outside, 
looking for collection, manufacture and build upon information from individual 
studies of nanoscale materials

 4. Establishment of agencies for ensuring consistent transfer and application of 
relevant knowledge for products containing nanoscale materials

 5. Sufficiency of testing methods to test a product regardless of whether it is subject 
to premarket authorization or not

 6. Evaluation of availability and reliability of current testing approaches to assess 
safety, effectiveness and excellence of nanoscale material products

 7. Efforts to take part in promotion and development of description procedures and 
principles for nanoscale materials

 8. Encourage and contribute in the expansion of models for the behaviour of 
nanoscale particles in vitro and in vivo

11.16  Conclusion

Nanotechnology has presented countless welfare in precision agriculture. 
Nanoparticles have exclusive characteristics like economically cheap and are 
required in lesser amount and can be easily manufactured from different sources 
(biological and synthetic sources). Due to limited resources of water and agricul-
tural land, progress of agriculture can be probable by using different modern nano-
technologies for increasing efficiency with minimal destruction in climate. 
Nanotechnology has potential to update the agriculture by using nanofertilizers for 
growth and improved yield production of agri-crops, controlled released formula-
tions of nanoparticles for micronutrients, nanopesticides for pest management and 
nanosensors for disease detection. Nanotechnology can deliver green, efficient and 
ecologically sound environment in agriculture. The modern nanotechnology tools 
can provide a promising future, and it can also assist to achieve sustainable agricul-
ture sector.
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