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Fertilizer N has played a key role in increasing food production, especially of cereals and grasses in the world. However, fertilizer N has
been also responsible for global warming, enhancing nitrate concentration in drinking water, and depleting the ozone layer. Crop plants
also release ammonia, while trees absorb ammonia from the atmosphere. Agriculture soil can contribute 84% of global N,O emission
and it is now considered nitrogen next after CO, for global warming. In India, the average nitrogen use efficiency (NUE) is 33% which
is far-reaching 50% acceptable and its consumption increased by 52 times from 1961 to 2018, but cereals production by 3.6 times.
Therefore, approaches, such as, 4R, LCC, SPAD, Green Seeker, using control, and slow-release nitrogen fertilizers, using inhibitors along

with SSNM may improve NUE in the developing world.
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INTRODUCTION

lants are the main source of food, fodder, fiber, timber, etc.

for humans and animals that need every day in the life. Plants
require several nutrients from the atmosphere, water, and soils
to complete their life cycle and for proper growth. However, in
the agriculture field, we applied external sources of nutrients
in the form of organic and inorganic fertilizers to harvest
maximum productivity, as a consequence overdose of fertilizer
application may cause environmental pollution and health
hazards. Nitrogenous fertilizer application in the agriculture
field is essential as most of the agriculture fields suffered from
low nitrogen status. In field conditions, its recovery efficiency
may vary from 21-63% (Doberman, 2005; Omara et al., 2019)
which varies from crops to crops and region to region. The
remaining portion of nitrogen may be lost by leaching (Prakasa
Rao & Prasad, 1980), volatilization (Sudhakara & Prasad, 1986),
and run-off losses (Tian et al., 2007) that cause environmental
pollution and health hazards of animal and human beings.
Besides, nitrogen is also lost from plant parts mainly from
senescing leaves. These losses are confirmed by Abrol (1986),
Patron et al. (1988), Schjarring et al. (1989), Francis et al. (1993) and
He et al.(2004). However, nitrogen losses from plants may or may
not be controlled but leaching, volatilization, and run-off losses
can be controlled by the application of advanced techniques
and use of modern gadgets. There are many approaches which
may improve nitrogen use efficiency, especially cereal-based
cropping systems. In this review we have compiled an overview
in relation to nitrogen with plants and human, nitrogen losses
from the soil-plant system and also different aspects to improve
nitrogen use efficiency.

PLanTs: THE MAIN SouRce oF FooD IN THE
WoRLD

The origin of life is a complicated issue and still remains a
mystery; however, it is generally believed that life originated
in water (Prasad, 2012) or aquatic medium as a unicellular
organism. The evolution of chlorophyll molecule followed and
the cells having it started photosynthesis and manufacture of
food (sugar) from Cin the air and H and O from water. The next
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step was fixing atmospheric N as in cyanobacteria (blue-green
algae) and development of proteins. Since the development
of DNA had taken place earlier, the cells could regenerate and
life began. In this process, plants were the first, because they
could manufacture their food, and thus, grow on their own.
The unicellular organism that did not have chlorophyll, and
therefore, could not manufacture food started consuming plants
for their growth and so animal life originated. With the passage
of time, chlorophyll-containing unicellular bodies developed
into multicellular organisms or plants of various sizes and shapes,
and the planet earth had a plant canopy. Non-chlorophyll
unicellular organisms also developed into multicellular bodies,
the animals, which still depended upon plants for food. As
regards regeneration, DNA did the job of producing different
but similar forms and sizes of animals, which all depended upon
plants for food and do it even today. Man is also an animal and
came in the scene in 200 KBP (thousand years before present
including 2000 years A.D.). Humans are considered to have
evolved in East Africa (Ackermann et al., 2015) and depended on
animals for food, which they hunted and killed for meat. They
had to shift from places to places in search of green pastures,
where animals were to be found, searching for their own
food (the green plants). Thus, the man was a hunter, to begin
with, and gradually learned to raise the animals and herded
them in flocks and pastoralism became his profession (Lewis,
1996; Prasad & Nene, 2016). Animals provided food and their
skin provided for covering the bodies and making tents to save
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them from the bitter cold. Still, later he or probably the women
left behind in camps, while men went or hunting played a key
role in discovering fruits and seeds for eating (Lee & Heywood,
1999). They also observed the germination of seeds and the
emergence of plants from them and man gradually turned from
pastoral life to agriculture in the Fertile Crescent in the Middle
East, according to western literature (Braidwood, 1960; Bender,
1975). Agriculture also developed in some Asian countries, such
as, China (Liu et al., 2013) at the same time. As of now, plants
are the main source of food for humans and agriculture is the
only way to grow food, both vegetarian and non-vegetarian,
because even the animals and birds grow on plant food. While
humans grow their food on farm fields as various food crops or
in orchards as vegetables and fruit crops, the animals are raised
on ranches.

FerTiLiZzZER N AND INCREASE IN CEREAL
ProbucTiON

The world human population was only 1-billion in 1800 and grew
to 2-billion in the next 130 years, i.e., in 1930. The next billion
was added in 30 years, i.e., by 1974. Another billion was added
only in 13 years, thus, requiring 1/10th of the period needed in
its increase from the first one billion to two billion. In the 20th
century itself, the world population increased from 1.65 to
6-billion. It is expected to increase by ~9.7 billion by 2050 (UN
2019). The earth’s land area remaining the same, it puts great
pressure on agriculturists to produce sufficient food for all. The
only way has been to grow more plants using more nitrogen
and other plant nutrients. Nitrogen has been the main source
of raising vigorous crops, especially cereals. The first chemical
N fertilizer was sodium nitrate, discovered in the early 19th
century as natural deposits on the western shores of South
America (Arias, 2003). Ammonia synthesis, the major source of
chemical N fertilizer was made possible by German chemists
Fred Haber and Carl Bausch in the 2nd decade of the 20th
century (Appl, 1982). This was followed by the development
of urea the most widely used fertilizer in India (Prasad, 1998).
Erissman et al. (2008) observed that without the discovery of
synthetic ammonia half of the world would have remained
hungry. Heffer (2013) reported that of the total N consumed in
the world, 55.2% was used in cereals (wheat 18.1%, rice 16.8%,
maize 15.4%, and other coarse cereals 4.8%). In 1955, the world
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Fig. 1: Cereals production and nitrogen fertilizer consumption in
India; adapted from FAOSTAT, 2020 for cereals (rice, wheat, maize,
barley, sorghum, and millets) production data and N fertilizers
consumption data from FAI Statistical Database, 2020

cereal (wheat, maize, and rice) production was only 446.8
Tg (million tonnes), which increased 4.5 times to 2,068 Tg in
triennium (2005-2007), and is likely to increase to ~3,000 Tg in
2050 (Alexandratos & Bruinsma, 2012). By that time, the fertilizer
use is predicted to increase to 225 to 250 Tg (Tillman et al., 2011)
from the present ~118 Tg. Connant et al. (2013) observed that
from 1961 to 2007, there has been relatively more increase in
fertilizer use (+134%) than in the yield of cereals (+120%), showing
the need for efficient use of nitrogen and the same trend was
observed in India (Fig. 1); where nitrogen fertilizers consumption
increased by 52 times since 1961 to 2018, whereas, cereals
production by 3.6 times (FAOSTAT, 2020; FAI, 2020). Nitrogen
fertilizer application not only increases grain yield in cereals but
also increases the protein content in grain. Protein is essential
for animal and human growth. Institute of Medicine, USA,
recommends 0.8-gram per kg body weight as the daily minimum
protein requirement for a sedentary person, i.e., about 48 grams
for a person having 60 kg weight. In India, protein deficiency
in the diet of vegetarians is a serious problem. People in other
south-east Asian countries acquire protein from semi-aquatic
organisms, such as, frogs and even insects. Indians cannot think
of consuming these sources of protein.

FerTiLiZER N Use EFFICIENCY

NUE means different things to different agricultural professionals.
Agronomists and agricultural economists use the term
agronomic efficiency of N (AE,) as kilograms of grain produced
per kg of N applied to the field. This term is used for determining
the optimum dose of nitrogen for raising a crop on a farm.
Soil scientists and environmental scientists use the term crop
recovery efficiency of N (CRy), which denotes the percentage
of applied N taken up by the crop. Plant physiologists use the
term physiological efficiency of N (PE,), which is kg grain per
kg N absorbed by the crop. Moreover, EU Nitrogen Expert
Panel (2015) recommended that NUE as a percentage (%) or mass
fraction (kg/kg), while N input, N output in harvested produce,
and N surplus in kg/ha/yr. Shivay et al. (2016) reported that when
urea was applied to wheat at 130 kg N/ha, the CRy was 31.6%.
Doberman (2005) reported that on a global basis CRy was 63%
in maize, 54% in wheat, and only 44% in rice. However, when N
application rates were higher as in China (180-220 kg/ha), CR
even in research trials was 37.8% in wheat, 30.5% for maize, and
only 20.8%inrice.In arecent study, Omaraetal. (2019) reported
that CRy in cereals in 1999 was 39% for the world as a whole,
41% for the USA, 30% for China, and 21% in India. Voluminous
data are available worldwide on this subject pointing to a similar
situation and CRy for rice is the lowest and this is a matter of
concern in Asia because rice is the principal cereal of the region
and staple food.

Soil scientists also conduct experiments with >N and
determine the uptake of applied N by a crop. The term generally
used for such values is TR (true recovery of applied N), because
it does not take into account the native soil N. These values
are generally lower than CRy and in rice varies from 13.6 (Xin-
hui et al., 2006) to 31% (Bandyopadhyay & Sarkar, 2005),
depending upon rate and method of N application. In a rice-
wheat cropping system at New Delhi, CRy was reported to be
31% (Goswami et al., 1988).
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WHAT HAaPPENS TO APPLIED N NoT TAKEN uP
BY CrRoP PLANTS?

All fertilizer nitrogen is applied to soil, generally on the
surface. Nitrogen is fairly soluble and that not taken up by
crop is lost through run-off, ammonia volatilization, leaching,
and denitrification that cause nitrogen pollution and water
contamination (Fig. 2). Today, urea is the most widely used
fertilizer in the world. Run-off losses of fertilizer occur on
undulating or sloping land, especially if rainfall occurs soon after
fertilizer application. In the Taihu lake region of China, the annual
loss of N through runoff and leaching was 13.7 to 48.1 kg/ha from
the rice-wheat cropping system (Tian et al., 2007). Urea applied
on moist soil surface gets hydrolyzed to ammonia, which is lost
by volatilization (Sudhakara & Prasad, 1986). Pathak et al. (2006)
from a simulation study reported that ammonia volatilization
losses in a rice-wheat rotation could vary from 13 to 62 kg N/ha,
with an average value of 30 kg N/ha.

Ammonium formed on hydrolysis of urea is oxidized by soil
bacteria (Nitrosomonas sp.) are to nitrite and then by Nitrobacter
sp.to nitrate. Nitrates so formed are leached down (Prakasa Rao &
Prasad, 1980) and are responsible for increasing its concentration
in drinking waters (Prasad, 2000), which is harmful to humans and
responsible for causing blue baby syndrome (Knobeloch et al.,
2000). Bharadwaj et al. (2012) reported that 28% of shallow well
waters of Ludhiana district contained 11 to 25 mg NO;”N/L, which
is higher than the safe limit of 10 mg NO;”N/L recommended
by Environmental Protection Agency (EPA) of USA and WHO.
The situation is alarming in vegetable growing northern China,
where very high doses of N (500-1,000 kg/ha) are applied and
Zhang et al. (1996) reported that in most samples from this area
nitrate in drinking water was above 70 mg N/L, much above the
EPA safe limit. Under anaerobic water conditions as obtained
in rice paddies, nitrate is reduced to N,O (nitrous oxide) by
denitrification caused by several species of bacteria, fungi,
and other micro-organisms (Coyne, 2016). Aulakh et al. (2001)
reported that 22 to 23% of N applied to rice may be lost by
denitrification. Pathak et al. (2004) reported that in rice-wheat
rotation, 10 to 15 kg N/ha was lost by denitrification in rice
and 5 to 10 kg N/ha in wheat. Agricultural soils are believed to
contribute about 84% of global N,O emission (Smith et al., 2007).
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Fig. 2: Concept of the N cycle and nitrogen input-output mass
balance in crop production systems; Adapted and modified from the
EU Nitrogen Expert Panel, 2015; NUE—An Indicator for the Utilization
of Nitrogen in Agriculture and Food Systems; Wageningen University,
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The N,O produced by denitrification has about 300 times global
warming potential (Prasad & Shivay, 2019) as compared to
CO, and is also responsible for reducing ozone layer in the
atmosphere (Portman et al., 2012). Losses of applied N are most
under alternate flooding and drying conditions. A laboratory
study at New Delhi showed that ~95% of applied N was lost
after three cycles of wetting and drying (Prasad & Rajale, 1972).

ENHANCED EFFICIENCY FERTILIZERS

The traditional agronomic techniques to increase the
nitrogen use efficiency (NUE) include time and method of N
application (Prasad et al., 1970). Since most of the nitrogen
losses are due to easy solubility of N fertilizers, efforts were
made to develop slow-release fertilizers by coating urea
with insoluble materials, such as, sulfur as in sulfur coated
urea (SCU) or by developing less soluble urea compounds, such
as, isobutylidenediurea (IBDU) (Prasad et al., 1971). Another
approach has been to develop chemicals with nitrification
inhibiting capacity, such as, nitrapyrin or N-Serve (Goring,
1962). Blending urea with nitrification inhibitors is reported
to reduce N losses and increase rice yields (Lakhdive & Prasad
1970; Prasad et al., 1971). The use of these enhanced efficiency
fertilizers reduces N losses from soil to a large degree. Neem
coating of urea as in neem coated urea (NCU) also partially
inhibits nitrification (Reddy & Prasad, 1975). NCU has a great
role in improving the environment (Prasad & Prasad, 2018). In
India, NCU was developed (Prasad et al., 1994), which has been
quite successful and all urea manufactured in India is now neem
coated (Kumar, 2015). Moreover, EU Nitrogen Expert panel, in
2015, proposed four main directions to optimize NUE, i.e., by,
1) intensification, 2) extensification strategies, 3) increasing
efficiency, and 4) avoiding soil degradation.

PLANT AND ENVIRONMENT

Plants absorb CO, and release O, in the atmosphere, so
much necessary for animal and human life on the planet
earth (Vasanthaiah, 2012). A mature leafy tree produces as much
oxygen in a season as 10 people inhale in a year. That is why
thereis so much effort for afforestation (Patra, 2014). Even indoor
plants release oxygen (TOI, 2017). Little is known about N losses
from plants. Nitrogen being a constituent of proteins is the key
nutrientin plant growth. When Nis in short supply, it moves from
senescing (old) leaves to growing young leaves (Thimann, 1980),
which turn yellow. Mobilization of N involves the breakdown
of leaf proteins and in the process, ammonia is evolved. The
concentration of ammonia in sub-cells of stomata is much
higher than in the outer atmosphere and ammonia moves
out by concentration gradient (Wu et al., 2009). Ammonia
concentration in the atmosphere is generally 1 to 5 parts per
billion but could be higher in agricultural regions, where heavy
doses of N are applied. In China, abundant concentrations
of NH; [1 to 23.9 ug m™] were spotted in typical agricultural
regions, especially in the North China Plain (NCP) (Wang et al.,
2018). Ammonia so released is oxidized to nitrate and finds
its way to the soil by rainwater, where it is either leached or
denitrified. Nitrogen losses from field crop plants (annuals)
are most during anthesis and maturity (Wetselaar & Farquhar,
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1980). However, field crops (annuals) release ammonia in the
atmosphere. Patron et al. (1988) reported that ammonia loss
was 0.36-gram NH;™N/ha/day from senescing leaves with a leaf
area index of 5. Losses of N from different crops reported are
winter wheat 5.9 to 80 (Daigger et al., 1976; Harper et al., 1987;
Abrol 1986), maize 4.5 to 81 (Francis et al., 1993), and rice 7.3
to 59.8 kg/ha (Hayashi et al., 2009; He et al., 2014). A °N study
on barley using fertilizer N doses varying from 30 to 150 kg/
ha showed that about 45% of applied fertilizer N was lost from
plants (Schjerring et al., 1989). Farquhar et al. (1983) reviewing
results from a number of agricultural plant species observed that
N losses from plants could reach up to 75 kg N/ha (Farquharet al.,
1983; Behera et al., 2013). Thus, crop plants release a lot of
nitrogen in the atmosphere. Most N-balance sheets for the
soil-plant system (Allison, 1955; Pillai et al., 2007) have skipped
the loss of N from plants and have mainly concentrated on N
losses from soil. Plants are also involved in ammonia emission
indirectly as forage and grains fed to cattle, which release a lot
of ammonia in urine and dung (Hristov et al., 2011). This also
brings out that fertilizer nitrogen, which has saved humanity
from hunger could also pollute the environment to a degree
that may hurt humanity beyond repair. In the crop production
system, nitrogen has losses in many ways. Therefore, input-
output mass balance andits life cycle are very complicated, part
of the input is harvested as crop and the remaining portion is
dissipated into the atmosphere and contaminated to surface
and groundwater (Fig. 2). It is noteworthy that agricultural
crop plants form an important link in the possible pollution of
the environment by fertilizer nitrogen, which has to be more
carefully managed.

As a contrast, trees absorb ammonia from the atmosphere
(Boaretto et al., 2013) and are used for mediating a high
concentration of ammonia in the atmosphere (UK Centre for
Ecology and Hydrology, 2018). This makes agroforestry quite
interesting from nitrogen point of view; however, this aspect
has not received much attention in India.

CONCLUSION

Plants thus, serve as a source, as well as, sink for ammonia
and are an important component in adding to/preventing
environmental pollution due to fertilizer nitrogen. Coordinated
studies by plantand soil scientists and agronomists are required
to reduce the menace of environmental problems created by
fertilizer nitrogen.
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