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Eco-friendly nitrogen management practices for rice cultivation: a review
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ABSTRACT

Rice (Oryza sativa L) is one of the most important stable food crops for human beings. One of the alternatives to
feed the ever-increasing population is exploiting the production potential of high-yielding rice varieties through
nutrient and agronomic management. A large amount of nitrogen (N) fertilizer is required for rice cultivation, but
nitrogen use efficiency (NUE) in rice cultivation is low (20-40%). Much of the unutilized N potentially degrades the
quality of soil, water and air and disintegrates the functions of different ecosystems. It is the task to increase NUE
and sustain rice production to meet the demand of the ever-increasing world population. This review attempts to
find out promising N management practices that might improve NUE while reducing the trade-off between rice
production and environmental pollution. The information on N management practices and associated barriers was
collected and collated. More efficient N management tools are yet to be developed through research and extension.
Awareness-raising campaign among the farming community is a must against their misunderstanding that higher N
fertilizer provides higher yields. The conclusion might help policymakers to formulate suitable policies regarding
eco-friendly N management strategies for rice cultivation and ensure better utilization of costly N fertilizer.
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INTRODUCTION

Rice (Oryza sativa L) is one of the most
important stable food crops in the world. Currently,
the world population is increasing at an alarming rate
but there is no scope to increase the net cultivable
land for crop production. It is a great challenge to ensure
food security by increasing rice yield from the land
that is decreasing continuously (Jiang et al 2016).

Nitrogen (N) is an integral part of amino acids,
proteins, nucleic acids and chlorophyll in plants and is
usually the most yield-limiting nutrient in rice production
except in soils containing high organic matter content,
which can supply enough N during the crop season.
During the last few decades, the use of N fertilizers in
rice production has increased tremendously. The rate
of N for rice cultivation in different countries varies,
but the increment of rice yield is not linearly inter-
related with the increased application rate of N
fertilizers. Nitrogen use efficiency (NUE) in rice
cultivation is only 20-50 per cent (Chivenge et al 2021),

while the average value for grain production is less
than 40 per cent (Omara et al 2019). It indicates that
about 60-80 per cent of the applied N remains surplus
in the crop fields. Surplus N contributes to greenhouse
gas (GHG) emissions (N

2
O, NO, NO

2
 etc), biodiversity

loss, soil acidity development, groundwater pollution,
surface water eutrophication etc (Rahman et al 2022a).
Therefore, it is crucial to improve NUE to minimize
adverse environmental issues through better N
management practices for sustainable rice production.

Intensive rice cultivation and future rice
demands will require knowledge-intensive strategies
for the efficient use of all inputs, including fertilizer
nutrients. As irrigated and rainfed lowland rice systems
account for about 80 per cent of the worldwide
harvested rice area and 92 per cent of total rice
production (Dobermann and Fairhurst 2000), the
discussions in this review article focuses on the
deliberate application of recommended N management
tools in rice cultivation that might increase NUE and
reduce the loss of N and ultimately contribute to climate
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change mitigation which ensures environmental
sustainability.

Sources of N in rice ecosystem
Nitrogen is the most abundant element in the

atmosphere while dry air contains 78 per cent of N
2

by volume. Though the amount of N in the atmosphere
is huge but is practically unavailable for plants except
legumes. Atmospheric di-nitrogen (N

2
) is added to the

rice ecosystem through the natural N
2
 fixation during

lightning, thunderstorms and rainfall (Panda et al 2019).
Biological nitrogen fixation (BNF) is considered another
important process of N addition in rice soil from the
atmosphere by autotrophs (blue-green algae),
heterotrophs (Azospirillum and Azotobacter) and
associative N

2
-fixers such as Azolla (Panda et al

2019).

Eco-friendly N management practices
Globally, more than half of the N fertilizer is

applied to three major cereal crops viz wheat (18%),
maize (17%) and rice (16%) (Heffer et al 2017). In
addition, NUE at the global level is estimated to be
<40 per cent (Omara et al 2019), confirming that a
major portion of applied N (60%) remains unused
(Dobermann 2000).

Soil test-based N application
Soil test-based (STB) N application ensures a

higher NUE. The STB practice is an important
component of the 4R strategy for nutrient management
viz right source, right rate, right time and right place.
The 4R technique increases fertilizer efficiency,
minimizes nutrient losses and reduces environmental
hazards (Wang et al 2016).

The STB fertilization programme can be linked
with the cropping system-based soil health card (SHC)
programme for the farmers. The SHC remains viable
for 3-5 years and again soil from the farmers’ fields
needs to be analyzed and a new SHC is issued. Planned
utilization of SHC might increase NUE. Singh et al
(2021) reported that STB N application produced a
higher grain yield of rice (4.2 tonnes/ha) as compared
to the standard recommended fertilizer dose (3.75
tonnes/ha) and farmers’ practice (3.18 tonnes/ha).

Site-specific N management
Most of the fertilizer management practices

do not consider field-specific variations of available
soil N status. Therefore, there is a chance of excess

application of N fertilizer, which may result in low NUE.
The site-specific nutrient management (SSNM)
practice considers several factors while calculating the
proper N requirement for the crop. Quantification of
the availability of indigenous N sources for a specific
site is very important, which commonly differs from
one site to another (Panda et al 2019). Sarkar et al
(2017) reported that the SSNM practice in India
increased rice yield by 12 per cent and profitability by
14 per cent. The SSNM method is an efficient method
of optimizing fertilizer rates and, thus the practice can
reduce GHG emissions by up to 50 per cent (Richards
et al 2015).

Leaf colour chart and chlorophyll meter-based N
management

The leaf colour of a crop is closely related to
the N content of the leaf. Farmers normally like to
keep the dark green colour of their crop’s leaves, which
often leads to applying higher doses of N fertilizers in
the rice field. Such practices augment the loss of
fertilizers and diminish NUE. The leaf colour of a
standing rice crop is compared with the colour of the
leaf colour chart (LCC) strip. Singh et al (2002)
reported that the LCC-based N management practice
could save 10-30 kg N per ha without any significant
loss of rice grain yield as compared to the fixed-time
N application practice. The rate of N fertilizer is
reduced when the LCC is used for urea application.
Therefore, N

2
O, NO and CH

4
 emissions must be

reduced. Bhatia et al (2012) confirmed that the
application of N (120 kg/ha) at LCC <4 decreased
CH

4
 emission by 11 per cent and N

2
O emission by 16

per cent as compared to the conventional split
application of urea in rice.

Chlorophyll meter-based N management is
another successful approach that can ensure real-time
N application based on the demand of rice crop as
compared to the fixed-time split N application. The
spectral properties of leaves are used in the soil plant
analysis development (SPAD) meter to determine the
chlorophyll content of the leaves by measuring light
transmittance. The method allows less N application
to achieve the targeted yield of rice. Ghosh et al (2020)
conducted a field experiment to optimize SPAD values
for achieving better NUE under the rice-wheat cropping
system. They confirmed that chlorophyll meter SPAD-
based N management practices increased 58.5 per cent
agronomic NUE and 32.2 per cent N recovery
efficiency over the fixed-time N management practice.
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Slow-release N fertilizer
The development of the slow-release urea

(SRU) application technology can ensure higher crop
yields and NUE because SRU reduces N loss through
various processes including surface runoff, NH

3

volatilization, leaching and N
2
O emission (Li et al 2017).

Slow-release N fertilizers are mainly coated with
different types of natural or synthetic products such
as resin, paraffin, polychlorovinyl, polyurethane, sulfur,
polylactic acid, natural rubber and neem (Sun et al
2020). The function of slow-release fertilizers is to
release the specific nutrient element slowly so that the
target plants can absorb and utilize the nutrient element
for a longer period as compared to the normal fertilizers
(Azeem et al 2014).

Neem-coated urea (NCU) is very popular in
India and is garnering continuous attention from
scientific communities across the world (Ramappa et
al 2022). Sireesha et al (2020) reported that 100 per
cent of NCU increased NUE (32.59%) when
compared with 100 per cent of prilled urea (20.68%).
In addition to NUE, the grain yield of lowland rice was
increased by 14 per cent in 100 per cent NCU in
comparison to 100 per cent prilled urea.

Sulfur-coated and polymer-coated urea are
very promising slow-release fertilizers in rice
cultivation for enhancing grain yield and NUE as well
as reducing N loss from the rice field. Sulfur-coated
urea could reduce N loss and enhance use efficiency
(Shivay et al 2016). It has been reported that urea
coated with sulfur increased rice dry matter yield by
55-68 per cent and N absorption by up to 39.4 per cent
(Khan et al 2015). Li et al (2018) noticed a reduction
of 8-58 per cent in N surface runoff and 23-62 per
cent in ammonia volatilization for polyurethane-coated
urea and degradable polymer-coated urea compared
to uncoated urea.

Reducing N loss with conservation tillage
Conservation tillage, eg minimum tillage and

zero-till, ensures crop residue incorporation into the soil
and is found effective in soil and water conservation
(Rahman et al 2017). Conventional tillage (CT) induces
aerobic conditions which enhance the decomposition
of organic matter in the soil. The process of residue
decomposition supplies readily available N that
increases the probability of N loss to the soil, water
and atmosphere (Dinnes et al 2002). Under this
scenario, conservation tillage practices might play a

vital role in improving NUE and decreasing N loss to
the environment. Even though contradiction exists on
the efficacy of conservation tillage on increasing NUE,
reducing GHG emissions and increasing crop yields, a
good number of studies advocated in favour of it (Qin
et al 2022). They confirmed that the average NUE
under ridge tillage was 31 per cent which was 14 and
11 per cent higher as compared to the CT and flooded
rice fields respectively.

Soil tillage profoundly influences the physical,
chemical and biological properties of soil. Therefore,
tillage must contribute to either increasing or decreasing
the GHG emissions from the rice-based agro-
ecosystem (Gupta et al 2021). Reducing soil disturbance
with reduced tillage could lessen GHG emissions from
rice ecosystems (Nayak et al 2013). There is reduction
of CH

4
 emission from the rice field under reduced tillage

(Ahmad et al 2009), but contrasting effects of reduced
tillage on N

2
O emission from rice fields have also been

documented. There was a trade-off between CH
4
 and

N
2
O production in paddy fields, with CT plots showing

lower N
2
O flux than NT  as reported by Gangopadhyay

et al (2023).

Application of nitrification inhibitors and biochar
Nitrification inhibitors (NIs) are widely used

throughout the world to enhance NUE in various crops
including rice. The application of NIs in the soil
suppresses the nitrification process. It helps to delay
the production of NO-3 from NH+4. Such inhibitors
reduce the availability of NO-3 and restrict the
denitrification process in flooded soil (Guo et al 2013).
Use of synthetic and natural NIs such as dicyandiamide
(DCD), 2-chloro-6-(trichloromethyl)-pyridine, 3,4-
dimethyl pyrazole phosphate (DMPP) and methyl 3-
(4-hydroxyphenyl) propionate (MHPP) have gained
significant consideration (Sun et al 2015). Razzak et al
(2012) found that both natural (MHPP produced from
the root exudates of sorghum) and synthetic (DMPP)
NIs enhanced the yield-contributing characteristics,
yield and the harvest index of transplanted rice. The
application of NIs enhances N content in rice grains,
straw and post-harvest soil. Malla et al (2005) reported
a 4-34 per cent reduction of N

2
O emissions from the

rice fields of New Delhi with the use of NIs.

Biochar, a kind of carbon-rich organic material
produced from any organic biomass through pyrolysis,
ie under limited oxygen and high temperature (400-
550oC), is found to be efficient for enhancing NUE
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(Rahman et al 2020). It possesses the characteristics
of NI by inhibiting the nitrification process in soil (Gupta
et al 2021). Biochar is negatively charged and can fix
cations including NH+4 and limit the nitrification
process. The characteristics of biochar vary widely
because of its production process and the nature and
types of biomass from which biochar is produced.
Therefore, general recommendations on the rates of
biochar application to crop fields are not available.
However, the application of rice straw biochar (22.5
tonnes/ha) in combination with urea fertilizer increased
rice yield by 11.3-14.4 per cent as compared to the
sole application of urea (Dong et al 2015).

Integrated nitrogen management
Integrated nutrient management (INM) is

considered an attractive and holistic approach to
nutrient management. In INM, nutrients are supplied
from all possible sources of inorganic fertilizers, organic
manures and biofertilizers for crop production (Dwivedi
et al 2016). INM maintains soil fertility, enhances crop
yield and quality, reduces nutrient losses from the soil,
improves NUE, curtails production costs and minimizes
energy consumption in agriculture (Panda et al 2019).
The partial factor productivity of applied N (PFPN) in
rice ranged from 26 to 52 kg grain per kg N for the
recommended dose (RD) of NPK, whereas, the value
increased to 33-77 kg grain per kg N for 75 per cent of
RD + 25 per cent N from FYM (Dwivedi et al 2016).
This management further reduced 25 per cent N
application in the subsequent dry season of rice. The
results obtained from a long-term experiment in India
showed that the combined application of NPK fertilizers
and FYM significantly increased the grain yield of rice
by 0.4-0.7 tonnes per ha over the sole application of
NPK (Panda et al 2019). Lakshmi et al (2012) found
that the application of 75 per cent RD along with 2.5
tonnes per ha vermicompost provided a higher NUE
and grain yield of rice as compared to 100 per cent
sole RD. In the INM system, the organic component
enhances the microbial activity in the soil, which
performs a significant role in nutrient mobilization and
leads to higher nutrient availability for crops ensuring
higher crop yield and better NUE.

Inclusion of legumes in the crop rotation
The inclusion of legume crops in any crop

rotation ensures the reduction of synthetic fertilizer,
water and associated energy use and improves soil
fertility (Rahman et al 2022b). Legumes could fix
atmospheric-N

2
, making association with the symbiotic

bacteria, Rhizobium. The research findings indicate

that biological nitrogen fixation (BNF) through legume-
Rhizobium symbiosis could fix a substantial amount
of N. For example, alfalfa, cowpea and groundnut could
fix 465, 201 and 101 kg N per ha respectively (Anglade
et al 2015). BNF is not only beneficial for standing
crops but also reduces the N requirement for the
subsequent non-leguminous crops (Rahman et al
2022b). Therefore, the inclusion of legumes in the rice-
based crop rotation could play a vital role in better rice
production with less N application. The inclusion of
legume crops in the rice-based crop rotation might play
an effective role in increasing rice yield and N content
in rice and decreasing N loss from the soil (Yu et al
2014). They further reported that rice-vetch and rice-
bean crop rotation increased the grain yield of rice by
5 and 10 per cent in 2010 and 2011 respectively, as
compared to the rice-wheat rotation system. Legume
crops substantially reduce N

2
O and CO

2
 emissions by

lessening N fertilizer use, sequestering more carbon
and reducing the burning of fossil fuels for agricultural
practices including irrigation and tillage (Rahman et al
2022b).

Deep placement of N fertilizers
Deep placement of N fertilizers is an effective

and eco-friendly technique to enhance NUE. Deep
placement of N fertilizers significantly decreases
volatilization loss, as NH

3
 reduces N

2
O and NO

emissions by regulating nitrification and denitrification
processes (Rochette et al 2013). The technology also
reduces surface run-off and increases NUE and grain
yield (Gaihre et al 2015). Previous studies conducted
in the 90s showed that deep placement of N fertilizers,
particularly the use of urea super granule (USG)
increased NUE (31.7%) as compared to the traditional
application method of prilled urea (Jaiswal and Singh
2001). A recent study confirmed that the application
of N fertilizers at both 12 and 8 cm depths considerably
increased the rice yield by 81.84 and 72.91 per cent
respectively, as compared to the 0 cm depth of N
application (Chen et al 2021). Under the deep
placement or root zone application of N fertilizers, N
is applied into the anaerobic layer of puddled soil which
restricts the volatilization loss of N as NH

3
 (Hoque et

al 2016).

Improved manure management
Manures of both plant and animal flesh and

dead tissue sources bear great potential to enhance
crop production and sustain soil fertility (Salma et al
2022). The application of manures in the crop field
substantially increases carbon sequestration and
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improves soil properties including soil structure and
enzymatic activity and augments microbial diversity and
functions (Hasnat et al 2022). To ensure better manure
quality, it is important to keep the stable floor clean
and to keep a lid on the manure tray which reduces N
loss from the manure as gaseous compounds,
particularly NH

3
. Volatilization loss of N as NH

3
 may

be decreased by reducing exposure of manures to the
atmosphere and by maximizing contact with land
(Sommer and Hutchings 2001). The conventional
method of surface broadcasting of manure and
spreading slurry is rapid and inexpensive but mostly
uneven (Webb et al 2010). Manure management may
be improved by spreading the manure uniformly in the
soil through efficient methods including trailing shoes,
trailing hoses, slot injectors and rapid incorporation of
slurry and solid manures through ploughing (Webb et
al 2010). In case of unavailability of such improved
instruments, it is better to collect and apply the solid
and liquid parts separately. The liquid will pass through
the soil (infiltrates) easily allowing less release of NH

3
.

For the solid portion, it is better to cover the manure
with the soil as early as possible to minimize the
volatilization loss.

Irrigation management
Water management plays a key role in

regulating soil redox potential, which influences nutrient
mobility and its availability in soil and nutrient uptake
by the crops (Zhu et al 2022). Alternate wetting and
drying (AWD), mid-season drainage, controlled
irrigation and intermittent irrigation are adopted to
increase water use efficiency, minimize GHG emissions
and enhance N recovery without affecting the grain
yield of rice (Gupta et al 2021). AWD practice could
save 38 per cent of irrigation water without hampering
the grain yield of rice (Lampayan et al 2015).

Water-saving irrigation management practice
is an eco-friendly and climate-smart technology that
reduces GHGs, especially CH

4
 and N

2
O from rice

fields. Improved water management practices reduce
N

2
O emissions compared to traditional flooding in the

rice field (Feng et al 2013). Better NUE in water-saving
management practices might be associated with the
fact that these practices ensure sufficient oxygen
supply to the rice root to enhance the mineralization of
soil organic matter and reduce N immobilization, which
makes the nutrients more available for plants’ uptake
(Dong et al 2012). Water-saving techniques reduce
surface run-off and gaseous loss (N

2
O) and ensure

better NUE in wetland rice as compared to traditional
irrigation management.

Android-based N management apps
Recently, the smartphone has gained popularity

as a tool in agriculture farming (Pongnumkul et al
2015). Smartphones are equipped with different sensors
and can execute various activities as a promising tool
in farming systems when connected to the internet.
The internet is another fast growing technology.
Smartphones with internet facilities can be used to
document soil nutrients, calculate fertilizer and water
requirements of crops, forecast weather, market prices
of agricultural products etc. The unprecedented
progress in Android-based mobile technology and high-
speed internet connectivity across the world might open
a new avenue for the optimization of N fertilizer in
crop production. Many free N fertilizer management
apps are available across the world. Some apps are
user-friendly and provide quantitative N guidance, but
most of them are generalized and do not use farmers’
field data such as soil nutrients, yield goals etc while
calculating N requirements. Therefore, smartphone-
based suitable, efficient and solely N guidance tools
are still in demand.

Nitrogen saving plant growth-promoting bacteria
Bacteria associated with the plants may play

a positive role in the growth, development and yield of
crops using a wide range of mechanisms including N

2

fixation and production of plant growth-enhancing
phytohormones. Therefore, the utilization of plant
growth-promoting bacteria would reduce the use of
costly and energy-involved inorganic fertilizers in
agriculture. During the last few years, the use of
efficient plant growth-promoting bacterial strains as
eco-friendly inoculants in agriculture has been
increasing significantly. Such bacteria possess unique
characteristics that enhance crop yield as well as lessen
the usage of agro-chemicals including inorganic
fertilizers (Borriss 2011). It has been reported that
Rhizobium and Azospirillum demonstrate plant
growth-promoting characteristics with the synthesis of
plant hormones such as auxins, gibberellins, cytokinins,
and ethylene. Such growth hormones contribute in
reducing nitrogenous fertilizers in rice fields
(Dobbelaere et al 2003). Khan et al (2017) reported
that the utilization of Burkholderia sp and
Pseudomonas aeruginosa with a 50 per cent reduced
dose of recommended NPK fertilizers could increase
the grain yield of rice by 5 and 17 per cent respectively,
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compared to 100 per cent recommended dose of NPK
fertilizers.

Azolla
Making a symbiotic association with

Anabaena azollae (a type of cyanobacteria), the free-
floating water fern Azolla can fix a significant amount
of atmospheric N

2
. Therefore, the application of Azolla

in the rice field could reduce a considerable amount of
N fertilizer. It has been advocated to reduce the use of
N fertilizer in rice culture to achieve increased NUE,
reduce N loss and maintain grain yield in an intensively
fertilized rice cultivation system (Guo et al 2019).
Research findings demonstrated that the application
of Azolla in combination with N fertilizer could replace
a significant portion of recommended N fertilizer
without sacrificing the grain yield of rice (Yang et al
2021). Combined application of Azolla and synthetic
N fertilizer increases NUE and reduces NH

3

volatilization from the rice field. Therefore, the utilization
of Azolla in wetland rice fields might be a sustainable
approach to increase NUE and reduce environmental
threats.

Cyanobacteria/blue-green algae (BGA)
Cyanobacteria are prokaryotic and

photosynthetic microorganisms that can fix atmospheric
N

2
 utilizing the energy from sunlight (Stewart 1980).

Cyanobacteria provide multiple benefits such as
increased NUE, reduced nitrate leaching, urea
application, increased soil organic carbon and post-
harvest soil N. Using half of the RD of urea along
with N

2
-fixing BG, about 38 per cent higher NUE can

be obtained without reducing rice yields as compared
to 100 per cent urea application (Song et al 2021).

CONCLUSION

The review reveals that the improvement of
nitrogen use efficiency (NUE) in rice is challenging.
To attain efficient N management in the rice
ecosystem, fertilizers should be applied in the rice field
in such a way that would ensure maximum consumption
of natural and applied N with minimum loss to the
environment. Setting the priority and finding some eco-
friendly and advanced N management options, are the
utmost tasks of global scientists to upswing NUE to
60-80 per cent from the present level of 30-40 per
cent. Until now, no single measure could bring a magical
upsurge in NUE in rice cultivation. However, a
combination of site-specific and locally available

promising practices viz deep placement, coated urea,
inclusion of legumes in the crop rotation, alternate
wetting and drying for irrigation and biological nitrogen
fixation (BNF) could achieve a satisfactory level of
NUE. The development of an android-based N
management app in rice cultivation could be a
breakthrough in this venture.
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