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Rice (Oryza sativa L.) is considered as a staple food for more than half

of the global population, and sustaining productivity under a scarcity

of resources is challenging to meet the future food demands of the

inflating global population. The aerobic rice system can be considered

as a transformational replacement for traditional rice, but the widespread

adaptation of this innovative approach has been challenged due to higher

losses of nitrogen (N) and reduced N-use efficiency (NUE). For normal

growth and developmental processes in crop plants, N is required in higher

amounts. N is a mineral nutrient and an important constituent of amino

acids, nucleic acids, and many photosynthetic metabolites, and hence is

essential for normal plant growth and metabolism. Excessive application

of N fertilizers improves aerobic rice growth and yield, but compromises

economic and environmental sustainability. Irregular and uncontrolled use

of N fertilizers have elevated several environmental issues linked to higher

N losses in the form of nitrous oxide (N2O), ammonia (NH3), and nitrate

(NO3
−), thereby threatening environmental sustainability due to higher

warming potential, ozone depletion capacities, and abilities to eutrophicate

the water resources. Hence, enhancing NUE in aerobic rice has become

an urgent need for the development of a sustainable production system.

This article was designed to investigate the major challenge of low NUE

and evaluate recent advances in pathways of the N cycle under the aerobic

rice system, and thereby suggest the agronomic management approaches

to improve NUE. The major objective of this review is about optimizing

the application of N inputs while sustaining rice productivity and ensuring

environmental safety. This review elaborates that different soil conditions

significantly shift the N dynamics via changes in major pathways of the N
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cycle and comprehensively reviews the facts why N losses are high under

the aerobic rice system, which factors hinder in attaining high NUE, and

how it can become an eco-efficient production system through agronomic

managements. Moreover, it explores the interactive mechanisms of how

proper management of N cycle pathways can be accomplished via optimized

N fertilizer amendments. Meanwhile, this study suggests several agricultural

and agronomic approaches, such as site-specific N management, integrated

nutrient management (INM), and incorporation of N fertilizers with enhanced

use efficiency that may interactively improve the NUE and thereby plant

N uptake in the aerobic rice system. Additionally, resource conservation

practices, such as plant residue management, green manuring, improved

genetic breeding, and precision farming, are essential to enhance NUE. Deep

insights into the recent advances in the pathways of the N cycle under the

aerobic rice system necessarily suggest the incorporation of the suggested

agronomic adjustments to reduce N losses and enhance NUE while sustaining

rice productivity and environmental safety. Future research on N dynamics

is encouraged under the aerobic rice system focusing on the interactive

evaluation of shifts among activities and diversity in microbial communities,

NUE, and plant demands while applying N management measures, which

is necessary for its widespread adaptation in face of the projected climate

change and scarcity of resources.

KEYWORDS

aerobic rice, nitrogen cycle, eco-efficiency, microbial activities, current trends,
agronomic practices

Introduction

General background

Over explosion in industrial growth, economic
developments, and rapidly growing population have blown up
the demand for food and challenged future food security (Fahad
et al., 2017; Fukase and Martin, 2017). Rice (Oryza sativa L.)
is cultivated widely across the globe, except in Antarctica due
to the icy conditions throughout the year. About 90% of the
global rice is cultivated in Asia, the topmost continent for rice
cultivation (Wassmann et al., 2009; Rose et al., 2014), where
China is the largest grower and producer (Tang et al., 2014)
constituting 30% of global rice production (Zhang et al., 2015).
Rice is a thermosensitive crop and a major cereal crop globally
after wheat. It is cultivated in nearly 95 countries where it is a
staple food and fulfills the dietary requirements of more than
half of the global population (Ainsworth, 2008; Wassmann
et al., 2009; Paterson and Lima, 2010; Liu et al., 2013).

It has been indicated that global rice production should
necessarily increase by approximately 20% by 2030 and 30%
by 2050 at the rate of 0.6–1% increase annually to meet
the demands of the growing population projected to result

from rapid population growth, and economic and industrial
developments (Peng et al., 2009; Shew et al., 2019). Investigating
various strategies to increase grain yield in rice has been a key
research focus of agronomists for many years (Shew et al., 2019;
Mongiano et al., 2020; Zhao et al., 2020; Xu et al., 2021). During
recent decades, most of the rice-growing regions experienced
an obvious warming trend across the globe, and this trend is
projected to change the duration of rice growth and undermine
the grain yield (Liu et al., 2013; Raza et al., 2019; Fatima et al.,
2020). A reduction in the grain yield has been reported in rice in
the range of 6 and 10% with every 1◦C increase in temperature
(Stuecker et al., 2018; Wei et al., 2021). Meanwhile, climate
change decreased the grain yield of wheat and maize by 3.8 and
5.5% since the 1980s, respectively (Lobell et al., 2011; Zhao et al.,
2017).

Since the 1980s, the growth duration for rice across the
globe has been extended, and an increase in yield has also been
observed (Liu et al., 2012; Tao et al., 2013) due to improved
management practices and developments in breeding programs,
which helped in the production of new crop varieties (Xiao et al.,
2008; Chen et al., 2009; Hall and Richards, 2013; Driedonks et al.,
2016). An increase in the potential rice grain yield by about 30%
has been observed through the development of semi-dwarf rice
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varieties, and a further 15–20% increase was reported through
the utilization of heterosis programs (Chen et al., 2009; Zhang
et al., 2009). It has been suggested that the varietal adjustments
could help in stabilizing growth duration, such as the length of
the pre-flowering phase and extent of the grain-filling period,
which ultimately increases the grain yield (Liu et al., 2010;
Sun et al., 2018). The varietal developments in summer maize
contributed greatly to increased grain yield from 42.6 to 44.3%
during the 1950s to 1970s, from 34.4 to 47.2% during the 1970s
to 1990s, and from 21 to 37.6% during the 1990s to 2000s (Chen
et al., 2012; Wang et al., 2021b; Thakur et al., 2022). Additionally,
it has also been indicated that changes in irrigation measures
and sowing dates could make great contributions to the increase
in grain yield, particularly among cereals (Chen et al., 2012).
Due to the deep involvement and tangled behavior of soil
nutrient properties, climatic conditions, management measures,
and crop varieties, more often, it is very difficult to determine the
peremptory variable for change in grain yield (Hirzel and Matus,
2013; Fahad et al., 2017; EL Sabagh et al., 2021). A detailed and
deep understanding of how to differentiate the impacts of the
influencing variables on the grain yield may provide worthy
knowledge for insights into the development of sustainable
rice systems in the face of future projected climate change
and scarcity of resources (Mahdu and Mills, 2019; Saud et al.,
2022). Therefore, the objectives of this study were to conduct
thorough investigations and provide insights into the recent
advances in major pathways of the N cycle under the aerobic
rice systems and suggest agronomic management measures to
interactively increase the N uptake by plants, thus reducing N
losses and environmental hazards, and improving the grain yield
and widespread adaptation of aerobic rice system.

Nitrogen is an essential mineral nutrient required in
higher amounts for optimum plant growth and developmental
processes. It is a necessary element of amino acids, nucleic acids,
and many photosynthetic metabolites, which makes it critical
for normal growth and metabolism (Koch et al., 2019; de Bang
et al., 2021). It has already been predicted that N fertilizers
could fulfill the overall 48% requirements of the inflating
global population. But, uncontrolled and irregular amendment
of N fertilizers has elevated the environmental sustainability
issues linked with higher N losses either through leaching or
volatilization, thereby creating environmental pollution due to
greenhouse effects and contributing to ozone depletion (Raza
et al., 2018). Irregular agricultural management practices share
major contributions toward anthropogenic emissions across
the globe, which necessarily demand the efficient utilization
of synthetic N fertilizers that can only be achieved through
appropriate agronomic management approaches (Smith and
Siciliano, 2015; Aryal et al., 2021). Increasing NUE is an essential
soil–plant interactive trait that has been under consideration for
many years because it explains the overall grain production and
also estimates the economic return. Generally, NUE is defined
as the sum of N uptake efficiency and N utilization efficiency,

thus explaining that increase in NUE boosts the crop yield,
biomass, and quality (Congreves et al., 2021; Manschadi and
Soltani, 2021; Riache et al., 2022).

Nitrogen is one of the major mineral nutrients that
share greater roles in photosynthetic pathways, hormonal and
enzymatic processes, and other proteomic changes, which are
necessary for the growth and developmental stages of plants
(Balestrini et al., 2020; Sandhu et al., 2021). Inefficient, excessive,
and uncontrolled incorporation of N fertilizers subsequently
produces enhanced crop yield, however, by compromising
the economic and atmospheric concerns. To make the future
inflating population more food secure, it is necessary to
make the food production systems more sustainable with no
harm to atmospheric sustainability (Farooq et al., 2022b),
which can only be possible through an urgent upgradation to
increase NUE in the agriculture sector (Farooq et al., 2022a).
Poor plant population, traditional incorporation methods,
and uncontrolled excessive application usually increase the N
losses, ultimately posing environmental threats (Mahmud et al.,
2021). These losses eventually raise an urgent need for the
incorporation of improved agronomic management measures
to increase food production, improve economic benefits, and
reduce environmental hazards.

The first section of this review article discusses the
importance of global climate change status and challenges to rice
production, and thereby reviews the importance of replacing
the traditional rice system with an aerobic rice system. Later,
it narrows down toward the discussion about shifts in N
cycle pathways (ammonification, nitrification, denitrification,
leaching, and volatilization) under the transformed aerobic
rice system. The second section of the article specifies the
investigation of challenges due to high N losses associated with
the aerobic rice system and how an aerobic rice system can be
an important and eco-efficient rice production system under
changing climatic conditions. Moreover, it also reviews the
major factors impacting the N management and NUE. The final
section expands toward the evaluation of several agricultural
and agronomic management measures aiming to reduce the
high N losses, while increasing the NUE and grain yield under an
aerobic rice system with limited threats to environmental safety.

Climate change and challenges to rice
production

Climate change is a reality and subsequently impacts
the population, ecosystems, and livelihoods (Hornsey et al.,
2016; Stecula and Merkley, 2019). Due to the widespread
impact of climate change, it constitutes major developmental
challenges for the global community, particularly for the poor
and natural resource-dependent populations in developing
and underdeveloped countries (Devkota and Paija, 2020). The
global phenomenon of climate change impacts the communities
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unevenly and irregularly both within and between countries
(Ali et al., 2017). Within a country, more often, climate change
impacts the poor, politically marginalized and disfranchised
populations, and the least equipped who are at the topmost to
experience the negative impacts and less likely to diversify their
livelihoods (Mannke, 2011; Islam and Winkel, 2017).

Due to irregularities and unevenness in the variabilities
of climatic components, the mean earth surface temperature
has been increasing since the beginning of the 19th century.
Based on the temperature fluctuations projected over the last
few decades, the global atmospheric temperature has risen by
1.09◦C since the 1950s based on the facts revealed in the
Intergovernmental Panel on Climate Change (IPCC) annual
report 6 (AR6) working group I (WGI) report, and most of
this temperature change was noticed in the last 30 years of
the 19th century (IPCC, 2021). Three major factors that are
known to contribute to climate change are natural variations,
human-induced factors, such as greenhouse gas emissions
(GHGs), and land-use changes. Human-based interventions,
such as fossil burning and industrial developments, have
raised the atmospheric carbon dioxide (CO2) concentrations
from 284 to 410 ppm from 1832 to 2013 (Hoffman et al.,
2014), respectively, consequently causing global warming and
changes in the mean atmospheric temperature. Future climate
change projections have revealed that changes in temperature;
precipitation intensity, frequency, and patterns; and extreme
climatic disasters would be more intense in the coming years
(Tabari, 2020). Moreover, it is expected that patterns for
global warming will show unevenness across the globe due to
which arid and oceanic regions will be facing more threats
under uncertain extreme climatic events (Solomon et al., 2007;
Dastagir, 2015). Meanwhile, it has also been anticipated that
the earth surface temperature will increase more slowly than
that revealed by the projections of climate models due to more
absorption of CO2 by oceans (Balmaseda et al., 2013, 2015).
Hence, the inefficiency of the climatic models to project the
accurate hydrological cycle over the tropical regions create
several uncertainties in patterns, frequency, and intensity of
precipitation (Lorenz et al., 2012).

Climate is considered as one of the environmental
components for the success or failure of a crop plant. It assists
and plays an important role in short- and long-term crop
planning, particularly under changed climate conditions or
climate disaster events (Figure 1). Past climate changes that
occurred in recent decades caused several vulnerabilities to food
production systems globally (Lobell and Field, 2007), as well as
regionally (Horie, 2019; Luo et al., 2022). Over the next 30–
50 years, the mean surface temperature is predicted to rise by
2–5◦C due to global warming caused by climate change (IPCC,
2021). Stress due to high temperatures and other temperature-
related extreme events are expected to become more frequent
and intense imposing negative impacts on crop growth duration
and yield (Li et al., 2012; Wang and Peng, 2017). During the
past 30 years, the mean surface temperature has increased due

to uneven and uncontrolled human-based activities, such as
deforestation and lack of afforestation, industrial developments,
and unsteady burning of fossils, which boosted GHG emissions
(Onoja et al., 2011). Extreme climatic disasters are expected to
adversely impact the crop growth duration, overall growth, and
development (Kang and Eltahir, 2018).

Global rice production has been threatened due to uneven
and unsteady climatic variabilities, particularly in Asia. Climate
change and rice production are closely interlinked with each
other, as the flooded rice system contributes to GHG emissions
and causes global warming, thus climate change ultimately
impacts the rice cultivation system (Figure 1). According to the
estimates of the Food and Agriculture Organization (FAO), rice
production is necessarily required to increase by 40% by the end
of the 2030s to meet the food security aims under the scarcity
of resources (FAO, 2016). This increase in food, if ensured with
the least occupation of eco-efficient measures, may aggravate
the issues of environmental pollution. China and India are the
topmost populated countries, sharing 20 and 28.5% of the total
global rice cultivated area, respectively (Hwalla et al., 2016).
Most of the rice across the globe is cultivated under a flooded
system, such as 90% of rice cultivation in China and 46% in
India is produced under well-puddled and well-saturated soil
conditions (Pathak et al., 2005; Oo et al., 2018; Kumar et al.,
2021). Rice cultivated under conventional flooded conditions
is considered to be one of the main factors of GHG emissions
(Oelbermann, 2014). Therefore, various transformations have
been introduced for rice production, considering the future
scarcity of resources with less methane (CH4) emissions but
serve several issues of environmental hazards due to high N
losses via volatilization and leaching.

The emission of GHGs from either flooded or modified
rice soil is majorly dependent on soil organic matter (OM)
content, land use, cropping intensity and pattern, irrigation
management, microbial abundance and functioning, soil
chemical and physical properties, and environmental variables
(Oo et al., 2018). Moreover, the emission rates of GHGs
from rice soil are also dependent on coupled soil, crop,
and fertilizer management practices. Commonly, the GHG
emission rate is higher under the conventional rice system,
but the modification of the conventional system to fulfill food
security objectives and make rice production more sustainable
under limited availability of natural resources causes high N
losses due to intermingled nitrification–denitrification processes
(Huang and Gerber, 2015; Islam et al., 2020). Therefore,
for fulfilling the future food requirements under the scarcity
of resources and reducing GHG emissions, modification of
the conventional rice system or replacement with an aerobic
rice system is necessary. However, due to high N losses
and environmental pollution issues, widespread adaptation of
aerobic rice necessarily requires investigation and evaluation
of adjustments in the pathways of the N cycle and microbial
abundance and functioning under the aerobic rice system
through agronomic management approaches.
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FIGURE 1

Global climate change and challenges to rice production (Sources: Horie, 2019; Hu et al., 2019; Elbasiouny and Elbehiry, 2020; Song et al.,
2022).
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Adopting the aerobic rice system

Rice is an important staple food crop in many countries
around the globe. In Asia, the social and economic stability
is mostly dependent on flooded rice production, and it is
a key element for the livelihood and dietary requirements
of more than two billion population worldwide (Bishwajit
et al., 2013). Conventionally, the rice production system
implicates submerged conditions, within the range of 5–
10 cm deep standing water during the whole rice growth
period. Globally, the flooded rice system utilizes about
30% and within Asia more than 45% of the total global
freshwater (Kadiyala et al., 2012). The increasing scarcity of
freshwater resources due to accelerated demand for water
from diversified sectors has threatened conventional rice
sustainability and is projected to be more vulnerable under
projected climate change, which necessarily demands various
developmental modifications of novel water-saving technologies
without compromising environmental safety and public health
(Rasul, 2016). Traditional rice cultivation is increasingly
experiencing problems due to a shortage of resources, such as
irrigational water, energy, and labor. Puddling is an irremissible
approach for conventional rice systems; however, it results
in the deterioration of soil structure, thus hurdling the land
preparation for the succeeding crops with exceeded energy
requirements in attaining optimized soil tilth (Khairul Alam
et al., 2020). Therefore, such factors accentuate the dire need
of bringing modifications to conventional systems through
the incorporation of water-saving methods, such as cultivating
aerobic rice, which can serve as an eco-efficient system by saving
natural resources without affecting the grain yield (Figure 2).

Naturally, rice is a drought-sensitive crop, and a reduction
in irrigation supply can cause a decline in yield (Ahmadikhah
and Marufinia, 2016). Previous studies have developed several
modified technologies to reduce water application in rice
systems, such as raised bed cultivation (Bhuyan et al., 2012;
Kadiyala et al., 2012), alternate wetting and drying system
(AWD) (Howell et al., 2015), saturated soil culture (Singh
et al., 2021), and system of rice intensification (SRI) (Chapagain
et al., 2011). Some of these are not water-use efficient due to
continuous requirements of puddling and soil saturation during
crop growth, and therefore, considerable water input cannot be
obtained. Aerobic rice cultivation is a water-saving technique
where rice is grown under non-saturated and non-puddled
conditions of soil (Joshi et al., 2018; Singh et al., 2021). This
modified technology mainly targets the irrigated lowland area
where irrigational water is not sufficient for rice cultivation, and
is also adaptable in upland areas where supplemental irrigational
water facilities are ensured (Belder et al., 2004; Thakur et al.,
2015). During the early years of aerobic rice technology, grain
yield of up to 6.5 t ha−1 with approximately 60% water saving
was observed (Kadiyala et al., 2012; Nie et al., 2012; Sandhu et al.,
2019), depicting that aerobic rice cultivation can be a sustainable

rice production system on a wide scale under limited natural
resources and climate change.

Pathways of N cycle in rice-based
systems

Eco-efficient rice system

Natural resources required in agriculture, including water,
energy, and land, are decreasing every passing day, and therefore
a projected increase in crop output needs to be attained eco-
efficiently. Eco-efficiency means ‘getting more crop outputs
with minimized use of inputs in agricultural systems, in terms
of quality and quantity without compromising environmental
safety (Keating et al., 2010; Czyżewski et al., 2020). The concept
of eco-efficiency was introduced to stabilize the crop yield of
high-input cropping systems (flooded rice systems in lowland
areas), and also to increase the overall net yield of low-input
cropping systems (upland rice cultivation) through the use of
different transformational modified technologies (Gołaś et al.,
2020). The aerobic rice system can be termed as an eco-efficient
cultivation approach because of no requirements for continuous
flooding and puddling throughout the growing season (Kadiyala
et al., 2012; Devkota et al., 2013). Due to the higher utilization
of irrigation water in flooded rice, it can be designated as a
water-intensive food commodity. Undergoing this, it is crucial
to develop a resource-use efficient rice system to manage the
increasing irrigational water stress and also to make it more
sustainable under future projected climate change and limited
availability of natural resources. The conventional rice system
has already become vulnerable due to looming freshwater crises,
and this situation is predicted to become more severe due
to global warming, climate change events, GHG emissions,
and the lowering of groundwater levels. Irregular pumping
and uncontrolled wastage of water have already imposed
serious threats to agricultural sustainability in many countries
where groundwater shares a great role in agricultural farming
(Qureshi, 2018). Therefore, these threats have paved the way for
researchers to develop eco-efficient aerobic rice systems in the
last few decades by interacting the features of drought-resistant
upland rice varieties with lowland rice varieties exhibiting high-
yielding traits (Belder et al., 2005; Matsuo and Mochizuki, 2009).

Why increase in N-use efficiency is
important?

Multiple chemical and biochemical pathways along with
environmental variables impact the complex trait of NUE
(Farooq et al., 2022a). Different agricultural major research
wings define NUE differently, such as plant physiologists take
into account various steps during N management, that is, N
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FIGURE 2

Transformation of conventional rice to aerobic rice system (Source: Joshi et al., 2018). (A) Benefits of aerobic rice system (Source: Silwal et al.,
2020), and (B) elaboration of its growth phases (Source: Shah et al., 2014).

uptake, N assimilation, N allocation, and N remobilization,
more obviously during leaf senescence (Sandhu et al., 2021).
They also divide the NUE based on the different components

of the N cycle, such as N uptake efficiency, N assimilation
efficiency, N allocation efficiency, and N remobilization
efficiency (Lee, 2021). Agronomists define the NUE as grain
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yield comparable to the total amount of available N from
soil inclusive of N fertilizer application (Perchlik and Tegeder,
2017; The et al., 2021). Globally, all agricultural researchers
agree that NUE is composed of two critical components,
the N uptake efficiency and the N utilization efficiency,
which can easily be monitored under controlled as well as
field conditions (Lee, 2021). N uptake efficiency is defined
as the overall capability to absorb, or uptake, N supplied
from soil N pools, whereas N utilization efficiency is the
indigenous capacity of the plant to utilize the absorbed N, and
thereby facilitate assimilation and remobilization to produce
end harvest products. Most appropriately, N uptake efficiency
can be described as the optimum harmonization between the
efficiencies of N assimilation and N remobilization (Dellero,
2020; Zhao et al., 2021). Meanwhile, N assimilation efficiency
can be defined as the overall capacity for the assimilation
of inorganic N to manufacture amino acids and various
other essential N-containing molecules, while N remobilization
efficiency can be ascribed based on the total amount of N
being remobilized between the source and sink tissues (Dellero,
2020; Zhao et al., 2021). Each component of NUE is related
to various complex traits, which include root morphological
parameters, leaf senescence, N remobilization, and the capacities
to extract available N from soil N pools (Lammerts van
Bueren and Struik, 2017; Ierna and Mauromicale, 2019). Drivers
that can improve NUE mainly include N uptake through
different genetic modifications, improved N assimilation and
remobilization, and their regulation. Moreover, a combination
of conventional breeding approaches and agronomic practices
is also crucial to increase NUE. Figure 3 represents the key
components of NUE in a food production-consumption system.
It also depicts the occurrence of N losses that hinder the
improvement in NUE.

N cycle in aerobic and anaerobic rice
systems

Rice under fluctuating and challenging soil and
environmental conditions has developed various N uptake
systems. Plants preferably take up N from soil both in the forms
of ammonium (NH4

+) and nitrate (NO3
−) (Chen et al., 2016,

Chen J. et al., 2020). Under the flooded rice system, NH4
+ is

the major form due to submerged and anaerobic conditions,
whereas NO3

− is the abundant form of N under upland aerobic
conditions owing to intensive nitrification rates from applied
organic and synthetic N fertilizers (Lee, 2021). Synthetic N
fertilizers, such as urea which is the most commonly used
synthetic N fertilizer, could be degraded into NH4

+ and CO2

by urea-decomposing enzymes that are released by microbial
communities in soil (Kojima et al., 2007; Zanin et al., 2014).
However, it has been reported that urea can be imported
from the atmosphere to root cells via biological pathways

(Beier et al., 2019). Several inhibitors have been introduced for
technical issues to enhance synthetic N fertilizer use and NUE
(Nikolajsen et al., 2020).

Many abiotic and biotic factors are involved in N
cycling under both aerobic and anaerobic conditions, and
the major pathways involved are ammonification, nitrification,
denitrification, and fixation (Ishii et al., 2009, 2011; Oshiki et al.,
2018). Researchers have started to focus on the contribution of
different pathways to the N cycle and simultaneously explore
the role of environmental factors and microbial functions to
have better insights into the dynamics of the N cycle. However,
the research has not been diverted to focus on insights into
N dynamics under the aerobic rice system, which is urgently
needed for better future adaptation and rice sustainability.
In addition, recently, the pathways of microbial activities,
fungal denitrification, and CH4 oxidation under rice flooded
conditions have also been considered. Under conventional
flooding and aerobic rice systems, the irrigation methods and
management practices directly affect the availability, uptake, and
loss of soil N (Amanullah and Hidayatullah, 2016; Amanullah
et al., 2016). Under submerged soil and puddled conditions,
there is a stagnant anaerobic condition in the field, which
restricts the process of soil nitrification (Grzyb et al., 2021).
Alternatively, under the aerobic rice system, the field is irrigated
and dried through the AWD irrigation approach, where high
water percolation could produce high nitrification rates, thus
exposing the soil N to increased losses due to shuffled pathways
of nitrification–denitrification (Xiong et al., 2010; Ju and Zhang,
2017). Hence, water management approaches during a change
in the regime from conventional rice to aerobic rice impact
the potential soil N availability, uptake, and assimilation. N
cycle is composed of six key steps, namely, assimilation,
ammonification, NH4

+ oxidation, nitrite (NO2
−) oxidation,

denitrification, and fixation (Figure 4). The details of the most
important steps are presented in the following section.

Assimilation and
ammonification/mineralization

Assimilation is generally defined as the process that
produces higher quantities of organic N which is further
used to produce amino acids, proteins, and nucleic acids,
whereas ammonification is the conversion of organic N into
NH4

+ via microbial communities (Silva et al., 2019; Zhang
et al., 2019b; Grzyb et al., 2021). The NH4

+ produced during
ammonification is released into the ambient soil environment
and thereby becomes available for either nitrification or
assimilation (Figure 4). In the presence of both NH4

+ and
NO3

−, rice plant preferably uptakes NH4
+ more quickly than

NO3
−; hence, NH4

+-based synthetic N fertilizers are usually
applied in rice cultivation (Yi et al., 2019). Organic N fertilizers
are also used in rice cultivation where organic N is converted
to NH4

+, and the process is termed as N mineralization (Silva
et al., 2019). Comparatively, ammonification rates are higher in
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FIGURE 3

An embedded approach indicating nitrogen-use efficiency in food production and consumption system (Source: Lassaletta et al., 2016;
Erisman et al., 2018).

flooded rice soil than in aerobic rice system because of oxygen
depletion in submerged conditions; however, this depleted
oxygen condition restricts the process of oxidation of NH4

+

to NO3
− (nitrification) and N immobilization (conversion

of inorganic N to organic) principally through microbial
assimilation activities, consequently causing accumulation of
NH4

+ in the soil (Mahmud et al., 2021).

Ammonium and nitrite oxidation (nitrification)
Microbial oxidation of NH4

+ to NO3
− via nitrite (NO2

−)
is termed as nitrification (Barth et al., 2019) during which
autotrophic nitrifiers can gain their energy for their routine
activities (Figure 4). Meanwhile, some heterotrophic nitrifiers
can process the conversion of inorganic and organic N to
NO3

− or NO2
− with no acquired energy, and this process

is termed as heterotrophic nitrification (Martikainen, 2022).
Here, the discussion is only about autotrophic nitrification
due to its large contribution to the N cycle relative to
heterotrophic nitrification. Nitrification is a two-step process:
first is the oxidation of ammonia during which the NH4

+

ion is converted into NO2
−, and second is the oxidation of

nitrite during which the NO2
− ion is converted to NO3

−.
Ammonia oxidation can be processed by ammonia-oxidizing

bacteria (AOB) (such as Nitrosomonas and Nitrosospira
species of Betaproteobacteria, and Nitrosococcus species of
Gammaproteobacteria) and ammonia-oxidizing archaea (AOA)
(Hayatsu et al., 2017; Nacke et al., 2017; Lu et al., 2020;
Lukumbuzya et al., 2020). Recent advances have found that
AOA communities are more abundant than AOB, whereas
AOB may have more functions during nitrification in the
upland rice system (Banning et al., 2015; He et al., 2018; Liang
et al., 2020). A Positive correlation between abundance and
share in nitrification activities has been observed regarding
AOB in flooded rice soil; therefore, it has been deduced that
AOB might have more activities for ammonia oxidation over
AOA (Meng et al., 2020). However, in the rhizosphere of
a flooded rice system, the abundance of ammonia oxidizers
significantly increased after the mixed application of synthetic
N fertilizers, such as urea, and organic N fertilizers, such as
biochar (Zhang et al., 2019a). So, understanding the role of
microbial communities, particularly during nitrification under
differential soil conditions and modified rice systems, is worthy
to increase NUE.

In the flooded rice system, the diversity of AOB
communities was less diverse as compared to other agricultural
soils (Mukhtar et al., 2017). It has been observed that diversity
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FIGURE 4

Understanding the N dynamics and overviewing the pathways of the N cycle under the aerobic rice system (Farooq et al., 2022a).

in AOB communities was impacted by a change in rice varieties,
and moreover flooded rice fields were characterized by an
increased abundance of Nitrospira species (Ding et al., 2019),
while clones related to the amoA of Nitrosomonas species were
also detected in the paddy fields (Ke and Lu, 2012). Partially, this
difference for Nitrospira and Nitrosomonas species may arise due
to differential fertilization management, since Nitrosomonas
species are found to be predominant in soil environments
with high NH4

+ concentration, whereas Nitrospira species
are considered as major AOB in almost all agricultural soils
(Peng et al., 2012). The second major step in the process of
nitrification is the NO2

− oxidation which is primarily carried
out by nitrite-oxidizing bacteria (NOB) belonging to the genera
Nitrospira, Nitrobacter, Nitrospina, and Nitrococcus (Han et al.,
2018). The literature regarding the community structure for

NOB is still limited, but recently, large-scale 16S rRNA gene
analyses showed the existence of a Nitrospira-like 16S rRNA
sequence in flooded rice soil (Lopes et al., 2014) carrying out
the potential responsibilities of Nitrospira species in NO2

−

oxidation during flooded conditions. Nitrospira species were
also observed in more diversity and abundance, especially, in
agricultural grasslands and in soils with greater application of
wastewater (Koch et al., 2015).

Denitrification
Denitrification is defined as the conversion of NO3

− and
NO2

− to gaseous forms of N (Figure 4). In paddy rice soils, N
oxides function as an alternative electron acceptor, whereas non-
denitrifiers have the capacities to reduce gaseous forms of N,
such as nitrous oxide (N2O), which can also serve as alternative
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electron acceptors (Bueno et al., 2015; Yoon et al., 2019).
Denitrification can also be defined as the microbial reduction of
NO3

− to NO2
− linked to electron transport phosphorylation,

leading to the gaseous release of N either in the form of N2 or
in form of N oxides (Sun et al., 2016; Wang H. et al., 2020). As
per definition, the key to the denitrification process is based on
the availability of N oxides, NO3

−, and NO2
− that are being

formed from the process of autotrophic nitrification pathway
substrate, and ammonia which is being derived from NH4

+

(Zhu et al., 2013). The incorporation of synthetic N fertilizers
and soil OM mineralization are the major sources of NH4

+

in the soil environment (Mahal et al., 2019; Farzadfar et al.,
2021). The production of N2O from differential soil conditions
primarily includes two biological reactions: the first step is the
nitrification of NH4

+ under aerobic soil conditions, and the
second step is coupled nitrification/denitrification pathway that
takes place under flooded soil conditions (Butterbach-Bahl et al.,
2013; Zuo et al., 2022). The pathway projected for nitrifying
microbes to discharge N2O during nitrification has been termed
as nitrifier denitrification (Wang et al., 2022).

The pathway of denitrification is dominant once NO3
−

is produced and optimized environmental conditions, such
as high soluble carbon (C) contents, are ensured with
optimized microbial functioning in the reduction of N oxides
(Rajta et al., 2020). Respiratory denitrification or simply the
denitrification process has been defined as a bacterial respiratory
pathway; however, a clear differentiation is necessarily required
between the denitrification pathway and nitrifier denitrification
pathway, as the relative proportion of N2O output from these
pathways is impacted by differences in the environmental
conditions. A third pathway has also been found in varying
soil conditions that is, more importantly, dominant in low
soil pH conditions, which involves the chemical decomposition
of NO2

− (Frostegård et al., 2021). Chemo-denitrification
pathway, also known as the non-biological pathway, is linked
with nitrification so intimately that it is often more difficult
to ascertain whether N2O or nitric oxide (NO) is being
manufactured via chemo-denitrification or nitrification process
(Otte et al., 2019). Past research on denitrification was
the outcome of the incompetency to mass balance total
incorporated N inputs and N outputs in an agricultural
system. The major proportion of the unaccounted N was
intended to be lost as gaseous N, which consequently caused
decreased agronomic NUE (AEN). Deep studies on global
change processes have depicted side impacts of gaseous N losses
due to nitrification-denitrification pathways (Guardia et al.,
2021). Nowadays, N2O is considered as the most poisonous
GHG with more leading influences on environmental and
agricultural sustainability, because it is the most important
component of global warming, nearly 320 times stronger
than CO2, mainly because of the atmospheric lifetime of
approximately 120 years (Naser et al., 2020). Additionally, as
the levels of whether industrially or biologically fixed gaseous

N utilized by plants increase, the overall production of N2O
because of coupled nitrification-denitrification pathways will
also boost and ultimately could have potential impacts on
environmental sustainability.

Diverse groups of bacteria and archaea are involved
in denitrification, and unlike nitrification, their functioning
abilities are infrequently dispersed based on their taxonomy
(Nishizawa et al., 2013; Grzyb et al., 2021). Culture-based
analyses have discovered that the community abundance of
denitrifying bacteria varies under differential soil conditions
ranging from 103 to 105 per gram of soil sample (Ishii
et al., 2011; Maeda et al., 2011; Wang et al., 2022). Stable
isotope probing (SIP), functional single cell, and functional gene
identification are some of the cross-functional strategies being
applied for a more clear identification of microbial communities
in rice soils (Yoshida et al., 2012). In cross-functional analysis,
such as SIP, succinate has been utilized as an electron
donor for denitrification because of its capacity to enhance
the denitrification process rather than fermentation (Albina
et al., 2019). Moreover, cross-functional analyses have also
discovered that bacteria that belong to orders Rhodocyclales and
Burkholderiales accompanying novel clades were demonstrated
as the prevailing members of the 13C-succinate-assimilatory
community under certain soil conditions (Saito et al., 2008;
Wang Z. et al., 2020), while there was no correlation with
archaea under respective soil conditions. On the other hand,
16S rRNA gene analysis comparatively demonstrated the
microbial association and depicted that bacteria linked with
the order Burkholderiales, particularly those belonging to the
genus Herbaspirillum and Rhodocyclales, were in abundance
in rice soils under denitrification-promoting soil conditions
(Jang et al., 2019).

Higher N losses under aerobic rice
system

Currently, high N losses are the major threat to rice
sustainability after water, due to their crucial roles in the growth
and development of the plant (Jia et al., 2019). Aerobic rice
preferably utilizes the NO3

− form of N, which may reduce
the N losses due to ammonia volatilization (Mahmud et al.,
2021). But, AWD irrigation management under an aerobic rice
system causes the decomposition of OM which further leads to
high N losses in the form of gaseous ammonia under flooding
conditions, and when soil becomes dry, rapid nitrification-
denitrification processes lead to increased N losses in the form
of N2O (Sahrawat, 2010; Kadiyala et al., 2012). The abundantly
available form of N for rice plants under an aerobic system is
NO3

−, which limits the loss of ammonia due to volatilization,
which is in contrast to the abundant form of available N
in the conventional rice system (Huang J. et al., 2017). Due
to irrigation management through the AWD system in the
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aerobic rice systems, high ammonification through increased
decomposition of OM occurs during dry soil conditions, which
leads to N losses during flooded soil conditions (Virk et al.,
2020). Thereby, soil again becomes dry which stimulates the
ammonification process again subjecting toward nitrification-
denitrification causing more gaseous N losses (LaHue et al.,
2016; Cui et al., 2018). Apparent N recovery (ANR) and AEN
are greatly impacted by irrigational, soil, and crop management,
along with soil microbial activities which are dependent mainly
on varying soil conditions (Fuhrmann et al., 2018; Shahane
et al., 2019). This further ensures that the amendment to
increase synthetic N fertilizers could produce sustained grain
yield due to increased plant N uptake and biomass production
but at the risk of environmental pollution due to high N
losses, as the total amount of available N is beyond that
required by plants (Maragatham et al., 2010; Zhou et al.,
2017). Therefore, widespread adaptation of this transformed
rice system requires the understanding and evaluation of eco-
efficient N management measures for efficient use of N by plants
and reducing its losses, while ensuring profitability and healthy
environmental sustainability (Nie et al., 2012; Awan et al., 2014).

Toward eco-efficient N
management

Gross soil N transformation pathways

Nitrogen is an essential component for proper plant
growth, and its forms and amount are mainly checked by
N production and consumption pathways in natural soil
conditions (Galloway et al., 2008; Zhu et al., 2011; Zhang
et al., 2016). If N is not efficiently conserved in different soil
conditions, it will potentially cause high N losses and ultimately
may induce negative impacts on human health due to threats
to environmental sustainability (Zhang et al., 2013, 2018c; Ren
et al., 2021). Therefore, quantification of simultaneous occurring
pathways, i.e., N production and consumption, is essential in the
identification of whether different soil conditions can efficiently
retain N or require need further amendments. Understanding
and interpreting fundamental pathways and characteristics of
soil N transformation is crucial for better N management and
reducing N losses under the aerobic rice system. Most of the
previous studies of N transformation have been conducted
using measurements of net N turnover rates; however, the
recently designed technique of 15N pool dilution (Luxhøi et al.,
2005) together with numerical models have been utilized in
the measurements of gross N transformation rates (Müller
et al., 2004). This measurement tool has essentially proved its
importance in revealing the interactive relationships between N
mineralization and N immobilization, N turnover and N losses,
and N forms and their availability to plants (Zhengchao et al.,
2013; Lama et al., 2020).

N mineralization
Ammonification is the process of N mineralization where

the reduced form of organic N (NH2) is converted into gaseous
NH3 or reduced inorganic form (NH4

+) as the end product, as
discussed in the previous sections (Farooq et al., 2022a). Many
species of ammonia oxidizers are involved in this biochemical
reaction, such as bacteria (AOB) and archaea (AOA), to obtain
the required energy for their metabolism via oxidation of
organic N to NH4

+. Later, the NH4
+ ion is readily available

for the processes of assimilation and incorporation into proteins
(amino acids) and other metabolic pathways. Moreover, it has
also been described earlier that if the NH4

+ N is not readily
taken up by the microbial communities or excessively present
than required in the metabolic processes, it will lead to high
N losses to the ambient environment, soil, or water for plant
uptake via nitrification (Jacoby et al., 2017). Under the presence
of different forms of N in the soil, rice plant prefers NH4

+ rather
than NO3

− form of N for its uptake (Abbasi et al., 2017; Coskun
et al., 2017; Yi et al., 2019; Chalk and Smith, 2021). Meanwhile,
N evolved from organic sources is readily converted to NH4

+

via biological N mineralization, which is also referred to as
ammonification (Silva et al., 2019). N mineralization rate under
aerobic rice systems is usually less than other cereals that show
high oxygen depletion during flooded conditions. Summarizing
the discussion of previous sections regarding N pathways, it
can be deduced that the amendment of N-containing organic
fertilizers along with certain synthetic N fertilizers in aerobic rice
systems can prove to be an efficient approach to increase NUE
(Awan et al., 2014; Huang et al., 2018).

Ammonium oxidation
The biological oxidation which involves the conversion of

NH4
+ to NO3

− via the intermediate production of NO2
− is

termed as nitrification (Black et al., 2019; Stein, 2019). In rice
soils, NH4

+ is readily oxidized to NO3
−, which subsequently

accumulates in higher concentrations in the soil solution.
Biological oxidation of NH4

+ ions to NO3
− via NO2

− stipulates
the translocation of N through the negatively charged soil
particles, and hence, this oxidative conversion determines the
actual N fate in the soil. Generally, nitrification in rice soil
is mediated in two ways, as described in the previous section
of N pathways, autotrophic nitrification during which the
autotrophic nitrifiers acquire their required energy for their
metabolic processes (Jung et al., 2011), and heterotrophic
nitrification during which heterotrophic nitrifies convert the
inorganic N (NH4

+) and organic N to NO3
− via intermediate

NO2
− without acquiring any of their required energy (Zhang

et al., 2012; Hayatsu et al., 2021; Martikainen, 2022). The
most likely form of N to translocate from soil solution to
plant roots via mass flow is NO3

− rather than NH4
+, and

if not readily taken up by the plant, it will cause leach
down during flooding or be lost via denitrification during dry
soil conditions. Therefore, concluding the above discussion,
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fulfilling the aim to increase the overall NUE of the applied
organic and inorganic N fertilizers in aerobic rice systems
necessarily requires adaptive management measures to reduce
the N losses (Norton and Ouyang, 2019).

N loss pathways
Ammonia volatilization

Strong N management should intend to acquire higher
crop yield, by balancing the soil fertility status and reducing
the environmental hazards (Bayu, 2020). Currently, the recent
advanced studies about the N cycle and environmental
hazards have enriched the knowledge to achieve better N
management goals (Mahmud et al., 2021; Móring et al.,
2021). However, due to specific natural and socio-economic
features, limited N supply or over- and misuse of N
fertilizers occur, where the former condition will cause
reduced crop yield and the latter will lead to risks of
environmental pollution. N loss pathways majorly involve
ammonia volatilization, denitrification, leaching, and runoff,
and integrated consideration of all these components during
N management is necessary rather than focusing only on one
component (Liu et al., 2020). Ammonia volatilization into the
atmosphere majorly contributes to the production of secondary
aerosols, which could be translocated from the production point
and consequently may deposit in other ecosystems. Leaching
of NO3

−-N from rice soils is also a major source of pollution
spread in groundwater reserves, where NO3

− entering the soil
surface via leaching or runoff may stimulate eutrophication
(Wick et al., 2012). N oxides emitted during nitrification or
denitrification pathways are major GHGs that compromise the
availability of a sustainable and healthy environment (Subbarao
et al., 2013; Hu et al., 2017; Groenveld et al., 2020; Hassan
et al., 2022). Various forms of reactive oxygen can pose
impacts on environmental sustainability if immobilized or
denitrified in previous N2 forms (Pan et al., 2022). Therefore,
the quantification of different N loss pathways is worthy to
minimize environmental hazards arising from irregular inputs
of synthetic N fertilizers while sustaining the widespread future
adaptation of the aerobic rice system (Farooq et al., 2022a).

Amendment of synthetic N fertilizers and organic manures
in the agricultural sector is the largest source of NH3 emissions
(Xu et al., 2015; Kang et al., 2016). Volatilization of NH3

normally occurs from the applied N fertilizers due to the
transport of NH3 from the surface of an ammoniacal solution
to the ambient atmosphere (Behera et al., 2013; Ju and
Zhang, 2017). Fertilizer management practices, soil properties,
environmental variables, and irrigation methodologies are
the leading factors that impact the process of ammonia
volatilization, plant N availability and N uptake, and overall
NUE (Cameron et al., 2013). Among these, fertilization
methods have major impacts on ammonia volatilization and
emissions, where potential NH3 emissions could reach up
to 64–68% of total amended N fertilizer (Drury et al., 2012;

Woodley et al., 2020). Ammonia volatilization is usually
reduced during irrigation or precipitation, as N fertilizer can
move below the soil surface. Efficient irrigation depth varying
from 5–75 mm could greatly reduce the volatilization of
ammonia (Viero et al., 2015). Variation in soil pH impacts the
comparative concentration of NH4

+ and gaseous ammonia
in the soil solution, where NH3 production and emission are
elevated under high pH conditions (Rochette et al., 2013).
Hence, calcareous soils with naturally higher pH can suffer from
increased gaseous ammonia losses. As soil saturation increases,
ammonia volatilization of synthetic N fertilizers can either be
increased because of the faster hydrolysis process or decreased
due to dilution in the soil solution. Moreover, high temperature
encourages the hydrolysis process of synthetic N fertilizers and
the rate of NH3 diffusion from soil solution to the ambient
environment (Lei et al., 2017).

There could be many ways to reduce the NH3 emissions via
fertilizer management, such as deep placement of synthetic N
fertilizers, use of urease inhibitors, and modifying the fertilizer
types (Li et al., 2015, Li Q. et al., 2017, Li et al., 2019), which
could increase NUE due to decreased ammonia emissions by
40–83%. Another meta-analysis study has already shown that
deep placement of N fertilizers prominently reduced NH3 losses
by more than 60% (Huang et al., 2016; Yao et al., 2017) but
at the cost of higher N2O emissions. On comparing the deep-
band placement of N fertilizers with broadcasting, the former
greatly reduced the NH3 losses by 69%, but a twofold increment
in N2O emissions was observed (Yao et al., 2017). Nitrification
inhibitors (NIs) can potentially be used commercially in rice
soils to reduce N2O emissions and increase NUE (Ruser and
Schulz, 2015; Huérfano et al., 2022); however, high NH4

+

concentration persists in the soil for a prolonged duration due
to the amendment in synthetic N fertilizers, thus increasing
the risk of high NH3 volatilization (nearly 21–28%) more
obviously in soil with high pH (Soares et al., 2012; Xia et al.,
2017). Therefore, in summary, the trade-offs of comparative
methods of fertilization of synthetic N fertilizers alongside
mixed application with organic manure deserve further focused
studies under different soil conditions for better evaluation of
N dynamics and improving NUE. This will pave the way for
the widespread adaptation of an aerobic rice system with higher
profitability and no compromise on a healthy environment.

Accumulation and leaching of NO3
− to groundwater

The upland rice production is primarily characterized by
high gross nitrification rates where after the incorporation
of synthetic N fertilizers, rapid conversion of NH4

+to NO3
−

occurs under favorable saturation and optimized temperature
conditions (Norton and Ouyang, 2019). Generally, the upper
soil layer is majorly dominated by NO3

− except for a shorter
time duration after the amendment of synthetic N fertilizers
(Messiga et al., 2021). Higher soil NH4

+ content and pH
could greatly increase during the short-term application of
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synthetic N fertilizers, leading to high NH3 volatilization. The
temporal and spatial division of NO3

− in the soil profile can
be greatly modified by irrigation and fertilizer management;
however, frequency and intensity of precipitation also play a key
role (Huang T. et al., 2017). The higher NO3

− accumulation
in the soil profile occurs due to several factors, including
higher amendments in synthetic N fertilizers than crop demand,
leading to excessive ecosystem damage (Chang et al., 2021a);
intensive irrigation or heavy precipitations causing occasional
leaching of NO3

− to subsoil surface leading to eutrophication
(Huang J. et al., 2017); restricted denitrification of NO3

−

because of higher oxygen content and limited availability
of oxidizable C content (Huang et al., 2014); and poor
immobilization of NO3

− by microbial communities (AOA,
AOB, NOB, etc.) under differential availability of soil C (Qiu
et al., 2013; Sawada et al., 2015).

Transportation or movement of NO3
− out of the reaches of

the plant rooting zone is termed as leaching, which is affected
by various factors, such as soil structure, soil texture, intensity
and frequency of precipitation, and irrigation practices (Sebilo
et al., 2013; Bijay-Singh and Craswell, 2021). In the upland rice
systems, N leaching was denoted as inconsequent loss pathways
because of higher evaporation than annual precipitation (Jiao
et al., 2017; Jankowski et al., 2018; Sigler et al., 2020). Later,
it has been found that frequent precipitation periods during
summer could cause drainage of water leading to downward
movement of NO3

−, which is supported by soil textural factors
(Huang T. et al., 2017; Manik et al., 2019; Hess et al., 2020; Kaur
et al., 2020). Hence, it was summarized that the amount and
the intensity of annual irrigation and precipitation impact the
overall leaching of NO3

− (Huang J. et al., 2017). Constituting
the relationships between leaching of NO3

− and application
rates of N fertilizers either by synthetic or organic sources could
provide sufficient information to estimate N leaching in similar
soil-climatic conditions (Dybowski et al., 2020). Measurements
covering several sites in different soil and climatic conditions
to establish an empirical model denoting different drought,
normal, and saturated years could serve beneficially in the
estimation of NO3

− leaching for certain soil-climatic conditions
because of the similarity of other variables which impact the
leaching pathways (Woli and Hoogenboom, 2018; Rupp et al.,
2021).

Synthetic N fertilizers have been widely used across the
globe for higher crop production. The exceedingly high N
content in intensively managed rice systems could lead to
serious NO3

− contamination of groundwater via percolation
and short-term recharge (Bastani and Harter, 2019). Once the
concentration of NO3

− exceeds the standard values, it may
take several years and even decades to recover (Wild et al.,
2018). Following this, regulations in the use of synthetic N
fertilizers undergoing climatic and soil conditions could play
an important role in simultaneously decreasing the surplus
N in the system, specifically NO3

− pollution of groundwater

(Wick et al., 2012; Wild et al., 2018; Moloantoa et al., 2022).
Although continuous efforts across the globe have reduced the
NO3

− concentrations, most of the regions worldwide still have
levels exceeding the standards and suffering from groundwater
contamination (Abascal et al., 2022).

N2O emissions

In recent years, deep insights into the N cycle and advanced
studies have been made in the understanding of the factors and
processes involved in N2O emission pathways from different
soils (Butterbach-Bahl et al., 2013; He et al., 2016; Wang et al.,
2021a). In many circumstances, biological processes like nitrifier
nitrification and denitrification, denitrifier denitrification, and
coupled nitrification-denitrification share great roles in N2O
emissions (Zhang et al., 2019a). It has been estimated that the
application of synthetic N fertilizers or organic manures usually
enhances the above-mentioned processes and N2O emissions.
The share of different biological pathways in producing
and emitting N2O majorly depends on soil conditions (pH,
temperature, water content, and oxygen levels) and microbial
C and N content (Signor and Cerri, 2013), where these factors
are categorized as soil properties, climatic characteristics, and
management measures. The temporal and spatial shifts in these
factors are subject to changes in N2O production and emissions
from cropping systems (Han et al., 2017; Dorich et al., 2020).
To obtain reliable data for N2O emissions, conducting high-
frequency experiments covering various sites with different soil
and climatic conditions is necessary to develop mechanistic and
statistical models and develop respective mitigation approaches
(Ma et al., 2018; Zhang et al., 2022).

Under varying soil conditions, N2O production and
emissions have been found to be closely related to soil
NO2

− accumulation in soil profile after synthetic N fertilizer
amendment (Sosulski et al., 2020). Synthetic N fertilizers
increased soil N2O fluxes from 24.3 to 46.4%, and there has
been a significant correlation between N2O fluxes and NO2

−

concentration (Sosulski et al., 2020). When NO2
− exceeded

60 mg N kg−1 of applied N fertilizer, its reduction increased
when the oxygen concentration levels were below 5% in
accordance with nitrifier denitrification (Ju and Zhang, 2017).
Moreover, it has also been observed that the accumulation of
NO2

− and emissions of N2O are significantly dependent on
the type of N fertilizer and amendment methods like mid-
row band placement of N fertilizer increased the intensities
of N2O and NO2

− relative to broadcasting (Maharjan and
Venterea, 2013). In summary, several approaches have been
proposed regarding mitigation of N2O emissions, which are
as follows: optimization of the application rates of synthetic N
fertilizers and manures and avoiding ammonia accumulation
in the soil profile, slowing down of the ammonia oxidation
pathways by different management approaches for nitrification,
and replacing the conventional use of NH4

+-containing N
fertilizers with NO3

−-containing N fertilizers.
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Factors important to increase N-use
efficiency

Improvements in NUE under aerobic rice systems and
other non-N2-fixing crops are required to fulfill the future food
requirements of the projected inflation in the population via
improved and modified N-use efficient varieties along with
other crops, irrigation, and fertilizer management practices
(Mboyerwa et al., 2021). Management practices that focus on
improving plant N uptake and NUE involve irrigation methods,
fertilizer input management, crop variety management in
terms of water and NUE, plant N uptake management, use
of controlled-release N fertilizers, use of NIs and urease
inhibitors for synthetic N fertilizers, and other agronomic
integrative crop management approaches (Pan et al., 2017;
Gweyi-Onyango et al., 2021; Williams et al., 2021; Ebbisa,
2022; Ma X. et al., 2022). Several studies regarding NUE
have demonstrated that it is majorly associated with the
type and method of fertilizer inputs, irrigation methods,
availability of soil N, and plant N uptake (Ye et al.,
2013; Rawal et al., 2022). In modern agriculture, coupled
management approach of irrigation and N management is
an eco-efficient and widespread adopted technique, which
can sustain rice yield under scarce water resources while
ensuring environmental sustainability. It has been found that
the coexistence of N and irrigational managements reduce N
losses and application rates of N fertilizers, and improve NUE
and irrigational water inputs nearly by 20% (Yang et al., 2020).
Therefore, a comprehensive understanding and evaluation of
all these above-mentioned factors impacting NUE and their
management are effective in increasing the overall NUE under
aerobic rice systems.

Irrigation and fertilizer inputs
Nitrogen recovery under the aerobic rice system is generally

low, while it is prominently higher in the soil N pools by
about two times than required (Zistl-Schlingmann et al., 2020).
Sources for N fertilizers play an essential role in changing
the overall NUE, such as controlled release in comparison
with conventional synthetic fertilizers (Lawrencia et al., 2021),
organic relative to inorganic N fertilizers (Tamele et al., 2020),
and N fertilizers with the incorporation of new NIs. Besides,
it has been proved that alternations in irrigation (Bagheri
Novair et al., 2020) and modification in the methods and types
of N amendments provides improved rice growth, yield, N
uptake, and N utilization due to increased activities of glutamine
synthase and glutamine synthetase in plant roots (Zhang et al.,
2017). Currently, it is well-understood that continuous flooding
is discouraging compared to AWD systems in increasing NUE
where more improvements have been seen when applying slow-
release N fertilizers along with NIs (Ye et al., 2013). However,
a moderate AWD irrigation approach is an essential practice in
integrative and progressive rice management to the enhanced

NUE (Zhang et al., 2018a). But it has also been observed that
only the AWD irrigation approach (without any amendments)
significantly reduced the water inputs and improved N fertilizer
control without having any negative impact on NUE in the
aerobic rice system. Hence, it can be deduced that the alternative
modified irrigation regimes, such as AWD or moderate AWD
and furrow irrigation, are convenient for freshwater scarce areas
to sustain future rice yield, improve NUE, and ensure a healthy
environment (Jia et al., 2021).

Selection of rice cultivars
The selection of rice cultivars highly responsive to N

fertilizers is necessary to decrease the N losses by increasing
the plant N uptake, thereby improving NUE. These highly
responsive rice varieties can readily absorb, utilize, and
remobilize soil available N and encourage a sustainable rice
production system (Mauceri et al., 2020; Giordano et al., 2021).
Shifts in the concentration ratio of NH4

+–N and NO3
−–N

content change the response of rice cultivars to soil available
N, where cultivars with modified root features and highly
responsive to soil N pools show increased N accumulation
than the cultivars less responsive to soil N pools and with low
NUE. Coupled organic and inorganic N fertilizer application can
increase the rice grain yield but essentially requires the genotype
selection process through integrated approaches of japonica
and indica rice varieties (Farooq et al., 2021) via integrative
progressive crop management that can improve NUE and other
crop features in physiological and agronomic perspectives (Fan
et al., 2021; Deng et al., 2022).

N forms as a particular index
Rice plants preferably uptake the NO3

− form of N whether
under an aerobic or flooded system, which is considered
as an indicator molecule for plant growth and physiological
developments. It has been deduced that changes in NO3

−

assimilation genes and the transporter can improve the NUE in
aerobic rice systems (Iqbal et al., 2020a,b). Moreover, another
study has demonstrated that bentonite hydro-char composites
(BTHC) may reduce the abundance of archaeal amoA genes
that probably limit the nitrification pathways and improve soil
NH4

+ N pools (Chu et al., 2020). NUE coupled with ammonia
volatilization has not been evaluated comprehensively in aerobic
rice systems; however, the application of N fertilizers in varying
forms reduced the N losses among rice cultivars that are highly
responsive to different soil N forms (Li Y. et al., 2017; Chen G.
et al., 2020). High-affinity transporter systems among the rice
cultivars are highly efficient in the utilization of soil available
N and have an important function in the NUE of aerobic
rice systems. Nitrite and nitrate-reductase activities are usually
increased in cultivars poorly efficient in the utilization of soil
available N under an aerobic rice system which ultimately
demands an increase in N fertilizer inputs (Hakeem et al., 2011,
2016).
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Role of microbial communities in rice soils
Paddy soils hold a confound diversity of soil microbial

communities and soil microfauna, which mainly include N
fixers, nitrifiers, denitrifiers, methanogens, methane oxidizers,
plant growth regulators, phosphate-dissolving microfauna,
sulfur oxidizers, decomposers, and nutrient recyclers (Prasanna
et al., 2011; Manjunath et al., 2018; Zhu et al., 2020). The
diversity and structural composition of microbial species vary
under different textural and structural compositions of soil
along with differences in climatic and other conditions. For
example, relative to other soil habitats, rice soils generally
have a prepotency of actinomycetes and Gram-positive bacteria.
However, the microbial communities existing in floodwater
have an abundance of Gram-negative bacteria and algae,
whereas percolating water is commonly abundant only with
Gram-negative bacteria (Kimura and Asakawa, 2005; Zhang
et al., 2018d; Liu et al., 2021; Li et al., 2022). The microbial
communities in paddy soil are mainly composed of large
numbers of diversified fungal and bacterial species that function
in numerous ecological activities (Omomowo and Babalola,
2019). In addition, several species of archaea, oomycetes,
and other microbial species play crucial roles in mediating
diverse ecosystem activities and other ecological functions that
balance soil health and productivity (Wang et al., 2017, 2021b),
and bacterial and fungal species have been observed to play
leading roles under certain conditions. Generally, bacterial
communities during differential soil conditions under the paddy
system are mainly dominated by Proteobacteria, Chloroflexi,
Actinobacteria, and Acidobacteria, whereas the dominant
fungal communities include Ascomycota, Basidiomycota, and
Glomeromycota (Yuan et al., 2019; Tian et al., 2021).

The diversification and activities of microbial communities
existing in paddy fields are generally influenced by biotic
and abiotic factors, which include temperature, precipitation,
humidity, pH, agrochemicals, cations and anions, soil texture
and structure, and the rice cultivar (Kim and Lee, 2020; Zheng
and Lin, 2020). Agricultural management practices for aerobic
rice, such as the method of crop establishment (direct-seeding)
and the duration of alternate flooding and drying conditions
during the rice growth period, also influence the microbial
community structure and abundance. For example, it has been
demonstrated that while under water-saturated soil conditions
in the aerobic rice system, the symbiotic association between
mycorrhizal fungi and lowland rice plant roots is restricted due
to differential availability of oxygen content, as aerobic microbes
similar to other fungi are greatly impacted by the amount of soil
moisture content (Klinnawee et al., 2021).

Comparing the relative abundance of soil microbes, it
has been observed that bacteria are the dominant group
over archaea and fungi existing in the rhizosphere soil that
surrounds plant roots, whereas among the bacterial phyla,
Proteobacteria is the predominant phylum found in most paddy
rhizosphere soils (Somenahally et al., 2021; Zhang et al., 2021).

China-based research studies have demonstrated that the most
abundant bacterial genera affiliated with the core microbial
communities of rice rhizosphere soils under standard crop
management are Anaeromyxobacter, Arenimonas, Arthrobacter,
Bacillus, Bellilinea, and 15 other bacterial genera, all of which
are well-known to share in the overall growth and health of rice
plants (Zhou et al., 2020; Sahu et al., 2022). The community
abundance and structural composition in the root rhizosphere
soil of rice are impacted by cultivation practices, e.g., crop
cultivated with organic soil amendments is harbored with
several genera that potentially promote plant growth, which
include Anabaena, Azospirilllum, and Rhodobacter (Edwards
et al., 2018; Zhang et al., 2018b). Rice soils that are irrigated
continuously occupy large numbers of methanogenic archaea
that mediate the generation of GHG, i.e., CH4 emissions.
In contrast, in rice soils that are alternatively kept under
aerobic conditions, the dominance of methanotrophic bacteria
is observed. They utilize methane gas for their own metabolic
requirements, restricting it to emit into the atmosphere (Yvon-
Durocher et al., 2014; Harman et al., 2021; Mahabubur Rahman
and Yamamoto, 2021).

Plant roots release a wide range of compounds technically
called as root exudates into their rhizosphere vicinities in the
form of sugars, aromatic acids, amino acids, polysaccharides,
aliphatic acids, and fatty acids that pull microbes to form a
mutualistic affiliation. The pattern and composition of such root
exudates emphatically influence the makeup and abundance
of microbial communities in the rice rhizosphere (Checcucci
and Marchetti, 2020; Jamil et al., 2022). The domestication of
rice, in terms of its species and origins, has also been impacted
by the composition of fungal communities in the rhizosphere,
e.g., five genera of arbuscular mycorrhizal fungi (AMF)
(namely, Claroideoglomus, Acaulospora, Redeckera, Pacispora,
and Scutellospora) are significantly positively associated with
other fungal species in the rhizosphere of wild rice, while
marginally a set of only three groups of AMF (Claroideoglomus,
Gigaspora, and Redeckera) are strongly positively correlated with
other fungi that harbor in the rhizosphere of domesticated rice
varieties (Schmidt et al., 2020; Chang et al., 2021b).

Soil cultivation practices also impact arbuscular mycorrhizal
fungi. When the AMF abundance harboring rice rhizosphere
grown under aerobic rice system was compared with those
found under traditional rice cultivation methods, all the
samples of AMF in the roots taken from conventional rice
system belonged to just one genus, Glomus, whereas samples
being taken from aerobic soil environment belonged to
Acaulospora and Glomus (Bernaola et al., 2018; Davidson
et al., 2019). Several research studies have demonstrated legion
plant-beneficial microbes, which include Aspergillus, Bacillus,
Trichoderma, Clostridium, Penicillium, and Azotobacter that
are more abundant in the rice rhizosphere soil under the
aerobic system (Carvalho and Castillo, 2018; Chamizo et al.,
2018; Khadka and Uphoff, 2019). Hence, the above discussion
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further provides evidence that soil and crop management
practices have strong effects on the microfauna of the rice
rhizosphere. Figure 5 presents insights into how crop and
soil management practices in aerobic rice systems influence
the activities, abundance, and structural composition of soil
microbial communities.

Effects of management measures on
differential roles of ammonia oxidizers
(ammonia-oxidizing archaea and
ammonia-oxidizing bacteria)

Several studies have observed the effects of various fertilizer
managements on AOB, which reported that although organic
and inorganic fertilizer amendments together increased the
relative abundance of 16S rRNA gene copies, plant growth
and developmental phase played a key role in the structural
composition and relative abundance (Tang et al., 2019;
Hernández-Guzmán et al., 2022). In contrast, another study
has reported that change in fertilizer regimes rather than plant
growth stage played a central role in changing the relative
abundance and structural composition of AOB communities
(Chen et al., 2014; He et al., 2021). Hence, it can be
concluded that changes in N fertilization regimes make the
AOB more sensitive and can be used as an index for soil
N availability (Wang F. et al., 2018; Xu et al., 2022). The
incorporation of different organic and inorganic N fertilizers
changes the soil physical and chemical properties by altering the
forms and amount of essential nutrients, which consequently
change the abundance and the structural composition of AOB
communities (Farooq et al., 2022a). Synthetic N fertilizers,
such as urea, increase the soil NH4

+ content, an important
substrate providing the necessary energy for ammonia oxidizers
and increasing their abundance as well (Mahmud et al., 2021).
It is hypothesized that organic N available in the soil should
be mineralized into such available form necessarily required
by AOB; however, the slow release of N may increase the
competition among plants, heterotrophs, and AOB (Taylor et al.,
2021). Other soil properties, such as pH, negatively influence
the abundance of ammonia oxidizers, more specifically AOB
abundance, depicting that moderate acidic soil conditions
favor the abundance and activities of AOB over moderate
alkaline soil conditions (Wessén, 2011; Yao et al., 2011; De
Gannes et al., 2014). Phylogenetic cluster analysis of amoA
gene has determined that most AOB were belonging to
Nitrosospira under varying applications of organic and inorganic
N fertilizers (Saiful Alam et al., 2013; Zhao et al., 2015). Hence,
it is concluded that different management measures for N
fertilization change the soil available N regimes and ultimately
also change the relative abundance and structural composition
of AOB (Min et al., 2016).

Considering the relative abundance of AOA under
differential soil conditions, Nitrososphaera and Nitrosopumilus
clusters have been indicated as the most abundant AOA

communities (Prosser and Nicol, 2012; Li et al., 2018; Yao et al.,
2022). Structural composition and relative abundance of AOA
communities are inclined to be less influenced by variations
in soil N regimes and environmental conditions as compared
to AOB (Liu et al., 2014; Lu et al., 2018; Zou et al., 2022).
Eco-physiology analysis of AOA communities has depicted
the dual ways to gain their energy both by oxidizing NH4

+

to NO2
− autotrophically and by assimilation of carbon and

other energy sources from organic substrates heterotrophically
(Kerou et al., 2016; Ma M. et al., 2022). Disordered response
of AOA to different N fertilization regimes has been observed,
which might be anticipated due to the effects of plant growth
stages, environmental variations, and other soil factors which
might have altered the activities of AOA autotrophically and
heterotrophically (Amoo and Babalola, 2017). Previous studies
have reported contrasting results about the relative abundance
and structural composition of AOA communities. Some
studies demonstrated that different N fertilizer management
approaches significantly impact the AOB communities over
AOA (Sun et al., 2019; Ding et al., 2020), whereas a few
studies revealed that the structural composition and the relative
abundance of AOA communities were significantly sensitive
to different fertilizer management strategies (Mukhtar et al.,
2019). Amazingly, the structural composition of AOA has
been noticed to depict an intensive correlation between AOA
composition and soil properties and environmental conditions,
which necessarily reported that a single soil or environmental
parameter does not decide the structural composition of AOA
in the soil (Jiang et al., 2014; Zhang et al., 2019a).

Various factors are involved in influencing the abundance
and structural composition of ammonia oxidizers and require
different optimum growth temperatures (Zeng et al., 2014;
Lehtovirta-Morley, 2018). Larger soil temperature variations
ranging from 9 to 31◦C partially contribute to the differences
in the structural composition and abundance of AOA and AOB
(Liu J. et al., 2018; Wang and Huang, 2021). The growth stage of
rice also greatly influences the abundance of ammonia oxidizers,
as the AOB and AOA were found at peak abundance during the
heading stage (Song and Lin, 2014; Wang et al., 2017). Water
management, dissolved oxygen, and soil salinity status are other
factors along with plant growth that influence the abundance
and composition of AOA and AOB (Chen et al., 2017; Guo et al.,
2020).

Toward better N management

Management of N cycle

The NUE of different agricultural systems, especially rice
(Figure 6) and livestock in Asia, is very low when compared
to China, and this efficiency ranged between 40 and 15%,
respectively, whereas the N recycling ratio of livestock manures
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FIGURE 5

Impact of soil management practices on microbial community abundance and activities under varying soil conditions (Rachwał et al., 2021;
Wipf et al., 2021; Beule et al., 2022).

to agricultural systems was nearly 43% (Ju and Zhang, 2017).
On the contrasting side, among other developed countries
of Europe and America, the NUE of agricultural systems
and livestock and N recycling ratio of livestock manure were
about 60, 20, and 80%, respectively (Wu et al., 2018; Zhan
et al., 2021). Therefore, there is a large management gap
in the attributes of the N cycle across the globe, which
requires integrated approaches to make improvements in
NUE, particularly in underdeveloped and developing countries
(Erisman et al., 2018). In agricultural systems, due to heavy
N losses during crop production and animal rearing, and the
fake conceptual facts that animal- and human-based wastes
cannot be efficiently recycled to crop production systems, overall
NUE remains low. Thus, maintaining or improving the rice
productivity under modified rice systems can only depend
on the continuously increasing use of synthetic N fertilizers,
which ultimately lead to further environmental hazards. There
can be several ways to improve the N cycling process and
provide a solution to this state of uncertainties, such as by
reducing the excessive inputs than demand and synchronizing
the fertilizer inputs with crop growth stages (Liu J. et al.,
2016), reducing N inputs and N losses to the environment
for improved NUE in the aerobic rice system (Mboyerwa
et al., 2022), and by relinking the crop production systems
with livestock systems to properly incorporate their manures to
increase N recycling rate and crop yield to fulfill food security
aims (Sekaran et al., 2021).

Optimized inputs of N fertilizers

The current study not only focuses on the management of
N fertilizer application, but also emphasizes N management of
the applied fertilizers and how could applied fertilizer input
be better utilized by plants (Figure 6). Under aerobic rice
cultivation, which is an intensive agricultural product system,
potential target grain yields can only be attained through
external N inputs except for indigenous N supply in the
soil (Bailey-Serres et al., 2019). Mineral N fertilizers should
essentially be applied with full use of organic manures and
crop straw incorporation or biologically fixed N to fill up
the soil N consumption (Ladha et al., 2022; Shi et al., 2022).
Moreover, should consider the use of mineral N fertilizers only
when the organic manures and other non-synthetic N fertilizers
cannot meet plant N demands (Geng et al., 2019). Currently,
upland rice systems are the most intensive agricultural systems
where synthetic N fertilizer is the prevailing form of N inputs
across the globe (Liu T. et al., 2018; Castillo et al., 2021; Yuan
et al., 2021). Generally, proper management of synthetic N
fertilizers includes attributes of inputting the fertilizer in the
form of the right nutrient sources, in the optimized quantity,
and synchronizing the time and place of fertilizer input with
plant growth and development (Johnston and Bruulsema,
2014). These features are associated with each other, as the N
application rate not only depends on potential yield but also on
input methodologies, timing, and types. If the synchronization
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FIGURE 6

Eco-efficient management strategies to improve NUE under the aerobic rice system (Farooq et al., 2022a).

of the former with the latter three aspects was not undertaken
as correct, most of the applied N input would be lost to
the ambient environment, and the amended fertilizer would
not meet the plant requirements. Therefore, farmers would
require more inputs of N fertilizers to achieve the target yield.
Currently, the N input rates for major cereals, such as rice,
wheat, and maize, are very high ranging between 150 and
250 kg N ha−1 for target grain yields because most of the
N fertilization is done through the broadcast method which
leads to ammonia volatilization (Guo et al., 2022). So, the
input of mineral and non-synthetic N fertilizers should be
done properly not only for good crop yield, but also for
environmental sustainability. The aim of optimizing the N
inputs should be fulfilled in such a way so as to reduce the
increased use of synthetic N fertilizers without compromising
the yield. To achieve this aim, N input methodologies must be
improved to reduce the N losses, hence permitting a decrease
in the overall N fertilizer input rate without compromising
the potential quantity and quality of the crop yield along with
environmental sustainability.

Taking an example of low NUE in intensive agricultural
systems of Northern China, if the soil is amended with
300 kg N ha−1 during the respective growing season, the
total available N fertilizer for plant uptake would be 171 kg
N ha−1, where the N losses would be nearly 43% under
conventional cropping systems. Meanwhile, If N losses are
reduced by undertaking optimized fertilization application
techniques and balancing the available N fertilizer for plant
uptake, the actual required amount of N fertilizer could be
reduced by 78 kg N ha−1 to a total required nearly 222 kg N
ha−1 (Ju and Zhang, 2017). Realization of the importance of
quantity and type of N fertilizers with better synchronization
between fertilizer application place and methodologies is
still challenging across the globe. Partially, this challenge
could be justified by the presence of a technical issue of
how to merely determine the quantity of N fertilizer based
on the estimated potential yield. Moreover, determining the
overall N supply from organic manures is also a technical
problem at the farmer’s scale. Regionally, various cost-effective
measures involving the concepts and methodologies of N
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supply rate from different fertilizers should be adopted to
decide on the optimized N fertilizer application which could
ultimately be helpful in maintaining soil health and avoiding
environmental hazards (Singh, 2018). Another challenge that
hampers the proper management of N fertilizers in intensive
agricultural production systems is the small landholdings
when considering the economic as well as social aspects.
Therefore, proper management of cropping system transfer
and policy makings for small landholders with managed
awareness systems are essentially required to be undertaken and
advocated by government agencies potentially aiming toward
the solution of the projected future challenges of low NUE in
aerobic rice system to save the economic resources without
sacrificing agricultural production and environmental health
(Anas et al., 2020).

Application of N compounds

Currently, several types of N compounds exist that increase
the plant N uptake and overall NUE in different aspects without
causing any environmental damage (Figure 6). Considering
the N accumulation in rice grains and straws, it has been
noticed that conventional synthetic urea functioned badly over
controlled-release urea (Wang L. et al., 2018). BTHC are
the compounds that have been noticed to decrease ammonia
volatilization when applied during rice flooding conditions,
and it subsequently leads to an increased grain yield and
NUE (around 40%) (Chu et al., 2020). Moreover, it has been
demonstrated that the application of zeolite compounds along
with nitrifying bacteria increased crop biomass and NUE while
decreasing the ammonia volatilization N losses (Cataldo et al.,
2021). The application of organic manures, such as rice straw
and synthetically manufactured composts like Azolla compost,
significantly increased the concentration of total soil N pools
and also improved the soil structure and nutrient recycling
(Bagheri Novair et al., 2020; Seleiman et al., 2022).

Agricultural management

Agricultural management aiming to increase NUE without
compromising the crop productivity should be in accordance
with local soil and climatic conditions which could involve
intensive and extensive soil and crop residue management
practices, as the N harvest in grains and soil N pools vary
between intensive and extensive approaches (Sarkar et al.,
2020; Zistl-Schlingmann et al., 2020). Another challenge that
is associated with the aerobic rice systems is regarding tillage
practices, as consecutive no-tillage or normal tillage practices
accompanied an increase in N- and water-use efficiencies
(Habbib et al., 2019); however, they increased the crop
competition due to higher weed invasion. Hence, integrated

crop management measures along with advanced irrigation
management practices are required in aerobic rice systems for
higher NUE and crop productivity. Some of the agricultural
management strategies to improve NUE are discussed in the
following section.

Site-specific nutrient management
During recent decades, an approach termed site-specific

nutrient management (SSNM) was designed aiming to increase
the nutrient-use efficiency of major nutrients, such as N,
phosphorus (P), and potassium (K), and to generate field-
specific fertilizer recommendations (Chivenge et al., 2022).
The SSNM is a dynamic, generally plant-based, soil and crop
growth season-specific nutrient management approach which
intends to synchronize nutrient provision and demand based
on the differences in plant requirements, indigenous nutrient
provision, and nutrient recovery from applied fertilizers
and other resources (Figure 6). The major focus of SSNM
is to improve the crop yields and economic outputs for
the local farmers by increasing nutrient-use efficiencies
(Rodriguez, 2020). Field-based and growth season-specific
fertilizer requirements for a specific crop are measured before
the start of the respective crop season to properly plan the
protocol considering the climatic and soil conditions to better
synchronize with critical growth stages (Hulmani et al., 2022).
Therefore, plant fertilizer requirements should necessarily be
calculated aiming to reduce the production losses due to
nutrient deficiencies and avoid mining the soil nutrients while
ensuring the profitability that could only be possible with
proper synchronization with potential crop demands under
differential conditions (Sharma et al., 2019). For N fertilizer
inputs, SSNM determines the optimum amount of fertilizer that
is required to be applied, and further calculates the balanced
supply throughout the crop growing season to synchronize
the peak demands for N by the plant, depending on the
needs of crop varietal types, soil texture and structure, and
variations in the environmental conditions (Peng et al., 2010).
Further approaches, including leaf color charts, can also be
utilized for additional in-season modifications of the projected
N amendments, therefore empowering further tweaking against
the actual crop growth conditions (Chivenge et al., 2022).
SSNM was initially conceived in Asia for smallholder rice
producers, where field occupations tend to be small with large
spatial variabilities regarding the soil nutrient statuses and
management. This nutrient management technique is generally
based on the principles of estimating the nutrient requirements
by evaluating the gap between aggregated quantity of nutrients
required to attain specifically targeted crop production and the
indigenous supply of that specific nutrient (Sharma et al., 2019).
Hence, this approach could encourage the optimized application
of N fertilizers in aerobic rice systems through adjustments in
the timing of N fertilizer amendment to fulfill the potential
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N requirements of the plant to improve the NUE and avoid
environmental hazards (Rodriguez, 2020).

Integrated nutrient management strategies
Integrated nutrient management (INM) includes the

optimum and balanced use of indigenous N components, i.e.,
plant residues, organic manures, biological N fixation, mineral
N fertilizers, and their complementary interactive pathways
to increase N recovery and NUE (Sarwar et al., 2021). The
positive impacts of the INM approach involving the mixed use
of organic (e.g., biochar, manures, and compost) and inorganic
N resources are either due to optimization of physico-chemical
properties of soil (Oladele et al., 2019) or due to better plant
root growth and improved supply of required N along with
other micronutrients (Thind et al., 2012). The proper evaluation
and understandings of the interactive pathways under INM are
necessary to properly exploit the positive impacts which are
critical in increasing the net economic returns to the farmers in
terms of targeted yield while maintaining the soil quality and
improving NUE (Figure 6). The complementary interactions
of N supplied from synthetic and non-synthetic fertilizers with
other micronutrients could lead to a considerable increase in
crop production and NUE. Therefore, balanced and judicious
use of N fertilizers from all available resources (organic and
inorganic) through INM approaches will subsequently lead to
higher aerobic rice production for future rice sustainability
under a scarcity of resources in face of climate change, improved
NUE, and minimum environmental hazards.

Incorporation of enhanced use efficiency N
fertilizers

Currently, the beneficial use of several fertilizer products
is they have the capabilities to improve the NUE of applied N
fertilizers by limiting N losses linked with the rice production
system (Figure 6). These fertilizer products are principally based
on certain features, such as either they can slow the release
rate of N or can intervene with N transformation pathways and
reduce N losses. Slow- and controlled-release N fertilizers are
the forms of N fertilizers having significant roles in controlling
various N losses, thus impacting N availability and recovery
(Ransom et al., 2020). Relative to NH4

+-containing N fertilizers,
NO3

−-containing N fertilizers are more susceptible to leaching,
whereas the former is more prone to volatilization loss than
the latter. A range of slow- and controlled-release N fertilizers
are now commercially available, and their utilization along with
potential mitigation strategies leads to a sustainable agricultural
production system by limiting N losses and thereby improving
NUE (Mahmud et al., 2021). These slow- and controlled-release
N compounds can reduce N losses due to their potential to delay
the N release patterns which can improve the synchronization
between plant N requirements and soil N supply. In addition,
neem-coated commercial urea can also be widely used in aerobic
rice systems, as it is demonstrated to be a slow-release N

fertilizer in South Asia (Naz and Sulaiman, 2017). However,
the widespread usage of such controlled-release N fertilizers is
still challenging due to higher manufacturing costs and limited
availability, which necessitates the need for measures that can
extend the use of these compounds.

Resource conservation and
management practices

Residue management
The plant parts left in the barren field after crop harvesting

are termed as crop residues, which can play a vital role in
plant growth and development, as they affect the availability
of nutrients to plants due to the addition of organic manure
to the soil (Figure 6). Crop residues play the principal role
of source and sink for C and N cycles. Incorporation of crop
residues into the soil ensures the supply of N to the plants for a
longer period initially by conversion of N to inorganic forms and
thereby mineralizing it at later crop growth stages when crop
demand for N becomes substantial. Moreover, the incorporation
of crop residues into the aerobic rice system can be beneficial
because soil microbes temporarily immobilize the nutrients that
are released into the soil and conserve the nutrients in slowly
available forms. Hence, plants cannot uptake all the nutrients
at once, but nutrients may become available throughout the
growing season or to the succeeding crop (Sarkar et al., 2020).
It has already been demonstrated that plant residues of several
cereals can ensure the provision of N ranging between 40 and
100 kg ha−1 season−1 and assist in the accumulation of organic
C within the soil system which further improves the soil N
pool and NUE (Hu et al., 2015; Roozbeh and Rajaie, 2021).
Incorporation of legume residues into the aerobic rice system
can be an effective source of increasing soil N pools because of
having high N content and lower C/N ratios relative to cereals
(Moore et al., 2019). Moreover, plant residues of legumes have
quicker rates of mineralization, and half of the total amount of
N would be available for plant uptake within 2 months of residue
incorporation (Wang et al., 2019).

Green manuring
There is a wide range of legume crops that have a superior

capacity to fix atmospheric N, and therefore can be used for
green manuring under aerobic rice systems (Qaswar et al.,
2019). Annual N accumulation by legume crops ranges between
20 kg ha−1 and 300 kg ha−1 (Thind et al., 2012; Ali et al.,
2015). To make the legume crops potentially superior in green
manuring, they should be accompanied with important features
of quick and shorter growth duration for easy settlement into
an intensive cropping system, capabilities to produce large
dry matter, should potentially fix atmospheric free N, and
should be cultivated with minimum land management practices
(Sharma et al., 2011). However, the beneficial impacts and
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efficiency of legumes, serving as green manures, largely depend
on the quantity and quality of residues available, soil properties,
microbial diversity and activities, the moisture content in the
soil, and atmospheric variables. Hence, proper crop rotation
of legumes with aerobic rice systems and cultivation of crops
in a recurring succession on the same piece of land is critical
to enhancing the N recovery and overall NUE (Figure 6).
Moreover, the use of optimum crop sequences ascertains the
efficient utilization of agricultural resources, more obviously
the nutrients and soil moisture content for the long-term
sustainability of the production system. The inclusion of legume
crops in a rotation system with cereals is an old-age approach
and has been demonstrated as an efficient crop management
practice to improve soil health and crop production (Stanger
et al., 2008). It has been found that legume crops have
the potential to reduce the need to succeed crops in the
rotation system, and narrow C:N ratios of legume residues can
ameliorate the physical, chemical, and biological properties of
the soil by increasing total C stocks, which further lead to
increased N availability to the plants (Vogel and Below, 2018).

Genetic improvement and precision
farming

Genetic improvement through breeding approaches by the
introduction and selection of several quality traits responsible
for efficient N utilization can also enhance NUE (Figure 6).
Different rice genotypes may produce different quantities of
grain yield with differences in NUE under the same amount
of N fertilizer application. On a long-term basis, differences
in the NUE and N recovery may originate from differences
in the efficiency of absorption and assimilation of NH4

+ ions,
microbial activities, and their diversity (Sa̧dej and Przekwas,
2008); the features of roots, such as the extent, distribution,
age, and root-induced shifts in the rhizosphere impacting
mineralization, transformation, and transport (Rahman et al.,
2014); and root-associated biological N fixation. However,
variations in the efficiency of internal N use by crop plants
may arise from differences in the internal plant N requirements
at different growth stages (Sharma et al., 2021); capacity to
translocate, disperse, and mobilize the absorbed N to and
from various plant organs (Masclaux-Daubresse et al., 2010);
import-export of N in flag leaf (Nehe et al., 2018); leaf
senescence patterns; and CO2 fertilization and its conversion
into carbohydrates (Cao et al., 2020). Therefore, proper
understanding, identification, evaluation, and incorporation of
such traits into the aerobic rice production system via improved
breeding approaches may help in improving the NUE of this
transformed rice system.

Precision farming is an information- and technology-based
farm input management system which targets the use of
innovative technologies and principles in identifying, analyzing,

and managing spatial and temporal variabilities associated with
all characteristics of crop production systems to maximize
the net profits, crop production, resource-use efficiency, and
ensure the system sustainability in terms of quality and quantity
(van Evert et al., 2017). Measurement of variabilities in the
field conditions with respect to the availability of N for plant
uptake and application of optimum of dose of N fertilizers at
the right time by the utilization of the technologies, such as
rate applicator, remote sensing, geographic information system
(GIS), and global positioning system (GPS), may play a key
role to increase the NUE under varying climatic conditions
(Yousefi and Razdari, 2015). Local or remote N sensors can
also be employed in advanced crop management systems to
appraise crop requirements for supplemental N. Therefore, the
deployment of the above-mentioned technologies and precision
agriculture practices can be helpful to increase the NUE in
intensive agricultural systems.

Conclusion

Transformation in flooded rice system
for future sustainability

The conventional rice system has been challenged to sustain
the higher rice production under future projected climate
change and scarcity of resources, which mainly involve the
inputs like freshwater, labor, nutrients, and energy. The aerobic
rice system is an innovative transformation of the flooded rice
system under specific soil conditions with no requirements of
continuous soil saturation and puddling. It can be considered
as an eco-efficient rice production system with high water-use
efficiency due to less water requirements while land preparation,
no specific transplanting needs, and less labor cost during the
whole growth duration period. However, reduced grain yield in
the aerobic rice system due to heavy N losses necessarily requires
the research to focus on several agronomic management
measures for future widespread adaptation and food security.
If proper management measures to cope with major challenges
of higher N losses and weed invasion are ensured, the aerobic
rice system can be a sustainable approach to balance the future
food demand under resource-deficit conditions. Provision of
the optimized conditions coupled with agronomic adjustments
for N losses in aerobic rice systems can reduce the yield gap
between traditional and transformed rice systems. Ensuring the
provision of integrated N management measures to optimize
the soil chemical and physical characteristics under the aerobic
rice system can ensure timely seed sowing which leads to higher
stand establishment ultimately producing higher grain yield.

Shifting from an anaerobic to aerobic rice system brings in
the challenge of high N losses due to shifts in soil N pools,
water availability, and microbial activities, thus leading to low
NUE and reduced grain yield. For the widespread adaptation of
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the aerobic rice system, there is a need to introduce such rice
cultivars that can perform well under aerobic soil conditions
occupying better root characteristics for better N uptake and
N utilization, better yield traits of lowland rice cultivars, and
enhanced water stress tolerance traits of upland cultivars.
Moreover, improved breeding techniques play an important role
and mainly focus on physiological traits, including changes in
chlorophyll pigments, protein, fat, and carbohydrates content,
anthesis, relative water content, osmotic adjustments, and
enzyme functioning. Undertaking the research-based evaluation
of agronomic management measures for aerobic rice system
is necessary to reduce the N losses and increase NUE, which
may subject to sustain the grain yield and ensure environmental
sustainability under the future projected climate change and
scarcity of inputs.

Rationale and major features of the
current study

Higher N loss is one of the major challenges associated
with the sustainability of the aerobic rice system. Currently,
the aerobic rice system can sustain rice production like the
traditional rice system but at the cost of high N losses,
threatening environmental safety which hinders the widespread
adaptation of this transformation. Therefore, the adaptation of
the aerobic rice system at a wider scale under climate change
conditions essentially requires deeper insights into the advances
in pathways of the N cycle under aerobic soil conditions, thereby
suggesting management approaches to adjust these pathways
aiming to reduce N losses. Therefore, this review article was
designed to discuss the challenges to rice production due to
global climate change, investigate the need for transformational
approaches in conventional rice system, and narrow down to
project the importance of NUE in aerobic rice system under
a future projected scarcity of resources and environmental
hazards. This study discusses the recent advances in the N cycle
under varying soil conditions by comparing both conventional
and aerobic rice systems, and enriches the advanced knowledge
about N losses and NUE under varying soil conditions. This
study focuses on the dire need for complete reinvestigation and
reevaluation of the changes in the pathways of the N cycle
(ammonification, nitrification, denitrification, volatilization,
and leaching) due to the replacement of conventional methods
with an aerobic rice system, as several novel developments
have depicted shifts in N cycle during this transformation.
This study also discusses that N losses either in the form of
gaseous volatilization or leaching are high under the aerobic
rice system due to coupled nitrification-denitrification processes
under the AWD irrigation approach, making it less economic
and restricting its successful adaptation. Moreover, this study
unveils the roles of important microbial communities, how an
aerobic rice system can be an eco-efficient production approach

through management measures, and which factors impact
the management measures and hinder high NUE under this
transformed rice system. This study discussed the interactive
management mechanisms of how proper management of the
N cycle can be accomplished through optimized N fertilizer
inputs along with compound form amendments. Meanwhile,
several agricultural adjustments, such as SSNM, INM, and
incorporation of enhanced use efficiency N fertilizers, are
also suggested that may interactively impact the activities and
abundance of microbial communities involved in the overall
N cycle and improve plant N uptake. Moreover, resource
conservation and management approaches like crop residue
management, green manuring, improved genetic breeding, and
precision farming measures are intimated to increase the NUE
under the aerobic rice system. Hence, it has been concluded
that after careful insights into the pathways of the N cycle
under aerobic soil conditions, incorporation of the suggested
agronomic adjustive measures can reduce N losses, thereby
enhancing NUE under the aerobic rice system while ensuring
higher grain yield and environmental safety.

Future thrust and few open-ended
questions

Globally, for widespread adaptation of the aerobic rice
system, it is necessary to conduct research focusing on
how interactive activities of microbial communities, such as
ammonia oxidizers, nitrifiers, and denitrifiers, change under
varying soil conditions. Currently, a major challenge associated
with the aerobic rice system is the limited understanding
of the relationships among different microbial communities
when incorporating any N fertilizer management measure.
Due to limited knowledge about interactive features among N
management measures, and shifts in microbial communities
and their functioning, NUE in aerobic rice system is really
infelicitous. Moreover, the interactive evaluation of spatial and
temporal changes in abundance, diversity, and functioning of
microbial communities under aerobic soil conditions while
undertaking any of the agronomic management measures is
still limited. Incorporation of agronomic management measures
for aerobic rice system aiming toward increasing NUE while
reducing the N losses may likely impact the activities and
abundance of soil microbial communities and soil biochemical
features. Therefore, coupled understanding of changes in
soil biochemical properties and microbial communities while
incorporating N management approaches can additionally favor
in increasing the overall NUE in the aerobic rice system. Thus,
further research studies on aerobic rice systems are encouraged
to design experiments focusing on the interactive evaluation of
shifts among activities and diversity of microbial communities,
plant N demands, and N management measures. This will
improve the knowledge and understanding of the response
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mechanisms in terms of abundance, diversity, and activities
of soil microbial communities under different agronomic N
management practices that may further help in improving
NUE and reducing N losses for higher grain yield and
environmental safety.
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