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Abstract

Global warming is a critical global concern that poses a serious threat to human life. The release of greenhouse gases (GHG), including
methane (CH,), nitrous oxide (N,0) and carbon dioxide (CO,), is a primary driver of climate change. Among these, N,0O is highly potent,
with a global warming potential approximately 300 times higher than CO,, making it a major contributor to climate change. Its emissions
mainly originate from agricultural practices, particularly through soil-based nitrification and denitrification processes. N,0 emissions can
be mitigated by identifying sources, calculating the emission and adopting mitigation strategies. Agronomic practices play a crucial role in
lowering N,0 emissions while maintaining crop productivity. This review discusses N,0 emission mechanisms in agricultural soils and
explores various agronomic interventions, including optimal nitrogen fertilizer application, precise timing of nitrogen application, split
application, biofertilizers, fertigation, neem-coated urea, proper management of crop residues, cover cropping, crop rotation and
conservation tillage. Studies indicate that proper nitrogen supply timing and application methods can reduce emissions by 30-40 %, while
adjustments in tillage and irrigation, along with soil amendments like biochar and lime, can lower emissions by up to 80 %. The use of
slow-release fertilizers and nitrification inhibitors can cut emissions by 50 %, while arbuscular mycorrhizal fungi treatment can lead to a
reduction of up to 75 %. Additionally, crop rotation and integrated nutrient management enhance mitigation efforts. These agronomic
approaches can substantially decrease N,0 emissions from soils, mitigate global warming and support sustainable agriculture.

Keywords: agronomic interventions; global warming; nitrification; nitrous oxide

Introduction depletion (3). Since 1997, significant reductions have been
made in non-biological N,0 emissions, such as those linked
to the transport sector, while emissions from agriculture
remain largely unchanged (2). Agriculture remains the
predominant contributor to N,O emissions (Fig. 1), mainly
due to nitrogen fertilizer application and organic matter
decomposition in soils. Essential nutrients such as nitrogen
(N), phosphorus (P) and potassium (K) are vital for
maintaining sustainable global crop yields. Nutrient
deficiencies, particularly N and P, limit potential yields,
especially in developing regions, where increasing N fertilizer
application or promoting biological N fixation is necessary to
enhance food security. However, intensifying agricultural
practices without effective mitigation measures exacerbates
N,O emissions, leading to environmental degradation. These
emissions not only accelerate climate change but also
indicate inefficiencies in nitrogen utilization, presenting both
economic and ecological challenges (4). Over two-thirds of

Global warming is a critical global concern that poses severe
risks to both human life and the environment. Over the 20%"
century, the average global surface temperature has risen by
approximately 0.6 + 0.2 °C (1). This temperature increase is
mainly attributed to the release of greenhouse gases (GHGs),
including methane (CH,), nitrous oxide (N,0) and carbon
dioxide (CO,), which contribute to climate change (1). These
gases trap infrared radiation, preventing heat from escaping
Earth's atmosphere (1). N,O, colourless, non-toxic gas
commonly referred to as laughing gas. N,O is a powerful
greenhouse gas with a global warming potential (GWP)
approximately 300 times higher than CO- over a span of 100-
year (2). Over the last hundred years, there has been an
estimated rise of about 20 % in the concentration of N,O in
the atmosphere, which continues to rise at a rate of 0.2 - 0.3 %
year? (3). Furthermore, N,O plays a major role in ozone layer
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Fig. 1. N,O transformation process (14).

N,O emissions arise from biological and chemical soil
processes, influenced by factors such as soil moisture,
temperature, pH and nitrogen availability (5). Microbial
activities such as denitrification (DNF) and nitrification (NF)
are the primary pathways for N,O production. DNF occurs
under low-oxygen conditions, converting nitrate (NO;-) into
dinitrogen (N,), with N,O as an intermediate product.
Conversely, NF is an aerobic process where ammonium
(NH,+) is oxidized to nitrate, producing N,O under specific
conditions (6). N,O emission can be mitigated by identifying
sources, calculating the emission and adopting mitigation
strategies. Understanding and mitigating N,O emissions from
agricultural soils is crucial for achieving sustainable
agricultural practices. Effective agronomic interventions
target these underlying processes to minimize N,O emissions.
Agronomic interventions like application of crop residues,
application of fermented organic materials, application of
compost, proper tillage practices, irrigation management,
application of bio char, integrated nutrient management,
selection of Plant Genotypes, application of AMF, fertilizer
management and, implementing crop rotation and
diversification offer a practical pathway to address this issue.
Agronomic interventions are a cornerstone of N,O mitigation
because they are practical, cost-effective and adaptable to
diverse agricultural systems. While technological solutions
like bioengineering and microbial interventions have
potential, they are often complementary to agronomic
practices rather than replacements. Agronomic interventions
not only for reducing N,O emissions but also enhancing
resource efficiency and guaranteeing the long-term
sustainability of global food systems and productivity (7). This
review explores various agronomic interventions to mitigate
N,O emissions from agricultural soils, with a focus on their
effectiveness, mechanisms and practical implications.

Factors responsible for N,0 production

There are many factors that affect N,O production (Fig. 2)
which are given below

Soil pH

Soil pH plays crucial role in regulating N,O emissions by
influencing the activity of microorganisms involved in NF and

DNF (8). In neutral to slightly alkaline soils (pH 6-8), NF (ammonia
oxidation) is favoured, producing N,O as a by-product (9). In
acidic soils (pH < 6), DNF becomes more dominant, with N,O
being an intermediate that can accumulate due to reduced
activity of the enzyme N,O reductase, which converts N,O to N,
(9). The microbial community structure and its enzymatic
activities, which are pH-dependent, significantly affect the extent
of N,O emissions (10).

Soil moisture and soil temperature

High soil moisture levels, particularly in water-filled pore
spaces (WFPS), promote N,O production by accelerating the
decomposition of soil organic carbon, which fuels microbial
metabolism and activity (11). An abundant carbon supply
boosts microbial activity, thereby increasing N,O emissions.
Moist conditions sustain prolonged N,O release by ensuring a
continuous supply of carbon substrates for microbial processes
(12). Soil temperature also plays a significant role by interacting
with moisture levels to influence N,0 dynamics. Rising
temperatures up to an optimal range of 25-35 °C enhance
bacterial proliferation, thereby intensifying the activity of both
nitrifying and denitrifying bacteria, further impacting N,O
emissions (13).

Soil micro-organisms

A greater soil depth significantly reduces microbial biomass
and its activity. The presence of microbial communities is
essential for NO5- and NO,- reduction, which ultimately leads to
the formation of nitric oxide (NO), N,O, or dinitrogen (N,). This
transformation is closely associated with electron transport
during the DNF process (Fig. 3) (14, 15). Under anaerobic
conditions, denitrifying bacteria facilitate the conversion of N
compounds by utilizing energy derived from light, organic
matter, or inorganic substrates, classifying them as
phototrophs, organotrophs, or lithotrophs. Some enzymes,
such as hydroxylamine  oxidoreductase, = ammonia
monooxygenase and nitrite oxidoreductase, are involved in NF,
influencing the rate of N,O release (16). Similarly, DNF-
associated enzymes like nitrite reductase, nitrate reductase,
NO reductase and N,O reductase determine the extent of N,O
emissions (16). The availability of soil organic carbon, in
combination with soil moisture, further regulates N,O
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Fig. 2. Factors that produces N,0 (14).

production by providing an essential substrate for microbial
proliferation (17).

Soil characteristics

Fine-textured soils generally higher N,O emit due to their
higher capillary pore content compared to sandy soils. These
pores retain moisture for extended periods, creating anaerobic
conditions that facilitate increased N,O emissions (18). As soil
texture becomes finer and WFPS rises, DNF rates also increase.
However, when WFPS declines, DNF slows down (19). In fact, in
clay-rich soils, N,O emissions are significantly elevated when
WEFPS exceeds 40 % to reaching peak levels at more than 70 %
WFPS (19). Soil texture not only dictates whether aerobic or
anaerobic conditions dominate but also influences N
availability, organic carbon content and microbial populations,
all of which affect N,O emissions (18). Moreover, soil texture
influences N,0 emissions by altering soil nitrogen availability,
organic carbon content and microbial community composition
(16). Field surface morphology also plays a role, with
depressions exhibiting higher emissions than ridges or slopes
due to increased moisture retention. Lastly, Moreover, high-
altitude areas experience greater N,O emissions because lower

atmospheric pressure reduces the resistance exerted on soil
surfaces (20).

Application of crop residues

Incorporating crop residues to agricultural soil, which offers
quicker available carbon (C) and N, thus becoming a potent
source of N,O production (21). The process of nitrogen
mineralization from crop residues contributes to N,O
formation (22), with the rate of release depending on the
carbon-to-nitrogen (C:N) ratio of the residues (23). The rate of
DNF is influenced by the quantity of C that is readily accessible
to the denitrifying bacterial community (24).

Nitrogen application

Prior to the 1950s, a significant share of N,O emissions
originated from livestock-related activities, with N fertilizer
contributing less than 50 % of total emissions. However, with
rising food demand and intensive agricultural practices, N
fertilizer application has increased substantially, making
agriculture responsible for over 60 % of total N,O emissions
(25). N fertilizers are highly mobile in the soil and undergo
various transformations, including leaching, volatilization,
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Fig. 3. Microbial nitrogen cycle (14).
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immobilization and DNF, all of which contribute to N,O
production (26). The primary sources of N,O emissions in
fertilized soils are NH,+ and NO3-, both of which are directly
supplied by N fertilizers. The extent of N,O emissions depend
on the type and application method of these fertilizers (27).

Quantification of N,O in soil

Quantifying N,O emissions is not very difficult; however,
significant spatial and temporal variability at local scales
presents considerable challenges (28). Detection of N,O gas is
possible using infrared analysers, gas chromatography with
electron capture detectors, tunable diode lasers and molecular
sieves (0.5 nm) (29). Two primary methods are employed for
N,O measurement: soil surface chambers used for short-term
observations and micrometeorological techniques for long-
term observations.

Chamber method

The chamber method is one of the most accessible techniques
for measuring N,O emissions. N,O flux is captured by static
chambers placed in the field, as recommended by Mosier (30).
These static chambers consist of two parts (anchor or base and
chamber). The anchor, typically made of thin-walled stainless
steel, minimizes soil disturbance during setup. The chambers,
constructed from non-reactive materials, contain two ports-
one for an air thermometer and another for gas sampling.
Anchors are inserted 10 cm into the soil at least 24 hrs before
the initial gas flux measurement, ensuring proper sealing
around the edges to prevent alteration of the soil microclimate
that could impact emissions. During sampling, the chamber is
placed inverted on the base. Vegetation remains inside the
chamber while gas collection occurs (31). Before sampling,
verifying the base position and the presence of water in the
base rim is crucial. The floodwater level inside and outside the
base is recorded, along with soil and chamber temperatures
immediately after sampling. Gas samples are collected using a
polypropylene syringe inserted into the chamber’s septa, with
samples taken at three intervals: 0, 15 and 30 min after
chamber deployment (32). The time interval will vary depends
on the spatial and temporal. A 20 mL sample is usually drawn
and transferred to a pre-evacuated 15 ml glass vial, sealed with
a grey butyl rubber septum. Overpressure is created by
injecting excess gas, making later extraction easier. The
collected samples are analysed using gas chromatography (GC)
(33).

Micrometeorological methods

Micrometeorological techniques rely on monitoring air masses
moving across ecosystems, offering advantages over the
chamber method by providing broader spatial and temporal
integration. These methods allow for continuous measurement
of gas fluxes over areas ranging from 1-10 km? to several million
hectares. Using sensors mounted on towers, they capture air
movement and gas composition, enabling the calculation of
flux rates and directions based on concentration gradients and
turbulence (34). While micrometeorological approaches may
be less sensitive than chamber methods, they are valuable for
estimating long-term flux patterns, especially in cases of
unpredictable emissions (35). These systems have been
deployed at specific sites, demonstrating consistency with
chamber-based measurements and providing reliable

sensitivity (36). Recent advancements, particularly in Fourier-
Transform Infrared Spectroscopy (FTIR), have further improved
the capacity to monitor moderate fluxes continuously (37).

Agronomical interventions to mitigate N,O emission
Irrigation management

Irrigation plays a crucial role in N,O emissions. The volume and
distribution of water significantly influences N,O emissions due
to its impact on soil moisture and the N cycle (38). The alternate
wetting and drying (AWD) method can reduce water usage by
70 % and lower CH, emissions by 97 % (38). However, in clayey
soils, it can lead to a fivefold increase in N,O emissions due to
soil moisture fluctuations. WFPS in soil is a key factor in N,O
production. Peak emissions typically occur when WFPS ranges
between 45-90 % (19). In aerobic conditions, NF and DNF
dominate N,O production when WFPS reaches 60-70 % (19).
However, when WFPS is around 50-60 %, N,O generation may
be restricted due to dissimilatory nitrate reduction to ammonia
(39). For example, frequency flooding in rice fields suppresses
N,O emissions by maintaining saturated conditions that
promote nitrate conversion to N,. In contrast, AWD can elevate
N,O emissions by causing soil cracks and increasing aeration in
deeper layers (40). Advanced irrigation techniques such as drip
fertigation have potential in minimizing N,O emissions (33).
These methods help maintain optimal WFPS, localize nutrients
near the root zone and reduce leaching, which enhances
nutrient uptake and limits N,O formation (41). Sustainable
irrigation strategies that regulate soil moisture effectively are
essential for mitigating N,O emissions. Transitioning from
conventional practices like flood irrigation to advanced
methods such as drip irrigation, sprinkler irrigation, or
optimized AWD can contribute to sustainable agriculture while
reducing N,O emissions (41).

Proper tillage management

Tillage practices influence crop productivity and GHG
emissions by altering soil properties (42). The impact of tillage
on N,O emissions is inconsistent. In rice cultivation, research
observed notable decline in N,O under no tillage (NT)
compared to conventional tillage (CT) (43, 44). Likewise, a meta
-analysis covering rice and other field crops such as wheat and
maize, indicated that conservation tillage lowers N,O
emissions by approximately 17.8 % in contrast to CT (45).
Another meta-analysis highlighted that NT offers benefits in
terms of reducing both N,0 and CH, emissions, with a 6.6 %
reduction compared to CT (46). The prolonged implementation
of NT improves soil structure and lowers soil temperature as
surface residues reflect incoming radiation and act as an
insulating layer between the soil and the atmosphere.
Consequently, this results in a reduction in N,O emissions
compared to conventional tillage (CT) (47). It was reported that
NT lowers N,O emissions in irrigated regions but leads to an
increase in N,O emissions in rain-fed areas (48). However, some
investigation indicate NT may increase N,O emissions,
particularly in rain-fed areas or under certain conditions like
high soil moisture and limited oxygen (49). Climate plays a
crucial role in tillage outcomes. In warm, dry regions, NT
reduces N,O emissions, while CT exacerbates them due to
organic matter decomposition (50). Despite variations, NT and
reduced tillage generally support GHG mitigation and
sustainable agriculture by preserving soil organic matter and
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reducing emissions. Advanced tillage practices tailored to
specific conditions optimize GHG reduction and productivity.

Crop residue management

Returning crop residue (CR) to the soil boosts agricultural
productivity and enhances soil fertility, though its effect on N,O
emissions varies depending on the characteristics of both the CR
and the soil (50). Some studies link CR return to increased N,O
emissions by improving soil aggregation, microbial activity and
nutrient availability, which stimulate NF and DNF (51).
Conversely, other studies report reduced N,O emissions when
CR with higher C/N ratios immobilize N and decrease NO,-
availability. Soil properties such as pH, texture and moisture
content significantly influence the effect of CR on N,O emissions
(52). For instance, fine-textured soils with added CR exhibit
increased microbial activity and N,O emissions, whereas coarse-
textured soils show limited DNF due to low organic carbon (53).
High water-filled pore space (WFPS) affects oxygen availability in
hotspots, altering the N,O:N, ratio during DNF. At high WFPS (90
%), CR may reduce N,O emissions (54). Seasonal factors and
external N inputs also affect CR decomposition and its
interaction with N,O emissions. Residue incorporation in spring,
combined with N fertilizers, intensifies microbial activity,
increasing N,O emissions. Proper CR management, considering
residue characteristics, soil conditions and timing, can help
mitigate emissions.

Use of Organic Amendments (OA)

Organic amendments (OA), including crop residues and animal-
based inputs like manures and slurries, are widely utilized to
reduce dependence on synthetic N fertilizer use, enhance soil
fertility and address environmental concerns (55). However, their
impact on N,O emissions is complex and context dependent.
Some researchers show that OA can increase N,O emissions by
providing energy for denitrifies and creating anaerobic micro-
sites within soil aggregates, promoting DNF (27). On the other
hand, some researchers argue that OAs may reduce N,O
emissions by stimulating microbial N assimilation, which limits
the N available for NF and DNF (56). The disparity between these
two contrasting behaviors may stem from differences in the
application of organic amendments, soil characteristics, climatic
conditions and past fertilization practices in the respective
studies (56). Long-term studies emphasize that the quantity of
organic amendments used is a key factor in carbon
accumulation and its subsequent impact on N,O emissions (57).

Composting

Composting involves the decomposition of organic matter
under aerobic conditions, transforming it into nutrient-rich
material (58). Applying compost in crop production is a
widespread practice, where the dissolved organic carbon
(DOC) derived from composted manure acts as a carbon source
for microbial DNF, thereby affecting N,O emissions (5).
Vermicomposting, which relies on earthworms to produce
nutrient-enriched compost, enhances soil structure and
microbial activity. A study on rice indicated that vermicompost
application reduces NH,+ and NO;- leaching into water (59).
However, excessive vermicompost use may lead to elevated
N,O emissions due to increased N availability and heightened
microbial activity (59). Moreover, the combination of
vermicompost with synthetic fertilizers may further escalate

N,O emissions by increasing NO5 concentrations. In contrast,
integrating biochar with vermicompost improves the C/N ratio,
and lowers N,O emissions. The co-application of biochar and
vermicompost has shown potential in mitigating N,O
emissions while improving soil health (59). Composted manure
can reduce N,O emissions and enhance carbon sequestration,
though it may also contribute to CH, emissions (60). Research
on rice has shown that compost application can lower N,0
emissions by over 50 % compared to urea-based fertilization
(61). Furthermore, composted rice straw has been found to
significantly decrease both CH, and N,O emissions compared
to fresh straw (62). More extensive research is required to fully
understand the mechanisms underlying these effects and
optimize strategies for emission reduction. Using composted
materials seems to be an effective strategy for enhancing soil
characteristics while also minimizing N,O emissions.

Application of fermented organic manures

Fermentation involves the decomposition of organic materials
under anaerobic conditions, producing energy and by-
products. Incorporating fermented organic manures into the
soil can help mitigate greenhouse gas (GHG) emissions by
breaking down organic matter during the fermentation process
(63). However, in irrigated soils, their application can elevate
N,O emissions due to increased substrate availability,
enhanced microbial activity and the formation of micro-sites
(64). Additionally, high rainfall conditions can further
contribute to N,O emissions in soils treated with manure. To
optimize productivity while minimizing emissions, the use of
fermented organic manure in irrigated and high-rainfall regions
should be carefully regulated to support climate-resilient
agroecosystems (65).

Biochar application

Biochar, a carbon-dense substance obtained through the
pyrolysis of organic material, has considerable potential for
enhancing soil quality (Fig. 4) and mitigating greenhouse gas
(GHG) emissions (66). When incorporated into soils, biochar
sequesters carbon for extended periods, with plant-derived
biochar persisting for up to 2000 years. This long-term carbon
sequestration makes it an effective tool in combating global
warming (66). The application of biochar reduces emissions of
N,O (Table 1). Factors like soil moisture and environmental
conditions significantly influence these outcomes. Despite
these complexities, biochar's potential for reducing N,O
emissions and improving soil fertility makes it a promising long
-term strategy when suitable environmental conditions exist.

Application of Arbuscular Mycorrhizal Fungi (AMF)

Arbuscular mycorrhizal fungi (AMF) establish mutualistic
relationships with plants, playing a significant role in N cycling
and potentially reducing N,O emissions (75). AMF facilitate
nutrient uptake for host plants, reduces NOs-, leaching and
lowers N availability for N,O production pathways, such as NF
and DNF (75). By preferentially absorbing ammonium (NH,+),
AMF competes with other soil microbes, thereby reducing the
substrates available for N,O producing organisms (76).
Research indicates that AMF can lower N,O emissions in various
soils and crops, including rice. This reduction may result from
direct AMF activity or from physiological changes in AMF-
colonized roots. AMF reduce ammonia-oxidizing bacteria (AOB)
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populations by lowering NH,+ in the hyphosphere, further
decreasing N,O production. Additionally, AMF activity lowers the
presence of genes associated with N,O production (76). By
regulating soil N forms and limiting NO5- and NH,+ availability,
AMF contribute to lowering N,0 emissions, underscoring their
ecological importance in sustainable agriculture.

Fertilizer management

Optimizing N and P fertilizer use improves crop productivity
while mitigating greenhouse gas (GHG) emissions. The release
of N,O from soils is influenced by fertilizer type, rate and
application timing (77).

Right quantity: Maintaining N at the lowest effective levels
reduces soil N availability and associated N,O emissions (77).
Studies show that increasing N fertilizer rates raises N,O
emissions, although emissions vary by N source. In rice
systems, experiments have shown that reducing N use by 33 %
resulted in a 28 % decline in N,O emissions (78). Aligning
fertilizer application with crop nutrient needs and
implementing split applications at various growth phases can
further enhance nitrogen use efficiency (NUE) while minimizing
residual soil N, ultimately reducing emissions (79).

Right time: The timing of N application plays a vital role in
mitigating N losses. Applying fertilizer at the right stage
significantly decreases N,O emissions (80). Delaying N
application by a few weeks post-sowing, rather than applying it
beforehand, allows the crop to absorb more N, minimizing

Table 1. Applications of bio char on mitigating N.O emission (14)

losses to air and water. For instance, applying N as a side
dressing during the V-6 growth stage in maize has been shown
to enhance NUE and decrease N,O emissions (81). On the other
hand, applying fertilizers or manure in autumn can lead to
higher nitrate and N,O losses (82).

Right place: Deep placement of N fertilizers, as opposed to
traditional application methods, improves nutrient availability
during later growth stages and reduces N.O emissions (83).
Positioning nitrogen closer to plant roots, such as employing
urea banding rather than broadcasting or side banding in
wheat and canola, substantially lowers emissions (84). In
another Study in maize have reported that deep placement of
fertilizer significantly reduced N,O emissions compared to
shallow application (84). Similarly, in lowland rice systems,
deep N fertilizer placement reduced N,O emissions by 80 % in
comparison to surface spreading, as it helped retain N in the
soil for a longer duration (85). Previous research studied that
deep placement supports microbial consumption of N.O,
further reducing emissions, particularly in sandy soils. Overall,
deep placement shows promise for reducing N,O emissions,
but its effectiveness depends on specific environmental and
management factors (86).

Right type: Fertilizer type significantly influences N>O emissions,
depending on the timing, amount and composition of the
fertilizer (77). Fertilizers affect N.O emissions due to differences in
content of NH4", NOs and organic carbon. the application of

Bio char application N.O mitigation potential (%) Reference
Bamboo biochar: 5 tons/ha 38
Bamboo biochar: 10 tons/ha 48 (67)
Bamboo biochar: 15 tons/ha 61
Rice and cotton husk biochar: 50tons/ha 36 (68)
Maize stalk biochar: 16.77 tons/ha 10.8 (69)
Bamboo biochar: 5 tons/ha 24.25
Bamboo biochar: 15 tons/ha 30.7 (70)
Rice straw biochar: 44.8 tons/ha 235.1
Rice straw biochar: 36 tons/ha 50 (71)
Rice straw biochar: 72 tons/ha 83
Wood shaving biochar: 10 tons/ha 101.68 (72)
Cotton stalk biochar: 9 tons/ha 46.3 (73)
Cotton stalk biochar:13 tons/ha 33.3
Rice straw biochar: 1% 82.28 (74)
Rice straw biochar: 5% 185.21

Biochar application

Fig. 4. Role of bio char application in mitigation N20 emission (14).
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slurry and urea increased N,O emissions by 46 % and 33 %,
respectively, in maize-wheat rotations compared to control plots
(87). Similarly, in wheat systems, urea application has been
associated with a 17.4 % increase in emissions at an N rate of 100
kg N ha (80). It was also observed that higher application rates,
such as 400 kg N ha? of calcium ammonium nitrate (CAN),
resulted in greater emissions compared to 200 kg N ha? (88).
Fertilizers like ammonium nitrate produce higher N,O emissions,
especially in wet soils with high organic matter. In another work,
it was shown that substituting urea with ammonium sulfate
resulted in increased N,O but decreased CH, emissions (60).
However, variability in N,O emissions among different fertilizers
is also influenced by soil characteristics, such as pH, bulk density,
texture, microbial activity and organic carbon levels. To meet
rising global food demands while minimizing emissions,
adopting precision fertilizer management strategies is essential.
This includes selecting appropriate fertilizer types, optimizing
application rates, ensuring correct timing and employing
efficient placement methods. These measures collectively
enhance NUE, reduce environmental impact and support
sustainable agricultural practices.

Use of nitrification inhibitors or slow-release fertilizer

Nitrification inhibitors (NIs) and slow-release fertilizers play a
crucial role in minimizing emissions of N,O and CH, (89). Nis
directly reduces N,O emissions by suppressing NF and
indirectly by limiting NO,- availability for DNF, without affecting
crop yields (6). These inhibitors contain chemical compounds
that deactivate ammonia monooxygenase (AMO), an enzyme
involved in the initial stage of NF. As a result, ammonium
(NH4+) remains in the soil for a longer duration, slowing down
NF and limiting substrate availability for denitrifying microbes,
thereby reducing N,O emissions (90). Similarly, slow-release
fertilizers, particularly controlled-release fertilizers (CRFs),
enhance NUE and minimize N losses. Coated granules in CRFs
allow a gradual nutrient release, aligning with crop uptake
patterns and curbing N,O emissions (90). Both NiIs and CRFs
contribute to emission reduction and improved crop
productivity by preventing excessive N supply, which typically
drives emissions.

Integrated Nutrient Management (INM)

Integrated Nutrient Management (INM) combines organic
amendments with inorganic fertilizers to optimize NUE and
mitigate N losses by synchronizing soil nutrient availability with
plant demand (91). Its impact on GHG mitigation, particularly
N,O, has been studied, though extensive field data remains
limited. Previous study observed that integrating compost with
NPK fertilizers lowered N,O emissions compared to using
either component alone, especially when compost with a
carbon-to-nitrogen (C:N) ratio below 20 was applied (92). Slow
decomposition and nutrient release from such organic
materials help suppress N,O formation (92). Another study
suggested that organic amendments with lower C:N ratios
decrease N,O emissions when applied alone, whereas
amendments with higher C:N ratios are more effective when
combined with inorganic fertilizers (93). The influence of
organic amendments (OA) on N,O emissions varies, as it
depends on factors such as amendment type, C:N ratio and
synthetic N application rates. Organic inputs with high C:N
ratios (>20) can immobilize nutrients, reducing N availability for

DNF and thereby lowering emissions. Conversely, amendments
with low C:N ratios decompose rapidly, releasing N and carbon,
which can intensify microbial activity and increase emissions
(94). The total N application rate from both organic and
synthetic sources also impacts N,O emissions. Generally, INM
approaches using high N rates from a mix of organic and
inorganic sources result in higher emissions compared to their
lower-dose alternatives (95). However, applying N in equal
parts from both sources can reduce emissions relative to using
either one exclusively at the same total N rate (96). A meta-
analysis indicated that using OA with very low C:N ratios (<8) as
a substitute for synthetic N applications has strong potential to
lower N,O emissions (97). Thus, integrating inorganic N with OA
containing lower C:N ratios prevents both excessive N
mineralization and microbial stimulation from carbon-rich
substrates, both of which contribute to N,O release. Effective
INM strategies for reducing emissions must be customized to
specific field conditions. No single management practice,
including INM, can substantially mitigate N,O emissions unless
reducing GHG emissions is a primary goal in agricultural
systems. Achieving meaningful reductions requires integrating
INM with broader crop production strategies designed to
minimize emissions.

Implementing crop rotation and diversification

Shifting from conventional puddled transplanted rice (TPR) to
direct-seeded rice (DSR) serves as a practical approach to
reducing GHG emissions. DSR has been found to reduce GWP by
53 % compared to TPR, mainly by reducing CH, and N,O
emissions when redox potential is maintained between 100-200
mV (98). Crop rotation and diversification further influence GHG
emissions, but their effects vary depending on soil conditions,
climate, crop species and management strategies. For instance,
rotating maize with other crops has been shown to reduce both
N,O and CO, emissions compared to continuous maize
cultivation, largely due to reduced N fertilizer inputs in rotational
systems (99). While maize-soybean rotations generally produce
similar CH, emissions, they can lower N,O emissions compare to
monoculture systems due to lower N application rates (99).
However, in certain crops like wheat, studies have found no
significant differences in N,O emissions between monocropping
and rotation systems. In contrast, grasslands often exhibit higher
N,O emissions due to manure application and animal excreta.
The overall impact of cropping systems on GHG emissions is
influenced by multiple variables, including soil properties,
climate conditions, crop choices and management practices.
While crop rotations can help reduce emissions in some
scenarios, optimizing N fertilization and planting strategies
remains essential for minimizing N,O emissions.

Policy and socioeconomic aspects of N,O mitigation

Global initiatives like the Kyoto Protocol and Paris Agreement
emphasize reducing N,O emissions, a potent greenhouse gas,
through sustainable agricultural practices (1). These agreements
encourage countries to adopt mitigation strategies, such as
improved fertilizer management and precision farming, to meet
emission reduction targets (4). Economic incentives, including
subsidies, tax breaks and grants, play a crucial role in promoting
low-N,O practices. For instance, governments and organizations
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often provide financial support to farmers transitioning to
organic farming (98). However, small-scale farmers face
adoption barriers due to high upfront costs, lack of access to
technology and limited awareness of mitigation practices.
Carbon markets offer a promising solution by enabling farmers
to earn carbon credits for reducing emissions, which can be sold
to industries seeking to offset their carbon footprint. This not
only finances sustainable agriculture but also incentivizes
climate-friendly farming practices globally (1).

Knowledge gaps and future research directions

While short-term study provides valuable insights, long-term
field experiments are crucial to understand the sustained efficacy
of agronomic interventions (7). These studies should evaluate
the impact of practices like crop rotation, cover cropping and
precision fertilization under varying climatic and soil conditions
to ensure scalability and adaptability (99). Another promising but
understudied area is the role of soil microbiomes in reducing N,O
emissions. Future research should aim to identify and develop
microbial communities that improve N,O reduction processes,
like DNF and NI, without harming soil health (16) Additionally,
integrating climate-smart agricultural practices, such as
agroforestry and conservation tillage, can mitigate N,O emissions
while enhancing resilience to climate change. Research should
focus on measuring the additional benefits of these practices,
including better soil health and increased carbon storage (100).
The relationship between soil carbon sequestration and N,O
emissions is complex and varies depending on the context. Future
studies should explore how practices like organic amendments
and reduced tillage influence both carbon storage and N,O
dynamics, ensuring that mitigation strategies do not
inadvertently increase emissions. Addressing these knowledge
gaps, future research can provide a robust foundation for
developing effective, scalable and sustainable N,O mitigation
strategies in agriculture (100).

Conclusion

N,O emissions from agricultural activities are a crucial
contributor to GWP and climate change. Mitigation strategies,
such as optimizing N fertilizer application, adopting
conservation tillage and employing biochar, slow-release
fertilizers and Nls, have shown substantial potential to reduce
emissions. These agronomic interventions not only minimize
N,O emissions but also support sustainable agricultural
productivity. Implementing these practices globally can play
a vital role in addressing climate change while maintaining
food security. Continued research and adoption of innovative
practices enhance mitigation efforts and achieve long-term
sustainability.

Acknowledgements

The authors thank the Department of Agronomy, Tamil Nadu
Agricultural University, Coimbatore for conducting workshop
on article writing and also thanks Department of Agronomy,
Anbil Dharmalingam Agricultural College and Research
Institute, Tamil Nadu Agricultural University, Tiruchirappalli
for extending their guidance and support. No external
fundings were awarded to do this work.

Authors' contributions

ASS carried out the literature review and drafted and edited
the manuscript. TR and SR helped in final editing in
manuscript. SK and KS participated in the sequence
alignment and drafted the manuscript. AM done plagiarism
checking and correction. All authors read and approved the
final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interest to declare.

Ethical issues: None

References

1. IPCC. Climate Change 2001: The Scientific Basis. Contribution of
Working Group | to the Third Assessment Report of the
Intergovernmental Panel on Climate Change. 2001.

2. IPCC. Working group I: the physical science basis. In: Solomon S,
Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller
HL, editors. IPCC Fourth Assessment Report: Climate Change
2007. Cambridge, UK: Cambridge University Press; 2007.

3. Ravishankara AR, Daniel JS, Portmann RW. Nitrous oxide (N,O):
the dominant ozone depleting substance emitted in the 21st
century. Science. 2009;326:123-5. https://doi.org/10.1126/
science.1176985

4.  The Royal Society. Reaping the benefits: science and the
sustainable intensification of global agriculture. London, UK: The
Royal Society; 2009.

5. Butterbach Bahl K, Baggs EM, Dannenmann M, Kiese R,
Zechmeister Boltenstern S. Nitrous oxide emissions from soils:
how well do we understand the processes and their controls?
Philos Trans R Soc B Biol Sci. 2013;368. https://doi.org/10.1098/
rstb.2013.0122

6. Firestone MK, Davidson EA. Microbiological basis of NO and N,0
production and consumption in soil. In: Andreae MO, Schimel DS,
editors. Exchange of Trace Gases Between Terrestrial Ecosystems
and the Atmosphere. 1989; p. 7-21.

7. Lopez Bellido RJ, Lopez Bellido L. Integrated soil fertility
management for sustainable agriculture: Crop rotation and
nutrient management. Eur J Agron. 2019;114:125978. https://
doi.org/10.1016/j.eja.2019.125978

8. Baggs EM, Smales CL, Bateman EJ. Changing pH shifts the
microbial source as well as the magnitude of N,O emission from
soil. Biol Fertil Soils. 2010;46:793-805. https://doi.org/10.1007/
s00374-010-0484-6

9. Khan S, Clough TJ, Goh KM, Sherlock RR. Influence of soil pH on
NOx and N,O emissions from bovine urine applied to soil
columns. N Z J Agric Res. 2011;54:285-301. https://
doi.org/10.1080/00288233.2011.607831

10. Tate KR, Ross DJ, Saggar S, Hedley CB, Dando J, Singh BK, et al.
Methane uptake in soils from Pinus radiata plantations, a
reverting shrubland and adjacent pastures: Effects of land use
change and soil texture, water and mineral nitrogen. Soil Biol
Biochem. 2007;39:1437-49. https://doi.org/10.1016/
j.s0ilbio.2006.12.013

11. Bolan NS, Adriano DC, Kunhikrishnan A, James T, McDowell R,
Senesi N. Dissolved organic matter: biogeochemistry, dynamics
and environmental significance in soils. Adv Agron. 2011;110:1-
75. https://doi.org/10.1016/B978-0-12-385531-2.00001-3

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1126/science.1176985
https://doi.org/10.1126/science.1176985
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1016/j.eja.2019.125978
https://doi.org/10.1016/j.eja.2019.125978
https://doi.org/10.1007/s00374-010-0484-6
https://doi.org/10.1007/s00374-010-0484-6
https://doi.org/10.1080/00288233.2011.607831
https://doi.org/10.1080/00288233.2011.607831
https://doi.org/10.1016/j.soilbio.2006.12.013
https://doi.org/10.1016/j.soilbio.2006.12.013
https://doi.org/10.1016/B978-0-12-385531-2.00001-3

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Stres B, Danevcic T, Pal L, Fuka MM, Resman L, Leskovec S, et al.
Influence of temperature and soil water content on bacterial,
archaeal and denitrifying microbial communities in drained fen
grassland soil microcosms. FEMS Microbiol Ecol. 2008;66:110-22.
https://doi.org/10.1111/j.1574-6941.2008.00546.x

Szukics U, Abell GCJ, HodL V, Mitter B, Sessitsch A, Hackl E, et al.
Nitrifiers and denitrifiers respond rapidly to changed moisture
and increasing temperature in a pristine forest soil. FEMS
Microbiol Ecol. 2010;72:395-406. https://doi.org/10.1111/j.1574-
6941.2010.00851.x

Hassan MU, Aamer M, Mahmood A, Awan MI, Barbanti L, Seleiman
MF, et al. Management strategies to mitigate N,O emissions in
agriculture. Life. 2022;12:439. https://doi.org/10.3390/
life12030439

Firestone MK, Davidson EA. Microbiological basis of NO and N,0
production and consumption in soil. In: Andreae MO, Schimel DS,
editors. Exchange of Trace Gases Between Terrestrial Ecosystems
and the Atmosphere. 1989; p. 7-21.

Li L, Tian H, Zhang M, Fan P, Ashraf U, Liu H, et al. Deep placement
of nitrogen fertilizer increases rice yield and nitrogen use
efficiency with fewer greenhouse gas emissions in a mechanical
direct seeded cropping system. Crop J. 2021;9:1386-96. https://
doi.org/10.1016/j.¢j.2021.01.002

Ciampitti IA, Ciarlo EA, Conti ME. Nitrous oxide emissions from soil
during soybean [(Glycine max L Merrill] crop phenological stages
and stubbles decomposition period. Biol Fertil Soils. 2008;44:581-
8. https://doi.org/10.1007/s00374-007-0241-7

Parton WJ, Mosier AR, Ojima DS, Valentine DW, Schimel DS, Weier
K, et al. Generalized model for N, and N,O production from
nitrification and denitrification. Glob Biogeochem Cycles.
1996;10:401-12. https://doi.org/10.1029/96GB01455

Lagomarsino A, et al. Alternate wetting and drying of rice reduced
CH, emissions but triggered N,O peaks in a clayey soil of Central
Italy. Pedosphere. 2016;26:533-48. https://doi.org/10.1016/51002
-0160(15)60058-7

Xu'Y, Xu Z, Cai Z, Reverchon F. Review of denitrification in tropical
and subtropical soils of terrestrial ecosystems. J Soils Sediments.
2013;13:699-710. https://doi.org/10.1007/s11368-013-0650-1

Lemke RL, lzaurralde RC, Nyborg M, Solberg ED. Tillage and N
source influence soil emitted nitrous oxide in the Alberta Parkland
region. Can J Soil Sci. 1999;79:15-24. https://doi.org/10.4141/S98-
013

Huang, Zou J, Zheng X, Wang Y, Xu X. Nitrous oxide emissions as
influenced by amendment of plant residues with different C:N
ratios.  Soil  Biol Biochem. 2004;36:973-81. https://
doi.org/10.1016/j.50ilbio.2004.02.009

Eichner MJ. Nitrous oxide emissions from fertilized soils:
Summary of available data. J Environ Qual. 1990;19:272-80.
https://doi.org/10.2134/jeq1990.00472425001900020013x

Patten DK, Bremner JM, Blackmer AM. Effects of drying and air dry
storage of soils on their capacity for denitrification of nitrate. Soil
Sci Soc Am J. 1980;44:67-70. https://doi.org/10.2136/
$552j1980.03615995004400010014x

Venterea RT, Halvorson AD, Kitchen N, Liebig MA, Cavigelli MA, Del
Grosso SJ, et al. Challenges and opportunities for mitigating
nitrous oxide emissions from fertilized cropping systems. Front
Ecol Environ. 2012;10:562-70. https://doi.org/10.1890/110205

Stehfest E, Bouwman L. N,O and NO emission from agricultural
fields and soils under natural vegetation: summarizing available
measurement data and modeling of global annual emissions.
Nutr Cycl Agroecosyst. 2006;74:207-28. https://doi.org/10.1007/
$10705-006-9000-7

Van Groenigen JW, Huygens D, Boeckx P, Kuyper TW, Lubbers IM,
Riitting T, et al. The soil N cycle: new insights and key challenges.
Soil. 2015;1:235-56. https://doi.org/10.5194/50il-1-235-2015

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dalal RC, Wang W, Robertson GP, Parton WJ. Nitrous oxide emission
from Australian agricultural lands and mitigation options: a review.
Soil Res. 2003;41:165-95. https://doi.org/10.1071/SR02064

Denmead OT. Chamber systems for measuring nitrous oxide
emission from soils in the field. Soil Sci Soc Am J. 1979;43:89-95.
https://doi.org/10.2136/ss5aj1979.03615995004300010016x

Mosier AR. Chamber and isotope techniques. In: Andreae MO,
Schimel DS, editors. Exchange of trace gases between terrestrial
ecosystems and the atmosphere. Chichester, UK: John Wiley &
Sons; 1989; p. 175-87.

Smart DR, Bloom AJ. Wheat leaves emit nitrous oxide during
nitrate assimilation. Proc Natl Acad Sci U S A. 2001;98:7875-8.
https://doi.org/10.1073/pnas.131572798

Yang W, Feng G, Miles D, Gao L, Jia Y, Li C, et al. Impact of biochar
on greenhouse gas emissions and soil carbon sequestration in
corn grown under drip irrigation with mulching. Sci Total Environ.
2020;729:138752. https://doi.org/10.1016/j.scitotenv.2020.138752

Ramesh T, Rathika S, Ravi V, Sabarinathan R, Vered E. Drip
irrigated paddy: an adaptation strategy to mitigate the climate
change. J Pharmacogn Phytochem. 2019;8(25):190-3. https://
doi.org/10.22271/jpp.2019.v8.i25.01

Fowler D, Hargreaves KJ, Skiba U, Milne R, Zahniser MS, Moncrieff
JB, et al. Measurements of CH, and N,O fluxes at the landscape
scale using micrometeorological methods. Philos Trans R Soc
Lond B Biol Sci. 1995;351:339-55. https://doi.org/10.1016/S1352-
2310(02)00139-5

Griffith DWT, Leuning R, Denmead OT, Jamie IM. Air land
exchanges of CO,, CH, and N,0 measured by FTIR spectrometry
and  micrometeorological  techniques. Atmos  Environ.
2002;36:1833-42. https://doi.org/10.1016/5S1352-2310(02)00139-5

Christensen S, Ambus P, Arah JRM, Clayton H, Galle B, Griffith
DWT, et al. Nitrous oxide emission from an agricultural field:
comparison between measurements by flux chamber and
micrometeorological techniques. Atmos Environ. 1996;30:4183-
90. https://doi.org/10.1016/1352-2310(96)00107-0

Griffith DWT, Galle B. Flux measurements of NH;, N,O and CO,
using dual beam FTIR spectroscopy and the flux gradient
technique.  Atmos  Environ.  2000;34:1087-98.  https://
doi.org/10.1016/51352-2310(99)00368-4

LaHue GT, et al. Alternate wetting and drying in high yielding
direct seeded rice systems accomplishes multiple environmental
and agronomic objectives. Agric Ecosyst Environ. 2016;229:30-9.
https://doi.org/10.1016/j.agee.2016.05.020

Ruser R, Flessa H, Russow R, Schmidt G, Buegger F, Miinch J.
Emission of N,0, N, and CO, from soil fertilized with nitrate: effect
of compaction, soil moisture and rewetting. Soil Biol Biochem.
2006;38:263-74. https://doi.org/10.1016/j.s0ilbio.2005.05.005

Gaihre YK, Singh U, Islam SMM, Huda A, Islam MR, Sanabria J, et
al. Nitrous oxide and nitric oxide emissions and nitrogen use
efficiency as affected by nitrogen placement in lowland rice fields.
Nutr Cycl Agroecosyst. 2018;110:277-91. https://doi.org/10.1007/
s10705-017-9897-z

Sainju UM. Tillage, cropping sequence and nitrogen fertilization
influence dryland soil nitrogen. Agron J. 2013;105:1253-63.
https://doi.org/10.2134/agronj2013.0131

Li C, Zhang Z, Guo L, Cai M, Cao C. Emissions of CH, and CO, from
double rice cropping systems under varying tillage and seeding
methods. Atmos Environ. 2013;80:438-44. https://doi.org/10.1016/
j.atmosenv.2013.07.029

Xiao XP, Wu FL, Huang FQ, Li Y, Sun GF, Hu Q, et al. Greenhouse air
emission under different pattern of rice straw returned to field in
double rice area. Res Agric Mod. 2007;28:629-32.

Liang W, Shi Y, Zhang H, Yue J, Huang GH. Greenhouse gas
emissions from northeast China rice fields in fallow season.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1111/j.1574-6941.2008.00546.x
https://doi.org/10.1111/j.1574-6941.2010.00851.x
https://doi.org/10.1111/j.1574-6941.2010.00851.x
https://doi.org/10.3390/life12030439
https://doi.org/10.3390/life12030439
https://doi.org/10.1016/j.cj.2021.01.002
https://doi.org/10.1016/j.cj.2021.01.002
https://doi.org/10.1007/s00374-007-0241-7
https://doi.org/10.1029/96GB01455
https://doi.org/10.1016/S1002-0160(15)60058-7
https://doi.org/10.1016/S1002-0160(15)60058-7
https://doi.org/10.1007/s11368-013-0650-1
https://doi.org/10.4141/S98-013
https://doi.org/10.4141/S98-013
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.2134/jeq1990.00472425001900020013x
https://doi.org/10.2136/sssaj1980.03615995004400010014x
https://doi.org/10.2136/sssaj1980.03615995004400010014x
https://doi.org/10.1890/110205
https://doi.org/10.1007/s10705-006-9000-7
https://doi.org/10.1007/s10705-006-9000-7
https://doi.org/10.5194/soil-1-235-2015
https://doi.org/10.1071/SR02064
https://doi.org/10.2136/sssaj1979.03615995004300010016x
https://doi.org/10.1073/pnas.131572798
https://doi.org/10.1016/j.scitotenv.2020.138752
https://doi.org/10.22271/jpp.2019.v8.i2s.01
https://doi.org/10.22271/jpp.2019.v8.i2s.01
https://doi.org/10.1016/S1352-2310(02)00139-5
https://doi.org/10.1016/S1352-2310(02)00139-5
https://doi.org/10.1016/S1352-2310(02)00139-5
https://doi.org/10.1016/1352-2310(96)00107-0
https://doi.org/10.1016/S1352-2310(99)00368-4
https://doi.org/10.1016/S1352-2310(99)00368-4
https://doi.org/10.1016/j.agee.2016.05.020
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1007/s10705-017-9897-z
https://doi.org/10.1007/s10705-017-9897-z
https://doi.org/10.2134/agronj2013.0131
https://doi.org/10.1016/j.atmosenv.2013.07.029
https://doi.org/10.1016/j.atmosenv.2013.07.029

AJMAL ETAL

45.

46.

a7,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Pedosphere. 2007;17:630-8. https://doi.org/10.1016/S1002-0160
(07)60075-7

Mei K, Wang Z, Huang H, Zhang C, Shang X, Dahlgren RA, et al.
Stimulation of N,0 emission by conservation tillage management
in agricultural lands: a meta analysis. Soil Tillage Res. 2018;182:86
-93. https://doi.org/10.1016/j.still.2018.05.004

Feng J, Li F, Zhou X, Xu C, Ji L, Chen Z, et al. Impact of agronomy
practices on the effects of reduced tillage systems on CH, and N,0
emissions from agricultural fields: a global meta analysis. PLoS
ONE. 2018;13:€0196703. https://doi.org/10.1371/
journal.pone.0196703

Grandy AS, Loecke TD, Parr S, Robertson GP. Long term trends in
nitrous oxide emissions, soil nitrogen and crop yields of till and no
till cropping systems. J Environ Qual. 2006;35:1487-95. https://
doi.org/10.2134/jeq2005.0166

Shakoor A, Dar AA, Arif MS, Farooq TH, Yasmeen T, Shahzad SM, et
al. Do soil conservation practices exceed their relevance as a
countermeasure to greenhouse gases emissions and increase
crop productivity in agriculture? Sci Total Environ.
2022;805:150337. https://doi.org/10.1016/].scitotenv.2021.150337

Van Kessel C, Venterea RT, Six J, Adviento Borbe MA, Linquist B,
Van Groenigen KJ. Climate, duration and N placement determine
N,O emissions in reduced tillage systems: a meta analysis. Glob
Change Biol. 2013;19:33-44. https://doi.org/10.1111/gcb.12062

Memon M, Guo J, Tagar A, Perveen N, Ji C, Memon S, et al. The
effects of tillage and straw incorporation on soil organic carbon
status, rice crop productivity and sustainability in the rice wheat
cropping system of eastern China. Sustainability. 2018;10:961.
https://doi.org/10.3390/su10040961

Gregorutti VC, Caviglia OP. Nitrous oxide emission after the
addition of organic residues on soil surface. Agric Ecosyst Environ.
2017;246:234-42. https://doi.org/10.1016/j.agee.2017.06.020

Sander BO, Samson M, Buresh RJ. Methane and nitrous oxide
emissions from flooded rice fields as affected by water and straw
management between rice crops. Geoderma. 2014;235:355-62.
https://doi.org/10.1016/j.geoderma.2014.07.010

Chantigny MH, Rochette P, Angers DA, Bittman S, Buckley K,
Massé D, et al. Soil nitrous oxide emissions following band
incorporation of fertilizer nitrogen and swine manure. J Environ
Qual. 2010;39:1545-53. https://doi.org/10.2134/jeq2009.0482

Li X, Hu F, Shi W. Plant material addition affects soil nitrous oxide
production differently between aerobic and oxygen limited
conditions. Appl Soil Ecol. 2013;64:91-8. https://doi.org/10.1016/
j.apsoil.2012.12.004

Seleiman MF, Alotaibi MA, Alhammad BA, Alharbi BM, Refay Y,
Badawy SA. Effects of ZnO nanoparticles and biochar of rice straw
and cow manure on characteristics of contaminated soil and
sunflower productivity, oil quality and heavy metals uptake.
Agronomy. 2020;10:790. https://doi.org/10.3390/
agronomy10060790

Corton TM, Bajita JB, Grospe FS, Pamplona RR, Asis CA,
Wassmann R, et al. Methane emission from irrigated and
intensively managed rice fields in Central Luzon (Philippines).
Nutr Cycl Agroecosyst. 2000;58:37-53. https://doi.org/10.1007/978
-94-010-0898-3_4

Chattha MU, et al. Alternate skip irrigation strategy ensures
sustainable sugarcane yield. J Anim Plant Sci. 2017;27:1604-10.

Ding Z, Ali EF, Elmahdy AM, Ragab KE, Seleiman MF, Kheir AMS.
Modeling the combined impacts of deficit irrigation, rising
temperature and compost application on wheat yield and water
productivity. Agric Water Manag. 2021;244:106626. https://
doi.org/10.1016/j.agwat.2020.106626

Nigussie A, Kuyper TW, Bruun S, De Neergaard A.
Vermicomposting as a technology for reducing nitrogen losses
and greenhouse gas emissions from small scale composting. J

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

T2.

73.

10

Clean Prod. 2016;139:429-39.
j.jclepro.2016.08.030

Nayak D, Saetnan E, Cheng K, Wang W, Koslowski F, Cheng YF, et
al. Management opportunities to mitigate greenhouse gas
emissions from Chinese agriculture. Agric Ecosyst Environ.
2015;209:108-24. https://doi.org/10.1016/j.agee.2015.03.031

Zhang JB, Zhu TB, Cai ZC, Qin SW, Miiller C. Effects of long term
repeated mineral and organic fertilizer applications on soil
nitrogen transformations. Eur J Soil Sci. 2012;63:75-85. https://
doi.org/10.1111/j.1365-2389.2011.01412.x

https://doi.org/10.1016/

Doan TT, Henry Des Tureaux T, Rumpel C, Janeau JL, Jouquet P.
Impact of compost, vermicompost and biochar on soil fertility,
maize yield and soil erosion in Northern Vietnam: A three year
mesocosm experiment. Sci Total Environ. 2015;514:147-54.
https://doi.org/10.1016/j.scitotenv.2015.01.092

Doan TT, Bouvier C, Bettarel Y, Bouvier T, Henry des Tureaux T,
Janeau JL, et al. Influence of buffalo manure, compost,
vermicompost and biochar amendments on bacterial and viral
communities in soil and adjacent aquatic systems. Appl Soil Ecol.
2014;73:78-86. https://doi.org/10.1016/j.apsoil.2013.08.016

Grigatti M, Barbanti L, Hassan MU, Ciavatta C. Fertilizing potential
and CO, emissions following the utilization of fresh and
composted food waste anaerobic digestates. Sci Total Environ.
2020;698:134198. https://doi.org/10.1016/j.scitotenv.2019.134198

Ding Z, Kheir AMS, Ali OAM, Hafez EM, ElShamey EA, Zhou Z, et al.
A vermicompost and deep tillage system to improve saline sodic
soil quality and wheat productivity. J Environ Manage.
2021;277:111388. https://doi.org/10.1016/j.jenvman.2020.111388

Malyan SK, Kumar SS, Fagodiya RK, Ghosh P, Kumar A, Singh R, et
al. Biochar for environmental sustainability in the energy water
agroecosystem  nexus. Renew  Sustain  Energy  Rev.
2021;149:111379. https://doi.org/10.1016/j.rser.2021.111379

0o AZ, Sudo S, Akiyama H, Win KT, Shibata A, Yamamoto A, et al.
Effect of dolomite and biochar addition on N,0 and CO,
emissions from acidic tea field soil. PLoS ONE. 2018;13:e0192235.
https://doi.org/10.1371/journal.pone.0192235

Tan G, Wang H, Xu N, Liu H, Zhai L. Biochar amendment with
fertilizers increases peanut N uptake, alleviates soil N,O emissions
without affecting NH; volatilization in field experiments. Environ
Sci Pollut Res. 2018;25:8817-26. https://doi.org/10.1007/s11356-
017-1116-6

Cheng Q, Cheng H, Wu Z, Pu X, Lu L, Wang J, et al. Biochar
amendment and Calamagrostis angustifolia planting affect
sources and production pathways of N,O in agricultural ditch
systems. Environ Sci Process Impacts. 2019;21:727-37. https://
doi.org/10.1039/C8EM00563J

Song Y, Li Y, CaiV, Fu S, Luo Y, Wang H, et al. Biochar decreases
soil N,O emissions in Moso bamboo plantations through
decreasing labile N concentrations, N cycling enzyme activities
and nitrification/denitrification rates. Geoderma. 2019;348:135-
45, https://doi.org/10.1016/j.geoderma.2019.04.029

Aamer M, Shaaban M, Hassan MU, Ying L, Haiying T, Qiaoying M, et
al. N,O emissions mitigation in acidic soil following biochar
application under different moisture regimes. J Plant Nutr Soil
Sci. 2020;20:2454-64. https://doi.org/10.1007/s42729-020-00301-2

Barracosa P, Cardoso I, Marques F, Pinto A, Oliveira J, Trindade H,
et al. Effect of biochar on emission of greenhouse gases and
productivity of cardoon crop (Cynara cardunculus L). J Plant Nutr
Soil Sci. 2020;20:1093-104. https://doi.org/10.1007/542729-020-
00242-w

Liu H, Li H, Zhang A, Rahaman MA, Yang Z. Inhibited effect of
biochar application on N,0 emissions is amount and time
dependent by regulating denitrification in a wheat maize rotation
system in North China. Sci Total Environ. 2020;721:137636.
https://doi.org/10.1016/j.scitotenv.2020.137636

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/S1002-0160(07)60075-7
https://doi.org/10.1016/S1002-0160(07)60075-7
https://doi.org/10.1016/j.still.2018.05.004
https://doi.org/10.1371/journal.pone.0196703
https://doi.org/10.1371/journal.pone.0196703
https://doi.org/10.2134/jeq2005.0166
https://doi.org/10.2134/jeq2005.0166
https://doi.org/10.1016/j.scitotenv.2021.150337
https://doi.org/10.1111/gcb.12062
https://doi.org/10.3390/su10040961
https://doi.org/10.1016/j.agee.2017.06.020
https://doi.org/10.1016/j.geoderma.2014.07.010
https://doi.org/10.2134/jeq2009.0482
https://doi.org/10.1016/j.apsoil.2012.12.004
https://doi.org/10.1016/j.apsoil.2012.12.004
https://doi.org/10.3390/agronomy10060790
https://doi.org/10.3390/agronomy10060790
https://doi.org/10.1007/978-94-010-0898-3_4
https://doi.org/10.1007/978-94-010-0898-3_4
https://doi.org/10.1016/j.agwat.2020.106626
https://doi.org/10.1016/j.agwat.2020.106626
https://doi.org/10.1016/j.jclepro.2016.08.030
https://doi.org/10.1016/j.jclepro.2016.08.030
https://doi.org/10.1016/j.agee.2015.03.031
https://doi.org/10.1111/j.1365-2389.2011.01412.x
https://doi.org/10.1111/j.1365-2389.2011.01412.x
https://doi.org/10.1016/j.scitotenv.2015.01.092
https://doi.org/10.1016/j.apsoil.2013.08.016
https://doi.org/10.1016/j.scitotenv.2019.134198
https://doi.org/10.1016/j.jenvman.2020.111388
https://doi.org/10.1016/j.rser.2021.111379
https://doi.org/10.1371/journal.pone.0192235
https://doi.org/10.1007/s11356-017-1116-6
https://doi.org/10.1007/s11356-017-1116-6
https://doi.org/10.1039/C8EM00563J
https://doi.org/10.1039/C8EM00563J
https://doi.org/10.1016/j.geoderma.2019.04.029
https://doi.org/10.1007/s42729-020-00301-2
https://doi.org/10.1007/s42729-020-00242-w
https://doi.org/10.1007/s42729-020-00242-w
https://doi.org/10.1016/j.scitotenv.2020.137636

4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Pittelkow CM, Adviento Borbe MA, Hill JE, Six J, van Kessel C,
Linquist BA. Yield scaled global warming potential of annual
nitrous oxide and methane emissions from continuously flooded
rice in response to nitrogen input. Agric Ecosyst Environ.
2013;177:10-20. https://doi.org/10.1016/j.agee.2013.05.011

Seleiman MF, Hafez EM. Optimizing inputs management for
sustainable agricultural development. In: Awaad H, Abu hashim
M, Negm A, editors. Mitigating Environmental Stresses for
Agricultural Sustainability in Egypt. Cham: Springer Nature; 2021.
p. 487-507. https://doi.org/10.1007/978-3-030-64323-2_18

Seleiman MF, Refay Y, Al Suhaibani N, Al Ashkar I, El Hendawy S,
Hafez EM. Integrative effects of rice straw biochar and silicon on
oil and seed quality, yield and physiological traits of Helianthus
annuus L grown under water deficit stress. Agronomy. 2019;9:637.
https://doi.org/10.3390/agronomy9100637

IPCC. IPCC Guidelines for National Greenhouse Gas Inventories.
Volume 2, Workbook. Hayama: Institute for Global Environmental
Strategies; 1997.

Li CF, Kou ZK, Yang JH, Cai ML, Wang JP, Cao CG. Soil CO, fluxes
from direct seeding rice fields under two tillage practices in
central China. Atmos Environ. 2010;44:2696-704. https://
doi.org/10.1016/j.atmosenv.2010.04.040

Sharma LK, Sukhwinder KB. A review of methods to improve
nitrogen use efficiency in agriculture. Sustainability. 2018;10:51.
https://doi.org/10.3390/su10010051

Bordoloi N, Baruah KK, Bhattacharyya P. Emission estimation of
nitrous oxide (N,0) from a wheat cropping system under varying
tillage practices and different levels of nitrogen fertiliser. Soil Res.
2016;54:767-76. https://doi.org/10.1071/SR15268

Sogbedji JM, van Es HM, Yang CL, Geohring LD, Magdoff FR.
Nitrate leaching and nitrogen budget as affected by maize
nitrogen rate and soil type. J Environ Qual. 2000;29:1813-20.
https://doi.org/10.2134/jeq2000.00472425002900060020x

Randall GW, Mulla DJ. Nitrate nitrogen in surface waters as
influenced by climatic conditions and agricultural practices. J
Environ Qual. 2001;30:337-44. https://doi.org/10.2134/
j€q2001.302337x

Nkebiwe M, Weinmann M, Bar Tal A, Miiller T. Fertilizer placement
to improve crop nutrient acquisition and yield: a review and meta
analysis. Field Crop Res. 2016;196:389-401. https://
doi.org/10.1016/j.fcr.2016.07.018

Breitenbeck GA, Bremner JM. Effects of rate and depth of fertilizer
application on emission of nitrous oxide from soil fertilized with
anhydrous ammonia. Biol Fertil Soils. 1986;2:201-4. https://
doi.org/10.1007/BF00260844

Gaihre YK, Singh U, Huda A, Islam SMM, Islam MR, Biswas JC,
DeWald J. Nitrogen use efficiency, crop productivity and
environmental impacts of urea deep placement in lowland rice
fields. In: Proc the 2016 Int Nitrogen Initiative Conference; 2016
Dec 4-8; Melbourne, Australia. p. 1-4.

Rutkowska B, Szulc W, Szara E, Skowroriska M, Jadczyszyn T. Soil
N,O emissions under conventional and reduced tillage methods
and maize cultivation. Plant Soil Environ. 2017;63:242-7. https://
doi.org/10.17221/291/2017-PSE

Grave RA, Nicoloso RDS, Cassol PC, da Silva MLB, Mezzari MP, Aita
C, et al. Determining the effects of tillage and nitrogen sources on
soil N,O emission. Soil Tillage Res. 2018;175:1-12. https://
doi.org/10.1016/j.still.2017.08.003

Lebender U, Senbayram M, Lammel J, Kuhlmann H. Impact of
mineral N fertilizer application rates on N,O emissions from
arable soils under winter wheat. Nutr Cycl Agroecosyst.
2014;100:111-20. https://doi.org/10.1007/s10705-014-9630-0

Huérfano X. The new nitrification inhibitor 3,4 dimethylpyrazole
succinic (DMPSA) as an alternative to DMPP for reducing N,O
emissions from wheat crops under humid Mediterranean

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

11

conditions. Eur J Agron. 2016;80:78-87. https://doi.org/10.1016/
j.€ja.2016.07.001

Chen H, Zhao Y, Feng H, Liu J, Si B, Zhang A, et al. Effects of straw
and plastic film mulching on greenhouse gas emissions in Loess
Plateau, China: a field study of 2 consecutive wheat maize
rotation cycles. Sci Total Environ. 2017;579:814-24. https://
doi.org/10.1016/j.scitotenv.2016.11.032

Seleiman M, Abdel Aal M. Effect of organic, inorganic and bio
fertilization on growth, yield and quality traits of some chickpea
(Cicer arietinum L) varieties. Egypt J Agron. 2018;40:105-17.
https://doi.org/10.21608/agro.2018.2869.1093

Yao Z, Zheng X, Wang R, Liu C, Lin S, Butterbach Bahl K. Benefits of
integrated nutrient management on N,0 and NO mitigations in
water saving ground cover rice production systems. Sci Total
Environ. 2019;646:1155-63. https://doi.org/10.1016/
j.scitotenv.2018.07.358

Nyamadzawo G, Wuta M, Nyamangara J, Smith JL, Rees RM.
Nitrous oxide and methane emissions from cultivated seasonal
wetland (dambo) soils with inorganic, organic and integrated
nutrient management. Nutr Cycl Agroecosyst. 2014;100:161-75.
https://doi.org/10.1007/s10705-014-9634-9

Nyamadzawo G, Shi Y, Chirinda N, Olesen JE, Mapanda F, Wuta M,
et al. Combining organic and inorganic nitrogen fertilisation
reduces N,O emissions from cereal crops: a comparative analysis
of China and Zimbabwe. Mitig Adapt Strateg Glob Change.
2017;22:233-45. https://doi.org/10.1007/s11027-014-9560-9

Shcherbak I, Millar N, Robertson GP. Global meta analysis of the
nonlinear response of soil nitrous oxide (N,O) emissions to
fertilizer nitrogen. Proc Natl Acad Sci U S A. 2014;111:9199-204.
https://doi.org/10.1073/pnas.1322434111

Sarkodie Addo J, Lee HC, Baggs EM. Nitrous oxide emissions after
application of inorganic fertilizer and incorporation of green
manure residues. Soil Use Manage. 2006;19:331-9. https://
doi.org/10.1079/SUM2003331

Graham RF, Wortman SE, Pittelkow CM. Comparison of organic and
integrated nutrient management strategies for reducing soil N,0
emissions. Sustainability. 2017;9:510. https://doi.org/10.3390/
su9040510

Drury CF, YangXM, ReynoldsWD, McLaughlinNB. Nitrous oxide
and carbon dioxide emissions from monoculture and rotational
cropping of corn, soybean and winter wheat. Can J Soil Sci.
2008;88:163-74. https://doi.org/10.4141/CJSS06024

Omonode RA, Smith DR, Gal A, Vyn TJ. Soil nitrous oxide emissions
in corn following three decades of tillage and rotation treatments.
Soil Sci Soc Am J. 2011;75:152-63. https://doi.org/10.2136/
$55aj2009.0147

Li C, Frolking S, Butterbach Bahl K. Climate smart agriculture
practices for mitigating greenhouse gas emissions. Nat Clim
Change. 2021;11:380-9. https://doi.org/10.1038/s41558-021-
01012-x

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1016/j.agee.2013.05.011
https://doi.org/10.1007/978-3-030-64323-2_18
https://doi.org/10.3390/agronomy9100637
https://doi.org/10.1016/j.atmosenv.2010.04.040
https://doi.org/10.1016/j.atmosenv.2010.04.040
https://doi.org/10.3390/su10010051
https://doi.org/10.1071/SR15268
https://doi.org/10.2134/jeq2000.00472425002900060020x
https://doi.org/10.2134/jeq2001.302337x
https://doi.org/10.2134/jeq2001.302337x
https://doi.org/10.1016/j.fcr.2016.07.018
https://doi.org/10.1016/j.fcr.2016.07.018
https://doi.org/10.1007/BF00260844
https://doi.org/10.1007/BF00260844
https://doi.org/10.17221/291/2017-PSE
https://doi.org/10.17221/291/2017-PSE
https://doi.org/10.1016/j.still.2017.08.003
https://doi.org/10.1016/j.still.2017.08.003
https://doi.org/10.1007/s10705-014-9630-0
https://doi.org/10.1016/j.eja.2016.07.001
https://doi.org/10.1016/j.eja.2016.07.001
https://doi.org/10.1016/j.scitotenv.2016.11.032
https://doi.org/10.1016/j.scitotenv.2016.11.032
https://doi.org/10.21608/agro.2018.2869.1093
https://doi.org/10.1016/j.scitotenv.2018.07.358
https://doi.org/10.1016/j.scitotenv.2018.07.358
https://doi.org/10.1007/s10705-014-9634-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1073/pnas.1322434111
https://doi.org/10.1079/SUM2003331
https://doi.org/10.1079/SUM2003331
https://doi.org/10.3390/su9040510
https://doi.org/10.3390/su9040510
https://doi.org/10.4141/CJSS06024
https://doi.org/10.2136/sssaj2009.0147
https://doi.org/10.2136/sssaj2009.0147
https://doi.org/10.1038/s41558-021-01012-x
https://doi.org/10.1038/s41558-021-01012-x
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting

AJMAL ETAL

the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online

12


https://plantsciencetoday.online
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

