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Abstract

The application of conventional nitrogen fertilizer (urea) to improve rice
crop yield has a significant influence on soil methane (CH4) and nitrous ox-
ide (N,O) emissions. An experiment was conducted at Tamil Nadu Agricul-
tural University, Coimbatore, wetlands farm, during the summer of 2023. A
Randomized Block Design (RBD) was used with 8 treatments and 3 replica-
tions to evaluate the impact of different nitrogen application strategies on
greenhouse gas emissions, specifically methane and nitrous oxide in trans-
planted rice, including the varying nitrogen levels. The study aimed to im-
prove rice growth and yield through foliar application of nano urea, focusing on
the rice variety CO55 with a recommended dose of NPK (150:50:50 NPK kg/ha).
The results indicated that applying 75 kg nitrogen/ha (50% of the recom-
mended dose) as basal through conventional urea, along with 3 nano urea
foliar sprays at 20, 40 and 60 days after transplanting (Ts), resulted in signifi-
cantly lower methane and nitrous oxide emissions compared with 100% of
the recommended nitrogen dose i.e. 150 kg nitrogen/ha applied through
conventional urea, with 25% used at basal, active tillering, panicle initiation
and heading stage (T1) and 150 kg nitrogen/ha i.e. 100% recommended dose
of nitrogen applied through conventional urea, with 50% as basal and 2 top
dressings of 25% of the recommended dose of nitrogen (RDN) each at active
tillering and panicle initiation (Ta).
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Introduction

Rice is a critical staple food widely consumed by many global populations
(1, 2). With a history of cultivation spanning thousands of years, it has be-
come deeply ingrained in numerous countries' dietary habits and cultural
traditions, especially in Asia. India is the largest rice-growing country, with
rice cultivation spanning 46.27 million hectares. India is the worlds' second-
largest producer and exporter of rice. The production increased from
84.98 million tonnes in 2000-01 to 137.83 million tonnes with an average
yield of 2882 kg/ha in 2023-24 (3). India is a critical player in rice production
and consumption, ranking second globally as a significant producer of this
essential crop (4, 5). Nutrient management is crucial in rice production,
directly affecting crop growth, yield, quality, and sustainability. Proper

Plant Science Today, ISSN 2348-1900 (online)


http://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/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.14719/pst.5813
http://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://crossmark.crossref.org/dialog/?doi=10.14719/pst.5813&domain=horizonepublishing.com
http://www.horizonepublishing.com/
https://doi.org/10.14719/pst.5813
mailto:senthilkumar.g@tnau.ac.in

ANUSHKA ETAL

nutrient management strategies like nano urea technology
at critical growth stages ensure that the rice plant receives
the required nutrients at the right time and in the right
amounts, optimizing its growth and development. Ade-
quate nutrient supply is essential for achieving higher rice
yields. Nitrogen is one of the major plant nutrients re-
quired for plant growth. Maximizing the yield of rice is a
critical component in rice farming.

Nitrogen use efficiency (NUE) in agricultural sys-
tems is generally low worldwide, with more than 50 % of
the nitrogen (N) applied to agricultural soils potentially
lost into the environment. The rice cropping systems' NUE
of urea fertilizer is very low (30-35%). Rice is a critical sta-
ple food widely used by many global populations (1, 2).

Nano urea liquid as foliar application during critical
crop growth stages of rice plants effectively meets its ni-
trogen requirement, resulting in higher crop productivity
and quality than conventional urea (6, 7). Nano-urea liquid
has the potential to reduce these losses by providing a
controlled and slow-release nitrogen supply, thereby im-
proving the overall nitrogen use efficiency and minimizing
the negative environmental impacts (8). The improved
absorption of nano urea is primarily due to its nanoparticle
size, with increased surface area, and allows easier uptake
through plant leaf pores and root systems. This size ad-
vantage enables rapid diffusion and transport within plant

Table 1. List of treatments used in this research study

quality of produce without affecting soil productivity. It is
also more affordable than conventional urea, lowering
input costs for farmers and increasing their profits (15).

Materials and Methods
Site description

The experimental study was conducted during the sum-
mer of 2023 at the wetland farm of TNAU, Coimbatore,
Tamil Nadu, located at 11.0168° N and 76.9558° E longi-
tude at 426.7(MSL). The soil samples were collected
from 0-15 cm depths, dried, and grounded through a 2 mm
sieve for analysis. The soil type of the experimental site is
clay loam soil, with a slightly alkaline pH (8.1), an EC of
0.42 Ds/m, and organic carbon (OC) of 0.63%. The availability
of nutrients in the soil shows lower nitrogen (260 kg/ha),
medium phosphorus (19.5 kg/ha), and higher potassi-
um (440 kg/ha).

Experimental description

The research experiment was carried out using the con-
ventional method of rice cultivation during the summer of
2023. The experiment was designed in a randomized block
design (RBD) involving eight treatments and three replica-
tions with a plot size of 7.0 m x 3.6 m. The varied dose of
nitrogen, along with a foliar spray of nano urea, was ap-
plied. The treatments imposed are listed in Table 1.

Treatment

Treatments
number

T 100% recommended dose of nitrogen, i.e. 150 kg nitrogen/ha through conventional urea (25% each at basal, Active Tillering, Panicle Initiation
! and heading stage)

T 100% recommended dose of nitrogen, i.e. 150 kg nitrogen/ha, 50% of is as basal dose through conventional urea + 25% of it as top dressing
: each at Active Tillering & Panicle Initiation

Ts 50% recommended dose of nitrogen, i.e. 75 kg nitrogen/ha as basal application through conventional urea

T 50% recommended dose of nitrogen, i.e. 75 kg nitrogen/ha, through conventional urea 75 kg of nitrogen is applied as basal dose + 2 nano
¢ urea foliar sprays at 20 & 40 days following transplanting

T 50% standard nitrogen rate, i.e. 75 kg nitrogen/ha, through conventional urea 75 kg of nitrogen is basal application only + 3 nano urea foliar
s sprays at 20, 40 & 60 days after transplanting

T 25% optimal nitrogen level (37.5 kg nitrogen/ha) through conventional urea, the full 25% of the recommended dose of nitrogen is applied as
¢ initial dose only + 3 nano urea foliar sprays at 20, 40 & 60 days after transplanting

T7 3 nano urea foliar sprays at 20, 40 & 60 days after transplanting (no basal application)

Ts Control (0% N)

cells. Studies showed that nano-sized urea particles are
more readily absorbed by plants, resulting in enhanced
nitrogen uptake (9, 10). This improved nutrient uptake can
lead to better plant growth, higher grain yields, and in-
creased nitrogen use efficiency, which is especially im-
portant in rice cultivation (11, 12). Liquid nano urea has an
absorption efficiency of 85-90%. Since conventional urea is
frequently sprayed incorrectly and loses various amounts
via irrigation and other processes, it does not have the
desired effect on crops. Nano urea has a more positive
impact on the quality of underground water, a very signifi-
cant reduction in global warming with an effect on climate
change and sustainable development (13, 14). Nano urea
reduces the need for traditional urea by at least half while
enhancing crop yields, soil health, and the nutritional

The recommended dose of fertilizer for rice crops
was 150:50:50 kg NPK/ha(16). Phosphorus was applied as
a base alone. Four splits of potassium were used at base-
line, vigorous shoot development, head formation, and
blooming stages. Nitrogen was administered according to
the treatment plan. The variety chosen for the study was
CO 55. Transplanting was done on 21 DAS (days after sow-
ing) with a spacing of 20 cm x 15 cm. Nano urea spray was
given as per the treatment at 20, 40, and 60days after
transplanting.

Weed management

Pre-emergence herbicide application of Pretilachlor @
1.0 kg a.i/ ha was applied three days after transplanting,
followed by one-hand weeding done 40 days after trans-
planting.

https://plantsciencetoday.online


https://plantsciencetoday.online

Irrigation

The alternate wetting and drying irrigation method was
adopted during the crop growth period.A 5 cm water
level was maintained throughout the crop period until
water withdrawal before harvest. Irrigation was stopped
10 days before harvest.

Biometric observations

Five plants were tagged randomly within the net plot area,
and observations were recorded on active tillering, pani-
cle initiation, flowering, and harvest stage. The data on
growth parameters viz., root length, root volume, root
dry weight and dry matter production and physiological
parameters viz., net assimilation rate, crop growth rate,
relative growth rate, and chlorophyll content and yield
attributes viz., number of productive tillers m2, number
of filled per panicleand number of unfilled grains per
panicle, grain conversion efficiency, grain yield, and
straw yield were recorded. The agronomic use efficiency
and economics were calculated.

Methane emission

The chamber method recorded methane emissions in
experimental plots (17). Glass chambers were placed in
all treatments. The initial gas samples from the gas
chamber at the active tillering stage and the final gas
sample from the gas chamber were collected with the
help of a syringe, and the samples were injected into a
20 ml HS flat bottom vial. Separate samples were col-
lected in separate HS flat-bottom vials, and the method
used individual HS flat-bottom vials for each treatment
(18). Gas analysis was performed using gas chromatog-
raphy (19, 20).

Nitrous oxide emission

The chamber method was followed for the collection of
gas samples. Gas samples were collected from the
chambers at regular intervals. The sampling frequency
depended on the time scale of nitrous oxide emission
fluctuations. Measurements are commonly taken hourly
during specific periods (e.g., daytime, nighttime, or
throughout the growing season) (21). Gas analysis was
done using gas chromatography to measure nitrous
oxide concentrations (22).

The recorded parameters were analyzed statisti-
cally through standard procedures (23). The critical
difference (CD) was determined at a 5% probability lev-
el. The SPSS statistical software tools are used for anal-
ysis.

Results and Discussion
Methane emission (CHa)

The adoption of varied levels of nitrogen in conventional
urea and applying nano urea as foliar spray significantly
influenced the growth, yield attributes, and lesser green-
house gas emissions in rice fields. The results of methane
emission during vigorous shoot growth, heading, and
blooming stages are presented in Table 1. Among all the

treatments, during the active tillering stage, the lower me-
thane emission was recorded significantly in nano urea
applied treatment (T4 to Ts) compared to conventional
urea application treatment (T: and T2). The nano urea ap-
plied treatments recorded methane emission of 6.86, 6.74,
6.53, and 6.43 mg m?/day in T4, Ts, Ts, and Tr, respectively,
at the active tillering stage as compared to other treat-
ments (7.51, 7.22 and 6.98 mg m?/day with treatment T,
T.,and Ts, respectively). However, the lowest methane gas
emission was noticed under control (0% N) treatment with
a value of 6.32 mg/m?/dayat the active tillering stage, and
similar trends were obtained at the panicle initiation stage
with a value of 10.10 mg/m?/day concerning methane gas
emission during summer, 2023.

Data recorded at the flowering stage showed lower
methane emission in nano urea applied treatment than in
active tillering and panicle initiation stages. The nano urea
applied treatment recorded methane emissions of 5.72,
5.58, 5.51, and 5.42 mg/m?/day in Ta4, Ts, Te, and T+, respec-
tively. The research was conducted on excavated methane
emissions from rice fields, specifically emphasizing crop
establishment techniques and nutrient “management(24)”
and (25). The efficacy of nano urea spray in reducing me-
thane emissions varies based on product formulation, ap-
plication practices, and environmental conditions (26).
However, the potential for decreased one of the many ben-
efits of using nano urea in agriculture is reduced methane
emission (27). Methane emission during the active tillering
stage shows nano urea spray reduced the methane emis-
sion compared to conventional urea (28).

Nitrous oxide (N.,O)

Among various treatments, comparatively lower nitrous
oxide was recorded in nano urea applied treatment com-
pared to basal urea application treatment at all crop
growth stages. The results of nitrous oxide emission during
active tillering, panicle initiation, and flowering stages are
presented in Table 2. The nano urea applied treatments
registered nitrous oxide of 4.47, 4.49, 4.34 and 4.11 mg/m?/
daywith T4, Ts, Te, and T treated plots, respectively, as
comparable with the conventional method of fertilizer
application (T: to Ts). Invariably, the least nitrous oxide gas
emission was obtained with control (3.97 mg m?/day) dur-
ing an active tillering stage in the summer of 2023. At the
panicle initiation stage, data about nitrous oxide emis-
sions followed similar outcomes as nitrous oxide at the
active tillering stage. At the flowering stage, lower nitrous
oxide emissions were recorded in nano urea applied treat-
ment than in conventional urea alone applied plot. The
nano urea applied treatment recorded nitrous oxide of
5.11, 4.89, 4.73, and 4.52 mg/m?/day in T4, Ts, Te, and T;
treated plots at the flowering stage in summer 2023. Ex-
cessive application of N fertilizers beyond crop demand
has resulted in undesirable consequences of degradation
of soil, water, and air quality. These include soil acidifica-
tion, N leaching in groundwater, and nitrous oxide emis-
sions, a potent greenhouse gas contributing to global
warming (6, 29).
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Table 2. Effect of nutrient management practices on methane emission (mg m?/day) of transplanted rice

CH4 (mg m?/day)
Treatments
Active tillering Stage Panicle initiation stage Flowering stage
T, 100% RDN (25% each at basal, AT, Pl and heading stage) 7.22 10.99 5.89
T, 100% RDN (50% as basal+25% each at AT and PI) 7.51 12.15 5.95
T3 50% RDN (basal only) 6.98 10.85 5.85
Ts 50% RDN (basal)+foliar spray of nano urea at 20 and 40 DAT 6.86 10.79 5.72
Ts 50% RDN (basal)+foliar spray of nano urea at 20, 40 and 60 DAT 6.74 10.62 5.58
Te 25% RDN (basal)+foliar spray of nano urea at 20, 40 and 60 DAT 6.53 10.42 5.51
Ts Foliar spray of nano urea at 20, 40 and 60 DAT 6.43 10.22 5.42
Ts Control (0% N) 6.32 10.10 5.32
SEd. 0.38 0.60 0.31
CD (P=0.05) 1.06 1.65 0.87

AT- Active tillering stage; PI- Panicle initiation; DAT- Days after transplanting; RDN- Recommended dose of nitrogen

Grain yield 75 kg of nitrogen/ha i.e. 50% recommended dose of nitro-
gen, applied as a basal dose through conventional urea

The results of grain yield observed in different treatments - :
along with 3 nano urea foliar sprays each at 20, 40,and 60

are presented in Table 3 and Fig. 1. Among the treatments,

Table 3. Effect of nutrient management practices on nitrous oxide (mg/m?/day) of transplanted rice

N20 (mg/m?/day)
Treatments
Active tillering Stage  Panicle initiation stage Flowering stage
T 100% RDN (25% each at basal, AT, Pl and heading stage) 4,78 7.98 5.24
T, 100% RDN (50% as basal+25% each at AT and PI) 4,59 7.51 5.13
Ts 50% RDN (basal only) 4.22 7.06 4.67
Ts 50% RDN (basal)+foliar spray of nano urea at 20 and 40 DAT 4.47 7.44 5.11
Ts 50% RDN (basal)+foliar spray of nano urea at 20, 40 and 60 DAT 4.49 7.24 4.89
Te 25% RDN (basal)+foliar spray of nano urea at 20, 40 and 60 DAT 4.34 7.10 4.73
T7 Foliar spray of nano urea at 20, 40 and 60 DAT 4.11 6.84 4.52
Te Control (0% N) 3.97 6.40 4.43
SEd. 0.24 0.38 0.27
CD (P=0.05) 0.66 1.06 0.75

AT- Active tillering stage; PI- Panicle initiation; DAT- Days after transplanting; RDN- Recommended dose of nitrogen.

6000 A

| Treatments

5000 - == T

Grain Yield (kg/ha)
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— ~ o o — =
— — — — — — — —
Treatments

Fig 1. Effect of nutrient management treatments on Grain yield (kg/ha) of transplanted rice.

https://plantsciencetoday.online



https://plantsciencetoday.online

days after transplanting gave a significantly higher grain
yield of 6093 kg/ha (Ts), which was equivalent to the treat-
ment in which 150 kg nitrogen/ha i.e. 100% recommended
dose of nitrogen was applied 25% each at initial, vigorous
shoot growth, panicle initiation, and heading stage throu
gh conventional urea, with the grain yield of 5950 kg/ha
(T1). This was followed by 100% advised nitrogen dosage,
i.e. 150 kg nitrogen/ha, in which 50% of it was applied as
initial dose coupled with 25% each as top dressing at ac-
tive tillering and panicle initiation through conventional
urea with the grain yield of 5367 kg/ha (T-), which was bal-
anced with 75 kg nitrogen, i.e., 50% standard nitrogen rate
is applied as basal dose through conventional urea cou-
pled with 2 nano urea foliar sprays at 20 and 40 days after
transplanting with the yield of 5156 kg/ha(Ts). The nano
urea application alone treatment (without urea) recorded
a grain yield of 3579 kg/ha (T7). The lowest grain yield of
2952 kg/ha was observed in the control (Ts). A recent
showed that it reduced conventional urea spray use by
half of RDN and nano urea foliar spray, improving grain
yield (15).

Straw yield

The results of straw yield observed in different treatments
are presented in Table 3 and Fig. 2. From this observation,
50% recommended dose of nitrogen, i.e. 75 kg nitrogen/ha
through conventional urea as the basal application only +
3 nano urea foliar sprays at 20, 40,and 60 days after trans-
planting (Ts), had a profound influence on straw yield of
transplanted rice (7681 kg/ha) which was on par with 100%
recommended dose of nitrogen i.e. 150 kg nitrogen/ha
applied through conventional urea in which 25% each ap-
plied at basal, active tillering, panicle initiation, and head-
ing stage with the straw yield of 7538 kg/ha (T.). This was
followed by a 100% recommended dose of nitrogen, i.e.

150 kg nitrogen/ha, in which 50% of it was applied as basal
dose through conventional urea + 25% each as top dress-
ing at active tillering and panicle initiation through con-
ventional urea with the straw yield of 6627 kg/ha (T,),
which was on par with 50% recommended dose of nitro-
gen, i.e., 75 kg nitrogen/ha through conventional urea as
the basal application only + 2 nano urea foliar sprays at 20
and 40 days after transplanting with the yield of 6537 kg/ha
(T4). The lowest straw yield of 3947 kg/ha was recorded
with control (Ts). These exhibit efficacy when nano nitro-
gen is administered as a foliar spray during the active till-
ering stage, alongside soil treatments involving a total NPK
or a combination of 75% N and 100 % PK, resulting in high-
er grain and straw yield (30).

Economics

The cost of cultivation, gross return, net return, and B : C
ratio were worked out from different rice nutrition man-
agement practices are presented in Fig. 3. Application of
50% recommended dose of nitrogen, i.e. 75 kg nitrogen/ha
applied through conventional urea as basal only + nano
urea foliar spray at 20, 40, and 60 days after transplanting
(Ts) received higher B: C ratio of 2.19. The maximum gross

returns (96,159 X/ha) and net returns (52,310%/ha) were
observed in Ts, followed by T:. Applying the recommended
dose of nitrogen with nano urea resulted in significant im-
provements in economic and by-product yields, resulting
in better economics than other treatments. Higher grain
yield and straw yield resulted in more gross income, net
income, and B: C ratio in the Ts combination. Due to the
complete absence of application of nitrogen in control (Ts),
the resulting lower gross income, net income, and B : C
ratio were reflected in lesser grain yield and straw yield. It
is concluded that a lesser dose of conventional urea, 50%
of the recommended dose of nitrogen, along with 3 times

8000 -
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Treatments
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Fig 2. Effect of nutrient management treatments on straw yield (kg/ha) of transplanted rice.
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Fig 3. Effect of nutrient management treatments on transplanted rice economics (Rs./ha).
foliar application of nano urea on 20, 40, and 60 days after ~Acknowledgements

transplanting resulted in higher net return and Benefit-
cost ratio (2.20) when compared to 100% recommended
dose of nitrogen through conventional urea application.

Conclusion

To understand its impact on emissions, nano urea uses
different crop management practices, such as irrigation
methods, planting densities, and soil types. By improving
nitrogen efficiency, nano urea may help reduce nitrous
oxide emissions, a potent greenhouse gas, while sustain-
ing high crop yields, offering a promising solution for cli-
mate-smart agriculture. This study evaluated methane and
nitrous oxide emissions from nitrogen application in rice
cultivation. The results indicated that the treatment with
50% recommended dose of nitrogen, i.e. 75 kg of nitrogen/
ha applied through conventional urea as basal only + 3
nano urea foliar sprays each at 20, 40, and 60 days after
transplanting (Ts) recorded the lower emission of both
methane and nitrous oxide gases compared to treatment
using 100% recommended dose of nitrogen i.e. 150 kg of
nitrogen/ha through conventional urea is applied at 25%
of dose each at initial, active tillering, panicle initiation
and heading stage (T:) and 100% optimal nitrogen level i.e.
150 kg nitrogen/ha through conventional urea, 50% of it as
basal application + 2 top dressing each with 25% of it at
active tillering and panicle initiation) (T2). Since the Ts
treatment combinations generated lower greenhouse gas
emissions than one another, The Tstreatment achieved
significant reductions in greenhouse gas emissions and
enhanced growth and yield, demonstrating its economic
advantages.

The senior author expresses gratitude to the department
(Agronomy) for providing wetland farm and lab space at
Tamil Nadu Agricultural University, Coimbatore, for re-
search trials.

Authors’ contributions

Anushka A S: Writing an original draft, Formal analysis,
Data curation, and Practical experimental work, Investiga-
tion; Design of the experiment; G Senthil Kumar: Research
conceptualization, Methodology, Supervision; Nunavath
Umilsingh: Editing; Aditya Kamalakar Kanade: Editing; N
Sridharan: Editing.

Compliance with ethical standards

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

Ethical issues: None

Declaration of generative Al and Al-assisted tech-
nologies in the writing process

While preparing this work, the author(s) used Grammarly
to correct the grammar. After using this tool/service, the
author(s) reviewed and edited the content as needed and
take(s) full responsibility for the publications' content.

https://plantsciencetoday.online



https://plantsciencetoday.online

References

1.

10.

11.

12.

13.

14.

15.

16.

Muthayya S, Sugimoto JD, Montgomery S, Maberly GF. An over-
view of global rice production, supply, trade and consump-
tion. Annals of the New York Academy of Sciences. 2014;7-14.
https://doi.org/10.1111/nyas.12540

Seck PA, Diagne A, Mohanty S, Wopereis MC. Crops that feed the
world 7: Rice. Food Security. 2012;4:7-24. https://
doi.org/10.1007/s12571-012-0168-1

Umilsingh N, Vaiyapuri K, Thavaprakaash N, Selvakumar S, Van-
itha K. Impact of irrigation and fertigation levels on growth,
yield components and yield of aerobic rice (Oryza sativa L.) un-
der drip system. Indian Journal of Agricultural Research.
2023;57(6):774-79. http://dx.doi.org/10.18805/IJARe.A-6135

Maraseni TN, Deo RC, Qu J, Gentle P, Neupane PR. An interna-
tional comparison of rice consumption behaviours and green-
house gas emissions from rice production. Journal of Cleaner
Production. 2018;172:2288-300. https://doi.org/10.1016/
j.jclepro.2017.11.182

Muralidharan K, Prasad GSV, Rao CS, Siddiq EA. Genetic gain for
yield in rice breeding and rice production in India to meet with
the demand from increased human population. Current Sci-
ence. 2019;116:544-60. http://dx.doi.org/10.18520/cs/v116/
i4/544-560

Upadhyay PK, Dey A, Singh VK, Dwivedi BS, Singh T, GA R,
Shukla G. Conjoint application of nano-urea with conventional
fertilizers: An energy efficient and environmentally robust ap-
proach for sustainable crop production. Plos One. 2023;18
(7):20284009. http://dx.doi.org/10.1371/journal.pone.0284009

Mali SC, Raj S, Trivedi R. Nanotechnology a novel approach to
enhance crop productivity. Biochemistry and Biophysics Re-
ports. 2020;24:100821. https://doi.org/10.1016/j.bbrep.
2020.100821

Ahmed M, Rauf M, Mukhtar Z, Saeed NA. Excessive use of nitrog-
enous fertilizers: an unawareness causing serious threats to
environment and human health. Environmental Science and
Pollution Research. 2017;24:26983-87. https://doi.org/10.1007/
$11356017 -0589-7

Benzon HRL, Rubenecia MRU, Ultra Jr, VU, Lee SC. Nano-
fertilizer affects the growth, development and chemical proper-
ties of rice. International Journal of Agronomy and Agricultural
Research. 2015;7(1):105-17.

Igbal MA. Nano-fertilizers for sustainable crop production under
changing climate: a global perspective. Sustainable Crop Pro-
duction. 2019;8:1-13. http://dx.doi.org/10.5772/intech
open.89089

Shah SA, Shen X, Xie M, Zhu G, Ji Z, Zhou H, et al. . Nickel@ nitro-
gen-doped carbon@ MoS2 nanosheets: An efficient electrocata-
lyst for hydrogen evolution reaction. Small. 2019 Mar;15
(9):1804545. https://doi.org/10.1002/smll.201804545

Dimkpa CO, Fugice J, Singh U, Lewis TD. Development of fertiliz-
ers for enhanced nitrogen use efficiency-trends and perspec-
tives. Science of the Total Environment. 2020;31(7):139113.
https://doi.org/10.1016/j.scitotenv.2020.139113

Kantwa S, Yadav LR. Nano urea: applications and significance.
Just Agriculture. 2022;2:1-6.

Yadav A, Upadhyay A, Kumar R, Prajapati J, Pal S. Nanotechnol-
ogy based nano urea to increase agricultural sustainability. Just
Agriculture. 2023;3:266-74.

Midde SK, Perumal MS, Murugan G, Sudhagar R, Mattepally VS,
Bada MR. Evaluation of nano urea on growth and yield attrib-
utes of rice (Oryza sativa L.). Chemical Science Review and Let-
ters. 2022;11(42):211-14. https://doi.org/10.37273/
chesci.cs205301427

TNAU (Tamil Nadu Agricultural University). Transplanted pud-
dled Lowland rice nutrient management [Internet]. Coimba-

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

tore:TNAU Agritech Portal; 2022. [cited 2024August 1]. https://
agritech.tnau.ac.in/agriculture/
agri_cropproduction_cereals_rice_tranpudlow_mainfield_nutri
ent_mgmt_inorganic.html

Minamikawa K, Yagi K, Tokida T, Sander BO, Wassmann R. Ap-
propriate frequency and time of day to measure methane emis-
sions from an irrigated rice paddy in Japan using the manual
closed chamber method. Greenhouse Gas Measurement and
Management. 2012;2(2-3):118-28. https://
doi.org/10.1080/20430779.2012.729988

Bertora C, Peyron M, Pelissetti S, Grignani C, Sacco D. Assess-
ment of methane and nitrous oxide fluxes from paddy field by
means of static closed chambers maintaining plants within
headspace. Journal of Visualized Experiments. 2018;
(139):e56754. https://doi.org/10.3791/56754

Li C, JiQ, Fu X, Yu X, Ye Z, Zhang M, Qiu Y. Low-cost detection of
methane gas in rice cultivation by gas chromatography-flame
ionization detector based on manual injection and split pattern.
Molecules. 2022;27(13):3968. https://doi.org/10.3390/
molecules27133968

Tokida T. Increasing measurement throughput of methane
emission from rice paddies with a modified closed-chamber
method. Journal of Agricultural Meteorology. 2021;77(2);160-65.
http://dx.doi.org/10.2480/agrmet.D-20-00029

Pavelka M, Acosta M, Kiese R, Altimir N, Brimmer C, Crill P,
Kutsch W. Standardisation of chamber technique for CO,, N.O
and CH, fluxes measurements from terrestrial ecosystems. In-
ternational Agrophysics. 2018;32(4):569-87. https://
doi.org/10.1515/intag-2017-0045

Loftfield N, Flessa H, Augustin J, Beese F. Automated gas chro-
matographic system for rapid analysis of the atmospheric trace
gases methane, carbon dioxide and nitrous oxide. Journal of
Environmental Quality. 1997;26(2);560-64. https://
doi.org/10.2134/jeq1997.00 472425002600020030x

Gomez KA, Gomez AA. Statistical procedures for agricultural
research. John Wiley and Sons; 1984.

Singh SK, Bharadwaj V, Thakur TC, Pachauri SP, Singh PP, Mish-
ra AK. Influence of crop establishment methods on methane
emission from rice fields. Current Science. 2009;84.

Mohanty S, Nayak AK, Swain CK, Dhal BR, Kumar A, Kumar U,
Behera KK. Impact of integrated nutrient management options
on GHG emission, N loss and N use efficiency of low land
rice. Soil and Tillage Research. 2020;200:104616. https://
doi.org/10.1016/j.still. 2020.104616

Sarker NC, Rahman S, Borhan MS, Rajasekaran P, Santra S, Oz-
can A. Nanoparticles in mitigating gaseous emissions from lig-
uid dairy manure stored under anaerobic condition. J Environ
Sci. 2019;76:26-36. https://doi.org/10.1016/j.jes.2018.03. 014

KS S. Role of nano-fertilizer on greenhouse gas emission in rice
soil ecosystem. Mad Agric J. 2019;106. https://doi.org/10.29321/
MAJ2019.000327

Mohanraj J, Lakshmanan A, Subramanian K. Nano-zeolite
amendment to minimize greenhouse gas emission in rice soil. J
Environ Nanotechnol 2017;6(3):73-76. https://doi. org/10.13074/
jent.2017.09.173272

Smith KA, McTaggart IP, Tsuruta H. Emissions of N.O and NO
associated with nitrogen fertilization in intensive agriculture
and the potential for mitigation. Soil Use and Management.
2007;13:296-304.
https://doi.org/10.1111/j.1475-2743.1997.tb00601.x

Chandana P, Latha KR, Chinnamuthu CR, Malarvizhi P, Laksh-
manan A. Impact of foliar application of nano nitrogen, zinc and
copper on yield and nutrient uptake of rice. Int J Plant Soil Sci.
2021;33(24):276-82. http://dx.doi.org/10.9734/ijpss/2021/
v33i2430778

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1111/nyas.12540
https://doi.org/10.1007/s12571-012-0168-1
https://doi.org/10.1007/s12571-012-0168-1
http://dx.doi.org/10.18805/IJARe.A-6135
https://doi.org/10.1016/j.jclepro.2017.11.182
https://doi.org/10.1016/j.jclepro.2017.11.182
http://dx.doi.org/10.18520/cs/v116/i4/544-560
http://dx.doi.org/10.18520/cs/v116/i4/544-560
http://dx.doi.org/10.1371/journal.pone.0284009
https://doi.org/10.1016/j.bbrep.%202020.100821
https://doi.org/10.1016/j.bbrep.%202020.100821
https://doi.org/10.1007/s11356017%20-0589-7
https://doi.org/10.1007/s11356017%20-0589-7
http://dx.doi.org/10.5772/intech%20open.89089
http://dx.doi.org/10.5772/intech%20open.89089
https://doi.org/10.1002/smll.201804545
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.37273/chesci.cs205301427
https://doi.org/10.37273/chesci.cs205301427
https://agritech.tnau.ac.in/agriculture/agri_cropproduction_cereals_rice_tranpudlow_mainfield_nutrient_mgmt_inorganic.html
https://agritech.tnau.ac.in/agriculture/agri_cropproduction_cereals_rice_tranpudlow_mainfield_nutrient_mgmt_inorganic.html
https://agritech.tnau.ac.in/agriculture/agri_cropproduction_cereals_rice_tranpudlow_mainfield_nutrient_mgmt_inorganic.html
https://agritech.tnau.ac.in/agriculture/agri_cropproduction_cereals_rice_tranpudlow_mainfield_nutrient_mgmt_inorganic.html
https://doi.org/10.1080/20430779.2012.729988
https://doi.org/10.1080/20430779.2012.729988
https://doi.org/10.3791/56754
https://doi.org/10.3390/molecules27133968
https://doi.org/10.3390/molecules27133968
http://dx.doi.org/10.2480/agrmet.D-20-00029
https://doi.org/10.1515/intag-2017-0045
https://doi.org/10.1515/intag-2017-0045
https://doi.org/10.2134/jeq1997.00%20472425002600020030x
https://doi.org/10.2134/jeq1997.00%20472425002600020030x
https://doi.org/10.1016/j.still.%202020.104616
https://doi.org/10.1016/j.still.%202020.104616
https://doi.org/10.1016/j.jes.2018.03.%20014
https://doi.org/10.29321/MAJ2019.000327
https://doi.org/10.29321/MAJ2019.000327
https://doi.org/10.1111/j.1475-2743.1997.tb00601.x
http://dx.doi.org/10.9734/ijpss/2021/v33i2430778
http://dx.doi.org/10.9734/ijpss/2021/v33i2430778

