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Long-term zero tillage with
residue retention boosts yield,
enhances energy efficiency, and
mitigates greenhouse gas
emissions in the western
Indo-Gangetic rice–wheat
systems
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The rice–wheat cropping system (RWCS) in the Indo-Gangetic Plains (IGP) of
India is a dominant food production model, but its conventional management
practices, viz., puddled transplanted rice (PTR) and conventionally tilled wheat
(CTW), are highly energy-intensive, leading to excessive greenhouse gas (GHG)
emissions, lower energy use efficiency (EUE), and soil degradation. This 15-year
field study, using a split–split plot design, evaluated the impact of various crop
establishment methods on crop productivity, energy use, carbon indices, and
GHG emissions under RWCS. Conservation agriculture (CA)-based practices
such as zero-till direct-seeded rice (ZTDSR), dry-seeded rice (DSDSR), and
zero-till wheat (ZTW) and wheat sown with a Turbo Happy Seeder with residue
retention (THSW + R) were compared with conventional systems. The results
showed that ZTDSR and THSW + R significantly reduced total input energy,
fossil fuel use, and irrigation water demand, resulting in 14–21% energy savings
compared to PTR-CTW systems. ZTDSR-THSW + R emerged as the most
energy-efficient combination, recording the highest EUE (13.6) and the lowest
system-specific grain energy (9.5 MJ kg−1), reducing global warming potential
by over 50%. Despite slightly lower rice yields under ZTDSR, system productivity
remained comparable due to superior wheat performance. Carbon output
(8,907 kg C ha−1) and carbon efficiency ratio (11.43) were higher under CA-based
treatments for wheat due to greater biomass returns and reduced carbon inputs
(2,293 kg C ha−1). Integrating zero-till and residue management practices in
RWCS enhances energy efficiency, improves sustainability metrics, and reduces
environmental footprints. These findings support a transition from conventional
to CA-based systems for climate-resilient, resource-efficient agriculture in the
IGP and similar agroclimatic zones.
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Highlights

• Long-term CA boosts energy use efficiency of RWCS by 32–
38%.

• ZT in RWCS reduces GHG emission by 53%.
• CSI and CER of RWCS increase under long term CA practices.
• GWP of RWCS using ZTDSR-ZTW reduces to 5,354 kg CO2

eq. ha−1.

1 Introduction

In India, intensive agriculture is closely scrutinized to increase
overall agricultural production and profitability, with the aim
of meeting the increasing demands for food, fiber, shelter, and
energy due to the rapidly growing population (Pata and Kumar,
2021). A substantial proportion of energy, primarily from expensive
fossil fuels, is needed for mechanization, while other inputs
such as improved seed varieties, agrochemicals, irrigation, and
technological innovations are crucial for achieving agricultural
goals (Kumar A. et al., 2018). Agricultural activities contribute
significantly to greenhouse gas (GHG) emissions, accounting
for approximately 18% of the total GHG emissions (Omotoso
and Omotayo, 2024). The excessive use of agricultural inputs
and intensive crop management practices aimed at boosting
yields results in increased environmental pollution, depletion
of natural resources, higher energy consumption, and increased
GHG emissions from agriculture (Gupta et al., 2015; Kakraliya
et al., 2021). The increasing concentration of GHGs in the
atmosphere contributes to increased global warming potential
(GWP) and poses significant environmental challenges (Pratibha
et al., 2015). The rice (Oryza sativa)–wheat (Triticum aestivum)
cropping system (RWCS) is characterized by high input use,
essential for food, nutrition, and livelihood security (Kumar
et al., 2019), which covers approximately 13.5 million hectares
(Mha) in the Indo-Gangetic Plains (IGP), with a significant
concentration of 9.2 Mha in India, supporting approximately 18%
of the world’s population (Dhanda et al., 2022; Brar et al., 2023).
Conventional agricultural management practices, including the
burning or removal of crop residues in RWCS, have led to the
degradation of natural resources, reduced profitability, high input
energy consumption, increased GWP, and deteriorating soil health
and environmental quality (Samal et al., 2017). These challenges
and declining water use efficiency are significant sustainability
issues of the RWCS in IGP (Bhatt et al., 2016). In RWCS,
rice transplanting typically requires intensive tillage and puddling
of the soil, whereas wheat sowing demands well-prepared soil.
These practices consume significant energy and contribute to
increased GWP (Jat et al., 2014), severely impacting ecosystem
sustainability (Lal, 2004; Chaudhary et al., 2017). Rice residue
burning in the conventional RWCS from October to December
remains a major contributor to poor air quality, adversely affecting
human health and the atmosphere (Jain et al., 2014; Shyamsundar
et al., 2019). Farmers have a limited window of 15–20 days for
managing loose paddy straw in the field, which is mainly left
behind by combine harvesters. Owing to this constraint, many
opt to burn rice residue to clear the fields for wheat planting,
as the residue can obstruct seeding (Lohan et al., 2018). In

contrast, wheat residue is typically collected and used as livestock
feed. This scenario calls for using environmentally friendly
energy sources and energy-efficient management techniques in
agricultural production systems, making them highly desirable
for climate-smart practices. Adopting climate-smart agricultural
practices is crucial for mitigating climate change and enhancing
production sustainability. This can be accomplished by conserving
natural resources, decreasing dependence on fossil fuels, and
increasing the use of renewable energy sources in agriculture
(Acosta-Silva et al., 2019). In addition, one of the technological
options to practice in place of conventional tillage (CT) is
conservation agriculture (CA), which consists of minimum tillage,
crop residue management, and crop diversification (Sawant et al.,
2019). The CA practices are intended to conserve water and energy,
enhance soil structure, decrease cultivation cost (Derpsch et al.,
2024), and support the development of beneficial soil microflora
and fauna (Kumar V. et al., 2018). According to Chaudhary et al.
(2012) and Singh et al. (2022), implementing minimum tillage
with crop residue retention has reduced GHG emissions by 8–
10% from land preparation, 40–45% from irrigation application,
and 60% from overall crop cultivation compared to conventional
practices. This approach has also improved energy use efficiency,
resulting in reduced specific energy consumption per kilogram of
grain production. Minimum tillage in CA has been shown to reduce
carbon dioxide (CO2) emissions, the primary GHG contributing
to global warming (Hobbs et al., 2008). Crop residue mulching
in no-tilled fields helps maintain soil moisture and temperature,
enhances soil fertility (Singh et al., 2011), and increases productivity
and energy output (Gathala et al., 2015) while also reducing GWP
(Sapkota et al., 2015). Therefore, CA-based RWCS are promising
technological strategies for reducing GHG emissions, thereby
mitigating the adverse effects of climate change on sustainable
agricultural production.

Extensive region-specific studies evaluating crop production
methods concerning energetics, economics, and GHG emissions
in RWCS have been conducted in the eastern Himalayas (Babu
et al., 2020) and the IGP (Chaudhary et al., 2017) for up to 10
years. Therefore, a long-term 15-year (2006–07 to 2020–21) field
experiment was conducted in a CA field maintained for 23 years
(1998–2021) in western IGP to identify suitable crop establishment
methods (CEMs) for RWCS under long-term CA, with a focus on
energy efficiency and climate-smart benefits over CT.

2 Materials and methods

2.1 Details of experimental site

The long-term (2006–07 to 2020–21) field study was conducted
at the experimental farm of the ICAR-Indian Institute for
Farming Systems Research (IIFSR), Modipuram, UP, India, located
at 29◦84′N, 77◦46′E, 237 m elevation in the upper IGP. The
experimental farm had been maintained under CA for 23 years
(1998–2021). The climate of this subtropical semi-arid region is
marked by very hot summers and cold winters. May and June
are the hottest months with maximum temperatures reaching 45–
46 ◦C; however, the coldest months are December and January
with temperatures frequently falling below 5 ◦C. The average
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yearly rainfall is 865 mm, with approximately 75–80% occurring
during the northwest monsoon from July to September. The
investigational field soil (0–0.15 m) was typic Ustochrept (Sobhapur
sandy loam), containing 165 g kg−1 silt, 205 g kg−1 clay, and 620 g
kg−1 sand. The soil retained 18% and 7% water (mass basis) at 30
and 1,500 kPa water potential, respectively. Other soil attributes
encompassed a bulk density of 1,590 kg m−3, a mean soil clod
diameter of 1.54 mm, a pH of 8.2, an organic carbon content of
5.4 g kg−1, nitrogen (N) content of 154 kg ha−1, phosphorus levels
of 16.7 kg ha−1, potassium content of 124.34 kg ha−1, and zinc
concentration of 60 mg kg−1 in the 0–100-mm soil depth.

2.2 Experimental design and crop
management

The experimental field was established in 1998 and was retained
under CA for 23 years until the winter season of 2020–21. In
2006–07, the experiment was laid out for RWCS in a split–split
plot design with three replications. The experiment involved four
main plots of rice CEM: (i) zero-tilled direct-seeded rice (ZTDSR),
(ii) drum-seeded rice (DSDSR), (iii) mechanically transplanted rice
under puddled condition (PMTR), and (iv) conventionally puddled
transplanted rice (PTR); and five sub-main plots of wheat CEM: (i)
sowing with zero-till drill (ZTW), (ii) sowing with Turbo Happy
Seeder under rice residue (THSW + R), (iii) sowing with bed
planter (BPW), (iv) sowing with rotary till drill (RTW), and (v)
sowing after CT using seed-cum-fertilizer drill (CTW), respectively.
Each experimental plot had dimensions of 48 × 5 m. Information
on the treatments and management practices is provided in Table 1
and described below.

2.3 Rice crop

The medium-duration (135 days) rice variety “Saket-4” was
sown during the rainy season throughout the study period,
irrespective of the treatments. Each year, in the second or third
week of June, rice was directly seeded under ZTDSR using a zero-
till drill at a seed rate of 40 kg ha−1, row spacing of 220 mm, and
planting depth of 40 ± 10 mm, which was measured from soil
surface to seed midpoint. In ZTDSR, the rice seeds were sown after
the onset of pre-monsoon when there was sufficient soil moisture
for sprouting. Five to eight supplementary irrigations were applied
using an electrically operated submersible pump with wetting and
drying methods after dry spells lasting more than 1 week, in the
presence of hairline soil fissures, and based on the quantity and
distribution of rainfall each year. In DSDSR, PMTR, and PTR
treatments, plots were tilled with a harrow followed by a cultivator
and rotavator in dry conditions. Thereafter, the puddling operation
was performed in a ponding depth (100 ± 50 mm) of water with
two passes of a rotavator. Under DSDSR, the 24-h soaked sprouted
rice seeds were sown using a drum seeder at a seed rate of 30 kg
ha−1 in rows at a distance of 220 mm. The seeding for nursery
preparation under PMTR and PTR was carried out on the same
day as ZTDSR, following the recommended package of practices
outlined by Singh et al. (2020) and Mishra et al. (2021). For
PTR, nurseries were grown at a seed rate of 30 kg ha−1, and the

25-day-old seedlings were transplanted manually under a puddled
field at 200 × 150 mm spacing with 2–3 seedlings hill−1. The mat-
type rice seedlings were grown at a seed rate of 25 kg ha−1 for the
PMTR treatment. A polyethylene sheet with a thickness of 15–20
microns was used to grow seedlings. Because of the polyethylene
covering, the roots of rice seedlings form a dense mat, making it
easier to dislodge them for mechanical transplanting (Singh et al.,
2020). The sprouted rice seeds were spread evenly over a uniformly
distributed mixture of filtered soil and farmyard manure (FYM) in
a 4:1 ratio, followed by covering the sprouted rice seeds with a thin
layer of soil. The soil moisture was initially preserved by consistent
water spraying and later maintained by irrigating the nursery two
times a day. Thereafter, the 20-day-old, 2–3 seedlings per hill were
transplanted with an eight-row self-riding type paddy transplanter
(VST Pvt. Ltd., Bengaluru, Karnataka, India) at a spacing of 220
× 120 mm in a hill in 30 ± 20 mm of stagnant water and kept
submerged for proper crop establishment during the initial 7–10
days as described by Chaudhary et al. (2017).

In the rice crop, inorganic fertilizers such as 120 kg N, 60 kg
P2O5, 60 kg K2O, 25 kg ZnSO4, and 20 kg FeSO4 per hectare were
applied (Jat et al., 2014). In case of ZRDSR, 50% dose of N and
complete basal dose of P2O5, K2O, ZnSO4, and FeSO4 were applied
at the time of sowing, whereas the remaining 50% dose of N was
top-dressed in two splits, at tillering and panicle initiation stages of
the crop. In PMTR and PTR, the basal dose of fertilizers was applied
at the time of puddling, whereas in DSDSR, it was broadcast before
drum seeding. In ZTDSR, the glyphosate was sprayed 1 week before
the sowing at a rate of 1.0 kg a.i. ha−1 to eradicate the prevailing
weeds, whereas pendimethalin was also sprayed in ZTDSR and
DSDSR at 1.0 a.i. kg ha−1 as pre-emergence within 2 days after
sowing (DAS). The pretilachlor 37% EW @ 1.0 kg ha−1 was applied
after 2–3 days transplanting (DAT) and bispyribac sodium at 25 g
a.i. ha−1 was applied after 20–25 DAS irrespective of the treatments.
A manual weeding for leftover weeds was performed at 45–50 DAS,
when the crop is in the late tillering to early panicle initiation stage.
The rice was harvested from the second fortnight of October to
the first fortnight of November after attaining maturity. Rice was
harvested 7–10 days earlier under ZTDSR than under PMTR and
PTR. For treatments of wheat sowing as ZTW, BPW, and CTW, the
rice crop was harvested at ground level; however, for the treatment
of THSW + R and RTW, it was harvested at ∼30 and ∼10 cm,
respectively above ground level by hand with a sickle. Paddy was
threshed manually with a tractor-operated multi-crop thresher
after suitable sun drying. The grain and straw yields were recorded
from a 1 × 1 m area, with grain adjusted to 14% moisture content.

2.4 Wheat crop

The brown rust-resistant wheat cultivar “PBW-343” was grown
in the winter season according to the recommended package of
practices throughout the study period after rice harvest. In ZTW,
wheat was sown in a no-till field using a zero-till drill without loose
paddy residues, whereas in THSW+R, wheat was drilled under no-
till conditions using the Turbo Happy Seeder, with rice residues of
approximately 6 t ha−1. Both anchored and loose rice straw above
the ground surface were collected, oven-dried, and measured at 6 t
ha−1. In BPW, during the first year of experiment, the plots were
tilled with one pass of harrow followed by one pass of cultivator, one
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TABLE 1 Agronomic practices adopted under the rice–wheat cropping system in different treatments during the 2006–07 to 2020–21 field experiment.

Treatments/
agronomic
practices

Rice Wheat

ZTDSR DSDSR PMTR PTR ZTW THSW + R BPW∗ RTW CTW

Tillage operation – One harrowing + one cultivating + thrice rototilling
(twice rototilling for puddling)

– – Reshaping of bed Shallow rotary
tilling

Twice harrowing
+ twice tiller +
once rotovator

Transplanting/Sowing Direct
seeding with
zero-till drill
in no-tilled
field

Sprouted seed
sowing by
drum seeder
(8-row) in
puddled field

Transplanting of
20-day-old paddy
seedlings with a
self-propelled rice
transplanter (8-row) in
a puddled field

Manually
transplanting
25-day seedlings
in a puddled field

Seeding with
zero-till drill
under rice residue
(6 t ha−1)

Seeding with
Turbo Happy
Seeder

Seeding with
raised bed planter

Seeding with a
rotary till drill

Seed-cum-
fertilizer
drill

Seed rate 40 kg ha−1 with line spacing of 220 mm 25 kg ha−1 seed used for mat-type nursery
preparation and transplanting with row spacing of
220 mm and hill spacing of 100 mm

80 kg ha−1 with line spacing of 220 mm; however, in BPW, seeding was done with three rows at 150 cm apart on
the top width of two raised beds of 370 mm

Fertilizer application Recommended dose of fertilizer, kg ha−1 (i.e., N:P:K::120:60:40).
Basal dose of 50% N and full dose of P and K; and 25 kg ha−1 zinc sulfate and 20 kg ha−1 ferrous
sulfate at the time of sowing. Top dressing: two split doses of 50% N at tillering and milking stage

Recommended dose of fertilizer, kg ha−1 (i.e., N:P:K::120:60:40).
Basal dose applied: 50% N and full dose of P and K at the time of sowing; top dressing: in two split doses of 50%
N at tillering and milking stage

Intercultural and
weeding

Non-selective herbicide: Glyphosate@ 6 l ha−1 360 g/L; Pre-emergence herbicide: Pendimethalin
30% EC at 4.5 kg ha−1 (1.50 kg a.i.ha−1)

Non-selective herbicides: Glyphosate at 6 l
ha−1 (1.2 kg a.i. ha−1)

Nil

Post-emergence herbicide: Bispyribac sodium (nomaniglod) 300 ml ha−1 or 40 g
ha−1 10% a.i. followed by one manual spot weeding

Post-emergence herbicide: Sulfosulfuronat 25 ga.i. ha−1 + Metsulfuran methyl at 4.00 ga.i. ha−1 at 30
days after sowing (DAS), followed by one spot hand weeding on 40–45 DAS

Irrigation Wet and dry
method

Wet and dry
method

Flooding about 50-mm
depth

Flooding about
50-mm depth

Irrigation depth:
5 ± 2 cm; no. of
irrigation: 5

Irrigation depth:
5 ± 2 cm; no. of
irrigation: 4

Irrigation depth:
5 ± 2 cm; no. of
irrigation: 5

Irrigation depth: 5
± 2 cm; no. of
irrigation: 6

Irrigation depth:
5 ± 2 cm; no. of
irrigation: 6

Pesticide application Insecticides: Insecticide Furadan (carbofuran) 20 kg ha−1 content 19 mg kg−1 available
Pesticides: Carbenzin–mancozeb 4 kg ha−1

Insecticides: Furadan (carbofuran) at 20 kg ha−1 @ content 19 mg kg−1; Fungicides:
mancozeb (2.50 kg/ha a.i.) + propyconazole (at 2.0 kg/ha)

Harvesting Manually harvesting Manually harvesting

Threshing and
winnowing

Threshing by tractor-operated power thresher Threshing by tractor-operated power thresher

∗First year—tillage operation (twice harrowing + once tiller + once rotavator) and reshaped bed.
ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition; PTR, conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy
Seeder under rice residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat sowing after conventional tillage using seed-cum-fertilizer drill.
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pass of rotavator, and bed formation and sowing using a raised bed
planter. The two beds, each 370 mm wide at the top, were drilled
with three rows spaced 150 mm apart. In successive years, the
beds were reshaped and planted using raised bed planters without
additional tillage. In RTW, wheat was sown with one pass of a
rotary till drill. In contrast, in CTW, the bed was prepared using two
passes of harrowing followed by two passes of cultivator, two passes
of rotavator, and sowing with seed-cum-fertilizer drill. The seed
rate and row spacing were 80 kg ha−1 and 220 mm, respectively,
for all treatments except BPW, whereas the seeding depth was
maintained at 40 ± 10 mm for all treatments. Farm machinery
used for other operations, such as spraying, water pumping, and
threshing, was the same across treatments. The recommended
fertilizer dose of N:P:K (120:60:40 kg ha−1) was applied for wheat
as a basal treatment with 100% of phosphorus and potassium each
and 50% of the N administered at sowing. The remaining 50% of
nitrogen was applied in two separate top dressings. In the ZTW
and THSW+R plots, the non-selective post-emergence herbicide
glyphosate was applied at a rate of 1.2 kg a.i. ha−1 before seeding,
whereas in all treatments, 25 g a.i. ha−1 of sulfosulfuron and 4.0 g
a.i. ha−1 of metsulfuron methyl were applied post-emergence at
25–30 DAS, followed by one spot hand weeding at 40–45 DAS in
all the plots. Pre-sowing irrigation was applied in the ZTW and
THSW + R plots to ensure proper seed germination. In addition,
the zero-tillage (ZT) plots received five irrigations, while the THSW
+ R plots received four. Meanwhile, the BPW plots also received
five irrigations, and the RTW and CTW plots were irrigated six
times using the check basin method with an electric submersible
pump. In irrigation, 40 ± 20 mm of water was applied based on soil
conditions under each treatment. The irrigation schedule aligned
with the critical growth stages of wheat, including CRI (Crown
Root Initiation), tillering, flowering, milking, and grain filling. After
reaching maturity, the wheat crop was manually harvested and
threshed using a tractor-operated multi-crop thresher in April.
Grain yield and biomass were recorded at 12% moisture content.

2.5 Energy budgeting

2.5.1 Input energy
The agricultural inputs for RWCS, such as seed, agrochemicals,

fuel, water, and human labor, and outputs, such as grain and
biomass, have been recorded under selected treatments. The
various energy indices, such as total input energy (TIE), total
output energy (TOE), net energy (NE), energy use efficiency
(EUE), and specific energy (SE) were calculated based on the
equations (Equations 1, 3–10), respectively given by Chaudhary
et al. (2021) and Sawant et al. (2023). The energy components used
in these equations were calculated by multiplying each input by its
respective energy-equivalent factor, as indicated by Fagodiya et al.
(2023) as per Equation 1.

TIE =
[

(Em + Ef + Eirr + EMach + Ei)Rice (1)

+ (Em + Ef + Eirrg + EMach + Ei)wheat

]

where TIE is total input energy (MJ ha−1); Em is the manual energy
(MJ ha−1); Ef is the fuel energy (MJ ha−1); Eirr is the irrigation

energy (MJ ha−1); EMech is the farm machinery energy (MJ ha−1);
and Ei is the energy derived from all inputs (MJ ha−1), including
seed, fertilizer, agrochemicals, and crop residues.

The irrigation energy is an indirect source that encompasses
the energy used for manufacturing pumps and energy from
water. Electricity is the direct energy source consumed during
pumping. The manufacturing, repairing, and transporting of farm
machinery are also indirect input energy sources, determined
by considering the actual field capacity of the machine as per
Equation 2 (Chaudhary et al., 2021). The personified energy in farm
machinery was expressed as MJ ha−1.

EMech = (MTR × W)/(L × AFC) (2)

where EMech is the farm machinery input energy (MJ ha−1); MTR
is the manufacturing, transportation, and repairing energy (MJ
ha−1); W is the mass of the machinery (kg); L is the life span of
the machinery (h); and AFC is the actual field capacity of farm
machinery (ha h−1).

2.5.2 Output and net energy
Total output energy, i.e., the energy produced from grain and

straw of rice and wheat, is calculated using Equations 3, 4.

TOEg = (Yg × Eg)Rice + (Yg × Eg)wheat (3)

TOEt = [(Yg × Eg) + (Ys × Es)]Rice (4)

+[(Yg × Eg) + (Ys × Es)]wheat

where TOEg is the total output energy from grain (MJ ha−1); TOEt
is the total output energy from grain and straw (MJ ha−1); Yg is
the crop grain yield (kg ha−1); Ys is the crop straw yield (kg ha−1);
Eg is the specific conversion factor for grain; and Es is the specific
conversion factor for straw.

The net energy of the RWCS estimated for grain and
total is expressed in NEg and NEt , respectively, as given in
Equations 5, 6.

NEg = TOEg − TIE (5)

NEt = TOEt − TIE (6)

where NEg is the net energy from grain (MJ ha−1); NEt is the net
energy from grain and straw (MJ ha−1); TOEg is the total output
energy from grain (MJ ha−1); and TOEt is the total output energy
from grain and straw (MJ ha−1).

2.5.3 Energy use efficiency and specific energy
The EUE is represented in a dimensionless form and is

calculated as the ratio of energy output to total energy input, as
given in Equations 7, 8.

EUEg = TOEg/TIE (7)

EUEt = TOEt/TIE (8)

where EUEg is the energy use efficiency of grain; TOEg is the
total output energy from grain (MJ kg−1); EUEt is the energy
use efficiency of grain and straw; TOEt is the total output energy
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from grain and straw (MJ kg−1); and TIE is the total input energy
(MJ kg−1).

The system-specific energy is the amount of energy used
to produce 1 kg of grain. The system-specific energy for both
grain (SSEg) and total (SSEt) in MJ kg−1 is estimated using
Equations 9, 10.

SSEg = TIE/
[(

Yg
)

Rice +
(
Yg

)
Wheat

]
(9)

SSEt = TIE/
[(

Yg + Ys
)

Rice +
(
Yg + Ys

)
Wheat

]
(10)

where TIE is the total input energy (MJ kg−1); Yg is the grain yield
(kg ha−1); and Ys is the straw yield (kg ha−1).

2.6 Total greenhouse gas emission and
carbon indices

2.6.1 Global warming potential
The total GHG emissions, both direct and indirect, were

evaluated using default emission factors in accordance with the
Tier 1 methodology provided by the Intergovernmental Panel on
Climate Change (IPCC) (Fagodiya et al., 2020). This assessment
was conducted across selected tillage methods within RWCS per
unit area, expressed as CO2 equivalents in kg CO2 eq. ha−1 year−1.
The conversion to CO2 equivalents was performed by considering
the GWP of CO2, CH4, and N2O as 1, 34, and 298, respectively
(Eggleston et al., 2006).

The GWP was estimated as follows, given by Babu et al. (2020)
in Equation 11.

GWP
(
kg CO2 Equation ha−1) = (11){

(N2O (direct + indirect) × 298) + (CH4 x 34) + CO2
}

2.6.2 Greenhouse gas emissions
The GHG emissions from agricultural inputs, such as seeds,

fertilizers, herbicides, and fuel consumption, were calculated by
multiplying their application rates with the respective emission
factors provided by Lal (2004). GHG emissions from farm
machinery and electricity were determined by multiplying the
energy used by the machinery (MJ ha−1) and electricity consumed
(kWh ha−1) during rice and wheat crop cycles with the
corresponding emission factors outlined by Pishgar-Komleh et al.
(2013).

The GHG from various agronomic inputs and farm operations
utilized in RWCS were calculated and expressed in CO2 Equation
(kg CO2 eq. ha−1) as outlined in Equation 12.

CO2 eq. = (12)
⎡
⎢⎣

diesel
(
l. ha−1) × CEC +

(
farm mechinery, MJ

(
kg.h

)−1 × CEC

)
+{(

fertilizers (N, P, K) × CEC
) + (

herbicides × CEC
)}

(kg ha−1)
+(electricity (kWh ha−1) × CEC)

⎤
⎥⎦ × 12/44

where CEC is the carbon emission coefficient for each category of
inputs multiplied by the respective quantity of inputs applied.

2.6.3 Nitrous oxide emissions
The N2O emission is associated with the N sequence in the soil,

originating from the applied chemical fertilizers and N present in
crop residues, including roots (Bhatia et al., 2004; Khakbazan et al.,
2009). The N2O emissions are classified into two types: (1) direct
emission of N from nitrification and denitrification of inorganic
fertilizers, crop biomass, and roots, and (2) indirect emission of N
from volatilization and leaching of inorganic fertilizers (Gregorich
et al., 2005). To estimate the root biomass of the preceding rice
crop, shoot-to-root proportions were utilized (Tabatabaie et al.,
2012) and then multiplied by their respective N content to calculate
N addition by crop residues. The N2O was determined as per
equations (Equations 13, 14) provided by Chaudhary et al. (2024).

N2Odirect = (NSNF + NCR + Nroot) × EF × 44
28

× 298 (13)

NCR = CRst × FracNCRST (14)

where N2Odirect: direct N2O emission; NSNF: fertilizer quantity
(N2) applied to the crop per unit area; NCR: nitrogen content in
crop residue left on the soil surface; Nroot: nitrogen content in
crop roots left inside soil surface; EF: emission factor for N2O–N
released from nitrogen add-ons to the soil; CRst = amount of crop
residue left on the soil surface; FracNCRST = nitrogen content of
crop residues.

2.6.4 Methane and nitrous oxide emissions
Methane (CH4) emission was measured from submerged rice

fields (PMTR and PTR) only, as its emission under wet and dry
methods of irrigated DSR (ZTDSR and DSDSR) treatments and
wheat crop remains insignificant (Sapkota et al., 2015). Similarly,
N2O emission was considered negligible in submerged rice fields,
and its emission occurs only when the soil becomes dry and
aerobic conditions prevail (Pathak et al., 2003). Therefore, in PMTR
and PTR, CH4 emission was estimated based on a daily emission
factor considering soil type, irrigation practice, cultivated crop,
and environmental factors. The emissions of CH4 and N2O from
the farmers’ practice of rice cultivation under submerged fields
with partial tillage were taken as 162 kg and 0.75 kg, respectively.
The CH4 and N2O emission factors from intermittent wetting and
drying methods and DSR were taken as 0.6 and 0.07, and 1.13,
and 1.19, respectively, for simulating GHG emissions (Gupta et al.,
2015). The CH4 emission factors for puddled transplanted rice and
wheat were 12.8 and 0 kg ha−1 season−1, respectively (Tirol-Padre
et al., 2016). In Indian conditions, field experiment measurements
by Jain et al. (2016) reported an emission factor for N2O of 0.53
in wheat, whereas CH4 emissions were absent. This is because
wheat was cultivated under upland, well-aerated soil conditions
where oxygen suppressed methanogenic activity responsible for
CH4 production in flooded anaerobic soils as in rice; hence, CH4
emission from wheat fields was negligible, and GHG emissions were
instead dominated by N2O due to nitrogen fertilizer application.

2.6.5 Carbon indices
GHG emissions are considered a source of global warming

by multiplying their accompanying GWP (CO2 eq.ha−1)
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(Basavalingaiah et al., 2020). Carbon indices (kg CO2 Equivalent
kg−1 of grain) such as total carbon input (Cinput), carbon output
(Coutput), carbon sustainability index (CSI), carbon efficiency ratio
(CER), and GHG intensity were assessed using Equations 15–19,
respectively, as cited by Chaudhary et al. (2021).

Cinput = GWP × 12/44 (15)

Coutput = Av. (Ysg + YStraw) × 0.4 (16)

CSI = (Coutput − Cinput)/Cinput (17)

CER = (Coutput/Cinput) (18)

GHG intensity ( kg CO2 e kg−1 grain) = GWP/Ysg) (19)

2.7 Statistical analysis

The experiment was conducted using a split–split plot design
with three replications. Data pertaining to yield, energy dynamics,
and carbon indices were subjected to Analysis of Variance
(ANOVA) following the methodology outlined by Gomez and
Gomez (1984). SAS 9.4 (SAS Institute, Cary, North Carolina, USA)
was used for the analysis, and post hoc mean separation was
performed using Tukey’s Honestly Significant Difference (HSD)
test at a significance level of p < 0.05.

3 Results

3.1 Yield attributes

An insightful comparison of total grain yield and total straw
yield within an RWCS was conducted across four distinct rice
tillage methods in the main plots, viz., ZTDSR, DSDSR, PMTR,
and PTR. These methods were further integrated into five sub-
main plots for wheat, viz., ZTW, THSW + R, BPW, RTW,
and CTW (Figure 1). Total straw yield consistently exceeded
total grain yield across all treatments and systems, with straw
yields ranging from 10,573 to 12,021 kg ha−1 and grain yields
from 10,382 to 11,456 kg ha−1. Among the rice management
systems, PMTR achieved the highest yields for both grain and
straw, demonstrating its superior productivity, followed by PTR.
In contrast, direct-seeding methods like ZTDSR and DSDSR
produced lower yields, indicating limitations in maximizing yield
potential within the RWCS. In the case of the sub-main plot,
THSW + R and ZTW consistently delivered the highest grain
and straw yields across all management systems, underscoring
their effectiveness. Meanwhile, BPW, RTW, and CTW exhibited
lower productivity, reflecting their limited capacity for yield
improvement. Under PMTR, the THSW + R reported the highest
grain yield (11,456 kg ha−1) and straw yield (12,021 kg ha−1),
which emerged as the most productive system for optimizing
grain and straw yields. However, the interaction of main and sub-
main treatments of grain and straw yield under RWCS had no
significant effect.

3.2 Energy consumption

The source-wise energy input is figured for RWCS, which
was minimum in ZTDSR-THSW + R (47,110 MJ ha−1) and
maximum in 65,830 MJ ha−1 in PTR-CTW (Table 2). For RWCS,
TIE was in the order of PTR-CTW > PMTR-CTW > PTR-
RTW > PMTR-RTW > PTR-BPW > PTR-ZTW > PMTR-BPW
> PTR-THSW + R > PMTR-ZTW > DSDSR-CTW > PMTR-
THSW + R > ZTDSR-CTW > DSDSR-RTW > DSDSR-BPW >

DSDSR-ZTW > DSDSR-THSW + R > ZTDSR-RTW > ZTDSR-
BPW > ZTDSR-ZTW > ZTDSR-THSW + R. Among inputs,
fertilizer shared the greatest portion of TIE (27–37%), followed by
electricity (22–28.5%), irrigation water (21–25%), and diesel (5–
11.2%). The pattern of energy usage based on different operations
revealed that irrigation application has the primary share (45–53%),
followed by fertilizers (27–37%), land preparations (8–13%), and
sowing (5.5–6.5%) in RWCS (Table 2). Non-renewable (direct and
indirect) energy sources accounted for 93–94% of TIE, whereas
renewable energy sources constituted only 5–7% of TIE used to
cultivate RWCS (Figure 2). The direct and indirect energy sources
consumed 34–40% and 60–66% of TIE, respectively, irrespective of
the treatments (Figure 3). The ZTDSR-ZTW and ZTDSR-THSW +
R, as well as DSDSR-ZTW and DSDSR-THSW + R, recorded lower
direct energy consumption than PTR-CTW (farmers’ practice).

The main plot treatments of rice had significant effects on TIE.
In the main plot, ZTDSR (49,563 MJ ha−1) consumed significantly
lower TIE, followed by DSDSR (52,944 MJ ha−1), PMTR (59,942
MJ ha−1), and PTR (60,825 MJ ha−1). However, the TIE of PTR was
on par with that of PMTR. In the case of sub-main plot treatments
for wheat crop, THSW + R consumed significantly lower energy,
followed by ZTW, BPW, RTW, and CTW. The TIE of BPW was
statistically at par with RTW and CTW, as the differences were
non-significant (p > 0.05). About 13–16%, 12–14%, 11–14%, and
7–9% higher TIE was observed under CTW than under THSW +
R, ZTW, BPW, and RTW, respectively. In RWCS, the interaction
effects of the selected treatments were not significant on TIE.
However, under DSR and CTW, the TIE in ZTDSR-CTW (54,567
MJ ha−1) and DSDSR-CTW (57,949 MJ ha−1) was 14–21% lower
than in PMTR-CTW (64,947 MJ ha−1) and PTR-CTW (65,830
MJ ha−1).

3.3 Output and net return energy

A significantly higher TOEg was observed in the main plot of
PMTR with 1.4%, 7%, and 7% against PTR, ZTDSR, and DSDSR,
respectively (Table 3). Similarly, 2.8%, 7.0%, and 8.1% higher
TOEt were observed under the main plot for PMTR than under
PMR, ZTDSR, and DSDSR, respectively. In sub-main plots, the
significantly higher TOEg was perceived for wheat under THSW +
R (162,352 MJ ha−1), followed by ZTW (161,934 MJ ha−1), BPW
(160,782 MJ ha−1), RTW (160,364 MJ ha−1), and CTW (160,521
MJ ha−1). In contrast, TOEt was observed to be significantly higher
under THSW + R (311,921 MJ ha−1) than under ZTW (311,002 MJ
ha−1), under CTW (305,714 MJ ha−1), and under BPW (305,522
MJ ha−1), whereas RTW and CTW were comparable to each other.
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FIGURE 1

Total grain and straw yield in rice–wheat cropping system. ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically
transplanted rice under puddled condition; PTR, conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat
sowing with Turbo Happy Seeder under rice residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat
sowing after conventional tillage using seed-cum-fertilizer drill; RWCS, rice–wheat cropping system.

The NEg under main and sub-main plots was observed in
order of ZTDSR > PMTR > PTR > DSDSR and THSW +
R > BPW > ZTW > RTW > CTW, respectively, whereas in
the case of NEt , the main and sub-main plots were observed
in order of PMTR > PTR > ZTDSR > DSDSR for rice
and THSW + R > ZTW > RTW ≥ BPW > CTW for
wheat, respectively. The interaction effect of crop establishment
methods for RWCS did not significantly affect TIE, TOEg,
TOEt, and NEt at 5% level of significance. However, higher
net grain (NEg) and total (grain + biomass) energy (NEt)
were observed in ZTDSR-ZT (12% and 4%) and ZTDSR-THSW
+ R (13% and 5%) than in conventionally puddled rice and
wheat (PTR-CTW).

3.4 Energy use efficiencies

The significantly higher EUEg and EUEt were observed under
main plots of ZTDSR (6.57 and 12.54), followed by DSDSR (6.27
and 11.91), PMTR (6.17 and 11.83), and PTR (6.06 and 11.51),
respectively. Among the sub-main plot treatments, EUEg and EUEt
were higher under THSW + R (6.77 and 13.03), followed by ZTW
(6.59 and 12.67), BPW (6.50 and 12.20), RTW (6.04 and 11.49), and
CTW (5.43 and 10.34), respectively. The interaction effect of main
and sub-main plot treatments revealed that crop establishment
methods had no significant effect on EUEg and EUEt. However,
higher EUEg and EUEt values were observed under ZTDSR-THSW
+ R (7.08) and ZTDSR-ZTW (13.63), while lower values were
observed in PTR-CTW (5.22 and 9.90), respectively.

3.5 System-specific energy

In RWCS, under the main plot, the SSEg and SSEt were
observed significantly higher under PTR (11.45 and 5.59 MJ kg−1)
followed by PMTR (11.07 and 5.29 MJ kg−1), DSDSR (10.09 and
5.23 MJ kg−1), and ZTDSR (9.93 and 4.77 MJ kg−1), whereas
in the sub-main plot, it was significantly higher in CTW (11.41
and 5.66 MJ kg−1), followed by RTW (10.65 and 5.30 MJ kg−1),
BPW (10.60 and 5.14 MJ kg−1), THSW + R (10.18 and 4.97
MJ kg−1), and ZTW (10.35 and 5.04 MJ kg−1), respectively.
The CA-based production system required less input energy and
produced higher or at-par output energy, making it a more
energy-efficient system. The interaction of main and sub-main
plot treatments did not significantly affect SSEg and SSEt at
the 5% level. However, ZTDSR-ZTW and ZTDSR-THSW + R
became the most energy-efficient practices with the maximum
EUEg (12.3 and 13.6) and lowest SSEg (9.5 MJ kg−1) over the
conventionally tilled practice (PTR-CTW) through reduced tillage
practices (Table 3).

3.6 Global warming potential

The GWP and carbon indices of long-term experiments of
RWCS were computed and presented in Table 4. The annual GWP
among various treatments varied from 5,354 kg CO2 eq. ha−1

(ZTDSR-ZTW) to 11,688 kg CO2 eq. ha−1 (PTR-CTW). In the
main plot treatment, significantly lower GWP was recorded under
treatments ZTDSR (5,487 kg CO2 eq. ha−1year−1) and DSDSR
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TABLE 2 Various source-wise input energy used (MJ ha−1) as influenced by crop establishment and conservation tillage on various rice–wheat cropping systems (on average of long-term experiments during
2006–07 to 2020–21).

Treatment Diesel Labor Electricity Machinery Fertilizers Pesticides Herbicides Seed Irrigation
water

Total input
energy (TIE)

Main plot treatment—crop establishment methods for rice

ZTDSR 3,372 1,442 11,992 1,081 17,457 647 1,238 2,054 10,282 49,565

DSDSR 4,338 1,897 12,799 1,216 17,457 647 1,238 2,054 11,363 53,007

PMTR 5,862 1,488 15,786 1,433 17,457 647 542 1,686 15,007 59,909

PTR 5,795 1,941 15,934 1,469 17,457 647 542 1,760 15,280 60,824

Sub-main plot treatment—crop establishment methods for rice–wheat

ZTW 4,059 1,697 13,370 1,248 17,457 647 1,108 1,826 12,682 54,094

THW + R 4,115 1,666 12,836 1,233 17,457 647 1,108 1,826 12,529 53,417

BPW 5,260 1,625 12,569 1,386 17,457 647 1,108 1,826 12,401 54,278

RTW 4,510 1,697 15,240 1,214 17,457 647 563 1,826 13,396 56,549

CTW 6,264 1,775 16,624 1,416 17,457 647 563 2,140 13,906 60,792

Crop establishment method for RWCS

ZTDSR-ZTW 2,590 1,446 11,244 1,011 17,457 647 1,456 1,991 9,996 47,838

ZTDSR-THSW + R 2,646 1,415 10,710 996 17,457 647 1,456 1,991 9,792 47,110

ZTDSR-BPW 3,790 1,378 10,443 1,148 17,457 647 1,456 1,991 9,690 48,001

ZTDSR-RTW 3,040 1,446 13,114 990 17,457 647 911 1,991 10,710 50,306

ZTDSR-CTW 4,795 1,525 14,449 1,259 17,457 647 911 2,305 11,220 54,567

DSDSR-ZTW 3,556 1,901 12,051 1,146 17,457 647 1,456 1,991 11,016 51,220

DSDSR-THSW + R 3,612 1,870 11,517 1,131 17,457 647 1,456 1,991 11,016 50,696

DSDSR-BPW 4,756 1,833 11,249 1,283 17,457 647 1,456 1,991 10,812 51,484

DSDSR-RTW 4,006 1,901 13,920 1,124 17,457 647 911 1,991 11,730 53,688

DSDSR-CTW 5,760 1,980 15,256 1,394 17,457 647 911 2,305 12,240 57,949

PMTR-ZTW 5,080 1,492 15,000 1,438 17,457 647 760 1,624 14,722 58,218

PMTR-THSW + R 5,136 1,461 14,466 1,423 17,457 647 760 1,624 14,518 57,490

PMTR-BPW 6,280 1,424 14,198 1,575 17,457 647 760 1,624 14,416 58,380

PMTR-RTW 5,530 1,492 16,869 1,366 17,457 647 215 1,624 15,436 60,635

PMTR-CTW 7,285 1,571 18,398 1,366 17,457 647 215 1,938 15,946 64,821

PTR-ZTW 5,012 1,948 15,186 1,399 17,457 647 760 1,697 14,994 59,101

PTR-THSW + R 5,068 1,917 14,652 1,384 17,457 647 760 1,697 14,790 58,373

PTR-BPW 6,212 1,864 14,385 1,536 17,457 647 760 1,697 14,688 59,247

PTR-RTW 5,463 1,948 17,056 1,378 17,457 647 215 1,697 15,708 61,569

PTR-CTW 7,217 2,027 18,391 1,647 17,457 647 215 2,011 16,218 65,830

ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition; PTR, conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy
Seeder under rice residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat sowing after conventional tillage using seed-cum-fertilizer drill.
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FIGURE 2

Renewable and non-renewable energy sources used in different crop establishment methods and conservation tillage under the rice–wheat
cropping system. ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition;
PTR, conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy Seeder under rice
residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat sowing after conventional tillage using
seed-cum-fertilizer drill; RWCS, rice–wheat cropping system.
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FIGURE 3

Direct and indirect energy sources used in different crop establishment methods and conservation tillage under the rice–wheat cropping system.
ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition; PTR,
conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy Seeder under rice
residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat sowing after conventional tillage using
seed-cum-fertilizer drill; RWCS, rice–wheat cropping system.
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TABLE 3 Energy dynamics influenced by crop establishment methods under RWCS (average of long-term experiments during 2006–07 to 2020–21).

Treatments Grain
yield (kg

ha−1)

Straw
yield (kg

ha−1)

TIE (kg
ha−1)

TOEg (kg
ha−1)

TOEt (kg
ha−1)

NEg (kg
ha−1)

NEt (kg
ha−1)

EUEg EUEt SSEg SSEt

Main plot treatment—crop establishment methods for rice

ZTDSR 10,665C 10,877C 49,563C 1,56,773C 2,99,430C 1,07,209A 2,49,861C 6.57A 12.54A 9.93D 4.77D

DSDSR 10,601C 10,872C 52,944B 1,55,832D 2,95,698D 1,02,886D 2,42,751D 6.27B 11.91B 10.09C 5.23C

PMTR 11,377A 11,777A 59,942A 1,67,240A 3,21,845A 1,05,833B 2,61,900A 6.17C 11.83C 11.07B 5.29B

PTR 11,219B 11,483B 60,825A 1,64,917B 3,12,769B 1,04,911C 2,51,941B 6.06D 11.51D 11.45A 5.59A

Sub-main plot treatment—crop establishment methods for wheat

ZTW 11,016B 11,358A 54,093C 1,61,934B 3,11,002B 1,05,002C 2,56,908B 6.59B 12.67B 10.35C 5.04D

THSW + R 11,044A 11,396A 53,365D 1,62,352A 3,11,921A 1,08,699A 2,58,555A 6.77A 13.03A 10.18C 4.97E

BPW 10,938C 11,262B 54,255C 1,60,782C 3,03,018D 1,07,141B 2,48,761C 6.50C 12.20C 10.60B 5.14C

RTW 10,909C 11,271B 56,560B 1,60,364E 3,05,522C 1,04,483D 2,48,954C 6.04D 11.49D 10.65B 5.30B

CTW 10,920C 11,274B 60,822A 1,60,521D 3,05,714C 1,00,723E 2,44,891D 5.43E 10.34E 11.41A 5.66A

Crop establishment methods for RWCS

ZTDSR-ZTW 10,715a 11,083a 47,838a 1,57,517a 3,02,994a 1,09,678a 2,55,156a 6.89a 13.26a 9.48a 4.59a

ZTDSR-THSW + R 10,744a 11,120a 47,110a 1,57,936a 3,03,913a 1,10,825a 2,56,803a 7.08a 13.63a 9.51a 4.52a

ZTDSR-BPW 10,587a 10,637a 48,001a 1,56,366a 2,95,009a 1,08,365a 2,47,009a 6.80a 12.80a 9.94b 4.69a

ZTDSR-RTW 10,607a 10,795a 50,306a 1,55,947a 2,97,507a 1,05,641a 2,47,201a 6.34a 12.09a 9.98b 4.86a

ZTDSR-CTW 10,619a 10,798a 54,567a 1,56,104a 2,97,706a 1,01,536a 2,43,139a 5.74a 10.94a 10.74c 5.22a

DSDSR-ZTW 10,651a 10,878a 51,220a 1,56,576a 2,99,266a 1,05,356a 2,48,046a 6.59a 12.62a 10.29a 5.05a

DSDSR-THSW + R 10,680a 10,916a 50,492a 1,56,995a 3,00,185a 1,06,503a 2,49,693a 6.78a 12.99a 9.51a 4.98a

DSDSR-BPW 10,382a 10,573a 51,382a 1,55,425a 2,91,281a 1,04,043a 2,39,899a 6.50a 12.16a 9.94a 5.15a

DSDSR-RTW 10,545a 10,691a 53,688a 1,55,006a 2,93,779a 1,01,318a 2,40,092a 6.04a 11.45a 9.98a 5.31a

DSDSR-CTW 10,555a 10,694a 57,949a 1,55,163a 2,93,978a 97,214a 2,36,029a 5.43a 10.30a 10.74a 5.67a

PMTR-ZTW 11,427a 11,984a 58,218a 1,67,983a 3,25,413a 1,09,765a 2,67,195a 6.49a 12.55a 10.62a 5.10a

PMTR-THSW + R 11,456a 12,021a 57,490a 1,68,402a 3,26,332a 1,10,912a 2,68,842a 6.68a 12.92a 10.65a 5.03a

PMTR-BPW 11,349a 11,488a 58,380a 1,66,832a 3,17,429a 1,08,451a 2,59,048a 6.40a 12.09a 11.08a 5.20a

PMTR-RTW 11,321a 11,696a 60,686a 1,66,413a 3,19,927a 1,05,727a 2,59,241a 5.94a 11.38a 11.12a 5.37a

PMTR-CTW 11,331a 11,699a 64,947a 1,66,570a 3,20,125a 1,01,623a 2,55,178a 5.33a 10.22a 11.88a 5.73a

PTR-ZTW 11,269a 11,489a 59,101a 1,65,661a 3,16,337a 1,06,560a 2,57,236a 6.38a 12.23a 11.00a 5.41a

PTR-THSW + R 11,298a 11,526a 58,373a 1,66,079a 3,17,256c 1,07,707a 2,58,883a 6.57a 12.59a 11.03a 5.34a

PTR-BPW 10,993a 11,191a 59,263a 1,64,509a 3,08,352a 1,05,246a 2,49,089a 6.29a 11.76a 11.4a 5.51a

PTR-RTW 11,163a 11,201a 61,569a 1,64,091a 3,10,850a 1,02,522a 2,49,282a 5.83a 11.05a 11.50a 5.67a

PTR-CTW 11,083a 11,173a 65,830a 1,64,248a 3,11,049a 98,418a 2,45,219a 5.22a 9.90a 12.26a 6.03a

ZTDSR, zero-tilled direct-seeded rice; DSDSR: drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition; PTR, conventionally puddled transplanted rice; ZTW, wheat sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy
Seeder under rice residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat sowing after conventional tillage using seed-cum-fertilizer drill; TIE, total input energy; TOEg, total output energy of grain; TOEt, total output
energy of grain and straw; NEg, net energy of grain; NEt, net energy of grain and straw; EUEg, energy use efficiency of grain, EUEt, energy use efficiency of grain and straw, SEg, system-specific energy of grain; SEt, system-specific energy of grain and straw.
Means values under main and sub-main treatments followed by upper case superscript letters are not significantly different at p < 0.05 (LSD), while in interaction effects, mean values followed by lower case superscript letters are not significantly different at p <

0.05 (LSD).
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TABLE 4 Global warming potential (GWP) and carbon indices in RWCS (average of long-term experiments during 2006-07 to 2020-21).

Treatments GWP (kg CO2 eq.
ha−1year−1)

CInput (kg C

ha−1)

Coutput (kg C
ha−1)

CSI CER kg CO2 eq. kg−1

grain

Main plot—crop establishment method of rice

ZTDSR 5,487B 1,497B 8,543C 11.68A 13.68A 1.11B

DSDSR 5,773B 1,575B 8,434D 11.32B 13.32B 1.18B

PMTR 11,420A 3,115A 8,919B 9.54C 11.54C 2.15A

PTR 11,387A 3,106A 9,184A 9.64C 11.64C 2.09A

Sub-main plot—conservation tillage of wheat

ZTW 8,384E 2,287E 8,879B 11.52A 13.52A 1.61D

THSW + R 8,407D 2,293D 8,907A 11.43A 13.43A 1.61D

BPW 8,439C 2,301C 8,631D 10.63B 12.63B 1.62C

RTW 8,571B 2,338B 8,717C 10.06C 12.06C 1.65B

CTW 8,785A 2,396A 8,719C 9.08D 11.08D 1.68A

Crop establishment method on rice × Conservation tillage on wheat

ZTDSR-ZTW 5,354a 1,460a 8,652a 12.66a 14.66a 1.08a

ZTDSR-THSW + R 5,377a 1,467a 8,679a 12.57a 14.57a 1.09a

ZTDSR-BPW 5,408a 1,475a 8,404a 11.77a 13.77a 1.12a

ZTDSR-RTW 5,542a 1,511a 8,487a 11.20a 13.20a 1.16a

ZTDSR-CTW 5,755a 1,570a 8,492a 10.22a 12.22a 1.15a

DSDSR-ZTW 5,641a 1,538a 8,543a 12.29a 14.29a 1.16a

DSDSR-THSW + R 5,664a 1,545a 8,570a 12.20a 14.20a 1.17a

DSDSR-BPW 5,694a 1,553a 8,295a 11.40a 13.40a 1.19a

DSDSR-RTW 5,828a 1,590a 8,378a 10.83a 12.83a 1.23a

DSDSR-CTW 6,041a 1,648a 8,383a 9.85a 11.85a 2.07a

PMTR-ZTW 11,254a 3,069a 9,294a 10.62a 12.62a 2.07a

PMTR-THSW + R 11,277a 3,076a 9,320a 10.53a 12.53a 2.08a

PMTR-BPW 11,308a 3,084a 9,046a 9.73a 11.73a 2.11a

PMTR-RTW 11,442a 3,120a 9,128a 9.16a 11.16a 2.14a

PMTR-CTW 11,655a 3,179a 9,134a 8.18a 10.18a 2.13a

PTR-ZTW 11,287a 3,078a 9,029a 10.51a 12.51a 2.13a

PTR-THSW + R 11,310a 3,085a 9,055a 10.42a 12.42a 2.13a

PTR-BPW 11,341a 3,093a 8,781a 9.63a 11.63a 2.14a

PTR-RTW 11,474a 3,129a 8,863a 9.06a 11.06a 2.17a

PTR-CTW 11,688a 3,188a 8,869a 8.07a 10.07a 2.20a

ZTDSR, zero-tilled direct-seeded rice; DSDSR, drum-seeded rice; PMTR, mechanically transplanted rice under puddled condition; PTR, conventionally puddled transplanted rice; ZTW, wheat
sowing with zero-till drill; THSW + R, wheat sowing with Turbo Happy Seeder under rice residue; BPW, wheat sowing with bed planter; RTW, wheat sowing with rotary till drill; CTW, wheat
sowing after conventional tillage using seed-cum-fertilizer drill; GWP, global warming potential; CInput, carbon input; COutput, carbon output; CSI, carbon sustainability index; CER, carbon
efficiency ratio.
Mean values under main and sub-main treatments followed by upper case superscript letters are not significantly different at p < 0.05 (LSD), while in interaction effects, mean values followed
by lower case superscript letters are not significantly different at p < 0.05 (LSD).

(5,773 kg CO2 eq. ha−1 year−1) than under PMTR (11,387 kg
CO2 eq. ha−1 year−1) and PTR (11,420 kg CO2 eq. ha−1 year−1).
ZTDSR and DSDSR were at par with each other. In the case
of sub-main plots, significantly higher GWP was observed in
CTW, followed by RTW, BPW, THSW + R, and ZTW. The
carbon input pattern was similar to GWP. For Cinput under main

plots, statistically higher Cinput was observed under PMTR and
PTR than that of ZTDSR and DSDSR. The significantly higher
mean Coutput was observed under different main plots of PMTR
(9,184 kg C ha−1), followed by PTR (8,919 kg C ha−1), ZTDSR
(8,543 kg C ha−1), and DSDSR (8,434 kg C ha−1). In sub-main
plots, the Coutput was significantly greater in ZTW and THSW +
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R than in BPW, RTW, and CTW, which were at par with main
plot treatments.

3.7 Carbon indices

Among main plots, CSI and CER were significantly higher
under ZTDSR (11.7, 13.68), followed by DSDSR (11.3, 13.3), PMTR
(9.6, 11.6), and PTR (9.54, 11.5). However, the CSI and CER were
significantly greater under sub-main plots of ZTW than under
THSW + R, followed by BPW, RTW, and CTW. In the main plots,
the highest kg CO2 Equation kg−1 grain was observed under PTR
(2.15), followed by PMTR (2.09), DSDSR (1.18), and ZTDSR (1.11),
whereas in the sub-main plots, kg CO2 eq. kg−1 grain was 4.35%
lower under ZTW and THSW + R. The kg CO2 eq. kg−1 grain was
48–51% higher under PTR and CTW than under ZTDSR-ZTW and
ZTDSR-THSW + R, as well as DSDSR-ZTW and DSDSR-THSW +
R. The kg CO2 eq. kg−1 grain was significantly lower under ZTDSR-
ZTW (1.08) and ZTDSR-THSW + R (1.09) than under ZTDSR-
BPW (1.12), ZTDSR-CTW (1.15), and ZTDSR-RTW (1.16). It was
also observed that PTR-CTW reported the highest kg CO2 eq.
kg−1 grain (2.20), followed by PTR-RTW (2.17), PTR-BPW (2.14),
PTR-THSW + R (2.13), and PTR-ZTW (2.13).

3.8 Uncertainty in assessment

CH4 is a major constituent of emissions in PTR, whereas N2O
is in DSR and ZTW. CH4 emissions are characteristic of paddy
cultivation under submerged conditions in puddled and DSR rice,
using wet and dry methods, which were assessed by the emission
factor defined for Indian conditions by Jain et al. (2016) and
Wassmann et al. (2009). The natural variability in the experiment,
lack of coverage of measurements, and spatial aggregation may be
major uncertainties of EF (Garg et al., 2006). In RWCS, the major
emission of N2O was from the consumption of inorganic fertilizers
and extensive tillage operations. This emission is influenced by
factors such as the amount of fertilizer utilized per crop and specific
environmental characteristics of a location, including temperature
and soil type. The main variations in emission are driven by factors
such as soil moisture, precipitation, and temperature (Sharma et al.,
2023). The IPCC (Tier 1 methodology) uses a default EF of 1.25%
for direct emissions from soils based on N input. However, this
approach does not account for variations in soil pH, temperature,
climatic conditions, etc. The Indian-specific emission factor is 44%
lower than the IPCC default emission factor (Dobbie and Smith,
2003; Lal, 2004). Jain et al. (2016) suggested an EF of 0.53 in Indian
conditions, which varies from 0.14% to 12.8%. Consequently,
this methodology lacks the ability to account for the potential
effects of future climate and land use changes. Additionally, N2O
emissions from field operations may also introduce uncertainties.
The emissions from the consumption of inorganic fertilizers and
pesticides were considered, as reported by Shang et al. (2011),
as no specific EFs are available for Indian conditions. In the
current investigation, GWP measured through the total emission
of CO2, N2O, and CH4 was assessed under various tillage practices,

encompassing the emissions of GHGs from lands and all field
agronomic activities in irrigated conditions of RWCS under a
subtropical climate. The innovative management practices, such
as ZT with crop residue, were observed to enhance soil carbon
sequestration and mitigate GHG emissions (Mosier et al., 2006;
Kumar and Sharma, 2016; Sahoo et al., 2021). Furthermore, energy
and carbon indices were quantified in various rice crop growing
systems and zero tillage in wheat crops. The DSR and ZTW, both
with and without crop residues (i.e., ZTDSR-ZTW and ZTDSR-
THSW + R; DSDSR-ZTW and DSDSR-THSW + R), demonstrated
comparable yields, lower energy input, and reduced GHG emission
per kg gain yield in the system compared to the conventionally tilled
farmers’ practice (PTR-CTW).

4 Discussion

Conventional intensive tillage and crop residue burning in
the field lead to land degradation and air pollution, depletion
of soil organic carbon, reduced carbon sequestration, increased
energy consumption, higher GHG emissions, and reduced carbon
indices (Francaviglia et al., 2023). Since RWCS in an IGP of
India is a major cropping system, its CT cultivation is an energy-
intensive practice (Singh et al., 2020). Therefore, a 15-year-long
study using a split–split-plot design was conducted to assess
the effects of different crop establishment methods, including
ZT and CT, on yield, energetics, carbon indices, and GHG
emissions of RWCS. The energy inputs from various sources under
cultivation practices for RWCS revealed significant differences
across all treatments, primarily due to variation in electricity
use, irrigation water, diesel, labor, and agrochemicals. The rice
grown under puddled conditions and wheat grown under CT
exhibited the highest energy input due to intensive tillage practices.
Conversely, ZTDSR for rice and THSW + R had the lowest
TIE, emphasizing that direct-seeded rice and conservation tillage-
based wheat offer considerable energy savings, making them more
sustainable. When assessing the combined RWCS treatments, PTR-
CTW and PMTR-CTW required the highest TIE, whereas ZTDSR-
THSW + R was the most energy-efficient system. This could be
because conservation tillage reduces primary and secondary tillage
practices, which helps save diesel consumption and reduces the
need for irrigation (Jat H. S. et al., 2019; Singh et al., 2022).
Similar findings were reported by Chaudhary et al. (2024), which
revealed that the elimination of tillage operations reduces water
quantity during irrigation in sowing under no-tillage and by a
happy seeder, which accounted for 21% and 23% lower energy
inputs, respectively, over CT. The total energy used in THSW
+ R was 1.20% higher than in no residue treatments. It might
be that surface residue mulching conserved soil moisture, which
reduced the amount of irrigation water needed and consequently
decreased the total input energy required (Mishra et al., 2021;
Singh et al., 2022). Other researchers have highlighted that the
reduction in tillage completely affected input energy (Tabatabaeefar
et al., 2009). Minimized tillage levels for numerous crops allow
a significant decrease in energy input compared to CT, which
requires 29–59% more diesel than reduced tillage (Elsoragaby et al.,
2024).
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The comparison of yield attributes under the RWCS across four
CEM for rice (ZTDSR, DSDSR, PMTR, and PTR) and five CEM
for wheat (ZTW, THSW + R, BPW, RTW, and CTW) reveals
significant variation in productivity. PMTR emerged as the most
productive rice tillage method, achieving the highest combined
grain and straw yields, followed closely by PTR. In contrast,
ZTDSR and DSDSR consistently yielded 10–15% less, highlighting
their yield limitations in rice, a gap consistent with literature
reporting 5–8% yield reduction in DSR than in PTR (Bhatt et al.,
2023). In the case of wheat, ZTW and THSW + R performed
better than BPW, RTW, and CTW, mainly due to improved
soil structure, better moisture retention, and reduced evaporation
under residue mulch (Jat S. L. et al., 2019; Kaur et al., 2022).
Furthermore, these systems have been found to enhance resilience
under heat stress, especially when wheat follows non-puddled rice
or direct-seeded rice. The combination of PMTR-THSW + R and
ZTDSR-THSW + R systems yielded the highest grain and straw
yields. The multi-location trials in India confirm that CA-based
practices like ZTW with or without residue retention not only
sustain or enhance yield but also offer substantial economic and
environmental benefits over conventional practices (Korav et al.,
2024).

Energy budgeting across RWCS demonstrates energy-saving
advantage in CA-based CEMs. Notably, the ZTDSR-THSW + R
treatment exhibited the lowest TIE at 47,110 MJ ha−1, while the
traditional PTR-CTW treatment consumed the most at 65,830
MJ ha−1 (Table 2). This gradient reflects the notable decrease
in energy consumption by eliminating puddling during rice
establishment and retaining rice residues in wheat, followed
by sowing with the Turbo Happy Seeder. Fertilizer, electricity,
irrigation water, and diesel comprised 27–37%, 22–28.5%, 21–25%,
and 5–11.2% of TIE, respectively, with irrigation application
accounting for 45–53% of operational energy use. The other
major components are land preparation (8–13%) and sowing
(5.5–6.5%) (Table 2). These findings are consistent with Nandan
et al. (2021) and Walia et al. (2022), who reported that CA
treatments in the IGP of India reduced energy use for land
preparation by 69–100% and irrigation by 23–27% compared
to conventional systems. Kumar et al. (2013) reported that out
of total energy inputs, about 30% of energy spent on diesel
for tillage operations could be saved in zero tillage without
compromising yield. Additionally, non-renewable sources
contributed over 90% of TIE, with indirect energy representing
60–66% and direct energy 34–40%, emphasizing the external
energy footprint of modern farming inputs (Figures 2, 3). These
results align with previous findings that modern agriculture
relies heavily on fossil fuel-derived energy, particularly through
synthetic fertilizers, irrigation, and mechanization inputs
(Kiehbadroudinezhad et al., 2025). Similarly, Sawant et al. (2023)
have also reported that the increased quantity of irrigation
water, higher electricity usage, and more fossil fuel consumption
during land preparation and puddling operations in transplanted
rice contributed to elevated utilization of direct energy and
non-renewable sources in RWCS. Among rice establishment
methods, ZTDSR (49,563 MJ ha−1) required significantly less
energy than DSDSR, PMTR, or PTR, while THSW + R was
the most efficient wheat establishment method, followed by

ZTW, BPW, RTW, and CTW; CTW exceeded other methods
by 7–16% in TIE. Furthermore, combining DSR-based methods
with CA-based wheat resulted in 14–21% lower energy use
than CTW systems. These results underscore the substantial
energy conservation potential of integrated CA practices,
especially those pairing ZT rice with residue-retaining wheat,
thus validating CA’s role in promoting resource-efficient and
sustainable RWCS.

In main plots, the TOEg and TOEt highlighted the superior
performance of PMTR, surpassing PTR, ZTDSR, and DSDSR
by up to 8.1%, highlighting the efficiency of mechanization
in energy returns. These outcomes align with findings from
Jat et al. (2020), who reported that mechanized transplanting
under leveled fields improves productivity and system energy
returns in rice-based cropping systems. Meanwhile, the
highest TOEg and TOEt were observed in the sub-main plots
under THSW + R. This could be attributed to favorable soil
physical conditions, enhanced nutrient recycling through residue
retention, and improved root growth and tillering (Kumar et al.,
2021).

The NEg and NEt of rice varied significantly with CEM, where
ZTDSR recorded the highest NEg, followed by PMTR, PTR, and
DSDSR. Similarly, among wheat establishment methods, THSW
+ R exhibited superior NEg and NEt, indicating that CA-based
practices enhance energy profitability by reducing input costs of
labor, diesel, and irrigation water while maintaining high output
energy (Mitra et al., 2018; Babu et al., 2020). Notably, although
the interaction effects of main and sub-main treatments were not
statistically significant at the 5% level, the integrated CA system,
ZTDSR-THSW + R, outperformed conventional practices (PTR-
CTW), showing 13% higher NEg and 5% higher NEt.

This study explored the higher energy input associated with
increased tillage and irrigation practices in PTR-CTW, which
resulted in the comparative benefit of achieving higher yields but
exhibited significantly lower EUE than ZTDSR-ZTW, DSDSR-
ZTW, and DSDSR-THSW + R. The CA-based crop cultivation
practices (ZTDSR-ZTW and ZTDSR-THSW + R) had lower input
energy and provided at-par output energy than conventional
practice, which enhanced their EUEt (Pratibha et al., 2019; Jat S.
L. et al., 2019).

The significantly higher SSEg and SSEt were recorded under
PTR and CTW in the main and sub-main plots, respectively,
indicating greater energy input requirements. In contrast, CA-
based practices (ZTDSR and ZTW) consistently showed lower SSE
values, highlighting their energy-saving potential. Notably, ZTDSR-
ZTW and ZTDSR-THSW + R combinations demonstrated the
highest energy use efficiency (EUEg of 12.3 and 13.6) with the
lowest SSEg (9.5 MJ kg−1), reinforcing the advantage of reduced
tillage systems. Though the interaction effect was statistically non-
significant, these combinations emerged as promising CA-based
strategies for energy-efficient RWCS, aligning with findings of Jat
et al. (2020) and Singh et al. (2022) on energy optimization through
minimal soil disturbance.

More than 52% higher GWP was recorded under PMTR and
PTR than under DSR (ZTDSR and DSDSR), which could be
due to greater amounts of fossil fuels used in tillage operations
and electricity for irrigation under conventional methods of rice
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cultivation than under zero-tillage methods (Samal et al., 2017;
Mishra et al., 2021). A significantly greater value of GWP in the
CTW treatment was reported because of greater energy use and
GHG emissions, with higher GWP in irrigation practices, as more
irrigation water was needed in flood irrigation than in no-tilled
plots (Kakraliya et al., 2018). Similarly, 44–47% (Sapkota et al.,
2015; Gupta et al., 2016) and 26–40% (Kakraliya et al., 2021) lower
GWP was reported in CA-based RWCS than in CT, without any
yield penalty. This is because, in the case of RWCS, adoption of
CT led to higher GWP for puddled transplanted rice, owing to
methane emission in stagnant water and fossil fuel burning in
wheat tillage (Gupta et al., 2016). The no-tillage system reduced soil
disturbance, crop biomass incorporation, and microbial activity,
thereby reducing CO2 emissions compared with farmer practices
(Drury et al., 2006).

The adoption of DSR in both dry and wet beds, along with
ZT wheat sown under crop biomass mulching, contributed to
the reduction in GHG emissions, particularly methane, from
puddled rice (Metay et al., 2007) and CO2 due to lower fossil
fuel consumption in no-till fields (Reeves et al., 2001), as well as
irrigation water savings (Chaudhary et al., 2021), aligning with
findings reported by Jat M. L. et al. (2019) and Singh et al. (2022).
The CSI and CER of ZTDSR-ZTW and ZTDSR-THSW + R, as
well as of DSDSR-ZTW and DSDSR-THSW + R, were recorded as
higher than PMTR/PTR-CTW. It was due to greater Coutput than
Cinput under ZT, owing to low fossil fuel burning and reduced
electricity consumption in RWCS (Mondal et al., 2020). This
study evidently showed that changing from conventional farmers’
practices (PTR and CTW) to no-tillage (ZTDSR and ZTW/THSW
+ R) with residue management benefited in decreasing total GHG
emissions to a greater extent by eliminating land preparation
and CH4 emissions from submerged rice fields (Gupta et al.,
2015, 2016). The Cinput was also observed to be higher in the
treatment, where tillage intensity was greater, particularly when
tillage practices were adopted in both kharif and rabi seasons,
as in PMTR and PTR. In the case of sub-main plots, Cinput in
CTW was significantly higher, followed by RTW, BPW, THSW
+ R, and ZTW. Adoption of zero-tillage plant establishment
methods in RWCS (ZTDSR-ZTW and ZTDSR-THSW + R; and
DSDSR-ZTW and DSDSR-THSW + R) led to a 53–54% reduction
in GWP compared to PTR-CTW and PMTR-CTW. In terms
of interaction effects, higher Coutput was observed in PMTR-
THSW + R (9,320 kg C ha−1) and MTR-ZTW (9,294 kg C ha−1),
which could be attributed to the higher system grain production
(12.6 t ha−1) under PMTR and ZTW (Chaudhary et al., 2021).
Comparable outcomes were also reported by Chaudhary et al.
(2017). These outcomes affirm that CA modules, especially those
involving zero-tillage and residue retention, are instrumental
in improving energy efficiency and sustainability in RWCS of
the Indo-Gangetic Plains (Singh et al., 2021; Mondal et al.,
2020).

5 Conclusion

Limited experiments have been conducted on energy
conservation methods, GWP, and carbon indices for various

zero-tillage practices under RWCS in the IGP of India, and
none exceeded 10 years. Therefore, a long-term experiment was
conducted to study the effects of various crop establishment
methods, such as ZTDSR, DSDSR, PMTR, and PTR for rice
(main effect) and ZTW, THSW + R, BPW, RTW, and CTW for
wheat (sub-main effect), on energy indices, GHG emissions, and
carbon indices. The 15-year field study on RWCS in the IGP
demonstrated that CA-based practices significantly enhanced crop
yields, energy efficiency, and carbon indices and reduced GHG
emissions compared to CT systems. Conventional methods, such
as PTR and CTW, were associated with the highest TIE, greater
reliance on fossil fuels, and higher GWP. In contrast, ZTDSR
combined with THSW + R or ZTW significantly lowered TIE,
irrigation water demand, and energy from non-renewable sources,
while maintaining comparable system yields. The ZTDSR-THSW
+ R system was the most energy-efficient, recording the highest
EUE, lowest SSE, and a 53–54% lower GWP than CT systems.
Moreover, CA practices improved net energy output and carbon
use metrics, with higher Coutput and CSI, due to reduced soil
disturbance, better residue retention, and efficient input use.
Although some CA systems showed slightly lower rice yields
(ZTDSR), the overall system productivity and sustainability
benefits outweighed the tradeoffs. Thus, the integration of DSR
and zero-till wheat with residue management offers a viable
pathway for energy-smart, climate-resilient, and environmentally
sustainable intensification of RWCS in the IGP of India. By
integrating agronomic, energetic, and environmental metrics,
this study provides a comprehensive assessment that can inform
both farmers and policymakers in making informed decisions
toward more sustainable cropping systems. The strength of the
research lies in its long-term field experimentation, which not
only enhances the reliability of the findings but also addresses
a critical knowledge gap in region-specific evaluations of
conservation agriculture.
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