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Abstract

Conventional tillage practices in rice~wheat cropping systems of the Indo-Gangetic Plains are not only energy-intensive but
also release large quantities of greenhouse gases (GHGs) resulting in calls for more sustainable tillage practices. To assess
total energy use, energy-use efficiency, GHG emissions and total global warming potential, three reduced tillage rice—wheat
systems were compared to standard conventional practice. Dry direct-seeded rice, unpuddled transplanted rice and puddled
transplanted rice were paired with zero tillage wheat systems for two years in 84 on-farm trials in two Terai districts of Nepal,
and compared to the puddled transplanted rice-conventional tillage wheat. In both districts, the total energy use was lower
(p<0.05) by 17-18% in dry direct-seeded rice and 15-17% in unpuddled transpanted rice than in puddled transplanted rice,
and lower by 12.5-19% in zero tillage wheat than in conventional tillage. In both crops, the total global warming potential
was lower for reduced tillage practices compared with the conventional counterparts. Higher energy-use efficiency with lower
global warming potential could be a resilient and risk minimization strategy for crops in the rice-wheat systems established
with reduced tillage under both irrigated and rainfed environments. To offer the most promising incentive for a transition
from conventional to reduced tillage practices, availability and optimum use of herbicides, easy access to planting machines,
and availability of skilled service providers are necessary.

Keywords Energy-use efficiency - Total global warming potential - Unpuddled transplanting - Dry direct-seeded rice -
Greenhouse gas emission - Nepal
Introduction

In conventional farming methods with intensive soil tillage,
a large amount of fossil fuel is often used which can acceler-
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in the Terai and mid-hills regions of Nepal (Krupnik et al.
2021; Bhatt et al. 2021; Gathala et al. 2020a,b). This crop-
ping system is practiced with intensive soil tillage. This
practice consumes a large amount of water and nutrients
resulting in high energy demands (Ladha et al. 2003; Kumar
and Ladha 2011; Johansen et al. 2012; Bhatt et al. 2021).
Different edaphic requirements of rice and wheat in the R-W
system can adversely affect the productivity and sustainabil-
ity of this cropping system (Timsina et al. 1995; Timsina and
Connor 2001; Chauhan et al. Chauhan et al., 2011). Conven-
tionally cultivated puddled transplanted rice (PTR) using
wet tillage (puddling) is labor, water, and energy-intensive
(Rashid et al. 2019). Also, the wet tillage compacts soil and
deteriorates soil structure, limits nutrient availability, and
ultimately affects subsequent wheat establishment and its
productivity (Timsina et al. 1995; Timsina and Connor 2001;
Gathala et al. 2011; Rashid et al. 2019; Bhatt et al. 2021).
The intensive tillage practice can degrade soil structure
by rapidly oxidizing soil organic matter, emit a significant
amount of GHG from improper water and nutrient manage-
ment, and increase production costs due to high labor, water
and energy use (Johansen et al. 2012).

Sustainable farming practices aim to use cost-effective
and energy-efficient technologies while minimizing envi-
ronmental pollution (Martinho, 2020). Promising reduced
tillage practices attempting to address this sustainability
trilemma are zero tillage for wheat (ZTW), and dry direct-
seeding (DDSR) and unpuddled transplanting (UPTR) for
rice (Thapa Magar et.al. 2020; Bhatt et al. 2021). In par-
ticular, ZTW and DDSR can result in low soil disturbance,
increase soil organic matter, minimize soil erosion and soil
compaction, and lower GHG emissions (Tirol-Padre et al.
2016; Kumar et al. 2018). Thus, these practices are consid-
ered to be effective and sustainable for rice-based cropping
systems of the IGP of south Asia (Laik et al. 2014; Pratibha
et al. 2015; Rashid et al. 2019; Gathala et al. 2020a,b).

Several studies have reported on the agronomic and
economic performance of various tillage methods in R—-W
and rice-maize (R-M) cropping systems (Erenstein 2009;
Saharawat et al. 2010; Islam et al. 2019; Jat et al. 2019;
Rashid et al., 2019), but very few have addressed the trade-
offs among energy use, energy-use efficiency (EUE), GHG
emission, and total global warming potential (TGWP) of
these practices (Pratibha et al. 2015; Tirol-Padre et al. 2016).
Recently, International Maize and Wheat Improvement Cen-
tre (CIMMYT) and its partners in Bangladesh, eastern India,
and Nepal in the eastern IGP completed a multi-year field
project comparing three reduced tillage practices (DSR,
UPTR, ZTW) with the conventional tillage (CT) practice in
R-W cropping systems in over 400 on-farm trials in eight
districts of those countries, during 2014 to 2017 (Islam et al.
2019). The synthesis results from the three countries demon-
strated an increase in EUE and a reduction in CO,_equivalent
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emission from reduced tillage practices relative to CT (Gath-
ala et al. 2020a,b). Recently, Thapa Magar et al. (2022)
presented a detailed analysis comparing the performance
of reduced tillage practices and CT in terms of productiv-
ity, profitability, yield stability, and irrigation water-use
efficiency in the R-W system under contrasting moisture
regimes (rainfed vs. irrigated) for the two districts of Nepal.
However, a detailed comparative study on EUE and TGWP
comparing the reduced tillage practices with CT and trade-
offs among different energy-related prameters, water produc-
tivity, and GHG emissions or TGWP for the R—-W system
has not yet been reported. In response to the above gaps, a
full suite of data on EUE, GHG emissions and TGWP trade-
offs in both rainfed and irrigated R—W systems in the eastern
Terai region of Nepal under different tillage practices were
compared and analyzed. It was hypothesized that with better
management of irrigation water and reduced tillage, energy
use, GHG emissions and TGWP from rice and wheat fields
under R—W cropping systems can be significantly minimized
under both irrigated and rainfed production environments
across locations in the eastern IGP.

Materials and methods
Soil and climate

The study was conducted during 2014 —2017 in Dhanusha
(26°35° —27°50’ N to 85° 52’ — 86 °20’ E) and Sunsari (26°
33’ —26°55" N to 87° 05" —87 °16’ E) districts in the eastern
IGP in Nepal (Fig. 1). These districts have predominantly
a sandy loam to silty clay loam soil texture, low to medium
soil organic carbon (0.25-1.77%), and low total soil nitro-
gen (0.005 to 0.16%) (Sinha et al. 2019). The climate is
typical sub-tropical with a mean rainfall of 1500-2000 mm
(75-80% occurring from June to September) and monthly
minimum temperature ranging from 9 °C to 21 °C and
monthly maximum temperature from 21 °C to 38 °C in both
districts. The experimental sites in Sunsari had higher aver-
age annual rainfall (1341 mm) than in Dhanusha (1195 mm)
(Thapa Magar et al. 2022).

In both districts, crops were grown in three seasons, i.e., wet
season (kharif or monsoon; June/July — October), dry season
(rabi or winter; November — March), and spring (pre-monsoon)
season (March/April —May/June). In Dhanusha, the R—W sys-
tem is typically rainfed while in Sunsari, it is mostly under irri-
gation. The crop management practices, inputs use, machin-
ery and fuel consumption related data under different tillage
practices, and amounts of residue retention and of pesticide
applied were recorded. In addition, the yields from all farmers’
fields from a 400 m? area were recorded and expressed in 14%
grain moisture content. All raw data were obtained from the
CIMMYT network repository database (https://data.cimmyt.
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Fig. 1 Map showing two
districts and nine villages of
Nepal where on-farm trials were
conducted duirng 2014-2017
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org/dataverse/srfsidvn/?q=Nepal). Experimental and field and
crop management practices are presented in detail in Thapa
Magar et al. (2022).

Experimental design and treatments

Farmers participatory on-farm trials were conducted across
nine villages of Dhanusha (rainfed) and Sunsari (irrigated)
districts. These non-replicated trials in each farmer’s field were
established with the following four treatments. Each field was
considered as one replication, thus forming 84 replications for
each crop in the R-W sequence.

(1) Puddled transplanted rice followed by zero tillage
wheat (PTR-ZTW; CT in rice but reduced tillage in
wheat)

(2) Dry direct-seeded rice followed by zero tillage wheat
(DDSR-ZTW; reduced tillage in both crops)

(3) Unpuddled transplanted rice followed by zero tillage
wheat (UPTR-ZTW; reduced tillage in both crops)

(4) Puddled transplanted rice followed by conventional till-
age wheat (PTR-CTW; CT in both crops).

The details of the treatments and the crop management
practices used in each crop and treatment are presened in
Table 1.

*The district boundaries are obtained from the Survey Department of Nepal and do not represent the recent administrative reclassification of 2015,

Data analysis
Energy use efficiencies

Energy use and its efficiency parameters were computed for
comparing the energy performance of the R—W cropping
system with different treatments (tillage practices) and input
management practices. To calculate total energy use and out-
put of the R—W system for each treatment, a complete record
of inputs (labor, machinery, fuel, chemical fertilizer, herbi-
cides, insecticides, and seeds) and outputs (grain yield, straw
yield) was collected. Inputs and outputs were converted to
energy equivalent through multiplying by conversion coef-
ficients (Table 2). The total energy use, total energy output,
EUE, and specific energy (SE) were calculated using the
following equations (Pokhrel and Soni 2017; Nasseri 2019;
Singh et al. 2019a, b).

Total energy use (TEU) is the total energy required to
produce a crop. TEU was calculated by converting physical
inputs to energy units using respective energy coefficients
for each crop and were added to estimate the total energy
use (Eq. 1).

TEU (MJha™') = [E, + E; + E,, + E]] ()
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Table 2 Equivalent energy

. . Particulars Units Equivalent energy  References
coefficients f(.)r inputs and . (MJ unit™")
outputs used in the calculations
of various energy parameters 1. Inputs
a. Human labor h 1.96 Pokhrel and Soni (2017);,Yuan et al. (2018)
b. Machinery h 62.7 Singh et al. (2019a)
c. Diesel fuel 1 56.31 Pokhrel and Soni (2017), Yuan et al. (2018)
d. Chemical fertilizers
i. Nitrogen kg 60.60 Singh et al. (2019a)
ii. Phosphorus kg 11.10 Singh et al. (2019a)
iii. Potassium kg 6.70 Singh et al. (2019a)
e. Herbicides kg 238 Yuan et al. (2018)
f. Insecticides kg 101.2 Yuan et al. (2018)
g. Seed kg
Rice 14.7 Singh et al. (2019b)
Wheat 20.10 Unakitan and Aydin (2018)
2. Outputs
i. Grain yield kg
Rice 14.7 Singh et al. (2019b)
Wheat 14.48 Yuan et al. (2018), Unakitan and Aydin (2018)
ii. Straw yield kg
Rice 12.5 Singh et al. (2019b)
Wheat 9.26 Yuan et al. (2018), Unakitan and Aydin (2018)

where, E; is manual energy from labor, E; is energy from
fuel, E , is energy from machinery, and E, is all energy from
crop inputs (fertilizer, herbicides, insecticides, and seed).
Total energy output (TEO) is the energy produced in grain
and straw products. TEO was calculated by first converting
grain and straw yield to energy equivalent by multiplying by
their respective energy coefficients and then added to obtain
the equivalent energy of grain and straw (Nasseri 2019)

(Eq. 2).

TEO (MJ ha_l) = Grain yield X energy coefficient of grain (MJ kg—l)

+ straw yield X energy coefficient of straw (MJ kg‘l)

Estimation of methane emission from rice field

Methane (CH,) emision from rice fields was estimated by
multiplying the daily emission factor by the cultivation
period and its harvested area as in Eq. 5 below (IPCC 2006).
The harvested area of DDSR or PTR under each treatment
was multiplied by the respective cultivation period and
emission factor that is representative of the condition (Sass
2002). Emission factors for PTR and DDSR used were 12.8

@

Energy use efficiency (EUE) is the ratio of TEO to TEU.
It indicates the efficient or non-efficient use of energy and
the effectiveness of reduced tillage or CT practices in the
R-W system. Any increase/decrease in EUE indicates effi-
cient/inefficient use of available energy for the system and
vice versa (Soni et al. 2018) (Eq. 3).
TEO
EUE = ——
TEU )
Specific energy (SE) is the ratio of TEU (MJ ha™') and
grain yield (kg ha™!) (Gathala et al. 2020a) (Eq. 4).

_ Grainyield
- TEU

SE “

and 5.6 kg ha™! season™!, respectively (Tirol-Padre et al.
2016).

CH,emission from rice field = EF X t X A )

where EF = Emission factor for rice; t = Cultivation time
period; A = Annual harvested area.

Estimation of N,0 emission

N,O gas emission from N fertilizer application from each
crop and tillage practice in each season was estimated from
N,O-N and emission factors for N,O using Eqs. 6 and 7
below (IPCC 2006). The N,O emission factors in rice
and wheat were 0.51 and 0.33, respectively. These were

@ Springer
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calculated as the difference between N,O-N emitted from
the N-fertilized and the zero-N treatments and divided by
the amount of fertilizer N added (Tirol-Padre et al. 2016).

(6)

N, O emission factor X 44

28
00 (7

X total N applied in wheat or rice

NzO =

Estimation of total global warming potential

The TGWP [carbon dioxide (CO,) equivalent] for each treat-
ment was calculated by estimating the emissions associated
with the production and use of different inputs and multi-
plying by the respective emission factors (Table 3) and then
adding them together (Kumar et al. 2013).

Statistical analysis

Analysis of variance (ANOVA) with a general linear model
(GLM) was conducted using statistical software IBM SPSS
Version 24. The ANOVA was conducted considering the
experiment as a randomized complete block design (RCBD)
and farmers (84) as the replication. The pairwise comparison
of differences between individual treatments for the explana-
tory variables (energy use and outputs, EUE and SE, and
CH, and N,O gas emissions) was performed using Fisher’s
Protected Least Significant Difference (LSD) for the com-
parison among the treatments. Fisher’s Protected LSD for
the multiple treatments mean comparison was used when
the ANOVA for treatment was statistically significant at
p <0.05 and the values were significantly different when
the difference value (between treatment) was less than the
LSD value at p <0.05. All data were assembled and figures
prepared using MS Excel 13 and SigmaPlot 13. Trade-offs
among energy use, output, EUE, SE and the TGWP were
analyzed using normalized (0-1) scale spider/radar graphs

and different tillage practices compared across locations/dis-
tricts, crops and the R—W system. Water productivity was
calculated as the ratio of grain yield (kg) and the amount of
irrigation water applied (L).

Results
Total energy use (input) and total energy output

The total amount of energy use (TEU) and output (TEO)
across the four tillage practices in rice, wheat and R—-W
system in Dhanusha and Sunsari districts are presented in
Table 4. In Dhanusha (rainfed system), in rice, among the
three tillage practices (with ZTW), TEU was significantly
lower in DDSR (by 18%) and UPTR (by 15%) than in PTR.
The TEO in rice for all three tillage practices was not sig-
nificant. However, in wheat, TEU was significantly higher
(»<0.05) in CTW (by 19%) compared to ZTW (in two till-
age practices with PTR), but the TEO was not significantly
different for both treatments. The annual TEU of the R-W
system was the highest in PTR-CTW (28 GJ ha™!) followed
by PTR-ZTW, DDSR-ZTW, and UPTR-ZTW.

In Sunsari (irrigated system), in rice, TEU was signifi-
cantly higher in conventional practices in rice (PTR-CTW
and PTR-ZTW) than in reduced tillage practices (Table 4).
Among the three tillage practices (with ZTW), DDSR and
UPTR exhibited significantly lower TEU (by 17% in both
DDSR and UPTR) than PTR (12.0 GJ ha™!). As in Dhanu-
sha, TEO among three tillage practices was not significantly
different at 5% level of significance. In wheat, TEU was
significantly higher (by 12.5%) in CTW compared to the
average of ZTW (14.0 GJ ha™!) with two PTR tillage prac-
tices under the R—W system. As for Dhanusha, the TEO
for Sunsari was also non-significant in all treatments. The
annual TEU of the R-W system was the highest (p <0.05)
in PTR-CTW (29 GJ ha™!), followed by PTR-ZTW, UPTR-
ZTW, and DDSR-CTW, while the TEO was not significant
in all four treatments.

Table 3 Greenhouse gas

o > Input Emission factor (kg CO, eq. per unit ~ References

emission factors for different .

; of input)

inputs
Fuel (I71) 2.68 US-EIA (2011)
Nitrogen (kg) 0.994 CFT (2014)
Phosphorus (kg) 4.95 CFT (2014)
Potassium (kg) 0.73 CFT (2014)
Pesticide (kg’1 a.i.) 26.63 Audsley et al. (2009)
Herbicide (kg_1 ai.) 24.20 Grassini and Cassman (2012)

a.i.—active ingredient
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Table 4 Total energy use, total energy output, energy-use efficiency, and specific energy in different tillage practices for rice, wheat, and rice—

wheat system in two Terai districts of Nepal during 2014-2017

Energy parameters Tillage practices Dhanusha Sunsari Means of Dhanusha and
Sunsari
Rice Wheat Rice- Rice Wheat Rice- Rice Wheat Rice—
wheat wheat wheat
system system system
Total energy use (TEU; GJ ha™!) PTR-CTW 12a  16a 28a 12a 16a 29a 12a  16a 29a
PTR-ZTW 12a  13b 25a 12a  14b 25ab 12a  13b 25ab
DDSR-ZTW 10b  13b 23b 10b 14b 24b 10b  13b 23b
UPTR-ZTW 11b  13b 24b 10b 14b 25ab 11b  13b 24ab
Total energy output (TEO; GJ ha™!) PTR-CTW 140a  90a 229a 130a 74a 203a 136a 84a 220a
PTR-ZTW 138a  90a 227a 127a 77a 203a 133a  86a 219a
DDSR-ZTW 141a  90a 230a 122a 77a 199a 142a  86a 228a
UPTR-ZTW 139a  89a 227a 132a 74a 207a 141a 85a 224a
Energy-use efficiency (EUE) PTR-CTW 11.2b 5.6b  8.0b 75b 49  8.2b 11.1b 14.6b 3.0b
PTR-ZTW 11.3b 69a  9.0ab 776 57a  8.5b 11.1b 16.8a 3.4a
DDSR-ZTW 13.9a 7.0a 10.1a 89a 5.6a 99a 14.1a 17.6a 3.7a
UPTR-ZTW 13.2a 6.7a  9.6a 84a 5.6a 9.4a 13.3a 17.2a 3.5a
Specific energy (SE; kg grain MJ~! energy) PTR-CTW 2.6b 50b 3.6a 272 59a 4.la 26b 53a 3.7a
PTR-ZTW 2.6b 4.0a 3.1b 27a 48b 3.5b 26b 43b 3.3b
DDSR-ZTW 2.1a 39a 2.8b 24b 49  3.4b 22a 42b 3.0b
UPTR-ZTW 23a 4.1a 3.0b 23b 5.1b  3.4b 22a 44b 32b

“Means followed by the same letters at the tail (a, b) in a column do not differ between the tillage practices for the specified energy parameters
for Sunsari and Dhanusha districts and the average of two districts, and rice, wheat and rice—wheat system by the Fishers Protected Least Signifi-
cant Difference (LSD) test at p <0.05. The values are significantly different when the difference value (between treatment) is less than the LSD
value at p <0.05. Note: 1 GJ=1000 MJ. Tillage practices: PTR-CTW—Puddled transplanted rice followed by conventional tillage wheat; PTR-
ZTW—Puddled transplanted rice followed by zero tillage wheat; DDSR-ZTW—Dry direct-seeded rice followed by zero tillage wheat; UPTR-

ZTW—Unpuddled transplanted rice followed by zero tillage wheat

When three years’ results were averaged for the two dis-
tricts, the TEU in rice for the three tillage practices (with
ZTW) was significantly lower (p <0.05) in DDSR (by 17%)
and UPTR (by 14%) than in PTR. The TEO for these three
treatments was, however, insignificant. In wheat, for the two
tillage practices (with PTR), the TEU of ZTW was 16%
lower (p <0.05) than CTW (16 GJ ha™"). However, the TEO
was not significant for both treatments. The annual TEU of
the R—W system averaged over two districts was the highest
in PTR-CTW (28 GJ ha™!), followed by PTR-ZTW, UPTR-
ZTW, and the lowest in DDSR-ZTW.

Energy use efficiency and specific energy

In Dhanusha (rainfed system), in rice, among the three
tillage practices, EUE was higher (p <0.05) in DDSR and
UPTR compared to PTR. However, the SE of rice in all three
tillage practices with ZTW was higher (p <0.05) in PTR
than in DDSR and UPTR. In wheat also, for the two till-
age practices with PTR, EUE was higher in ZTW (by 23%)
than in CTW, while SE was significantly higher in CTW (by

20%) compared to ZTW. The annual EUE among the four
tillage practices was significantly higher in DDSR-ZTW and
UPTR-ZTW compared to PTR-CTW, while SE was highest
in PTR-CTW followed by PTR-ZTW and UPTR-ZTW, and
lowest in DDSR-CTW.

In Sunsari (irrigated system), for the rice crop in three
R-W systems (with ZTW), EUE was higher (p <0.05) in
DDSR (8.9) and UPTR (8.4) compared to PTR (7.5). How-
ever, the SE was higher (p <0.05) in PTR (by 11%) and
UPTR (by 15%) than DDSR. For wheat, in the two tillage
practices with PTR, EUE was not significantly different
between treatments with ZTW and CTW, while the SE was
significantly higher (by 1.1 MJ kg™") in CTW compared to
ZTW. The annual EUE in the four treatments was higher
(p <0.05) in DDSR-ZTW than PTR-CTW.

When the results for the rice of two districts for three
years were averaged, the EUE was higher (p <0.05) in DDSR
(by 21%) and UPTR (by 20%) compared to PTR for the three
tillage practices with ZTW. The SE was significantly higher
in PTR (2.6 MJ kg™!) than DDSR (2.2 MJ kg~!) and UPTR
(2.2 MJ kg™). In wheat, the two tillage practices with PTR

@ Springer



Paddy and Water Environment

showed that EUE was higher (p <0.05) in ZTW (16.8) than
in CTW (14.6), while the SE was significantly higher in
CTW than ZTW. The annual EUE was the highest in DDSR-
ZTW, followed by UPTR-ZTW, PTR-ZTW, and PTR-CTW,
while the SE was highest in PTR-CTW, followed by PTR-
ZTW, UPTR-ZTW, and DDSR-CTW.

Fig.2 Percentage distribu-
tion of the total energy use
for conventional tillage and
three reduced tillage practices
in Dhanusha (a), Sunsari (b)
and combined over Dhanusha
and Sunsari (¢). For a detailed
description of the tillage prac-
tices, see Table 4
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Distribution of energy use across different tillage
practices

The distribution of energy use for the four treatments of rice,
wheat and R—W systems in Dhanusha and Sunsari districts
is presented in Fig. 2. In Dhanusha (rainfed system), the
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share of insecticide application was less than 1% for rice
and wheat. In rice, the most energy demanding input was
fertilizer application (52% in DDSR, 53% in UPTR, and 45%
in PTR) in three tillage practices with ZTW. All three till-
age practices for rice with ZTW exhibited the highest input
energy utilization followed by fuel, seed, labor, machines,
insecticides and pesticides. Pesticides were only used in
DDSR. In wheat established after PTR under two tillage
practices, the contribution of fertilizer application was high-
est (44% for CTW and 54% for all ZTW) followed by fuel,
seed, labor, machines and pesticides. Therefore, in the R—W
system, irrespective of tillage practices, the contribution to
TEU by fertilizer application was highest followed by fuel
and seed rate.

In Sunsari (irrigated system), the share of energy use in
insecticide and pesticide application in the TEU was less
than 1% for rice and wheat. In rice, as in Dhanusha, the most
energy demanding input was fertilizer application in three
tillage practices with ZTW (56% in DDSR, 52% in UPTR,
and 52% in PTR). The trend of input energy utilization in all
three tillage practices was highest in fertilizers, followed by
fuel, seed, machines, labor, insecticides and pesticides. The
wheat crops established after PTR in two treatments showed
that the energy contribution from fertilizer application was
the highest (45% in CTW and 51% in ZTW) followed by
fuel, seed, machine, labor, and insecticides and pesticides. In
Sunsari R—W system, as in other district, the contribution of
input energy by fertilizer application was highest, followed
by fuel use.

Total global warming potential

The TGWP due to all inputs application (diesel, fertilizer,
herbicides) and N,O and CH, emissions (from rice) for four
tillage practices of rice, wheat and R—W systems for both
districts are presented in Table 5. In Dhanusha (rainfed sys-
tem), for the rice crop (established after the three reduced
tillage practices in wheat—ZTW), the TGWP was lower
(p<0.05) by 18% and 8% in DDSR and UPTR, respectively,
compared to PTR (738 kg CO, eq ha™!). The GHG emission
from diesel (for land preparation and seeding) was lower
(» <0.05) by 26% in DDSR and 28% in UPTR compared
to PTR. The GHG emission from fertilizer was also signifi-
cantly lower in DDSR and UPTR compared to PTR in all,
while emission from herbicides was 4.8 kg CO, eq ha™! in
DDSR. The CH, emission was lower (p <0.05) by 55% in
DDSR than in PTR but it was non-significant between UPTR
and PTR. The N,O emission was, however, not significant
between the treatments. In wheat, the two tillage practices
(established after PTR) showed an insignificant difference in
TGWP between ZTW and CTW. The GHG emission from
fuel was significantly lower by 46% in ZTW compared to
CTW, while the emission from fertilizer was insignificant

among the treatments. Further, the emission from herbicides
was not significant between ZTW and CTW. In the annual
system, TGWP was highest in PTR-CTW, followed by PTR-
ZTW, DDSR-ZTW, and UPTR-ZTW.

In Sunsari (irrigated system), for the rice crops in the
three tillage practices with ZTW, the TGWP was 18% and
8.2% lower in DDSR and UPTR (741 kg CO, eq. ha™!),
respectively, compared to PTR. The GHG emission from fuel
was 46% and 27% lower in DDSR and UPTR, respectively,
compared to PTR. The GHG emission from fertilizer was
not significant among the three treatments, while the emis-
sion from herbicides was 58 kg CO, eq ha~!and 32 kg CO,
eq ha™! higher in DDSR and UPTR, respectively, compared
to PTR. The CH, emission was 65% lower in DDSR than
PTR, but non-significant between UPTR and PTR. Likewise,
N,O emissions were insignificant in all three treatments. In
wheat crops, the two tillage practices established after PTR
showed an insignificant difference in TGWP between ZTW
and CTW. The GHG emission from fuel was 45% lower in
ZTW compared to CTW while the emission from fertilizer
was not significant between the treatments. However, GHG
emissions from herbicides were much higher (by 135%) in
ZTW than CTW, contributing 19% to the TGWP in ZTW.
Annually, TGWP was highest in PTR-CTW, followed by
PTR-ZTW, DDSR-ZTW, and UPTR-ZTW.

Trade-offs among energy use and output, EUE
and TGWP

In both crops and districts, there were significant trade-
offs among energy use and energy output, EUE and TGWP
(Fig. 3). In both crops under CT (PTR-CTW), the highest
energy use for labor, machinery, and fuel led to the highest
TGWP. Despite higher herbicide use in DDSR-ZTW, the
TGWP was low indicating the trade-offs among energy use
through other sources. In the irrigated R—-W system (Sun-
sari), machinery and fuel use contributed to the highest
TGWP while in the rainfed system (Dhanusha), the highest
energy use through labor, machinery and fuel was found in
CT while the lowest use was observed in the reduced tillage
practices.

Discussion

The need to maximize the global food and feed production
for the increasing human and livestock production under
limited arable land has increased the adoption of intensive
tillage practices with higher inputs (Ghasemi et al. 2010;
Tandon and Singh 2010; Tubiello et al. 2013); this has
however exacerbated air pollution through emissions of the
GHG:s. In this study, the energy use, EUE, GHG emissions,
and TGWP among three reduced tillage practices and CT
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Fig. 3 Trade-offs among differ-
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ductivity (WP), and total global
warming potential (TGWP) in
conventional tillage and three
reduced tillage practices in rice
(a), wheat (b), and rice-wheat
system (c) in Sunsari and
Dhanusha districts of Nepal.
For a detailed description of the
tillage practices, see Table 4
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Potential of reduced tillage practices for reducing
energy use and increasing EUE in the R-W system

Energy analysis was estimated and compared between
reduced tillage practices and the CT practice in two districts
of Nepal in the eastern IGP. In both districts, TEU was lower
in DDSR than PTR, which was attributed to the reduced
machinery use in trade-off with high herbicides application
in both crops. This result is consistent with several studies
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this study, the TEU for wheat was lower in ZTW than CTW
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which is also in consistent with previous studies that dis-
played a decrease in energy use in ZTW compared to CTW
(Arvidsson 2010; Saharawat et al. 2012; Nasseri 2019). In
both districts, the highest percentage of energy use in all
reduced tillage practices (DDSR, UPTR, ZTW) and CT
stemmed from fertilizer (nitrogen) use. The highest TEU
from fertilizer indicated that there is a prospect to reduce
fertilizer rates and adopt precision fertilizer application in
both crops. For instance, considering the low nitrogen-use
efficiency in rice field, there could be the need to adjust
the average fertilizer application rate of 80:32:28 kg (N:
P,05:K,0) to suit the crop demand and soil nutrient supply.
This argument is supported by Aravindakshan et al. (2015)
and Krupnik et al. (2015) who reported highest energy
demand through fertilizer amongst various inputs. Herbicide
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application was higher in all tillage practices in the Sunsari
district due to higher weed infestation. This is consistent
with previous studies where difficulty in weed control at the
beginning of rice seeding in DDSR and UPTR are reported.
This was attributed to drought which was later alleviated
by irrigation and rainfall. However, high weed pressure and
excessive herbicide application in both DDSR and ZTW
were common in the IGP, which could be attributed to the
low adoption rate of those practices despite several advan-
tages. Weed infestations and weed biomass production in
DDSR and ZTW offer opportunities for reducing weed
pressure and weed seed bank through the valorization of its
biomass via green and organic manure production. It might
offer the opportunity for a circular economy and incentive
for the adoption by the farmers.

The energy output in the R—W system for reduced tillage
and CT was highly influenced by yield rather than tillage.
Also, this study showed that DDSR and UPTR in both dis-
tricts had a higher EUE with lower SE compared to PTR.
Similarly, previous studies in the IGP showed higher EUE
and lower SE in alternative reduced tillage practices (Saha-
rawat et al. 2012; Aravindakshan et al. 2015; Krupnik et al.
2015). For wheat, EUE was not significant between ZT and
CT, but the SE was significantly lower in ZTW compared
to CTW. This indicated a decline in energy use in ZTW.
However, previous findings comparing EUE between east-
ern Terai districts with their counterparts in the eastern IGP
showed higher energy use and lower EUE for the former
over the latter (Gathala et al. 2020a,b). This was attributed
mainly to the differences in weed pressure and the varia-
tion in the amount of fertilizer application. With proper
weed control, optimized fertilizer and irrigation amounts,
appropriate low fuel consuming machinery, and increasing
efficiency of fertilizer, irrigation and weed control through
better time scheduling in reduced tillage practices need to
be researched. This will help increase the EUE,reduce emis-
sions, and improve the sustainability of R—W cropping sys-
tems in the eastern IGP.

Potential of reduced tillage practices for reducing
total global warming potential in R-W systems

The TGWP significantly varied among three reduced till-
age practices and CT in the R—W system. In both districts,
reduced tillage practices in rice (DDSR and UPTR) and
wheat (ZTW) had higher GHG emissions from herbicides
but lower TGWP. This study also showed a significant
decrease in GHG emissions from diesel fuel under DDSR,
UPTR and ZTW in both districts but an insignificant differ-
ence in GHG emissions from fertilizer and pesticide applica-
tion amongst the reduced tillage practices and CT practice
in both crops. In all three years and in both rice and wheat
growing seasons, there was higher rainfall in Sunsari which
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accelerated weed growth. This might be due to the external
environmental factors such as rainfall pattern, soil and crop
management practices, water and residue management prac-
tices, or the existing weed seed bank., Or it may be due to
the timely operation of all management practices including
seeding time which contribute significantly to the success
of alternative tillage methods and provides a roadmap for
further research and implementation of these methods pre-
cisely. Consistent with these results, DDSR in northwest
IGP also resulted in decline of TGWP by 35% (Kumar et al.
2018). Also, in parts of southwest India, the total GHG emis-
sions were 86% and 65% in PTR and DDSR, respectively
(Basavalingaiah et al. 2020). Likewise, in another study,
R-W and M-W systems under DDSR and ZTW reduced
TGWP by 16-26% compared to the R—W system under CT
(Tirol-Padre et al. 2016).

There was a significant decline in methane emission in
DDSR due to reduced tillage; this result is consistent with
Ladha et al. (2016) and Chakraborty et al. (2017). Lack
of tillage increases soil bulk density by also reducing soil
poration and methane emission due to organic matter deficit
(Ahmad et al. 2009). Methane emissions are also affected
by hydration levels (Tirol-padre et al. 2016). It was also
reported that the N application rates and water status in the
soil determine the N,O emission in the rice field (Tirol-padre
et al. 2016). This study used almost identical N application
rates in all treatments (coefficient of variation of 11% in rice
and 13% in wheat). Under similar number of irrigation appli-
cations, N,O emissions were insignificant across reduced
tillage and CT practices. This observation shows that alter-
native reduced tillage practices in the R—W system of Nepal
are energy-efficient with low GHG emissions. However, the
high occurrence of weeds in ZT might be attributed to unfa-
vorable weed pressure, sub-optimal irrigation management,
and high rainfall. Faster weed seed emergence, and their
rapid growth, development, flowering and seed formation
were boosted under high rainfall which can accumulate more
weed seeds in the soil. This calls for a better water man-
agement for suppressing weed pressure in rice production
(Becker and Johnson 2001). It is noteworthy that discrepan-
cies between this study and previous ones reviewed here
might arise from the fact that the coefficients used for esti-
mation of TGWP as well as energy parameters were derived
from previous, but relevant, literature (Kumar et al. 2018).
This suggests a need for actual measurements of energy and
GHGs coefficients and parameters. This will provide a robust
analysis of the EUE and environmental footprint of alterna-
tive reduced tillage practices vs CT practice in the R-W
system of the IGP that will help transit from conventional
to more sustainable farming practices discussed above. For
instance, DDSR, ZTW and UPTR could be increased in the
IGP, with the introduction of more sustainable weed control
practices combined with other practices such as mulching,
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intercropping and crop rotation, and precision irrigation and
fertilization methods (Islam et al. 2019).

From the significant trade-offs among energy use and out-
puts, EUE and TGWP across reduced tillage and CT prac-
tices in both crops it is evident that the implementation of
the reduced tillage and improved crop production practices is
a prerequisite for the IGP especially in the current context of
the declining availability of water and labor (Fig. 3). These
reduced tillage practices enhance micronutrients transfor-
mation and soil microbial activities, improve soil health,
and improve and sustain ecosystem services (Timsina and
Connor 2001; Gathala et al. 2011; Rashid et al. 2019; Bhatt
et al. 2021). Despite being difficult to measure, they can also
improve the aesthetic of the farm, and the outward-looking
as well as the market acceptance of the products.

Despite several benefits, the uptake of DDSR in rice in
the IGP is low (Kumar and Ladha 2011). The follow-up
study after two years in the experimental sites in the Dhanu-
sha district showed that excess weed pressure, lack of land
levelling and inaccessibility of ZT drill machines, and lack
of skilled person to provide the service for ZT machines
hindered the adopton of reduced tillage practices by farm-
ers in DDRS and ZTW (Thapa Magar et al. 2022). Scaling
out of DDSR technology requires precise land levelling,
suitable cultivars, scale-appropriate seeders for good crop
establishment, integrated weed control, precise water and
fertilizer management, sufficient technical knowledge of the
farmers, changed mindset, and appropriate land and irriga-
tion facilities (Gathala et al. 2020b). For the promotion of
these cleaner production practices and technologies, some
sort of incentive mechanisms, for example, availability of
machinery and service providers, effective herbicide mol-
ecules, organic waste recycling (weed and crop residues),
and technical backstopping are required. There is a need
for effective support systems incentivizing land levelling,
ZT machines, technical knowledge dissemination, and the
development of integrated weed management practices in
the R—W systems of the eastern IGP in general and Nepal in
particular (Gathala et al. 2020b; Thapa Magar et al. 2022).

Conclusions

To achieve sustainable intensification and reduce environ-
mental footprints from agriculture, reduced tillage practices
are being increasingly adopted. This study compared the
energy use and total global warming potential between the
three reduced tillage practices and CT in the R-W crop-
ping system in two districts of Nepal in the eastern IGP. The
results showed lower total energy use and GHG emissions
from all the reduced tillage practices compared to the CT
practice in the two districts. Also, methane emission was
reduced from dry direct-seeded rice compared to puddled

transplanted rice due to avoidance of puddling. For both
crops, zero tillage showed higher EUE and lower total global
warming potential compared to conventional tillage due to
reduced energy demand and reduced greenhouse gas emis-
sion. Our results are the indirect estimates of the environ-
mental footprint from the R—W systems, so there is a need
for further research for the direct estimations of energy use
and GHG emissions under various reduced tillage methods
in the region. Also, with sustainable weed control and irri-
gation methods under dry direct-seeded rice and unpuddled
transplanted rice, reduced tillage practices for the R—W sys-
tem could be the most promising options for smooth transi-
tion from the conventional to more sustainable practices.
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