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a b s t r a c t 

There are increasing concerns about the negative effects of conventional tillage (CT), extreme climate events, 

increased weed incidence, and reduced availability of farm inputs on crop yield and yield stability, profitability, 

and water productivity in rice-wheat (R − W) systems of the Eastern Gangetic Plains (EGP) in South Asia. Con- 

servation agriculture (CA)-based tillage practices have been proposed in the region to address these concerns. 

We analysed 84 on-farm trials’ data comparing CA-based practices with farmers’ CT practices in R − W systems 

of eastern Terai region of Nepal in the EGP. The objectives were to investigate crop and cropping systems pro- 

ductivity, profitability, yield stability, irrigation (WP i ) and total water productivity (WP (r + i) ), and fertilizer-use 

efficiencies of three CA- and one CT-based practices in R − W systems. Treatments included: (i) CT-based: puddled 

transplanted rice - conventional tillage wheat (PTR − CTW); (ii) CA-based: PTR − zero tillage wheat (PTR − ZTW); 

(iii) CA-based: direct-seeded rice − ZTW (DSR − ZTW); and (iv) CA-based: un-puddled transplanted rice − ZTW 

(UPTR − ZTW). Results showed that although there were no significant differences in yield of either rice or wheat 

or R − W system between CA-based and CT treatments, there was a significant reduction in production cost (by 

245 − 369 USD ha − 1 ) mainly due to reduced labor use and increased net gain (188 − 223 USD ha − 1 ) in all CA-based 

R − W system. DSR − ZTW showed the highest yield stability and net profit, demonstrating its adaptability in the 

region. Among the irrigation applicators (35%) in rice, DSR used 107 mm (67 mm higher than PTR) irrigation 

water with WP i of 70% and 96% of PTR and UPTR, respectively due to the need of additional irrigation for crop 

establishment. In contrast, among the irrigation applicators (75%) in wheat, due to earlier sowing of ZTW, it re- 

quired 18% less irrigation water resulting in 9% higher WP i compared to CTW. However, a follow-up study two 

years after completion of field trials revealed that no local farmers had continued CA-based practices mainly due 

to high weed pressure, lack of land leveling, inaccessibility of zero-till (ZT) drill machines, and lack of ZT service 

providers. Effective support systems incentivizing in land leveling, ZT machines, technical knowledge dissemi- 

nation, and the development of integrated weed management practices for scaling-out strategies are essential to 

adopt CA-based practices. As the results have great implications to reduce production costs and increase farm 

profits, save energy and water, increase land and labor productivity, and improve food security of millions of 

smallholder farmers in the EGP, strong policy support to incentivize farmers to avoid the adoption barriers of 

CA-based practices is required. 
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. Introduction 

Conservation Agriculture (CA) – by maintaining permanent soil

over with residue retention, minimum soil disturbance through re-

uced tillage, and crop diversification - has become a new paradigm

or sustainable intensification of farming systems in the 21 st century as
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t has the potential to improve crop productivity with increased water-,

nergy-, and nutrient-use efficiencies, and economic returns ( FAO 2014 ,

assam et al., 2018 , Reicosky, 2007 ). However, the definition and prin-

iples of CA are ambiguously used in global literature. In on-farm im-

lementations of CA in the Indo-Gangetic Plains (IGP) of South Asia,

esearchers often consider the practice as CA even only when zero or
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educed tillage is practiced, without considering the other two CA prin-

iples. Therefore, the definitional ambiguity and implementation vari-

tions of CA can vary the estimates of CA adoption in different sub- or

co-regions in the IGP ( Brown et al., 2018 ). 

The CA-based practices, mostly with zero tillage (ZT), have been

dopted in about 180 million ha (12.5%) of global cropland, mostly

n developed countries. In case of small and subsistence farmers in Asia

nd Africa, CA has been adopted on only about 13.9 million ha and

.5 million ha, corresponding close to 8% and 1% of the total crop-

and, respectively ( Connor et al., 2011 ). In the IGP, promotion of CA-

ased practices, mainly ZT for wheat in rice-wheat (R − W) cropping sys-

em, was started in the early 1990s ( Connor et al., 2011 , Dixon et al.,

020 , Hobbs et al., 2019 ) and this has been successfully extended from

heat to rice benefiting both crops of R-W system ( Aryal et al., 2015 ,

renstein and Laxmi, 2008 ). Adoption of CA practices occurred initially

n the northwest IGP with large farm size, favorable environment, and

dequate infrastructures. It has now gradually been extended to the East-

rn Gangetic Plains (EGP) though with much less adoption due to small

arm size, inadequate infrastructure, and unfavorable environment such

s rainfall extremes and variability ( Bhatt et al., 2021 , Erenstein, 2009 ).

t the early stage of adoption of CA, affordability, accessibility, and op-

ration of ZT machines have been particular issues in the IGP, and rapid

iffusion of ZT in the western IGP was mainly driven by locally fabri-

ated ZT machines and service providers ( Hobbs et al., 2019 ). Thus, the

doption of ZT has been increased at high rates among large and wealthy

armers of India and Pakistan in the northwestern IGP ( Chauhan et al.,

012 ), but not many among small and subsistence farmers of the EGP. 

The eastern Nepal Terai, country’s breadbasket region, located in the

GP, produces over 18% of the nation’s rice and wheat ( Statistical In-

ormation 2015 ). Rice-wheat is the dominant cropping system (85%

f arable area) in the Terai of Nepal ( Dixon et al., 2020 , Islam et al.,

019 , Timsina et al., 2010 ). Widely practiced conventional tillage (CT)

s threatening the sustainability of this system in the IGP ( Bhatt et al.,

021 , Chauhan et al., 2012 , Timsina et al., 2010 , Timsina and Con-

or, 2001 ) mainly due to decreasing labor availability, increasing pro-

uction costs, increased weed incidence, extreme climatic events, and

he lack of appropriate machinery service provision for crop production.

n the conventional R − W system, rice is transplanted in puddled soils

nd grown under ponded condition, while wheat is grown after rice har-

est in well-drained dry soil after repeated tillage. Repeated tillage for

rop establishment prolongs turnaround period, delays wheat sowing

y 10 − 15 days, and consequently leads to yield decline by coinciding

heat grain filling period with westerly hot dry air after mid-February

 Timsina et al., 2010 , Timsina and Connor, 2001 , Devkota et al., 2019 ).

epeated multiple tillage destroys soil structure, diminishes nutrient

vailability ( Timsina et al., 2010 , Timsina and Connor, 2001 ), and

ncreases the cost of irrigation, labor, and fuel ( Islam et al., 2019 ,

at et al., 2009 ). With such adverse effects of CT, the R − W system

eeds alternative options that demand less water, energy, and labor

 Connor et al., 2011 , Bhatt et al., 2021 , Timsina et al., 2010 , Timsina and

onnor, 2001 ). To meet this demand, alternative tillage and crop es-

ablishment practices, such as dry-direct seeded rice (DSR), unpuddled

ransplanted rice (UPTR), and ZT wheat (ZTW) have been developed and

valuated across the IGP, but with limited farmer adoption, particularly

n the Terai region of Nepal in the EGP ( Aryal et al., 2015 , Farooq et al.,

011 , Haque et al., 2016 ). 

On-farm trials comparing CA with CT practices in the R − W system

ere conducted by CIMMYT (International Wheat and Maize Improve-

ent Center) and partners during 2014 to 2017 by the Sustainable and

esilient Farming System Intensification (SRFSI) project in the eight dis-

ricts of the EGP, including two districts (Dhanusha and Sunsari) in the

astern Terai of Nepal. The agronomic and economic performance indi-

ators of the CA practices vary according to the location with soil and

limatic conditions, crop management practices and technical know-

ow of the farmers, and availability of herbicides and machinery ser-

ice providers. Such indicators have been compared among DSR, pud-
2 
led transplanted rice (PTR) and unpuddled machine transplanted rice

MTR) in Odisha, eastern India by Devkota et al., 2020 . However, sys-

ematic comparison of such CA-based practices in R − W system to assess

heir potential to improve the economic and environmental indicators in

he IGP, and particularly in the EGP, is lacking. Systematic comparison

f such performance indicators in R − W system would help to improve

he sustainability of the R − W cropping systems in the region. Further, in

he IGP, there has been many research on the technology development

or the adoption of CA-based practices in R − W system especially in In-

ia and Pakistan ( Hobbs et al., 2019 , Jat et al., 2009 , Saharawat et al.,

010 , Jat et al., 2014 , Choudhary et al., 2018 ), but there has been lim-

ted research decomposing the reasons for adoption and non-adoption

f those practices including in the Terai region of Nepal. Thus, the ob-

ectives of this study were to compare crop and cropping system yields

nd stability, profitability, and water productivity between CA and CT

ractices, to understand reasons behind the adoption or non-adoption

f CA practices, and to identify trade-offs among various performance

ndicators in R − W system of the eastern Terai region of Nepal in the

GP. 

. Materials and methods 

.1. Site, climate, and soil 

This study analysed the data obtained from the on-farm experiments

onducted by CIMMYT and partners for three years (2014–2016) in two

astern Terai districts (Sunsari, 26º 38´29.76 ″ N lat. and 87º 07´44.76 ″

 long.; Dhanusha, 26º 30´31.56 ″ N lat. and 86º 02´09.60 ″ E long.) of

epal. Sunsari is 95 m and Dhanusha is 102 m above mean sea level (Fig-

re S1). Data were retrieved from the CIMMYT’s publicly available data

epository network Dataverse. The experimental sites are characterized

y sub-tropical climate with the monsoon, Kharif (June-October) and

inter, Rabi (November- March/April) seasons. The mean monthly min-

mum temperatures during Rabi were lower in Sunsari (13 °C) than in

hanusha (14 °C). Similarly, the mean monthly minimum and maximum

emperatures during Kharif were lower in Sunsari (25 °C and 30.5 °C)

han in Dhanusha (26 °C and 31.5 °C), respectively (Figure S2). The

012–2020 long-term climate data from NASA Power ( NASA POWER

020 ) showed average annual rainfall higher in Sunsari (1341 mm; co-

fficient of variation 19%) than in Dhanusha (1195 mm; coefficient

f variation 22%). The experimental sites in Sunsari had sandy loam

o silty clay loam while in Dhanusha they had clay loam to silty clay

oam soils ( Sinha et al., 2019 ) (Table S1). Soils were analysed for pH,

otal organic carbon (SOC), total N, Olsen available P, and exchange-

ble K using various methods mentioned on Table S1 ( Page et al., 1982 ,

renner and Mulvaney, 1982 , Olsen and Sommers, 1982 , Knudsen et al.,

982 , UC Davis Analytical Laboratory 2022 ). The detectable limits for

OC, total N, available P, and exchangeable K based on UC Davis lab

ethods were 0.02% C, 0.001% N, 1.0 ppm, and 1.0 ppm respec-

ively ( https://anlab.ucdavis.edu/analysis/Soils/410 ). Soils were acidic

o neutral in both districts. Soils in Sunsari had higher (0.34 − 2.31%)

oil organic carbon than in Dhanusha (0.25 − 1.77%). The difference in

OC between the two districts was particularly due to difference in soil

arent materials. Parent materials in soils of Sunsari were alluvial and

imestone derived ( Dijkshoorn and Huting, 2009 ), and informal inter-

iews with the participating farmers revealed that the farmers added

ore crop residues and other organic materials in their fields compared

o those in Dhanusha, contributing to build up of organic carbon in Sun-

ari soils. Total nitrogen (N) was higher in Dhanusha than in Sunsari

ut reverse was the case for available phosphorus (P) and exchangeable

otassium (K) (Table S1). Both districts have poorly buffered soils prone

o leaching of nutrients. 

https://anlab.ucdavis.edu/analysis/Soils/410
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.2. Farmer’s selection and engagement 

All the on-farm experiments were managed by farmers under close

upervision and support from researchers of the National Rice Research

rogram in both study districts. At the beginning of the trials implemen-

ation, farmers were motivated by explaining the purpose and outcome

f the experiments, and provided training on crop establishment (seed-

ng depth, row distance, calibration of the seed and fertilizer rates in the

eed drill machine, mat nursery preparation for the UPTR), fertilizer and

erbicide management, and best agronomic management practices es-

ecially focusing on the CA-based practices. Also, farmers were invited

nd involved in the joint field visits during the trial implementations.

eed, fertilizers, and herbicides for all on-farm trials were supplied by

he project. Also, each village was provided with one ZT machine and

ne rice transplanting machine for UPTR. 

.3. On-farm experiments and treatment description 

On-farm experiments were conducted in nine villages, five in

hanusha and four in Sunsari, the Eastern Terai region of Nepal. The

wo districts are far apart by more than 100 km and the villages within

ach district are far apart by 5 − 10 km (Fig. S1). These two districts

ere particularly selected as because R-W cropping system is practiced

y > 80% farmers in each of those districts with the proximity of rice

nd wheat research centers to monitor and facilitate the experiments.

here were three crop establishment treatments in rice, i.e., PTR rep-

esenting CT, and DSR and machine transplanted UPTR representing

A-based practices, and two establishment methods in wheat, i.e., ZTW

eeded using zero-till seed-cum-fertilizer drill representing CA and con-

entional tillage wheat (CTW) representing CT. Thus, the four establish-

ent methods compared in R − W system were: (i) CT-based: PTR − CTW,

ii) CA-based: PTR − ZTW, (iii) CA-based DSR − ZTW, and (iv) CA-based:

PTR − ZTW (Table S2). Over the three-years period, a total of 84 on-

arm experiments (i.e., 84 replications), each farm with four treatments,

ere conducted in the two districts using a randomly complete block

esign (RCBD). All experiments were implemented by the farmers with

he researcher’s supervision and monitoring and using the concept of

articipatory research ( Norman et al., 1995 ). 

Two dry-tillage using a harrow connected to a 35-hp tractor was used

n all rice establishment methods. In the PTR, on the transplanting day,

he field was repeatedly puddled and leveled using a wooden plank con-

ected at the end of the harrow. In contrast, in the UPTR, one dry-tillage

sing the same harrow connecting the wooden plank at the end was used

or leveling followed by one irrigation, and then seedlings transplanted

sing a transplanting machine. In the PTR, seedlings were transplanted

anually in a random geometry. In both PTR and UPTR, 21–40 days old

eedlings were transplanted. In DSR, one day before seeding, one dry-

illage connecting the wooden plank for leveling was used and seeds

ere seeded in a row using a 11-row zero-till-seed-cum-fertilizer-drill.

n CTW, as in rice, two tillage with leveling (using a wooden leveler con-

ected with the harrow) were used one day before seeding; then seeding

as done manually (broadcasting) followed by planking. In ZTW, after

ice harvesting, round-up was applied once followed by a pre-sowing

rrigation and wheat was seeded using the same machine (as used for

SR) 4–7 days after round-up application ( Islam et al., 2019 ). 

.4. Crop management practices 

Nitrogen (N), phosphorus (P), and potassium (K) fertilizers were used

t rates of 114–175, 50–107 kg ha − 1 and 35–50 kg ha − 1 in rice, and 175–

85, 87–106, and 50 kg ha − 1 in wheat, respectively in all establishment

ethods. In DSR and ZTW, P fertilizer was applied at the time of seed-

ng through the seed drill machine while in PTR, UPTR and CTW, it was

and broadcast during the final land preparation. In DSR and ZTW, K

ertilizer was hand broadcast before seeding and together with P fertil-

zer in PTR, UPTR and CTW. In all establishment methods, one-third of
3 
 was applied basally and the remaining two-thirds were top-dressed in

wo splits, the first after three weeks of seeding (wheat) or seeding or

ransplanting (rice) and the second at three weeks after the first appli-

ation. Fertilizers used were urea, diammonium phosphate and muriate

f potash for N, P and K respectively. A pre-sowing irrigation was pro-

ided to DSR as the seeds were sown before the start of pre-monsoonal

ainfall. All rice treatments were grown under rainfed condition with

ome supplemental irrigation, with number ranging from 1 to 4 with

veraged depth of water per irrigation of 70 mm ( Islam et al., 2019 ); ir-

igation was applied mainly before topdressing of N fertilizer. In wheat,

our irrigations were applied in all fields at tillering, panicle initiation,

owering, and grain filling stages in Sunsari but was rarely irrigated

n Dhanusha. Weeds in rice were controlled with application of the

re-sowing glyphosate (1000 g a.i. ha − 1 ) in all CA treatments, while

 pre-emergence herbicide (Pendimethaline) within 72 hour of seed-

ng and a post-emergence herbicide Byspiribac sodium (Nominee Gold)

ere applied at two or three weed-leaf stage during 20–30 days after

eeding in DSR, or at transplanting in PTR and UPTR. In ZTW, weeds

ere controlled with the pre-seeding herbicide glyphosate followed by

ne post-emergence herbicide Sulfosulfuran (Leader). In addition, one

r two manual weeding was done when weeds persisted. 

.5. Data collection 

Data used in this study were obtained from CIM-

YT’s publicly available data repository network Dataverse

 https://data.cimmyt.org/dataverse/srfsidvn/?q = Nepal ). Data were

sed from only those farmers who had completed all four treatments

or all three years. In both districts, in both crops and all treatments the

rain and straw yields were determined from a 30 m 

2 sampling area

y sub-sampling five 6 m 

2 quadrates within a field by avoiding border

ffects. Samples were collected when grains were ripe and ready for

arvesting. After harvest samples were fully sun/air-dried to bring to

4% grain moisture for each crop, and grain yields were recorded on a

table air-dry weight basis ( Islam et al., 2019 ). 

.5.1. Stability analysis 

Agriculture sustainability depends on the stability of crop yield

 Liu et al., 2019 ). The constancy of yield in the agriculture system

ver a long period or across various spatial environments (treatments)

s defined as yield stability ( Urruty et al., 2016 ). Crop yield stabil-

ty can be categorized into static and dynamic stability ( Becker and

éon, 1988 , Piepho, 1998 ). Static stability is assessed using the coeffi-

ient of variance (CV) while dynamic stability using the regression coef-

cient or slope (b i ) obtained from the linear regression ( Liu et al., 2019 ,

iepho, 1998 , Finlay and Wilkinson, 1963 ). In this study, we used both

ypes of stability analysis (for yield) under different crop establishment

reatments in the R − W system across six environment-site combinations

2 districts × 3 years). 

Static stability : It was estimated using the CV, with its lower value

ndicating higher stability across multiple environments. 

oeff icient of variation ( CV ) = 

Standard deviation 
Mean 

X 100% (1)

Dynamic stability : The slope or the environment index (bi) was esti-

ated as the average yield of all treatments at each environment-site

ombination. The treatment with bi close to or equal to 1 indicates that

 treatment adapts to all environments. A b i < 1 indicates that the treat-

ent has above-average stability and adapts to low-yielding environ-

ents (specifically adapted to the unfavorable environment), while a

 i > 1 indicates below-average stability and is suitable to high-yielding

nvironments (specifically adapted to the favorable environment) . 

.5.2. Irrigation and total water productivity 

Irrigation (WP i ) and total water productivity (WP (r + i) ) expressed

n kg grain mm 

− 1 ha − 1 irrigation and rainfall plus irrigation water,

https://data.cimmyt.org/dataverse/srfsidvn/?q=Nepal
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s shown in Eqs. 2 and 3 , were calculated following Connor et al.

 Connor et al., 2011 ). 

rrigat ion wat er product ivit y 
(
Wpi kg grain m m 

−1 irrigat ion wat er 
)

= 

Grain yield 
(
kg h a −1 

)

Depth of water applied ( mm ) 
(2) 

otal wat er product ivit y 
(
WP ( r + i ) kg grain m m 

−1 water 
)

= 

Grain yield 
(
kg h a −1 

)

Depth of water applied ( mm ) 
(3) 

here ‘r’ represents rainfall amount (mm) from NASA Power

 NASA POWER 2020 ) for Jun-Sept (4 months) for rice and Nov-Mar (5

onths) for wheat and ‘i’ represents applied irrigation amount (mm). 

.5.3. Economic analysis 

Economic analysis ( Errington, 1984 , Mendiburu and Yaseen, 2020 )

as used to compare the performance of CA against CT practices. All

alculations were carried out on a per hectare basis and monitory val-

es were expressed in USD (Table S3). Labor use (in labor days) was

alculated by summing up labor days for all production-related activi-

ies based on 8 daily working hours per person. Net profit was computed

or each treatment in rice, wheat, and R − W system across 3 years and

 districts. The unit costs of inputs (seed, fertilizer, herbicide), labor,

nd machinery hire for tillage and seeding were collected from the local

arket (Table S3). As the unit prices variations across years and loca-

ions were low, we used the same unit prices for all locations and years.

he amounts of inputs applied, labor used (for seeding/transplanting,

eeding, irrigation and fertilizer application, harvesting, threshing, and

leaning and drying) and the machinery (tractor) time used for plough-

ng were recorded for the entire experimental period. Both grain and

traw prices collected from the local market were considered while com-

uting profitability. 

nput cost = Quant it y of input s applied x unit price of input s (4)

alue of production ( Vp ) = Yield x price of grain 
(
USD , kg h a −1 

)
(5)

educed or added cost 

= Input cost for CT practice − input cost for CA practice . (6) 

dditional or reduced benef it = Vp for CT practice − Vp for CA practice 

(7) 

um of increased benef it = Reduced cost + Additional benef it (8)

um of decreased benef it = Added cost + Reduced benef it (9)

et gain = Sum of increased benef it − Sum of decreased benef it (10)

rof itability = Vp − − Total cost of production (11)

.6. Economic and environmental performance indicators 

Further, to analyze the trade-offs among sustainability indicators

nd compare different establishment methods across crops and locations

districts), we computed labor productivity as kg grain labor day − 1 (ex-

luding family labor) and N-, P-, and K-use efficiencies (NUE, PUE and

UE, respectively) as kg grain obtained kg − 1 elemental nutrient (N, P,

nd K). In the trade-offs analysis, we expressed herbicide amount as

erbicide intensity (L or kg herbicide ha − 1 ). 
4 
.7. Farmers’ feedback on adoption of CA practices 

Thirty farmers from each district (each district with two villages and

5 farmers from each village) who participated in the implantation of

n-farm trials plus two local researchers from each of those four villages

ho assisted in implementing the project activities were interviewed in

ecember 2019, i.e., two years after the completion of the project. We

elected only those farmers who actively participated in on-farm trials in

ll years and both crops. They were interviewed using semi-structured

lose ended type of questionnaires to understand the reasons for adop-

ion or non-adoption of the CA-based practices tested and promoted by

he project. Jointly, 11 reasons for non-adoption and 6 reasons for adop-

ion were identified and farmers were asked to either agree or disagree

ith those reasons. 

.8. Statistical analysis 

Combined analysis of variance (ANOVA) for district (location), year

nd establishment method were conducted using ‘agricolae’ package of

 Version 4.0.4 ( Mendiburu and Yaseen, 2020 ) for yield, net profit, and

rrigation and total water productivity (WP i and WP r + i ). Before conduct-

ng the ANOVA, the normality of the data distribution for each crop and

ropping system in different years was examined for yield and net profit

sing Shapiro-Wilk test. Conformity of the homogeneity of variance was

lso performed using Bartlet’’s test ( Snedecor and Cochran, 2021 ). The

ormality and homogeneity assumptions of ANOVA were met with non-

ignificant p-values so there was no need for data transformation. While

onducting ANOVA (crop-wise and system-level) of RCBD, individual

armers were considered as replication, and the establishment method

s treatment. The treatment mean differences were analysed using the

east significant difference (LSD) at 5% and 1% of the level of signifi-

ance. Trade-offs among eight performance indicators (yield, net profit,

abor productivity, water productivity, herbicide intensity, NUE, PUE,

nd KUE) were analysed using the normalized (0 − 1) scale spider/radar

raphs and different establishment methods compared across locations

districts), crops and the R − W system. 

. Results 

.1. Rainfall during the crop growing season 

During the rice growing Kharif season (June-September), the total

ainfall was 1051 mm in Sunsari and 968 mm in Dhanusha, while during

he wheat growing Rabi season (Nov-Mar/April), it was almost similar

55 mm Sunsari and 49 mm Dhanusha). During the Kharif season, Sun-

ari received higher rainfall by 40 − 162 mm (highest in 3rd year) than

hanusha. During the Rabi season in 2nd year, Sunsari received 14 mm

igher rainfall than Dhanusha ( Fig. 1 ). 

.2. Crops and cropping systems yields 

The combined ANOVA for district, year and establishment method

howed a non-significant interaction between district-and-establishment

ethod and year-and-establishment method; however, the district, year,

nd district x year effects were significant for yield and net profit. 

The combined ANOVA showed no significant differences (p > 0.05) in

rain yields of rice, wheat, and R − W system among the three CA-based

nd one CT-based establishment methods ( Table 1 ). District x year inter-

ction effect was however significant for rice, wheat, and R − W system

ields. There was no significant yearly variability in rice yield; in con-

rast, wheat yield varied (p < 0.05) across years, with highest yield in

nd year followed by 3rd year. Rice yield was significantly higher in

unsari by 0.97 t ha − 1 (21%) than in Dhanusha (yield = 4.55 t ha − 1 ),

hile wheat yield was significantly higher in Dhanusha by 0.31 t ha − 1 

9%) than in Sunsari (yield = 2.99 t ha − 1 ). 
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Fig. 1. . Monthly total rainfall (mm) and monthly maximum and minimum temperatures ( °C) in Dhanusha and Sunsari districts during 2014 to 2016. SD = Standard 

deviation (SD) of rainfall and temperatures during the experimental years. Data source: NASA POWER (2020). 

Table 1 

Combined analysis of grain yield (t ha − 1 ) and net profit (USD ha − 1 ) as affected by different establishment methods over two districts and three years in rice, wheat, 

and rice-wheat system, 2014–2016. 

District, year and 

establishment method 

Rice Wheat Rice-wheat system 

Grain yield Net profit Grain yield Net profit Grain yield Net profit 

District 

Dhanusha 4.55b 217b 3.30a 458a 7.85b 672b 

Sunsari 5.52a 637a 2.99b 264b 8.19a 865a 

Year 

2014 5.55 436a 2.95c 430a 8.50 866a 

2015 4.53 265c 3.42a 391ab 7.96 659c 

2016 4.76 364b 3.17b 382b 7.72 726b 

Establishment method 

(EM) 

PTR − CTW 4.84 300c 3.12 282b 7.96 584c 

PTR − ZTW 4.89 276c 3.23 432a 8.06 703b 

DSR − ZTW 4.86 455a 3.24 439a 7.91 873a 

UPTR − ZTW 4.83 364b 3.21 426a 7.91 777b 

Grand mean 4.85 348 3.20 395 7.96 734 

ANOVA 

District ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 

Year ns ns ∗ ∗ ∗ ∗ ∗ ∗ ns ∗ 

EM ns ∗ ∗ ∗ ns ∗ ∗ ∗ ns ∗ ∗ ∗ 

District x Year ∗ ∗ ∗ ∗ ∗ ∗ ∗ ns ∗ ∗ ∗ ∗ ∗ ∗ 

District x EM ns ∗ ∗ ∗ ns ns ns ∗ ∗ ∗ 

Year x EM ns ns ns ns ns ns 

Means followed by the same letter (a, b) in each column for different districts, years, and establishment methods in rice, wheat, and rice-wheat system do not differ 

by the LSD test at p < 0.05. The values are significantly different when the difference (between districts, years, and establishment methods) is less than the LSD 

value at p < 0.05. ns: nonsignificant (p > 0.05); ∗ significant at p < 0.05; ∗ ∗ significant at p < 0.01; and ∗ ∗ ∗ significant at p < 0.001. DSR = direct seeded rice; PTR = puddled 

transplanted rice; UPTR = unpuddled transplanted rice; ZTW = zero tilled wheat; CTW = conventional tilled wheat. 
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In Dhanusha, rice yield in DSR − ZTW treatment in 2015 was higher

y 0.37 t ha − 1 (by 10%; p < 0.05) than in PTR − CTW (yield = 3.99 t

a − 1 ) ( Table 2 ). Likewise, wheat yields in PTR − ZTW and DSR − ZTW

n 2014 were statistically non-significant, but they were significantly

igher than in PTR − CTW and UPTR − ZTW. In Sunsari, rice yields were

on-significant in all years. Wheat yields in 2014 however were signif-

cantly different among four establishment methods, where mean yield

n ZTW (grown after PTR, or DSR, or UPTR) was higher by 0.43 t ha − 1 

15%) than of PTR-CTW (yield = 2.85 t ha − 1 ). 

.3. Crops and cropping systems profitability 

The net profit differed significantly across districts, years (except

ice), establishment methods, and district x establishment method (for
5 
ice only) ( Table 3 ). Combined over districts and years, the comparison

f net profit from wheat in three CA-based alternative establishment

ethods showed significantly higher profit from ZTW established after

SR by 162 USD ha − 1 (62%) and after UPTR by 143 USD ha − 1 (55%)

han after PTR (259 USD ha − 1 ). In rice, net profit from DSR was signifi-

antly higher than other two methods in all three years in Dhanusha but

he trend was not consistent for Sunsari ( Table 3 ). In wheat grown after

TR, the net profit was significantly (p < 0.05) higher by 144 USD ha − 1 

51%) in PTR-ZTW than in PTR-CTW (profit = 282 USD ha − 1 ). Compar-

ng between the two districts, the net profit in rice was higher in Sunsari

y 420 USD ha − 1 than in Dhanusha (profit = 217 USD ha − 1 ), whereas

he net profit in wheat was higher in Dhanusha by 194 USD ha − 1 than

unsari (profit = 264 USD ha − 1 ). When net profits in rice across treat-

ents and districts were combined, the profit was highest in 2014 (436
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Table 2 

Grain yield (t ha − 1 ) of rice, wheat and rice-wheat (R-W) systems as affected 

by different establishment methods in on-farm trials across three years in two 

districts of Nepal. 

Year 

Establishment 

method 

Dhanusha Sunsari 

Rice Wheat R-W Rice Wheat R-W 

2014 PTR − CTW 6.02 2.74ab 8.76 5.51 2.85b 8.36 

PTR − ZTW 5.52 2.84a 8.35 5.52 3.28a 8.8 

DSR − ZTW 5.65 2.84a 8.49 5.27 3.28a 8.55 

UPTR − ZTW 5.41 2.68b 8.09 5.41 3.28a 8.69 

LSD at p = 0.05 ns ∗ ns ns ∗ ∗ ns 

2015 PTR − CTW 3.99b 3.54 7.53 6.16 2.59 8.75 

PTR − ZTW 4.23ab 3.53 7.76 6.16 3.18 9.34 

DSR − ZTW 4.36a 3.53 7.89 6.18 3.18 9.36 

UPTR − ZTW 4.16ab 3.48 7.65 6.62 2.84 9.46 

LSD at p = 0.05 ∗ ns ns ns ns ns 

2016 PTR − CTW 4.41 3.25 7.65 5.29 2.84 8.13 

PTR − ZTW 4.50 3.31 7.81 5.46 2.93 8.39 

DSR − ZTW 4.46 3.34 7.80 5.21 2.93 8.14 

UPTR − ZTW 4.42 3.36 7.78 5.35 2.97 8.32 

LSD at p = 0.05 ns ns ns ns ns ns 

Means followed by the same letter (a, b) in each column for different districts, 

years, and establishment methods in rice, wheat, and R-W system do not differ 

by the LSD test at p < 0.05. The values are significantly different when the 

difference (between districts, years, and establishment methods) is less than 

the LSD value at p < 0.05. ns: nonsignificant (p > 0.05); ∗ significant at p < 0.05; 

and ∗ ∗ significant at p < 0.01. For treatment description see Table 1 . 

Table 3 

Net profit (USD ha − 1 ) as affected by different establishment methods in on-farm 

trials across three years in two districts of Nepal. 

Year 

Establishment 

method 

Dhanusha Sunsari 

Rice Wheat R-W Rice Wheat R-W 

2014 PTR − CTW 261b 364b 626c 710a 204b 914 

PTR − ZTW 250b 544a 794b 489c 355a 844 

DSR − ZTW 449a 588a 1037a 539bc 353a 892 

UPTR − ZTW 340ab 575a 916ab 577b 353a 929 

LSD at p = 0.05 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ns 

2015 PTR − CTW 2d 345 358c 942 159b 1034 

PTR − ZTW 117c 434 555b 685 362a 1073 

DSR − ZTW 316a 445 748a 834 360a 1230 

UPTR − ZTW 181b 433 601ab 827 281ab 1243 

LSD at p = 0.05 ∗ ∗ ∗ ns ∗ ∗ ∗ ns ∗ ns 

2016 PTR − CTW 81d 309b 390c 722a 173b 909 

PTR − ZTW 174c 534a 708b 481c 250a 670 

DSR − ZTW 403a 533a 935a 632ab 245a 734 

UPTR − ZTW 264b 513a 749b 599bc 254a 767 

LSD at p = 0.05 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ns 

Means followed by the same letter (a,b) in each column for different districts, 

years, and establishment methods in rice, wheat, and R-W system do not differ 

by the LSD test at p < 0.05. The values are significantly different when the dif- 

ference (between districts, years, and establishment methods) is less than the 

LSD value at p < 0.05. ns: nonsignificant (p > 0.05); ∗ significant at p < 0.05; and 
∗ ∗ ∗ significant at p < 0.001. For treatment description see Table 1 . 
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SD ha − 1 ) while it was lowest in 2015 (265 USD ha − 1 ) i.e., 39% reduc-

ion in yield than 2014 ( Table 1 ). There was high occurrence of weeds

n rice in 2015 (Islam et al., 2019), which resulted in lower yield and

ower profit than in 2014. On the other hand, in wheat, the net profit

as highest in 2015 (391 USD ha − 1 ) and lowest in 2014 (430 USD ha − 1 ),

ue to higher rainfall contributing to higher yield in 2015 compared to

ther years ( Fig. 1 ; Table 1 ). 

CA-based treatments had a higher net gain over CT, mainly result-

ng from reduced labor cost by 44 − 60 USD ha − 1 ( Table 4 ). In rice,

SR and UPTR respectively had 56 USD ha − 1 and 40 USD ha − 1 higher

et gains than PTR. The reduced production cost in DSR was due to

ost avoidance for raising seedlings in and uprooting from the nursery

ed, and land preparation and transplanting seedlings in main field, all
6 
f which are required for PTR. Similarly, the higher economic return

rom UPTR over PTR mainly resulted from the reduced cost for tillage

nd labor cost for transplanting. However, due to the need for one to

wo extra irrigation and increased herbicide cost, the benefits were re-

uced from DSR and UPTR compared to PTR. In wheat, ZTW had a

06 USD ha − 1 (9%) higher net gain over CTW mainly because of de-

reased labor and tillage costs. DSR − ZTW had highest net gain (223 USD

a − 1 , 9%), followed by UPTR − ZTW (188 USD ha − 1 , 7%) and PTR − ZTW

143 USD ha − 1 , 6%) over PTR − CTW. A large part of the increased

ost in DSR − ZTW was from the increased herbicide and irrigation

pplications. 

Fig. 2 shows the yield relationships between CA-based and CT prac-

ices for rice, wheat, and R − W system. The results show that in all pro-

uction environments, yield trends for CA-based practices under both

oor (low yielding environment) and good (high yielding environment)

ollow the CT practice in rice, wheat, and R − W system. The net profit

elationships between the CA-based and CT practices shown in Fig. 3

ndicate that the profits from DSR (455 USD ha − 1 ) and PTR (276 USD

a − 1 ) were significant, though there was higher variability in the prof-

tability of DSR compared to PTR ( Table 1 ) . Also, the profitability of

PTR (364 USD ha − 1 ) was significantly higher compared to PTR. Simi-

arly, the profitability of ZTW (432 USD ha − 1 ) was significantly higher

han of CTW (282 USD ha − 1 ). For the R − W system, the profitability

f PTR − CTW (584 USD ha − 1 ) was significantly lower than PTR − ZTW

703 USD ha − 1 ) and DSR − ZTW (873 USD ha − 1 ). The variability in the

rofitability of PTR − ZTW was higher than PTR − CTW, while higher

rofit variability was observed for both DSR − ZTW and PTR − ZTW. The

rofitability from DSR − ZTW was significantly higher than PTR − CTW,

nd higher variability observed for the profitability of PTR − CTW than

SR − ZTW. 

.4. Crop and cropping systems yield stability 

Fig. 4 shows static and dynamic yield stability for the four establish-

ent methods. Rice yield varied the lowest in the PTR − CTW treatment,

s indicated by the smallest CV of 40%. In dynamic stability, for overall

ite-years, rice yield in the PTR − ZTW and DSR − ZTW treatments showed

elow-average stability, indicating their suitability in the high-yielding

nvironment. On the other hand, rice yield had above-average stabil-

ty in UPTR − ZTW, indicating its suitability in the low-yielding environ-

ent. Furthermore, rice yield was the most stable and well-adapted to

ll study environments in PTR − CTW, indicating that the CT practice in

ice is more adaptable across environments. 

Similarly, wheat yield varied the least in PTR − ZTW in overall six

nvironment-sites combinations as indicated by the smallest CV of 20%

 Fig. 4 ). In contrast, it varied most with a CV of 24% in PTR − CTW.

n dynamic stability analysis, wheat yield in UPTR − ZTW had below-

verage stability and thus was suitable for high-yielding environments.

he regression coefficient of wheat yield was lower than 1 in PTR − ZTW

nd PTR − CTW showing above-average stability and its suitability in the

ow-yielding environments. Moreover, wheat yield in DSR − ZTW was

he most stable and thus was well-adapted to all study environments,

ndicating the suitability of CA-based (ZT) practice for wheat. 

The R − W system yield in PTR − CTW varied the least (CV = 25%)

hile in UPTR − ZTW it varied the most (CV = 26%) among overall

ite-years combinations ( Fig. 4 ). In dynamic stability, the PTR − ZTW,

SR − ZTW, and UPTR − ZTW treatments had regression coefficients

igher than 1, indicating below-average stability, and their suitability in

igh-yielding environments. But, PTR − CTW had the smallest regression

oefficient indicating its suitability in the low-yielding environments.

nalysis of yield stability of farmer-participatory on-farm trials in the

 − W system in the Terai of Nepal thus provides evidence that the CA-

ased practices such as PTR, ZTW, and DSR − ZTW were the most stable

ractices respectively for rice, wheat, and the R − W system, and were

uitable for all study environments. 
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Table 4 

Inputs costs and increased benefit (USD ha- 1 ) for rice, wheat, and rice-wheat system in different establishment methods in on-farm trials in two districts of Nepal 

(average of 84 farms from two districts and three years). 

Items 

Rice (1) Wheat (1) Rice-wheat system 

(1) 

DSR UPTR ZTW PTR-ZTW DSR-ZTW UPTR-ZTW 

Reduced cost 

Labor 1.7 23.5 19.4 22.9 44.2 59.9 

Tillage 127.3 50.6 105.8 104.3 231.5 154.8 

Nursery/seeding (2) 7.5 - - - 7.5 - 

Uprooting (3) 7.4 - - - 7.4 - 

Transplanting (4) 65.4 15.4 - 65.4 15.4 

Seed - - 1.2 1.2 1.3 1.2 

Equipment - 3.2 - 4.9 4.6 7.3 

Fertilizer 4.5 0.2 0.7 1.8 7 1.1 

Irrigation - - 7.7 9.3 - 5.1 

Pesticide - - - 15.9 - - 

Increased Benefit 

Yield - - 26.9 21.4 - - 

Sum of increased benefit 213.8 92.9 161.7 181.7 368.9 244.8 

Increased cost 

Seeding (Zero tillage) 35.1 - 38.9 38.9 72.9 37.8 

Nursery/seeding - 2.7 - - - 2.7 

Seed 1.4 - - - - - 

Equipment 0.4 - 9.3 - - - 

Irrigation 28.8 2.9 - - 20.6 - 

Pesticide 64.3 27.9 7.3 - 48.4 12 

Reduced Benefit 

Yield 28.1 19.2 - - 4 4 

Sum of reduced benefit 158.1 52.7 55.5 38.9 145.9 56.5 

Net gain 55.7 40.2 106.2 142.8 223 188.3 

Notes: (1) DSR − ZTW and UPTR − ZTW were compared with PTR − ZTW for rice, and PTR − ZTW was compared with PTR − CTW for wheat, while three CA treatments 

were compared with PTR − CTW for the R-W system. Results of DSR − ZTW and UPTR − ZTW in the rice-wheat system are not sum of the listed data of DSR and ZTW 

or UPTR and ZTW. 

(2) Labor used for nursery preparation and seeding in PTR and UPTR were 2.4 and 3.4 labor days ha − 1 , respectively. 

(3) Labor used for uprooting in PTR and UPTR was 2.6 labor days ha − 1 . 

(4) Labor used for transplanting in PTR and UPTR were 23.2 and 17.9 labor days ha − 1 , respectively. 

Table 5 

Irrigation water use (mm ha − 1 ), irrigation water productivity (WPi, kg mm 

− 1 ha − 1 ), and total water productivity with rainfall and irrigation (WP; r + i), kg mm 

− 1 

ha − 1 ) for rice, wheat and rice-wheat system in different establishment methods in on-farm trials in two districts of Nepal. 

District Establishment method Rice Wheat Rice-wheat system 

Irrigation water use WP (i) WP (r + i) Irrigation water use WP (i) WP (r + i) Irrigation water use WP (i) WP (r + i) 

Sunsari PTR − CTW - - 5.39 136a 24.3b 18.6b 137a 73.0b 7.69 

PTR − ZTW - - 5.51 103b 33.1a 24.4a 103b 93.6a 7.90 

DSR − ZTW 112 42.7 5.22 108b 31.9a 23.9a 127ab 73.3b 7.14 

UPTR − ZTW - - 5.54 106b 33.0a 24.1a 106b 93.7a 7.72 

LSD at p = 0.05 - - ns ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ns 

Dhanusha PTR − CTW 99b 48.5a 4.53 103a 34.0b 25.6 145b 62.6a 7.43 

PTR − ZTW 95b 50.6a 4.57 88b 40.2a 27.9 130b 76.2a 7.50 

DSR − ZTW 163a 35.1b 4.33 90b 38.7a 27.6 200a 51.5b 7.15 

UPTR − ZTW 103b 48.7a 4.46 92b 37.6a 27.3 143b 63.6a 7.32 

LSD at p = 0.05 ∗ ∗ ns ∗ ∗ ns ∗ ∗ ∗ ∗ ns 

Means followed by the same letter (a,b) in each column for different districts, years, and establishment methods in rice, wheat, and rice-wheat system do not differ 

by the LSD test at p < 0.05. The values are significantly different when the difference (between districts, years, and establishment methods) is less than the LSD 

value at p < 0.05. WP (r + i) = total water productivity with rainfall and irrigation water; WP i = irrigation water productivity. ns: nonsignificant (p > 0.05); ∗ significant 

at p < 0.05; ∗ ∗ significant at p < 0.01; and ∗ ∗ ∗ significant at p < 0.001. For treatment description see Table 1 
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.5. Irrigation water use, and irrigation and total water productivity 

In Sunsari, only the DSR in the DSR-ZTW system required one extra

rrigation during establishment and resulted in non-significant WP (r + i) 
mong treatments. In wheat, however, when established after PTR in

wo R − W systems, ZTW used only 63% irrigation water as used by

TW and resulted in higher WP i and WP (r + i) by 24% over CTW. Also,

n Dhanusha, though DSR required one extra irrigation, it showed much

igher irrigation water use, lower WP i , and non-significant WP (r + i) , with

 WP i of 96% and 70% of UPTR and PTR. In wheat after PTR under two

 − W systems, ZTW used only 82% irrigation water as used by CTW and
D

7 
ad a WP i and WP (r + i) of 9% higher compared to CTW. These differences

ere significant at 1% statistical level ( Table 5 ). 

.6. Trade-offs among economic and environmental performance indicators

In rice, Dhanusha had lower yield, net profit, labor productivity, wa-

er productivity, NUE and KUE than Sunsari ( Fig. 5 ). In contrast, in

heat, it had higher yield, net profit, water productivity, NUE, PUE

nd KUE in trade-off with higher herbicide use. In Sunsari, however, la-

or productivity was consistently highest under CT (PTR − CTW) in both

rops and the R − W system. Pesticide use was lower in both crops in

hanusha than in Sunsari. 
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Fig. 2. Grain yield relationship between CA and CT method of establishment in rice, i.e., DSR vs. PTR (A) and UPTR vs. PTR (B); wheat, ZTW vs. CTW (C); and in 

three rice-wheat systems, i.e., PTR − ZTW vs. PTR − CTW (D), DSR − ZTW vs. PTR − ZTW (E), and DSR − ZTW vs. PTR − CTW (F) for grain yield. For treatment description 

see Table 1 . 
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.7. Farmers’ feedback on adoption of CA practices 

The interviewed farmers from two villages in Dhanusha reported

hat none of them continued CA-based practices two years after the

ompletion of the field trials. The major limitations for the adoption

f DSR were increased weed pressure, unavailability of laser land lev-

ling machine, lack of skilled service providers to operate the ma-

hine, and poor technical know-how ( Fig. 6 ). Similarly, the major

easons for the non-adoption of ZTW were increased weed pressure,

on-availability of ZT drill machine, laser land leveling machine and

killed service providers to operate those machines, and poor techni-

al know-how. For both CA-based and CT practices, farmers reported

on-availability of improved variety was not a big issue. A disadvan-

age of CA-based practices in the monsoon season was that the early

lanting under such system resulted in rice harvest that coincided with

erminal rains (15th September to 15th October). Herbicide application

n DSR was often delayed due to heavy rainfall in the monsoon sea-

on, and absorption and translocation of herbicides were less effective

ue to low soil moisture in the dry season. There were no local ZT ma-

hine service providers in both districts, and incentives for CA prac-

ices were yet to be put in place by policymakers. However, still some

armers believed that those alternative CA-based establishment meth-

ds can give equal or better yield and higher profits, reduce drudgery,

equire less labor, reduce overall production cost, and allow for the

imely crop establishment compared to CT-based practices in both crops

 Fig. 6 ). 
8 
. Discussion 

.1. Crop and cropping systems yields 

The results of this study showed that DSR yields in both districts

ere slightly lower but not significantly different to those from PTR

r machine transplanted UPTR. Previous studies also showed a 6 − 8%

ower (but non-significant) grain yield of dry DSR compared to PTR

 Saharawat et al., 2010 , Gathala et al., 2015 ). In a long-term experi-

ent on a R − W system in Bihar in northeast India too, DSR yield was

ower than PTR in the first three years, similar in the next two years,

nd higher in the sixth year ( Jat et al., 2014 ). Lower DSR yields in the

rst few years were also reported for the rice-based cropping systems

n northwest India ( Gathala et al., 2013 , Kumar et al., 2018 ). In those

tudies, soil type caused yield variability in different sites as the DSR

ield did not decrease for seven consecutive years on a clay loam soil

ut decreased on a sandy loam soil. Soil chemical properties and tex-

ure classes across our trial sites in Dhanusha and Sunsari were similar

o those in Bihar ( Sinha et al., 2019 ). Lower DSR yields obtained in our

tudy are also consistent with that of Jat et al. ( Jat et al., 2014 ). In con-

rast to our findings, however, in the western Terai Region of Nepal, DSR

ad higher yield than PTR in the first year but no significant yield differ-

nces in the next two years. In our study, early sowing of DSR before the

nitiation of monsoon and lack of irrigation water might have affected

ermination of rice seeds and reduction in grain yield ( Devkota et al.,

019 ). It has also been reported that weak plant stands and weed infes-
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Fig. 3. Net profit relationship between CA and CT method of establishment in rice, i.e., DSR vs. PTR (A) and UPTR vs. PTR (B); wheat, ZTW vs. CTW (C); and in three 

rice-wheat systems, i.e., PTR − ZTW vs. PTR − CTW (D), DSR − ZTW vs. PTR − ZTW (E), and DSR − ZTW vs. PTR − CTW (F) for net profit. Exchange rate; 1 USD = 110 

NPR. CA = conservation agriculture, CT = conventional tillage. For treatment description see Table 1 . 

Fig. 4. Yield stability of rice (A), wheat (B) and rice-wheat system (C) as affected by different establishment methods. Data averaged across two districts for three 

years. Figures in parentheses coefficient of variation (CV, %). For treatment description see Table 1 . 
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ations in DSR are the primary reasons for its low yield ( Devkota et al.,

019 , Farooq et al., 2011 , Liu et al., 2014 ), where weeds could cause

p to 68 − 100% yield loss ( Kumar and Ladha, 2011 , Rao et al., 2007 ).

hese findings suggest that the DSR performance is related to soil con-

ition and rainfall pattern and weed control, and these conditions need
9 
o be fine-tuned for the DSR to be better adapted to the Terai plain of

epal. 

In the subsequent season, wheat yield under ZT was higher than un-

er CT, though the difference was not statistically significant. In con-

rast to our findings, Devkota et al. ( Devkota et al., 2019 ) reported sig-
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Fig. 5. Trade-offs among different indicators of economics and environment as affected by establishment methods in rice (A), wheat (B) and rice-wheat systems (C) 

in irrigated (Sunsari) and rainfed (Dhanusha) districts. Grain yield = grain yield (kg ha − 1 ); LP = labor productivity (kg grain labor d − 1 ); WP = water productivity (kg 

grain mm 

− 1 rainfall and irrigation water); HerbInt. = herbicide intensity (L herbicide ha − 1 ); NUE = N-use efficiency (kg grain kg − 1 N); PUE = P-use efficiency (kg grain 

kg − 1 P); and KUE = K-use efficiency (kg grain kg − 1 K). Values in parentheses are the maximum value. For treatment description, see Table 1 . 

10 
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Fig. 6. Farmers’ responses (%) to the major constraints and reasons for adoption 

and non-adoption of DSR (A) and ZTW (B) in two Terai districts of Nepal. 
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D  
ificantly higher wheat yield under ZT compared to CT in the west-

rn Terai region of Nepal. Kumar et al. ( Kumar et al., 2018 ), Jat et al.

 Jat et al., 2014 ), and Saharawat et al. ( Saharawat et al., 2010 ) also

eported higher wheat yield under ZT, particularly when grown in rota-

ion after DSR or UPTR. Higher wheat yield under ZT in all these studies

ere attributed to earlier sowing of wheat due to avoidance of tillage

nd reduced turnaround period, which avoided terminal heat stress. 

Rainfall variability is one of the main reasons for low crop yield and

ield variability in Nepal. The Terai region is prone to both drought

nd flood. The spatial-temporal variation of the computed daily pre-

ipitation extremes from 76 stations during 1970 − 2012 showed pro-

onged dry periods and decreased post-monsoon precipitation across the

hole country ( Krupnik et al., 2020 ). A dry wind from the west inter-

upts grain filling by shortening crop season, and pre-monsoon storm

riggers farmers to advance the wheat harvest resulting in low yield

 Annual Report 2016 ). A severe drought in 2006 also resulted in a 13%

eduction in the rice area planted and decreased rice and wheat pro-

uction by 2.0% and 3.3%, respectively ( Gumma et al., 2011 ). In ex-

reme climates, CA-based practices such as zero or no-tillage has shown

ield increase under favorable climate and enhanced agroecosystem re-

ilience and yield stability, emphasizing the requirement of CA as cli-

ate change resilient technology ( Nouri et al., 2021 ). In the IGP, the

dverse effect of climate change on agricultural production is becom-

ng a growing threat for the food security and poverty as many studies

ave predicted significant impact of change in temperatures and pre-

ipitations on agriculture especially on rice, wheat and maize yields

 Parry et al., 2004 , Aggarwal and Rani, 2009 , Aggarwal et al., 2019 ).

ith extreme rise in temperature, increased water scarcity, frequent

oods and droughts and declining soil carbon content, the conditions

ould be worsened ( Singh and Pathak, 2014 ). Conventional agriculture

ith intensive tillage is not only prone to climate change but it also

mits large amount of greenhouse gas (GHGs) contributing to climate

hange ( Sapkota et al., 2015 ). Hence, there is much need of adaptation

f CA practices in R-W system of the EGP under the prevailing climate

hange conditions. 
11 
.2. Crop and cropping systems yield stability 

In intensive R-W system, in addition to need for the seasonal yield

nhancements of component crops, the enhanced systems yield stability

s crucial under extreme climate events. The static and dynamic sta-

ility assessment to understand the adaptation of CA practices under

 − W cropping system at farm level with extreme climate conditions

uch as drought and high rainfall variability however becomes uncer-

ain due to complexity of the interactions. This study assessed the effect

f different CA-based practices on the productivity, stability, and eco-

omic and environmental performance indicators of R − W cropping sys-

em. The results revealed the least yield variation in DSR − ZTW system

cross the environments and highly adaptive high yielding sites ( Fig. 4 ).

SR − ZTW also showed higher profitability ( Table 4 ) and water produc-

ivity ( Table 5 ) compared to CT practice. As yield stability determines

he capacity of crops to produce constantly under changing environ-

ent, the analysis of the yield stability was aimed to determine the

ield sensitivity across changing environment (establishment methods)

 Brenner and Mulvaney, 1982 , Olsen and Sommers, 1982 ). There have

een several studies determining the adoption of CA in the IGP, while

tability analysis has been limited to determine the adaptability of CA

n Nepal and largely in the EGP. This research showed better adaptabil-

ty of the CA-based DSR − ZTW system in Nepal Terai; however, another

ilestone needs to be crossed for the adoption of this system (reasons

re explained in the next section). 

.3. Water use, and irrigation and total water productivity 

Irrigation water productivity (WP i ) and total water productivity

W (r + i) ) of DSR was lower than PTR and UPTR due to higher water ap-

lication through one extra irrigation during establishment. This find-

ng disagrees with those reported by Saharawat et al. ( Saharawat et al.,

010 ) and Gathala et al. ( Gathala et al., 2015 ); both studies reported

0 − 30% water saving in DSR compared to PTR. On the other hand, our

esults are consistent with those of Sudhir-Yadav et al. ( Sudhir et al.,

014 ) who reported that irrigation water use in DSR was similar to or

igher than in PTR, depending on soil drainage and irrigation schedule.

lam et al. ( Alam et al., 2018 ) also demonstrated that soil cracking be-

ore irrigation and deep drainage resulted in higher water use by DSR

ompared to PTR. Avoidance of puddling increases infiltration rate in

SR fields, especially in soils with lower bulk density. However, if the

iming of DSR sowing could be planned in such a way that if one irri-

ation during establishment could be avoided then WP i of DSR would

e similar to or higher than PTR and UPTR. Our results of higher WP i 
n ZTW than CTW are, however, in agreement with previous findings

 Erenstein and Laxmi, 2008 , Erenstein, 2009 , Chauhan et al., 2012 ).

atching of crop water demand with rainfall pattern as affected by sow-

ng/planting and harvesting dates, and soil and other factors can affect

rop yield, irrigation needs, and WP i . Further research comparing DSR

ith UPTR and PTR with timely sown DSR and accurate measurements

f irrigation water would be required for robust assessment of water

roductivity of rice and R − W system in Nepal and the EGP. 

.4. Economics of production 

In the IGP, the contribution of irrigation and tillage costs to to-

al production cost in the R − W system is substantial ( Erenstein and

axmi, 2008 ). Although, there were variations in net profit from rice,

heat and R-W systems across years due to the variable yields, our find-

ngs of reduced costs in all CA-based treatments in the R − W system have

emonstrated a window of opportunity for their adoption in Nepal. A

umber of studies across the IGP have also shown reduced production

ost and higher economic returns from DSR ( Chakraborty et al., 2017 )

nd ZTW ( Erenstein, 2009 , Gathala et al., 2015 , Thind et al., 2019 )

ompared to PTR and CTW, respectively. Similarly, in the western IGP,

SR − ZTW showed 84% increase in net return compared to PTR − CTW
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 Choudhary et al., 2018 ). Two years’ experimental trials across eight dis-

ricts of three countries in the EGP also showed a substantial reduction

n production cost and increase in gross margin from CA-based prac-

ices than the CT practices ( Gathala et al., 2021 ). Despite the higher net

rofit from DSR than PTR, the higher profit variability in DSR indicates

ncertainties in profits from DSR. We suggest for more robust economic

nalysis to compare the profitability and its variability in DSR compared

o PTR and UPTR for the R − W system of Nepal and he EGP. 

.5. Adoption of CA-based practices: Factors affecting and requirements 

or success 

Weeds are one of the important constraints in adopting CA-based

ractices by smallholder farmers as such practices result in increased

eed incidence requiring effective weed control with the application

f appropriate pre- and post-emergence herbicides ( Erenstein, 2009 ,

atloob et al., 2015 , Raj and Syriac, 2017 , Ramesh, 2015 , Sudhir et al.,

011 ). The current study shows that the higher weed occurrence in CA

s the technical limitation for its adoption in Nepal. The need for in-

reasing amount and intensity of herbicide application for CA practices

rohibits smallholder farmers from their adoption due to increasing her-

icide costs and lack of skills for herbicide application and use of herbi-

ide sprayer; over or misuse of herbicides can also cause environmental

roblem ( Fig. 5 ). Such issues have also been addressed by several re-

earchers in other parts of IGP ( Raj and Syriac, 2017 , Ramesh, 2015 ,

udhir et al., 2011 ). During our field visit to Dhanusha in December

019, farmers complained about the high incidence of weeds in DSR

ompared to PTR and UPTR ( Fig. 6 ). Further, many farmers could not

pply herbicides due to their unavailability at right time and those who

sed, their effectivity and efficiency were reduced due to heavy rainfall

fter application. 

Adoption of ZTW in western IGP in India was determined by the

ealth of farm households, reflecting farmers’ capacity of risk-bearing

nd innovation, and their ability to evaluate the benefit in their fields

 Hobbs et al., 2019 , Erenstein, 2012 , Farooq et al., 2007 ). Our field visit

o Dhanusha revealed that some villages had no irrigation facility dur-

ng the winter season due to inaccessibility of groundwater. Farmers’

wnership of shallow tube well was higher in Sunsari (50.7%) com-

ared to Dhanusha (22%), presumably due to large farm size in Sunsari

mean, 1.13 ha) and small farm size (mean, 0.8 ha) and fragmented land

n Dhanusha. Also, the groundwater table was highly variable between

easons, with deep groundwater (low water table) during pre-monsoon

nd shallow (high water table) during post-monsoon season in Dhanusha

 Okwany et al., 2015 ). The adoption of CA practices by small farmers

f Nepal and largely in the EGP would only be possible when techni-

al issues ( Fig. 6 ) could be addressed better and scaling out strategies

uch as the timely supply of appropriate CA equipment and herbicides,

nd farmer’s training on CA practices was put in place. Also, scaling out

trategies such as access to credit or loan to farmers for purchase of ZT

achines, enabling policy to encourage the local ZT machine service

roviders, and farmers training on CA must be put in place for their

doption ( M.K. Gathala et al., 2020a and M.K. Gathala et al., 2020b ). 

The SRFSI project can be perceived of designing and implement-

ng researcher-designed/managed and farmer-implemented participa-

ory on-farm trials ( Dijkshoorn and Huting, 2009 ) to test the perfor-

ance of the CA-based alternative establishment methods against CT

ractices. Higher crop and labor productivity and higher profitability

ith improved environmental indicators (increased water productivity,

UE, PUE, and KUE, and reduced pesticide use) are important metrics

n developing new farming practices to achieve sustainability and the

ustainable development goals (SDGs, https://sdgs.un.org/goals ), espe-

ially SDG 1 (No poverty) and 2 (Zero hunger). CA has been promoted

or agricultural sustainability due to its potential for resource conserva-

ion and meticulous use of agricultural inputs while achieving higher

ield and stability. However, the adoption of CA worldwide is poor

ue to high initial cost of machinery, inability of ZT machines to han-
12 
le loose straw left on the surface after combine harvesting of previ-

us crop and lack of scale-appropriate and locally adapted machinery

n many locations ( Brown et al., 2018 ). Apart from technical elements

f new cultivars, adjusted dates of seeding and harvesting, more effi-

ient weed, water and soil nutrient management, livelihoods of farming

ouseholds, natural resources use and management, and impacts on en-

ironment should also be taken into consideration. Intensification of CA

n technology dimension needs further refinements and adapted to lo-

al conditions, with the continuing need for systematic, multi-scale, and

nterdisciplinary work. Complete basic data on soil properties, weather

ata, and local socioeconomic conditions should be collected for system

esign and analysis to achieve this purpose. Therefore, to avoid adop-

ion barriers, future investments in effective support systems would re-

uire: (a) incentivizing use of equipment such as precision land leveler,

ero-tillage seed drills, and rice transplanting machines; (b) technical

nowledge dissemination and farmers empowerment; (c) development

f site-specific integrated CA-based crop, nutrient and weed manage-

ent practices; (d) innovative scaling-out strategies reaching millions

n short time; and (e) service provisioning and entrepreneurship. As the

mall-holder farmers in the EGP lack most of those resources and might

ot be able to afford individually, once the advantage of the CA-based

ractices is internalized, resources can be arranged by mobilizing rural

o-operative funding, agriculture banking, crop-insurance, and develop-

ent of local youth entrepreneur machine service providers. 

. Conclusions 

The analysis of data from 3 years of on-farm experiments compar-

ng CA-based and CT practices in the R − W system in 84 farmers’ fields

n two Terai districts of Nepal showed no significant yield differences

etween CA-based and CT practices in rice, wheat, or R − W system. How-

ver, the DSR − ZTW system showed higher yield stability than other sys-

ems, demonstrating its better adaptability in the studied environments.

rrigation water use was higher and WP i and WP (r + i) lower for DSR than

TR and UPTR, while irrigation water use was significantly lower and

P i and WP (r + i) higher for ZTW than CTW. CA-based practices substan-

ially reduced production costs and resulted in higher profitability over

T in rice, wheat, and R − W system. 

We conclude that despite inconsistent benefits in yield and water

equirements and weed problems, DSR is attractive to farmers of Nepal

ue to its reduced labor demand, low production cost, and higher profits.

ikewise, ZTW is more profitable than CTW due to reduced labor and

illage costs. Overall, among the CA-based systems evaluated, the R − W

ystem with DSR followed by ZTW is the most promising system in terms

f productivity, profitability, stability, and WP i . However, for the farmer

doption of CA, scale-appropriate CA-based machines and machinery

ervice providers, and appropriate herbicides need to be timely provided

o the farmers. These results have wider applications not only for R-

 system in Nepal, but also for the entire EGP where other cropping

ystems such as cotton-wheat system which is practiced widely (4.5 M

a in the South Asia and 2.6 M ha in India) and is vital for the food

ecurity of millions of smallholder farmers in the region. 

unding 

This research did not receive any specific grant from funding agen-

ies in the public, commercial, or not-for-profit sectors. 

eclaration of Competing Interest 

The authors certify that they have NO affiliations with or involve-

ent in any organization or entity with any financial interest (such

s honoraria; educational grants; participation in speakers’ bureaus;

embership, employment, consultancies, stock ownership, or other eq-

ity interest; and expert testimony or patent-licensing arrangements),

r non-financial interest (such as personal or professional relationships,

https://sdgs.un.org/goals


S.T. Magar, J. Timsina, K.P. Devkota et al. Environmental Challenges 7 (2022) 100468 

a  

c

A

 

C  

v  

fi  

t  

C  

t  

B  

C  

i  

t  

t  

t  

A  

i  

a

S

 

t

R

F  

K  

 

R  

 

B  

C  

D  

 

 

 

H  

 

A  

 

E  

B  

 

 

E  

C  

 

 

S  

 

I  

 

 

 

 

 

T  

 

T  

D  

 

 

J  

 

 

F  

 

H  

 

 

D  

 

 

S  

 

 

J  

 

 

C  

 

 

N  

 

S  

 

 

 

 

 

P  

 

B  

 

O  

 

D  

 

U  

 

K  

N  

 

L  

 

U  

 

B  

P  

 

F  

E  

 

F  

 

S  

G  

 

 

 

ffiliations, knowledge or beliefs) in the subject matter or materials dis-

ussed in this manuscript. 

cknowledgement 

This study was conducted using the publicly available data from

IMMYT’s Research Data and Software Repository Network (Data-

erse) under the Sustainable and Resilient Farming Systems Intensi-

cation in the Eastern Gangetic Plains project. Authors would like

o express their appreciation to Drs. T.P. Tiwari and Saiful Islam of

IMMYT − Bangladesh and Krishna Dev Joshi of IRRI-Nepal for their

echnical support and advice for the research. We are grateful to Dr. Ram

aran Yadav (Director) and researchers of the National Rice Research

enter of Hardinath, Dhanusha, for hosting and assisting authors’ visits

n farmers’ fields; and to the farmers who enthusiastically participated in

he discussions during the field visits. This paper was presented in a vir-

ual conference titled “Environmental Challenges and Agricultural Sus-

ainability in Asia: Interlinkages and Future Implications, ” organized by

sian Development Bank Institute on 8–10 December 2021. The views,

nformation, or opinions expressed in the paper are those of the authors,

nd the usual disclaimer applies. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.envc.2022.100468 . 

eferences 

AO, 2014. What is Conservation Agriculture? Food and Agriculture Organization (FAO).

< http://www.fao.org/ag/ca/la.html >(assessed 16 March 2019) 

assam, A., Friedrich, T., Derpsch, R., 2018. Global spread of Conservation Agricul-

ture Global spread of Conservation Agriculture. Int. J. Environ. Stud. 00, 1–23.

doi: 10.1080/00207233.2018.1494927 . 

eicosky, D., 2007. Conservation agriculture, in: Climate Change and Terres-

trial Carbon Sequestration in Central Asia. Taylor and Francis, pp. 199–209.

doi: 10.1201/9780203932698.ch15 . 

rown, B., Llewellyn, R., Nuberg, I., 2018. Global learnings to inform the local adaptation

of conservation agriculture in Eastern and Southern Africa. Glob. Food Sec. 17, 213–

220. doi: 10.1016/j.gfs.2017.10.002 . 

onnor, D.J. , Loomis, R.S. , Cassman, K.G. , 2011. Crop Ecology, Second Edition University

Printing House, Cambridge CB2 8BS, United Kingdom . 

ixon, J., Rola-Rubzen, M.F., Timsina, J., Cummins, J., Tiwari, T.P., 2020. Socioeconomic

impacts of conservation agriculture based sustainable intensification (CASI) with par-

ticular reference to South Asia. In: Dang, Y., Dalal, R., Menzies, N. (Eds.), No-till Farm-

ing Systems For Sustainable Agriculture. Springer, Cham., Switzerland, pp. 377–394.

doi: 10.1007/978-3-030-46409-7_22 . 

obbs, P.R., Gupta, R.K., Jat, R.K., Malik, R.K., 2019. Conservation agriculture in the

indo-gangetic plains of India: past, present and future. Exp. Agric. 55, 339–357.

doi: 10.1017/S0014479717000424 . 

ryal, J.P., Sapkota, T.B., Jat, M.L., Bishnoi, D.K., 2015. On-farm economic and environ-

mental impact of zero-tillage wheat: a case of north-west India. Expl. Agric 51, 1–16.

doi: 10.1017/S001447971400012X . 

renstein, O., Laxmi, V., 2008. Zero tillage impacts in India’s rice-wheat systems: a review.

Soil Till. Res. 100, 1–14. doi: 10.1016/j.still.2008.05.001 . 

hatt, R., Singh, P., Hossain, A., Timsina, J., 2021. Rice-wheat production systems in

northwest Indo-Gangetic Plains of South Asia: issues and technological interventions

for increasing productivity and sustainability. Paddy Water Environ 19, 345–365.

doi: 10.1007/s10333-021-00846-7 . 

renstein, O. , 2009. Zero tillage in the rice-wheat systems of the indo-gangetic plains:a

review of impacts and sustainability implications. Intl. Food Policy Res. Inst . 

hauhan, B.S., Mahajan, G., Timsina, J., Jat, M.L., Sardana, V., 2012. Pro-

ductivity and sustainability of the rice–wheat cropping system in the indo-

gangetic plains of the indian subcontinent. Adv. in Agron. 117, 315–369.

doi: 10.1016/B978-0-12-394278-4.00006-4 . 

tatistical Information on Nepalese agriculture 2072/73 (2015/16). monitoring, evalua-

tion and statistics division agri statistics section, singha durbar, Kathmandu Nepal,

2015. 

slam, S., Gathala, M.K., Tiwari, T.P., Timsina, J., Laing, A.M., Maharjan, S., Chowd-

hury, A.K., Bhattacharya, P.M., Dhar, T., Mitra, B., Kumar, S., Srivastwa, P.K.,

Dutta, S.K., Shrestha, R., Manandhar, S., Sherestha, S.R., Paneru, P., Siddquie, N.E.A.,

Hossain, A., Islam, R., Ghosh, A.K., Rahman, M.A., Kumar, U., Rao, K.K., Gérard, B.,

2019. Conservation agriculture based sustainable intensification: increasing yields

and water productivity for smallholders of the Eastern Gangetic Plains. Field Crop.

Res. 238, 1–17. doi: 10.1016/j.fcr.2019.04.005 . 

imsina, J., Jat, M.L., Majumdar, K., 2010. Rice-maize systems of South Asia: current

status, future prospects and research priorities for nutrient management. Plant Soil

335, 65–82. doi: 10.1007/s11104-010-0418-y . 
13 
imsina, J. , Connor, D.J. , 2001. The productivity and management of rice-wheat cropping

systems: issues and challenges. Field Crops Res 69, 93–132 . 

evkota, M., Devkota, K.P., Acharya, S., McDonald, A.J., 2019. Increasing profitability,

yields and yield stability through sustainable crop establishment practices in the rice-

wheat systems of Nepal. Agric. Syst. 173, 414–423. doi: 10.1016/j.agsy.2019.03.022 .

at, M.L., Gathala, M.K., Ladha, J.K., Saharawat, Y.S., Jat, A.S., Kumar, V., Sharma, S.K.,

Kumar, V., Gupta, R., 2009. Evaluation of precision land leveling and double zero-

till systems in the rice-wheat rotation: water use, productivity, profitability and soil

physical properties. Soil Till. Res. 105, 112–121. doi: 10.1016/j.still.2009.06.003 . 

arooq, M., Siddique, K.H.M., Rehman, H., Aziz, T., Lee, D.J., Wahid, A., 2011. Rice di-

rect seeding: experiences, challenges and opportunities. Soil Till. Res. 111, 87–98.

doi: 10.1016/j.still.2010.10.008 . 

aque, M.E., Bell, R.W., Islam, M.A., Rahman, M.A., 2016. Minimum tillage unpuddled

transplanting: an alternative crop establishment strategy for rice in conservation agri-

culture cropping systems. Field Crops Res 185, 31–39. doi: 10.1016/j.fcr.2015.10.018 .

evkota, K.P., Yadav, S., Khanda, C.M., Beebout, S.J., Mohapatra, B.K., Singleton, G.R.,

Pushkur, R., 2020. Assessing alternative crop establishment methods with a sustain-

ability lens in rice production systems of Eastern India. J. Clean Prod. 244, 118835.

doi: 10.1016/j.jclepro.2019.118835 . 

aharawat, Y.S., Singh, B., Malik, R.K., Ladha, J.K., Gathala, M., Jat, M.L., Ku-

mar, V., 2010. Evaluation of alternative tillage and crop establishment methods

in a rice-wheat rotation in North Western IGP. Field. Crop. Res. 116, 260–267.

doi: 10.1016/j.fcr.2010.01.003 , R.K . 

at, R.K., Sapkota, T.B., Singh, R.G., Jat, M.L., Kumar, M., Gupta, R.K., 2014. Seven years

of conservation agriculture in a rice-wheat rotation of Eastern Gangetic Plains of

South Asia: yield trends and economic profitability. Field Crop. Res. 164, 199–210.

doi: 10.1016/j.fcr.2014.04.015 . 

houdhary, K.M., Jat, H.S., Nandal, D.P., Bishnoi, D.K., Sutaliya, J.M., Choudhary, M.,

Singh, Y., Sharma, P.C., Jat, M.L., 2018. Evaluating alternatives to rice-wheat sys-

tem in western Indo-Gangetic Plains: crop yields, water productivity and economic

profitability. Field Crop. Res. 218, 1–10. doi: 10.1016/j.fcr.2017.12.023 . 

ASA POWER, 2020. Prediction of worldwide energy resource [WWW Docu-

ment]. https://power.larc.nasa.gov/common/php/POWER_ParametersAgro.php (ac-

cessed 12. Febraury 20202.12.20). 

inha, A.K., Ghosh, A., Dhar, T., Bhattacharya, P.M., Mitra, B., Rakesh, S., Paneru, P.,

Shrestha, S.R., Manandhar, S., Beura, K., Dutta, S., Pradhan, A.K., Rao, K.K., Hos-

sain, A., Siddquie, N., Molla, M.S.H., Chaki, A.K., Gathala, M.K., Islam, M.S.,

Dalal, R.C., Gaydon, D.S., Laing, A.M., Menzies, N.W., 2019. Trends in key

soil parameters under conservation agriculture-based sustainable intensification

farming practices in the Eastern Ganga Alluvial Plains. Soil Res 57, 883–893.

doi: 10.1071/SR19162 . 

age, A.L. , Miller, R.H. , Keeney, D.R. , 1982. Methods of soil analysis, part 2, chemical

and microbiological properties. second edition. Agron. Monogr. 9 ASA, CSSA, and

SSA, Madison, WL . 

renner, J.M. , Mulvaney, C.S. , 1982. Total Nitrogen. In: Page, A.L., Miller, R.H.,

Keeney, D.R. (Eds.), Methods of Soil Analysis, Part 2. American Society of Agronomy.

Inc, Madison, Wisconsin. United States of Agronomy, pp. 599–622 . 

lsen, S.R. , Sommers, L.E. , 1982. Phosphorus. In: Page, A.L., Miller, R.H., Keeney, D.R.

(Eds.), Methods of Soil Analysis, Part 2. American Society of Agronomy. Inc, Madison,

Wisconsin. United States of Agronomy, pp. 403–427 . 

. Knudsen, G.A. Petterson, P.F. Pratt, In: A.L. Page, R.H. Miller, D.R. Keeney, (Eds.), meth-

ods of soil analysis, part 2, american society of agronomy. inc, madison, wisconsin.

united states of agronomy, 1982, pp. 643–692 

C Davis Analytical Laboratory. Room 213, Hoagland Hall. Davis campus, the Univer-

sity of California. https://anlab.ucdavis.edu/analysis/Soils/410 (accessed on 22/01/

2022 ) 

. Dijkshoorn, J. Huting, Soil and terrain database for Nepal. Report 2009/01. ISRIC-

world soil information, Wageningen, 2009, pp. 29. http://www.isric.org . 

orman, D.W. , Worman, F.D. , Siebert, J.D. , Modiakgotia, E. , 1995. The Farming systems

Approach to Development and Appropriate Technology Generation. Food and Agri-

culture Organization of the United Nations, Rome . 

iu, K., Johnson, E.N., Blackshaw, R.E., Hossain, Z., Gan, Y., 2019. Improving the pro-

ductivity and stability of oilseed cropping systems through crop diversification. Field

Crop. Res. 237, 65–73. doi: 10.1016/j.fcr.2019.03.020 . 

rruty, N., Tailliez-Lefebvre, D., Huyghe, C., 2016. Stability, robustness, vulnerabil-

ity and resilience of agricultural systems, a review. Agron. Sustain. Dev. 15.

doi: 10.1007/s13593-015-0347-5 . 

ecker, H.C., Léon, J., 1988. Stability analysis in plant breeding. Plant Breed 101, 1–23.

doi: 10.1111/j.1439-0523.1988.tb00261.x . 

iepho, H.P., 1998. Methods for comparing the yield stability of cropping systems - a

review. J. Agron. Crop Sci. 180, 193–213. doi: 10.1111/j.1439-037X.1998.tb00526.x .

inlay, F.W. , Wilkinson, G.N. , 1963. The analysis of adaptation in a plant-breeeding pro-

gram. Aust. J. Agric. Res. 14, 742–754 . 

rrington, A., 1984. Farm management: Boehlje, Michael D. and Eidman, Vernon R. John

Wiley and Sons, New York, p. 806. doi: 10.1016/0308-521X(85)90057-5 Price £27 • 00 ,

Agric. Syst. 18 (1985) 61–65 . 

.De. Mendiburu and M. Yaseen, 2020. Agricolae: statistical procedures for agricul-

tural research. R package version 1.4. 0), < https://myaseen208.github.io/agricolae/

https://c ran.r-projec t.org/package = agricolae>(assessed. 9 April, 2019) 

nedecor, G.W. , Cochran, W.G. , 2021. Statistical Methods. Ames Iowa State University.

Press, p. 503 ISBN 0 8138, 6.1989 . 

athala, M.K., Timsina, J., Islam, S., Rahman, M., Hossain, I., Harun, A.R., Ghosh, A.K.,

Krupnik, T.J., Tiwari, T.P., McDonald, A., 2015. Conservation agriculture based tillage

and crop establishment options can maintain farmers’ yields and increase profits in

South Asia’s rice–maize systems: evidence from Bangladesh. Field Crop. Res. 172,

85–98. doi: 10.1016/j.fcr.2014.12.003 . 

https://doi.org/10.1016/j.envc.2022.100468
http://www.fao.org/ag/ca/la.html
https://doi.org/10.1080/00207233.2018.1494927
https://doi.org/10.1201/9780203932698.ch15
https://doi.org/10.1016/j.gfs.2017.10.002
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0005
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0005
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0005
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0005
https://doi.org/10.1007/978-3-030-46409-7_22
https://doi.org/10.1017/S0014479717000424
https://doi.org/10.1017/S001447971400012X
https://doi.org/10.1016/j.still.2008.05.001
https://doi.org/10.1007/s10333-021-00846-7
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0011
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0011
https://doi.org/10.1016/B978-0-12-394278-4.00006-4
https://doi.org/10.1016/j.fcr.2019.04.005
https://doi.org/10.1007/s11104-010-0418-y
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0016
https://doi.org/10.1016/j.agsy.2019.03.022
https://doi.org/10.1016/j.still.2009.06.003
https://doi.org/10.1016/j.still.2010.10.008
https://doi.org/10.1016/j.fcr.2015.10.018
https://doi.org/10.1016/j.jclepro.2019.118835
https://doi.org/10.1016/j.fcr.2010.01.003
https://doi.org/10.1016/j.fcr.2014.04.015
https://doi.org/10.1016/j.fcr.2017.12.023
https://power.larc.nasa.gov/common/php/POWER_ParametersAgro.php
https://doi.org/10.1071/SR19162
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0027
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0027
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0027
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0027
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0028
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0028
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0028
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0029
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0029
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0029
https://anlab.ucdavis.edu/analysis/Soils/410
http://www.isric.org
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0033
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0033
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0033
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0033
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0033
https://doi.org/10.1016/j.fcr.2019.03.020
https://doi.org/10.1007/s13593-015-0347-5
https://doi.org/10.1111/j.1439-0523.1988.tb00261.x
https://doi.org/10.1111/j.1439-037X.1998.tb00526.x
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0038
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0038
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0038
https://doi.org/10.1016/0308-521X(85)90057-5
https://myaseen208.github.io/agricolae/
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0041
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0041
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0041
https://doi.org/10.1016/j.fcr.2014.12.003


S.T. Magar, J. Timsina, K.P. Devkota et al. Environmental Challenges 7 (2022) 100468 

G  

 

 

 

K  

 

 

 

 

L  

 

K  

R  

 

K  

 

 

 

A  

G  

 

N  

 

 

P  

 

A  

 

 

P  

 

 

A  

 

 

S  

 

 

S  

 

A  

 

C  

 

 

T  

 

G  

 

 

 

 

 

M  

 

R  

R  

 

S  

 

E  

 

U  

 

R  

 

G  

 

 

 

 

 

G  

 

 

 

 

athala, M.K., Kumar, V., Sharma, P.C., Saharawat, Y.S., Jat, H.S., Singh, M., Kumar, A.,

Jat, M.L., Humphreys, E., Sharma, D.K., Sharma, S., Ladha, J.K., 2013. Optimizing

intensive cereal-based cropping systems addressing current and future drivers of agri-

cultural change in the northwestern Indo-Gangetic Plains of India. Agric. Ecosyst.

Environ. 177, 85–97. doi: 10.1016/j.agee.2013.06.002 . 

umar, V., Jat, H.S., Sharma, P.C., Singh, B., Gathala, M.K., Malik, R.K., Kamboj, B.R.,

Yadav, A.K., Ladha, J.K., Raman, J.A., Sharma, D.K., McDonald, A., 2018. Can pro-

ductivity and profitability be enhanced in intensively managed cereal systems while

reducing the environmental footprint of production? Assessing sustainable intensifi-

cation options in the breadbasket of India. Agric. Ecosyst. Environ. 252, 132–147.

doi: 10.1016/j.agee.2017.10.006 . 

iu, H., Hussain, S., Zheng, M., Peng, S., Huang, J., Cui, K., Nie, L., 2014. Dry direct-

seeded rice as an alternative to transplanted-flooded rice in central China. Agron.

Sustain. Dev. 35, 285–294. doi: 10.1007/s13593-014-0239-0 . 

umar, V., Ladha, J.K., 2011. Direct-seeded rice: recent developments and future research

needs. Adv. Agron. 111, 297–413. doi: 10.1016/B978-0-12-387689-8.00001-1 . 

ao, A.N., Johnson, D.E., Sivaprasad, B., Ladha, J.K., Mortimer, A.M., 2007.

Weed management in direct-seeded rice. Adv. In Agron. 93, 153–255.

doi: 10.1016/S0065-2113(06)93004-1 . 

rupnik, T.J., Timsina, J., Devkota, K.P., Tripathi, B.P., Karki, T.B., Urfels, A., Gaihre, Y.K.,

Choudhary, D., Beshir, A., Pandey, V.P., Gartaula, H., Shahrin, S., Ghimire, Y.N.,

2020. Agronomic, socio-economic, and environmental challenges and opportu-

nities in Nepal’s cereal-based farming systems. Adv. In Agron. 170, 155–287.

doi: 10.1016/bs.agron.2021.06.004 . 

nnual Report 2071/73 (2015/16), national wheat research program, NARC, Bhairahawa,

Rupandehi, Nepal, 2016. 

umma, M.K., Gauchan, D., Nelson, A., Pandey, S., Rala, A., 2011. Temporal changes in

rice-growing area and their impact on livelihood over a decade: a case study of Nepal.

Agric. Ecosyst. Environ. 142, 382–392. doi: 10.1016/j.agee.2011.06.010 . 

ouri, A., Yoder, D.C., Raji, M., Ceylan, S., Jagadamma, S., Lee, J., Walker, F.R., Yin, X.,

Fitzpatrick, J., Trexler, B., Areli, P., Saxton, A.M., 2021. Conservation agriculture in-

creases the soil resilience and cotton yield stability in climate extremes of the south-

east US. Commun Earth Environ 155. doi: 10.1038/s43247-021-00223-6 . 

arry, M.L., Rosenzweig, C., Iglesias, A., Livermore, M., Fischer, G., 2004. Effects of cli-

mate change on global food production under SRES emissions and socio-economic

scenarios. Glo. Environ. Change. 14, 53–67. doi: 10.1016/j.gloenvcha.2003.10.008 . 

ggarwal, P.K. , Rani, D.N.S , 2009. Assessment of climate change impacts on wheat pro-

duction in India. In: Aggarwal, P.K. (Ed.), Global Climate Change and Indian Agri-

culture: Case Studies from the ICAR Network Project. Indian Agricultural Research

Institute, New Delhi, pp. 5–10 . 

.K. Aggarwal, S.N. Kumar, H. Pathak, Impacts of climate change on growth

and yield of rice and wheat in the upper ganga basin. Worldwide

fund for nature (WWF) and indian agricultural research institute (IARI).

http://assets.wwfindia.org/downloads/impacts_of_climate_change_on_growth_and_ 

yield_of_rice_and_wheat_in_the_upper_ganga_basin.pdf (accessed 17 March 2019 ) 

.K. Singh, H. Pathak, Climate sensitivity of intensive rice-wheat systems in tropical Asia:

focus on the indo- gangetic plains. In: J. Fuhrer, P.J. Gregory (Eds.), Climate Change

Impact and Adaptation in Agricultural Systems. CAB International, London, UK, 2014.

apkota, T.B., Jat, M.L., Aryal, J.P., Jat, R.K., Chhetri, A.K., 2015. Climate change adap-

tation, greenhouse gas mitigation and economic profitability of conservation agri-

culture: some examples from cereal systems of Indo-Gangetic Plains. J. Integr. 14,

1524–1533. doi: 10.1016/S2095-3119(15)61093-0 . 

udhir, Y., Evangelista, G., Faronilo, J., Humphreys, E., Henry, A., Fernandez, L., 2014.

Establishment method effects on crop performance and water productivity of irrigated

rice in the tropics. Field. Crop. Res. 166, 12–127. doi: 10.1016/j.fcr.2014.06.001 . 
14 

View publication statsView publication stats
lam, M.J., Humphreys, E., Sarkar, M.A.R., Yadav, S., 2018. Comparison of dry seeded

and puddled transplanted rainy season rice on the high Ganges River floodplain of

Bangladesh. Eur. J. Agron. 96, 120–130. doi: 10.1016/j.eja.2018.03.006 . 

hakraborty, D., Ladha, J.K., Rana, D.S., Jat, M.L., Gathala, M.K., Yadav, S., Rao, A.N.,

Ramesha, M.S., Raman, A., 2017. A global analysis of alternative tillage and crop es-

tablishment practices for economically and environmentally efficient rice production.

Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-09742-9 . 

hind, H.S., Sharma, S., Yadvinder, S., Sidhu, H.S., 2019. Rice–wheat productivity and

profitability with residue, tillage and green manure management. Nutr. Cycl. Agroe-

cosys. 113, 113–125. doi: 10.1007/s10705-018-09967-8 . 

athala, M.K., Laing, A.M., Tiwari, T.P., Timsina, J., Rola-Rubzen, F., Islam, S., Mahar-

jan, S., Brown, P.R., Das, K.K., Pradhan, K., Chowdhury, A.K., Kumar, R., Datt, R.,

Anwar, M., Hossain, S., Kumar, U., Adhikari, S., Magar, D.B.T., Sapkota, B.K.,

Shrestha, H.K., Islam, R., Rashid, M., Hossain, I., Hossain, A., Brown, B., Gerard, B.,

2021. Improving smallholder farmers’ gross margins and labor-use efficiency across

a range of cropping systems in the Eastern Gangetic Plains. World Dev 138, 105266.

doi: 10.1016/j.worlddev.2020.105266 . 

atloob, A., Khaliq, A., Chauhan, B.S., 2015. Weeds of direct-seeded rice in asia: problems

and opportunities. Adv. In Agron. 130, 291–336. doi: 10.1016/bs.agron.2014.10.003 .

aj, S.K., Syriac, E.K., 2017. Weed management in direct seeded rice: a review weed man-

agement in direct seeded rice. Agric. Rev. 38, 41–50. doi: 10.18805/ag.v0iOF.7307 . 

amesh, K., 2015. Weed problems, ecology, and management options in con-

servation agriculture: issues and perspectives. Adv. In Agron. 131, 251–303.

doi: 10.1016/bs.agron.2014.12.003 . 

udhir, Y., Gill, G., Humphreys, E., Kukal, S.S., Walia, U.S., 2011. Effect of water manage-

ment on dry seeded and puddled transplanted rice. Part 1: crop performance. Field

Crop. Res. 120, 112–122. doi: 10.1016/j.fcr.2010.09.002 . 

renstein, O. , 2012. Conservation agriculture-based technologies and the political econ-

omy. In: Sumberg, J., Thompson, J. (Eds.), Agricultural Research in a Changing World.

Routledge, Taylor and Francis Group, New York and London, pp. 47–64 . 

. Farooq, M. Sharif, O. Erenstein, Adoption and impacts of zero-tillage in the rice-wheat

zone of irrigated punjab, Pakistan, CIMMYT: international maize and wheat improve-

ment center, 2007. 

. Okwany, S. Prathapar, S. Siddiqui, R. Bastakoti, N. Rajmohan, Assessment of water

resources and demand for irrigation in nine districts within the eastern gangetic plains,

final rep. - ACIAR Ref. Number C2013/099, 2015. 

athala, M.K., Laing, A.M., Tiwari, T.P., Timsina, J., Islam, S., Bhattacharya, P.M.,

Dhar, T., Ghosh, A., Sinha, A.K., Chowdhury, A.K., Hossain, S., Hossain, I., Molla, S.,

Rashid, M., Kumar, S., Kumar, R., Dutta, S.K., Srivastwa, P.K., Chaudhary, B.,

Jha, S.K., Ghimire, P., Bastola, B., Chaubey, R.K., Kumar, U., Gérard, B., 2020a.

Energy-efficient, sustainable crop production practices benefit smallholder farmers

and the environment across three countries in the Eastern Gangetic Plains, South

Asia. J. Clean. Prod. 246, 118982. doi: 10.1016/j.jclepro.2019.118982 . 

athala, M.K., Laing, A.M., Tiwari, T.P., Timsina, J., Islam, S., Chowdhury, A., Choud-

hari, C., Singh, A.K, B.P.Bhatta, R.Shrestha, Barma, N.C.D., Rana, D.S., Jackson, T.M.,

Gerard, B., 2020b. Enabling smallholder farmers to increase productivity while

achieving environmental and economic benefits: a meta-analysis of conservation

agriculture-based sustainable intensification in the Eastern Gangetic Plains. Renew.

Sust. Energ. Rev. 120, 109645. doi: 10.1016/j.rser.2019.109645 . 

https://doi.org/10.1016/j.agee.2013.06.002
https://doi.org/10.1016/j.agee.2017.10.006
https://doi.org/10.1007/s13593-014-0239-0
https://doi.org/10.1016/B978-0-12-387689-8.00001-1
https://doi.org/10.1016/S0065-2113(06)93004-1
https://doi.org/10.1016/bs.agron.2021.06.004
https://doi.org/10.1016/j.agee.2011.06.010
https://doi.org/10.1038/s43247-021-00223-6
https://doi.org/10.1016/j.gloenvcha.2003.10.008
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0053
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0053
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0053
http://assets.wwfindia.org/downloads/impacts_of_climate_change_on_growth_and_yield_of_rice_and_wheat_in_the_upper_ganga_basin.pdf
https://doi.org/10.1016/S2095-3119(15)61093-0
https://doi.org/10.1016/j.fcr.2014.06.001
https://doi.org/10.1016/j.eja.2018.03.006
https://doi.org/10.1038/s41598-017-09742-9
https://doi.org/10.1007/s10705-018-09967-8
https://doi.org/10.1016/j.worlddev.2020.105266
https://doi.org/10.1016/bs.agron.2014.10.003
https://doi.org/10.18805/ag.v0iOF.7307
https://doi.org/10.1016/bs.agron.2014.12.003
https://doi.org/10.1016/j.fcr.2010.09.002
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0066
http://refhub.elsevier.com/S2667-0100(22)00028-2/sbref0066
https://doi.org/10.1016/j.jclepro.2019.118982
https://doi.org/10.1016/j.rser.2019.109645
https://www.researchgate.net/publication/358224241

	Conservation agriculture for increasing productivity, profitability and water productivity in rice-wheat system of the Eastern Gangetic Plain
	1 Introduction
	2 Materials and methods
	2.1 Site, climate, and soil
	2.2 Farmer’s selection and engagement
	2.3 On-farm experiments and treatment description
	2.4 Crop management practices
	2.5 Data collection
	2.5.1 Stability analysis
	2.5.2 Irrigation and total water productivity
	2.5.3 Economic analysis

	2.6 Economic and environmental performance indicators
	2.7 Farmers’ feedback on adoption of CA practices
	2.8 Statistical analysis

	3 Results
	3.1 Rainfall during the crop growing season
	3.2 Crops and cropping systems yields
	3.3 Crops and cropping systems profitability
	3.4 Crop and cropping systems yield stability
	3.5 Irrigation water use, and irrigation and total water productivity
	3.6 Trade-offs among economic and environmental performance indicators
	3.7 Farmers’ feedback on adoption of CA practices

	4 Discussion
	4.1 Crop and cropping systems yields
	4.2 Crop and cropping systems yield stability
	4.3 Water use, and irrigation and total water productivity
	4.4 Economics of production
	4.5 Adoption of CA-based practices: Factors affecting and requirements for success

	5 Conclusions
	Funding
	Declaration of Competing Interest
	Acknowledgement
	Supplementary materials
	References


