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The future of South Asia’s major production system (rice–wheat rotation) is at stake 
due to continuously aggravating pressure on groundwater aquifers and other 
natural resources which will further intensify with climate change. Traditional 
practices, conventional tillage (CT) residue burning, and indiscriminate use of 
groundwater with flood irrigation are the major drivers of the non-sustainability 
of rice–wheat (RW) system in northwest (NW) India. For designing sustainable 
practices in intensive cereal systems, we conducted a study on bundled practices 
(zero tillage, residue mulch, precise irrigation, and mung bean integration) 
based on multi-indicator (system productivity, profitability, and efficiency of 
water, nitrogen, and energy) analysis in RW system. The study showed that 
bundling conservation agriculture (CA) practices with subsurface drip irrigation 
(SDI) saved ~70 and 45% (3-year mean) of irrigation water in rice and wheat, 
respectively, compared to farmers’ practice/CT practice (pooled data of Sc1 and 
Sc2; 1,035 and 318  mm  ha−1). On a 3-year system basis, CA with SDI scenarios 
(mean of Sc5–Sc8) saved 35.4% irrigation water under RW systems compared 
to their respective CA with flood irrigation (FI) scenarios (mean of Sc3 and Sc4) 
during the investigation irrespective of residue management. CA with FI system 
increased the water productivity (WPi) and its use efficiency (WUE) by ~52 and 
12.3% (3-year mean), whereas SDI improved by 221.2 and 39.2% compared to 
farmers practice (Sc1; 0.69  kg grain m−3 and 21.39  kg grain ha−1 cm−1), respectively. 
Based on the 3-year mean, CA with SDI (mean of Sc5–Sc8) recorded −2.5% rice 
yield, whereas wheat yield was +25% compared to farmers practice (Sc1; 5.44 
and 3.79  Mg  ha−1) and rice and wheat yield under CA with flood irrigation were 
increased by +7 and  +  11%, compared to their respective CT practices. Mung 
bean integration in Sc7 and Sc8 contributed to ~26% in crop productivity and 
profitability compared to farmers’ practice (Sc1) as SDI facilitated advancing the 
sowing time by 1  week. On a system basis, CA with SDI improved energy use 
efficiency (EUE) by ~70% and partial factor productivity of N by 18.4% compared 
to CT practices. In the RW system of NW India, CA with SDI for precise water and 
N management proved to be a profitable solution to address the problems of 
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groundwater, residue burning, sustainable intensification, and input (water and 
energy) use with the potential for replication in large areas in NW India.

KEYWORDS

conservation agriculture, direct seeded rice, subsurface drip irrigation, system 
irrigation and water productivity, economic profitability, energy and nitrogen 
efficiency

1 Introduction

In South Asia, a widespread cereal-based agricultural system 
known as rice–wheat (RW) ensures the survival of billions of people 
(Nawaz et al., 2019; Bhatt et al., 2021). At 13.5 million hectares in size, 
the Indo-Gangetic plains (IGPs) represent over 85% of the territory 
covered by the RW system (Saharawat et al., 2012; Bhatt et al., 2020). 
In India, 76% of the total area is land, and 50% of it is in the northwest 
(NW) region. The output of wheat and rice was at its peak in 2020–21, 
reaching 122.3 and 109.5 million tons (MT), respectively (PIB, 2021). 
In India, rice and wheat are widely distributed to guarantee the 
nation’s right to food security. Nonetheless, the nation has also been 
spending a sizable amount on the importation of pulses, oilseeds, and 
other nutrient-dense food products. According to the anticipated 
climate alteration scenario, the demand for irrigation in the future will 
emerge by 10% for every °C that the air temperature rises, but the 
availability of irrigation will primarily downturn where it is most 
needed, particularly in northwest India (Fischer et al., 2007; Singh 
et al., 2014). In India, the agricultural sector utilizes over 80% of all 
fresh water, which has a direct impact on the pattern of precipitation 
(Teri Report, 2022). More than 450 million children worldwide risk 
high to extremely high-water vulnerability because of rapid population 
growth, urbanization, climate change, and extreme weather events, 
according to a UNICEF Report (2021). According to Mukherjee et al. 
(2015), India consumes more groundwater than any other country in 
the world, making up over a quarter of global groundwater use.

The long-term sustainability and resilience of India’s intensive RW 
systems have also been challenged and strongly debated in the policy 
and scientific forums (Kakraliya et al., 2018; Jat et al., 2018a; Bhatt 
et al., 2021). The necessity to produce more food and feed from a 
smallholder system is always a focus in this specialized field. Natural 
resource sustainability in this area has grown to be a major problem 
over time for system efficiency and farmer profits. RW cropping 
system’s long-term viability in the face of current obstacles such as 
repeated tillage, free electricity, crop residue burning, water table 
depletion (Rodell et al., 2009; Humphreys et al., 2010), soil degradation 
and multiple nutrient deterioration (Bhandari et al., 2002; Tripathi 
and Das, 2017), labor scarcity, pollution (Singh et al., 2008), stagnant 
yields (Ladha et al., 2003a), and higher cultivation costs (Choudhary 
et al., 2018; Jat et al., 2019c; Kumar et al., 2021) is a daunting task.

The decline in the groundwater table in NW India between 1973 
and 2001 was approximately 0.2 m yr.−1 which has accelerated 5-fold 
(1.0 m yr.−1) between 2000 and 2006 (Jat et al., 2019c). Generally, the 
current water table depth ranges from 10 to 40 m below ground level 
across the region (Macdonald et al., 2016; Van Dijk et al., 2016) as 
opposed to 1 to 8 m below the level of groundwater in the rest of India 
(Sekhri, 2013). In Punjab and Haryana, it was decreasing at a rate of 

approximately 1 m per year, and it is anticipated to decrease even faster 
in the upcoming years (Humphreys et al., 2010; Singh et al., 2014), 
which will have a significant negative impact on future food security 
and cause social unrest. Future irrigated agriculture will be entirely 
dependent on “More Crop Per Drop” to produce sustainably and 
protect the soil and water resources for the future (Skaggs et al., 2004). 
New effective production technologies that are adapted to current 
scenarios, such as tillage, crop establishment, and fertilizer and water 
management, including legume crops, must be  re-designed or 
developed to replace the old way of doing things to achieve overall 
sustainability in the irrigated RW system of NW India (Singh et al., 
2014; Bhatt et al., 2020).

The conventional puddled transplanted rice (PTR) and wheat were 
replaced with conservation agriculture (CA) management techniques 
such as zero tillage (ZT), dry seeded rice (DSR), precision water and 
residue management, and others to boost farmer productivity and 
profitability (Ladha et  al., 2009; Choudhary et  al., 2018). We  are 
concentrating more on precise water management with drip irrigation 
to meet future water shortages. Drip irrigation provides a number of 
benefits, including water efficiency and savings, as well as enhanced 
quality and output in horticultural and vegetable crops (Mohammad, 
2015). Surface drip irrigation was discovered to be a practical solution 
for rice and wheat in cereal systems to address water scarcity (Chen 
et al., 2015; Sharda et al., 2017); however, anchoring the lateral lines at 
the start and removing them at the end of the growing season are a 
laborious process under both conventional and CA management 
practices. Subsurface drip irrigation (SDI), which lessens water loss via 
evaporation, enhances water and nutrient usage efficiency directly to 
the root zone, decreases weed emergence, and lowers labor costs, 
therefore constitutes a step forward in the acceptability of drip irrigation 
in cereal systems (Ayars et al., 1999). Jat et al. (2019c) and Sidhu et al. 
(2019) have recently standardized this SDI system in a CA-based RW 
system, resulting in increased irrigation water and its use efficiency.

At present, the domestic per capita supply of protein-containing 
foods such as legumes has declined (Humphreys et al., 2010; Jat et al., 
2016). Pulses are the main sources of protein and are crucial for 
nutritional security and also for the growth and development of the 
human body. Hence, adding a short-duration pulse crop, such as 
mung bean, to the RW system also is required to break the monotony 
of systems and also for enhancing soil quality (Gathala et al., 2013; Jat 
et  al., 2018a). In the RW system of NW India, a fallow period 
(65–70 days) is available which could be utilized for the cultivation of 
a short-duration pulse crop (mung bean). Previous research reports 
suggest that CA-based agronomic management options improved 
crop yields, saved irrigation water, and increased the economic 
benefits (Gathala et al., 2013; Jat et al., 2016), but SDI system advances 
the mung bean sowing by ~7 days and provides more windows to 
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mature the crop (Authors personal observations) compared to flood 
system. Our research hypothesis is that combining CA-based 
innovative agronomic management approaches with precision water 
management (SDI) and the use of crop residues with mung bean 
integration in the IGP of NW India can help in achieving sustainable 
crop (cereal and pulse) production. Precise water management and 
integration of mung bean into a CA-based RW system would boost 
farm system profitability while enhancing nutrient, water, and energy 
efficiency in cereal-based systems of NW India.

2 Materials and methods

2.1 Experimental design and treatment 
description

The portfolio of practices used in the study includes more than 
two treatments/agronomic interventions in each treatment under RW 
to see the combined effect of diverse management practices during 
both kharif and rabi seasons of 2019–20 to 2021–22. The management 
practices related to varied indicators, viz., tillage, crop establishment, 
residue management, irrigation strategies, and mung bean integration, 
are presented in Table 1. Eight scenarios (Sc) included, i.e., Sc1 (FP; 
farmers’ practice)-puddled transplanted rice (PTR) followed by (fb) 
conventional tillage wheat (CTW) without residue (−R) with flood 
irrigation; Sc2-PTR fb CTW with residue (+R) with flood irrigation; 
Sc3-zero tillage direct seeded rice (ZTDSR) fb zero tillage wheat 
(ZTW) (−R) with flood irrigation; Sc4-ZTDSR fb ZTW (+R) with 
flood irrigation; Sc5-ZTDSR fb ZTW (−R) with subsurface drip 
irrigation (SDI); Sc6-ZTDSR fb ZTW (+R) with SDI; Sc7-ZTDSR fb 
ZTW fb zero tillage mung bean (ZTMb) (−R) with SDI; Sc8-ZTDSRfb 
ZTW fb ZTMb (+R) with SDI, were evaluated for productivity, 
profitability, energy, and water efficiency. Each scenario was replicated 
thrice in a plot size of 4.05 m x 40 m = 162 m2 in a randomized 
complete block design. Details of all the scenarios along with different 
crop management practices are presented in Table 1.

2.2 Experiment site and characteristics

The experiment was carried out for 3 years (from 2019–20 to 
2021–22) at the ICAR-Central Soil Salinity Research Institute (CSSRI) 
experimental farm in Karnal, Haryana, India, which is located in the 
sub-tropical region at 29° 43’ N latitude and 76° 58′ E longitude with 
an elevation of 240 m above mean sea level in Haryana state of India. 
The Karnal region’s climate is semi-arid tropical and sub-tropical, with 
hot and dry summers and freezing winters. The area receives 
approximately 756 mm of yearly rainfall from the south-west 
monsoon, with 80% of it falling between June and September and the 
rest falling during the winter months (December to March). The 
average annual maximum temperature is 30°C, while the average 
annual minimum temperature is 17°C. Temperature begins to rise in 
February and regularly approaches +40°C in May or June, with 
relative humidity (RH) remaining between 60 and 90% throughout 
the year. The experimental site’s soil is clay loam with little organic 
carbon (0.53%), an alkaline pH of 8.1, and a poor nutrient content. 
Table 2 shows the soil parameters of the experiment site during the 
preliminary stage.

2.3 Crop residue management

All crop residues of the rice–wheat crop were removed from the 
surface in the farmer’s practice (Sc1). Approximately 50% rice and 
25–30% anchored wheat residue were absorbed or incorporated into 
the soil before the next harvest in the improved farmer’s practice (Sc2). 
All crop residues were eliminated in ZT-based scenarios (Sc3, Sc5, and 
Sc7); however, in Sc4 and Sc6, the entire residue (100%) of rice and 
anchored (25–30%) of wheat stubbles residue remained on the soil 
surface, and in Sc8, 100% mung bean residue was also retained. The 
residue data of each scenario are given in Table 3.

2.4 Fertilizer management

Nitrogen, phosphorus, and potash (N-150: P2O5–60: 
K2O-60 kg ha−1) fertilizers were applied as per the 
recommendation given by CCS Haryana Agricultural University, 
Hisar, India for both rice and wheat crops (Table  1). N was 
supplied in basal through NPK (12,32,16) complex fertilizer, and 
the remaining N was applied through urea (46% N) based on 
their recommendation under different scenarios. However, the 
entire amount of P and a half dose of K were applied as basal 
through NPK and the remaining K through MoP (muriate of 
potash- 60% K2O), respectively, in all the scenarios. In Sc1 and 
Sc2 (PTR), 187.5 kg NPK complex as basal with remaining 33.3 kg 
MoP and 277 kg urea ha−1 as top-dressed in three equal splits 
were applied at establishment (15–20 DAT, days after 
transplanting), tillering (25–30 DAT), and panicle initiation stage 
(45–50 DAT) in rice. In CT wheat, same as with rice, was applied 
at basal and two top-dressed of N at crown root initiation (21–23 
DAS days after sowing) and maximum tillering stage (45 DAS). 
In Sc3 and Sc4 (zero tillage), same as PTR, dose was drilled as 
basal and top-dressed of N in three equal splits as 20, 40, and 60 
DAS in rice. However, in ZT wheat, same as CT wheat, basal and 
urea were top-dressed.

In subsurface drip-irrigated scenarios (Sc5 to Sc8), same dose of 
basal as PTR and ZTDSR scenarios was drilled, and the remaining N 
was applied based on green seeker (GS) reading through fertigation 
(Supplementary Table S2) at 10- and 15-day intervals in eight equal 
splits staring from 15 DAS (1st four intervals’ days 10 and remaining 
interval days 15) in rice. However, same as rice, in wheat based on GS, 
it was applied in five equal splits at 20, 35, 50, 65, and 80 DAS. In mung 
bean, 111 kg DAP ha−1 fertilizer was applied as basal in both scenarios. 
For better estimation of nitrogen (N), the nitrogen nutrition index 
(NNI) and partial factor productivity of N (PFPN) were calculated 
using the following equations. Based on the grain % N dilution curve, 
the N nutrition index of grain (NNI) was calculated using Eq. 1.

 
NNI

NG

NC
=

%

%  
(1)

where %NG is the grain N concentration, if NNI < 1 would indicate 
that grain yield is limited by N supply; NNI = 1 would indicate that 
grain N status is non-limiting for the grain yield; and NNI > 1 would 
indicate that luxury N is accumulated in grains. For determining the 
nitrogen nutrition index (NNI), He et al. (2022) described the critical 
N dilution curve (%NC) of rice = 3.37 W −0.44, while Justes et al. (1994) 
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described the critical N dilution curve (%NC) of wheat = 2.85 W −0.17, 
where NC is critical N concentration, and W is grain yield (Mg ha−1).

The partial factor productivity of N (PFPN) was calculated 
using Eq. 2:

 

PFP Y grain yield of crop cropping system,kg ha

 F N appl

N = ( )−
/

/

1

iied,kg ha
−( )1  

(2)

TABLE 1 Crop rotation, field preparation, tillage, crop geometry, fertilizer, water, and residue management under different scenarios.

Scenarios/
Management 
practices

Scenario 1
Scenario 
2

Scenario 
3

Scenario 
4

Scenario 
5

Scenario 
6

Scenario  
7

Scenario 
8

Crop rotation Rice–wheat–

Fallow

Rice–Wheat–

Fallow

Rice–Wheat–

Fallow

Rice–Wheat–

Fallow

Rice–Wheat–

Fallow

Rice–Wheat–

Fallow

Rice–Wheat–

Mung bean

Rice–Wheat–

Mung bean

Field preparation CT practices

Rice- 2 pass of 

harrow, 1 pass 

of rotavator, 2 

pass of puddle 

harrow 

followed by (fb) 

planking;

Wheat- 2 pass 

of harrow and 

rotavator each 

fb planking

CT practices

Rice- 2 pass of 

harrow, 1 pass 

of rotavator, 2 

pass of puddle 

harrow 

followed by 

(fb) planking;

Wheat- 2 pass 

of harrow and 

rotavator each 

fb planking

Zero till direct 

seeded rice 

(ZTDSR) 

– zero till 

wheat (ZTW) 

sown with 

happy Seeder 

(HS)

ZTDSR-ZTW 

sown with HS

ZTDSR-ZTW 

sown with HS

ZTDSR-ZTW 

sown with HS

ZTDSR-ZTW-

zero till mung 

bean (ZTMb) 

sown with HS

ZTDSR-ZTW-

ZTMb sown 

with HS

Crop geometry# Rice- Random 

geometry

Wheat- 22.5 cm

Rice- Random 

geometry

Wheat- 

22.5 cm

Rice- 22.5 cm

Wheat- 

22.5 cm

Rice- 22.5 cm

Wheat- 

22.5 cm

Rice- 22.5 cm

Wheat- 

22.5 cm

Rice- 22.5 cm

Wheat- 

22.5 cm

Rice- 22.5 cm

Wheat- 

22.5 cm

Mung bean-45

Rice- 22.5 cm

Wheat- 

22.5 cm

Mung bean-45

Fertilizer (N:P:K) in 

kg ha−1

150:60:60 150:60:60 150:60:60 150:60:60 150:60:60 (N 

applied based 

on Green 

Seeker)

150:60:60 (N 

applied based 

on Green 

Seeker)

150:60:60 (N 

applied based 

on Green 

Seeker)

150:60:60 (N 

applied based 

on Green 

Seeker)

Water management Rice- 

Continuous 

flooding of 

5–6 cm depth 

for 50–60 days 

after 

transplanting 

fb irrigation 

applied at 

alternate 

wetting and 

drying.

Wheat- 4-6 

irrigation as 

per 

requirement

Same as 

scenario 1

Rice: Kept soil 

wet for first 

20 days ‘fb’ 

irrigation at 

−20 to 

−30 kPa* 

matric 

potential

Wheat: Flood 

irrigation at 

−40 to-50 kPa 

matric 

potential

Same as 

scenario 3

Subsurface 

drip irrigation 

(SDI) at −20 to 

−30 kPa in rice 

and − 40 to-

50 kPa matric 

potential in 

wheat

Same as 

scenario 5

SDI at −20 to 

−30 kPa in rice 

and − 40 to-

50 kPa matric 

potential in 

wheat

and in mung 

bean- 2-3 

irrigation as 

per 

requirement

Same as 

scenario 7

Residue management All residue 

removed

Full (100%) 

rice residue 

and anchored 

(25–30%) 

wheat residue 

incorporated

All residue 

removed

Full (100%) 

rice residue 

and anchored 

(25–30%) 

wheat residue 

retained

All residue 

removed

Full (100%) 

rice residue 

and anchored 

(25–30%) 

wheat residue 

retained

All residue 

removed

Full (100%) 

rice and mung 

bean, and 

anchored 

(25–30%) 

wheat residue 

retained

N, nitrogen; P, phosphorus; K, potassium; CT, conventional tillage; crop geometry: distance between two line. *The irrigation was applied based on tensiometer range for respective crops 
under different scenarios. #Crop cycle from sowing to harvesting of different crops under the study period given in Supplementary Table S1.
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2.5 Enlistment of subsurface drip irrigation 
system

The main line, sub-mains, and laterals of the subsurface drip 
irrigation (SDI) system had inner diameters of 90, 63, and 16 mm, 
respectively. The volume of water applied in flood and SDI plots 
for each crop in each irrigation was measured using a water meter 
(Landforce Dasmesh Mechanical Works, Punjab, India) fitted on 
the delivery pipe. By adding the irrigation water and rainfall, the 
total amount of water consumed by the crop was computed. The 
tensiometer was installed at a 15-cm soil depth between the laterals 
and/or crop rows. Parallel to the planting rows, the plastic laterals 
were laid. The drip irrigation system was kept running at a 1.5 to 
2.0 kg cm2 pressure. The emitters were in-line, with a capacity of 
2.0 L h−1 at 135 kPa and a distance of 40 cm between them. In rice, 
wheat, and mung bean crops, mains and sub-mains were set out at 
100 cm, while laterals were laid out at 15 and 45 cm depth and 
spacing, respectively. The drip system consisted of a hydrocyclone 
filter fitted at the source of irrigation. An upstream and 
downstream suction was created by a Venturi injector system 
during fertigation.

2.6 Water management

Irrigation scheduling under different scenarios/practices is 
explained in Table 1. Rainfall was monitored using a rain gauge 
located near the site in a meteorological laboratory. The amount of 
irrigation water applied was quantified (in mm ha−1) using 
Eqs.  3, 4, and irrigation water productivity (WPI) using Eq.  5 
as follows:

 

Volume of irrigation

water kiloliter ha

Final water meter

−( ) =
1

  reading

Initial water meter reading

Plot area in m

−










/
2
















∗10 000,

 
(3)

 

Irrigation water mm ha Volume of irrigation water kilolit
−( ) =1

eer ha

   WP kg grain m

Grain yield kg ha

 Irr

I

−

−

−

( )
( ) ( )

= ( )

1

3

1

10 4/

/ iigation water used m ha
3 1−( )

 

(4)

 

WP kg grain m Grain yield kg ha

 Irrigation water used

I
− −( ) = ( )3 1

/ mm ha
3 1−( )  

(5)

The water use efficiency was calculated using Eq. 6.

WUE kg grain ha cm Grain yield kg ha TWU cm
− − −( ) = ( ) ( )1 1 1

/

 
(6)

where total water use (TWU) is calculated using irrigation water 
(cm) and rainfall (cm), while 1 ha-mm irrigation depth = 10 
kiloliter = 10 m3; 1 m3 = 1,000 liter.

Water management protocols for each scenario are presented in 
Table 1. For rice, 14, 9, and 7 irrigations were applied in PTR scenarios, 
whereas 12, 11, and 9, and 25, 18, and 14 irrigations were applied in 
ZTDSR under flooded and SDI conditions based on tensiometer 
readings, respectively, during the respective years. However, for wheat, 
the total number of irrigations required was 3, 2, and 2 under CT 
scenarios, and 2 and 5 in ZTW under FI and SDI conditions based on 
tensiometer readings, respectively. The mung bean crop in Sc7 and Sc8 
required 3, 3, and 2 irrigations during the 1st, 2nd, and 3rd year, 
respectively.

2.7 Crop yields and system productivity

All three crops were determined on a total area of 27  m2 by 
sampling from three locations of 9  m2 each. To compare the 
productivity of rice, wheat, and mung bean and the total system 

TABLE 2 Initial soil (0–5 and 5–15  cm) properties of the experimental site in 2019.

Properties
Value (mean  ±  SEm)

Method used
0–5  cm 5–15  cm

Sand (%) 45.06 ± 0.50 40.29 ± 0.49

International pipette method (Piper, 1966)Silt (%) 32.98 ± 0.76 33.99 ± 0.75

Clay (%) 21.95 ± 0.77 25.71 ± 0.78

Texture class Clay loam USDA triangle

Bulk density (Mg m−3) 1.58 ± 0.1 1.64 ± 0.1 Core sampling (Chopra and Kanwar, 1991)

Infiltration rate (mm hr.−1) 19 ± 0.13 Double ring infiltrometer method

Soil aggregation stability (%) 45.79 ± 0.20 29.04 ± 0.19 Wet sieving techniques (Haynes, 1993)

pH (1:2 soil: water) 8.12 ± 0.16 8.44 ± 0.21 Glass electrode pH meter method (Richards, 1954)

EC (dS m−1) 0.46 ± 0.11 0.39 ± 0.14 Conductivity bridge method (Richards, 1954)

Organic carbon (%) 0.59 ± 0.15 0.46 ± 0.09 Wet digestion method (Walkley and Black, 1934)

Available N (kg ha−1) 142.26 ± 3 124.13 ± 5 Alkaline permanganate method (Subbiah and Asija, 1956)

Available P (kg ha−1) 21.95 ± 2 13.56 ± 2 Olsen’s method (Olsen et al., 1954)

1 M Neutral NH4OAc-extractable K (kg ha−1) 45.06 ± 0.50 40.29 ± 0.49 Flame photometric method (Jackson, 1973)
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productivity of the different scenarios, the yield of non-rice crops 
(wheat and mung bean) was converted into rice equivalent yield 
(REY) (Mg ha−1) and calculated using Eq. 7.

Rice equivalent yield grain yield of non

 rice crop Mg ha

=

− ( −1))
− ( )

( )

∗

−

−

MSP of non

 rice crop USD Mg

 MSP of rice USD Mg

1

1
/  

(7)

where MSP is the minimum support price (Table  4); (1 
USD = 70 INR).

2.8 Energy analysis

Seed, fertilizer, irrigation, labor, diesel, pesticides, machinery, and 
other crop inputs were utilized to determine the total energy input for 
rice, wheat, and mung bean, whereas grain and straw were estimated 
for output energy using energy equivalents (MJ unit−1) values given 
by Gathala et al. (2016), Argiro et al. (2006), and Ozkan et al. (2004). 
The ratio between total energy outputs and total energy inputs was 
used to calculate the energy use efficiency (EUE) of crops under 
various situations using Eq. 8.

 

Energy use efficiency Total energy Output MJ ha

 Total ene

= ( )−1

/ rrgy Input MJ ha
−( )1  

(8)

2.9 Economic analysis

The calculation of variable costs was calculated by different crop 
operations, i.e., nursery of rice, tillage, seeding, harvesting, and threshing 
(tractor and combine on hours ha−1 basis), while input materials and 
labor (8 h = one person day’s ha−1) for raising the crops. The prices of all 
the inputs used for crop production were recorded, with irrigation water 
being charged at INR 0.30 per kWh of electricity fixed by the local 
government of Haryana including extra labor charges for application 
(Table  4). The cost of a drip irrigation system was calculated after 
considering the 80% subsidy provided by the government of India on the 
actual cost (INR 250 × 103 ha−1). The cost incurred on the drip system was 
calculated considering the life span of 20 years for the main line, sub-main 
line, Venturi, and pump. The life of the subsurface drip irrigation system 
was considered 15 years. The depreciation cost of the drip irrigation 
system was considered as 10%. The minimum support price (MSP) of 
grain crops fixed by the Govt. of India and prevailing local market rates 
every year were used for crop straw (Table 4). The net return from each 
crop was calculated after subtracting variable costs/cultivation costs from 
the calculated gross returns. The system net returns were estimated by 
summing the net returns of all crops harvested within a calendar year.

2.10 Statistical analysis

The data collected for various crop factors were analyzed using the 
analysis of variance (ANOVA) technique using SAS 9.1 software 
(Gomez and Gomez, 1984) for randomized complete block design T

A
B

LE
 3

 T
o

ta
l c

ro
p

 r
es

id
u

e 
lo

ad
 (M

g
 h

a−
1 ) u

n
d

er
 d

iff
er

en
t 

sc
en

ar
io

s 
o

ve
r 

th
e 

ye
ar

s.

Sc
e

n
ar

io
sa

R
e

si
d

u
e

 in
co

rp
o

ra
te

d
/r

e
ta

in
e

d
 (

M
g

 h
a−

1 )

2
0

19
–

2
0

2
0

2
0

–
2

1
2

0
2

1–
2

2
G

ra
n

d
 

to
ta

l
R

ic
e

W
h

e
at

M
u

n
g

-
b

e
an

Sy
st

e
m

R
ic

e
W

h
e

at
M

u
n

g
-

b
e

an
Sy

st
e

m
R

ic
e

W
h

e
at

M
u

n
g

-
b

e
an

Sy
st

e
m

Sc
1

-N
A

b -
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-
-N

A-

Sc
2

3.
7

1.
0

-N
A-

4.
7

3.
5

1.
2

-N
A-

4.
7

3.
9

1.
1

-N
A-

5.
0

14
.4

Sc
3

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

Sc
4

7.
5

1.
2

-N
A-

8.
7

7.
0

1.
3

-N
A-

8.
3

7.
9

1.
3

-N
A-

9.
2

26
.2

Sc
5

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

Sc
6

7.
3

1.
3

-N
A-

8.
6

6.
7

1.
3

-N
A-

8.
0

7.
7

1.
4

-N
A-

9.
1

25
.7

Sc
7

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

-N
A-

Sc
8

7.
3

1.
3

1.
0

9.
6

6.
8

1.
4

0.
7

8.
9

7.
6

1.
4

0.
6

9.
6

28
.1

a Re
fe

r T
ab

le
 1

 fo
r s

ce
na

rio
 d

es
cr

ip
tio

n.
 b N

ot
 ap

pl
ic

ab
le

.

https://doi.org/10.3389/fsufs.2024.1292284
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Kakraliya et al. 10.3389/fsufs.2024.1292284

Frontiers in Sustainable Food Systems 07 frontiersin.org

(SAS Institute, 2001). Tukey’s honestly significant difference was used 
to compare the treatment means (HSD at a 5% level of significance).

3 Results

3.1 Weather conditions

All the weather parameters measured during the study period are 
presented in Figure 1. Crops received a total rainfall of 769, 1,079, and 
1,371 mm in 2019–20, 2020–21, and 2021–22, respectively. Though the 
distribution was not uniform throughout the crop season and year, the 
maximum rainfall was received in July and August (Figure 1A). During 
the 1st year of the kharif (rice) season, 50% rainfall was received in 2 
consecutive months, i.e., July—245 mm and August—101 mm with 
total 380 mm; however, it was 928.5 mm and 1,044 mm during the 2nd 
and 3rd year, respectively (Figure 1A). During rabi season, 297, 110, 
and 217 mm rainfall were received during the 3 consecutive years, 
whereas the mung bean crop was received 92.4, 40.2, and 111 mm, 
respectively. The maximum and minimum temperatures were almost 
the same during the reported years (Figure 1B).

3.2 Crop productivity

In the current study, CA practices irrespective of flood and 
subsurface drip irrigation (SDI) influenced the grain yields of rice over 

the years (2019–20 to 2021–22) (Table  5). CA-based Scenario 3 
[ZTDSR (−R)] recorded 8% higher rice grain yield, while Sc4 [ZTDSR 
(+R)] recorded 6% higher with flood irrigation (FI) system than the 
farmer’s practice (Sc1; 5.44 Mg ha−1). With the SDI system, similar 
grain yield of rice was recorded across the scenarios and lower as 
compared to Sc3 and Sc4 over the years. In contrast, CA-based 
scenarios with the SDI (Sc5–Sc8) system produced significantly 
(p ≤ 0.05) lower yield than FI during the years (Table 6). However, CT 
with residue incorporation (Sc2) improved the rice yield by 4% 
compared to Sc1 in all 3 years.

On a 3-year mean basis, Sc8 (ZT rice–wheat–mung bean) 
recorded a 30% higher wheat grain yield over Sc1 (3.79 Mg ha−1) 
(Table 5), while CA with FI (Sc3 and Sc4) improved the wheat yield 
by 10 and 12% (a 3-year mean), respectively, compared to Sc1. 
However, scenarios with SDI (Sc5–Sc8) produced 21–30% higher 
wheat grain yield during the 3 consecutive years than Sc1 
(3.79 Mg ha−1). In contrast, precise water and N management through 
SDI significantly (p ≤ 0.05) improved the wheat grain yield by 10–19% 
across the years compared to FI irrespective of management practices  
(Table 6). The improved farmer’s practices (Sc2) were recorded as 13% 
lower grain yield over FP (Sc1) based on a 3-year mean. The grain 
yield was lowered by ~18% during 2019–20 due to unfavorable 
weather conditions throughout the year. On a 3-year mean basis, the 
mung bean crop recorded yields of 0.60 and 0.62 Mg ha−1 in Sc7 and 
Sc8, respectively.

System yield (rice equivalents; RE) varied from 8.57 to 
13.65 Mg ha−1 during the 3 years of study (Table 5). The integration of 

TABLE 4 Cost of key inputs and outputs used for economic analysis during the different years.

Item/Commodity Units
Amount (INR)

2019–20/2020–21/2021–22

Rice/Wheat/Mung bean Rs kg−1 grain 18.35/19.25/71.96

Rice Rs kg−1 straw -NAa-

Wheat Rs kg−1straw 3.0

Rice/Wheat/Mung bean Rs kg−1 seed 45/45/100

Urea Rs kg−1 5.8

Di-ammonium phosphate (DAP) Rs kg−1 26

Muriate of potash (MOP) Rs kg−1 17

NPK complex Rs kg−1 22.4

Zinc sulfate Rs kg−1 36

Harrowing Rs ha−1 1,250

Cultivator Rs ha−1 1,250

Planking Rs ha−1 750

Puddler Rs ha−1 1,500

Rotavator Rs ha−1 2,500

Turbo Happy Seeder Rs ha−1 3,000

Seed drill Rs ha−1 1,250

Rice MSPb kg−1 18.35/18.88/19.60

Wheat MSP kg−1 19.25/19.75/20.15

Mung bean MSP kg−1 71.96/72.75/73.55

Wages rate Rs person−1 day−1 390

USD ($) to INR Conversation rate Rs 70

aNot applicable. bMSP is minimum support price, and USD is US dollar.
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mung bean in the rice–wheat system with SDI (Sc8) recorded a 36% 
(3 years’ mean) higher system yield over Sc1 (9.38 Mgha−1), and it was 
closely followed by Sc7 (12.47 Mgha−1). The lowest (9.09 Mg ha−1) 
system yield (a 3-year mean basis) was recorded with the CT rice–
wheat system, where crop residues were incorporated (Sc2). The CA 
with SDI without mung bean (Sc5 and Sc6) integration increased the 
system productivity by 7 and 10% (a 3-year mean) compared to Sc1, 
whereas with SDI with mung bean integration (Sc7 and Sc8), the 
system yield was increased by 33 and 36% compared to Sc1 
(9.38 Mg ha−1) (Table  5). CA-based system (mean of Sc3–Sc8) 
increased the system productivity by 19% (a 3-year mean) compared 
to the CT-based system (mean of Sc1 and Sc2; 9.24 Mg ha−1) (Table 5). 
The contrast effects were significant to system productivity associated 
with different CA-based flood and SDI management practices 
(Table 5).

3.3 Economic profitability

The cultivation cost depends upon the different management 
practices starting from field preparation to harvesting/threshing, input 

cost, and related man days involved in crop production (Table 5). 
Scenarios 1 and 2 associated with PTR (USD 667 ha−1) and CT wheat 
(USD 538 ha−1) led to significantly (p ≤ 0.05) higher cost of cultivation 
during the study. In contrast, CA-based scenarios with SDI (mean of 
Sc5–Sc8) significantly (p ≤ 0.05) recorded (15.43 and 23.20%; 3 years’ 
mean) lower cultivation costs in rice and wheat, respectively  (Table 6). 
However, CA-based scenarios with FI (Sc3 and Sc4) recorded 10.85 
and 22.68% (3-year mean) lower cultivation costs for rice and wheat 
production, respectively, compared to CT-based scenarios (Sc1 and 
Sc2). On a 3-year basis, higher (1.81%) system cultivation cost was 
recorded under the CA-based scenario with SDI and mung bean 
integration (Sc7 and Sc8; USD 1227 ha−1) than the CT-based scenario 
(USD 1205 ha−1), while lowest was found under Sc5 and Sc6 (USD 
978 ha−1), respectively, based on the 3-year mean (Table 5).

Among the different scenarios of rice, Sc3 recorded a 23.5% 
higher net return, which was closely followed by Sc4 (18.49%), and the 
lowest net return was recorded with farmers’ practice (Sc1; 807 USD 
ha−1) (Table  5). A higher net return was also recorded with SDI 
scenarios, and it was 4.66, 10.07, 9.27, and 7.10% higher in Sc5, Sc6, 
Sc7, and Sc8, respectively, than Sc1 (USD 807 ha−1). In wheat, Sc8 
(CA-based ZTW + R with SDI) recorded the highest net return of 

TABLE 5 Effect of management practices on grain yield, cost of cultivation, and net returns under different management scenarios during 2019–20 to 
2021–22.

Scenariosa

Grain yield (Mg  ha−1) Cost of cultivation (USD ha−1) Net return (USD ha−1)

Rice Wheat
Mung 
bean

Systemd Rice Wheat
Mung 
bean

System Rice Wheat
Mung 
bean

System

Year 2019–20

Sc1 5.38Cb 3.39C -NAc- 8.94EF 703A 542A -NA- 1244B 709F 630E -NA- 1339D

Sc2 5.65B 2.78D -NA- 8.57F 703A 542A -NA- 1244B 779CD 388F -NA- 1166E

Sc3 5.89A 3.64BC -NA- 9.71CD 606B 413B -NA- 1019C 939A 838C -NA- 1778B

Sc4 5.71AB 3.52C -NA- 9.41DE 606B 413C -NA- 1019C 891B 755D -NA- 1646C

Sc5 5.16CD 4.18AB -NA- 9.55CD 593C (708)* 412D (527) -NA- 1005C (1235) 761DE (646) 1018B (903) -NA- 1779B (1549)

Sc6 5.33C 4.50A -NA- 10.06C 593C (707) 412D (527) -NA- 1005C (1235) 806C (691) 1048AB (933) -NA- 1854B (1624)

Sc7 5.01D 4.20AB 0.70 12.04B 593C (708) 412D (527) 263 1268A (1498) 722EF (607) 1019B (904) 439 2180A (1950)

Sc8 5.07D 4.59A 0.72 12.64A 593C (708) 412D (527) 269 1274A (1503) 737DEF (622) 1077A (961) 468 2281A (2051)

Year 2020–21

Sc1 4.80D 3.91D -NA- 8.90C 661A 536A -NA- 1198A 633E 827D -NA- 1459C

Sc2 5.28A 3.63E -NA- 9.09C 661A 536B -NA- 1198A 762CD 692E -NA- 1454C

Sc3 5.34A 4.23C -NA- 9.77B 602B 418C -NA- 1019B 838A 1045C -NA- 1883B

Sc4 5.20AB 4.42C -NA- 9.84B 601B 418D -NA- 1019B 801ABC 1051C -NA- 1852B

Sc5 4.82CD 4.64B -NA- 9.69B 562C (677) 416E (531) -NA- 978C (1208) 739D (623) 1177AB (1062) -NA- 1915B (1685)

Sc6 4.85CD 4.80B -NA- 9.89B 562C (677) 414F (529) -NA- 976C (1206) 748D (632) 1171B (1056) -NA- 1919B (1689)

Sc7 5.11B 4.69B 0.50 11.75A 562C (677) 416E (531) 224 1202A (1432) 816AB (701) 1191AB (1076) 244 2251A (2021)

Sc8 4.95C 5.03A 0.51 12.02A 562C (677) 414F (529) 227 1202A (1432) 773BCD (658) 1238A (1123) 258 2269A (2039)

Year 2021–22

Sc1 6.14C 4.07E -NA- 10.33D 638A 536A -NA- 1174B 1081DE 903D -NA- 1984D

Sc2 6.08C 3.45F -NA- 9.62E 638B 536B -NA- 1174B 1063E 641E -NA- 1705E

Sc3 6.40A 4.60D -NA- 11.13B 578C 417C -NA- 995C 1214A 1187C -NA- 2401B

Sc4 6.27B 4.81C -NA- 11.22B 578D 417D -NA- 995C 1178B 1199C -NA- 2377BC

Sc5 5.62F 4.93BC -NA- 10.69C 539EF (654) 414E (529) -NA- 952D (1182) 1036F (921) 1299AB (1184) -NA- 2335C (2105)

Sc6 5.90D 5.05AB -NA- 11.09B 539F (654) 412G (527) -NA- 950D (1180) 1113C (998) 1275B (1160) -NA- 2388B (2158)

Sc7 5.89D 4.99B 0.68 13.56A 539F (654) 413F (528) 258 1210A (1440) 1110C (995) 1320A (1205) 453 2883A (2653)

Sc8 5.80E 5.17A 0.68 13.65A 539E (654) 411H (526) 258 1208A (1438) 1085D (970) 1316A (1201) 453 2854A (2624)

aRefer Table 1 for description of scenarios; 1 USD = 70INR. bMeans of column followed by the same upper case letters within each column not are not statistically different (p ≤ 0.05, Tukey’s 
HSD test). cNot applicable. dSystem grain yield was expressed as rice equivalents (Mg ha−1). *Figures in parenthesis under in cost of cultivation and net returns represent the actual values with 
SDI system cost (details are available in Supplementary Tables S3–S5).
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53.9% and was closely followed by Sc7 (49.6%), whereas the lowest 
was fetched with CTPTR+R (Sc2; USD 573 ha−1) on a 3-year mean 
basis. CA-based ZT wheat irrespective of residue management (mean 
of Sc3 and Sc4) recorded 28.73% higher net returns than Sc1 (786 
USD ha−1). The mung bean crop in Sc7 and Sc8 improved the net 
return by USD 379 and 393 ha−1, on the cultivation cost of USD 248 
and 251 ha−1 (3-year mean). CA-based RW integrated with mung bean 
under SDI system (Sc7 and Sc8) improved the crop net returns/
profitability by 53.88% (3-year mean) over farmers’ practice (Sc1; USD 
1594 ha−1) irrespective of residue management practices (Table 5). The 
CA-based scenarios (Sc5–Sc8) with the SDI system recorded higher 
system net returns by 26.09, 28.83, 52.93, and 55.83%, respectively, 
than the farmer’s practice (Sc1). In contrast, all the CA-based scenarios 
(mean of Sc3 to Sc8) significantly (p ≤ 0.05) recorded 42.16% (3-year 
mean) higher system net returns over CT-based scenarios (USD 
1518 ha−1; mean of Sc1 and Sc2 (Table 5). Moreover, the CA-based 
scenarios (Sc5–Sc8) including SDI amount increased net return by 

11.7 to 40.4 and 17.3 to 47.4% as compared to the Sc1 and CT-based 
scenarios, respectively.

3.4 Irrigation water use

Rice and wheat crops need variable irrigation water requirements 
to meet their evapo-transpiration demand for completing their 
lifecycle. Rice water requirement was mainly influenced by crop 
establishment (puddled vs. direct seeding) and irrigation methods 
(flood vs. drip). The amount of irrigation water used in rice varied 
from 527 to 1,177 and 195 to 494 mm ha−1 in flood and subsurface 
drip irrigation systems, respectively, over the 3 years of study 
(Table  7). Farmers’ practice (CTPTR-R) used the highest 
(1,035 mm ha−1) amount of irrigation water, and it was ~35% (3-year 
mean) higher than CA-based ZTDSR with flood irrigation (mean of 
Sc3–Sc4). However, CA-based ZTDSR with SDI (Sc5–Sc8) saved 
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FIGURE 1

Monthly mean weather data of (A) total rainfall and (B) maximum and minimum temperature during 2019–20, 2020–21, and 2021–22.
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~69% of irrigation water compared to Sc1 (1,035 mm ha−1) (3-year 
mean). Based on the 3-year mean of wheat, conventional tillage (Sc1 
and Sc2) in wheat recorded 12.45 and 44.15% higher irrigation water 
use than CA-based FI and SDI-based scenarios (Sc3–Sc4 and Sc5–
Sc8), respectively. With the SDI system, the CA-based scenarios 
(Sc5–Sc8) saved 52.19% (1st year), 30.12% (2nd year), and 54.00% 
(3rd year) irrigation water compared to the CT wheat scenarios 
(mean of Sc1 and Sc2; 182, 395, and 376 mm ha−1, respectively). The 
CA-based FI scenarios (Sc3 and Sc4) saved 11.60% (3-year mean) 
irrigation water than farmer’s practice (Sc1). With the SDI system, 
scenarios 5, 6, 7, and 8 saved 63.10, 63.30, 58.50, and 58.42% of 
irrigation water (3-year mean), respectively, compared to farmer’s 
practice (Sc1; 1,355) in RW rotation (Table 7). However, CA-based 
ZTRW with FI scenarios (mean of Sc3 and Sc4) saved 29.52% 
(3 years’ mean) irrigation water compared to CTRW scenarios (mean 
of Sc1 and Sc2; 1,353 mm). In contrast, CA-based practices 
significantly (p ≤ 0.05) saved the irrigation water compared to 
conventional practices in rice, wheat, and RW systems, but were 
non-significant in CT vs. RT and –R vs. +R in rice crop during the 
3-year mean (Table 6).

3.5 Water productivity of irrigation (WPI)

The lowest irrigation water productivity (WPI) was recorded with 
Sc1 (0.53 kg grain m−3) and the highest (266.42% of Sc1) with Sc6. 
CA-based practices with the SDI system improved the WPI of rice by 
266.42% (3-year mean) compared to Sc1 (Figure  2). In wheat, 
CA-based ZT wheat with the SDI system (Sc5, Sc6, Sc7, and Sc8) 
recorded significantly higher WPI by 158–188, 70–86, and 163–178% 
during 1st to 3rd year, respectively, than CT wheat (Sc1). CT practices 
(Sc1 and Sc2) in wheat decreased the WPI by 35.9, 29.9, and 40.9% 
compared to CA-based ZT wheat with FI (mean of Sc3 and Sc4), 
respectively, over the year (Figure 2). Farmers’ practice (Sc1; 1.84, 
0.98, and 1.08 kg grain m−3) also recorded higher WPI at 16.3, 5.8, and 
14.7% than improved farmer’s practice (Sc2) over the years. CA-based 
ZT wheat with SDI (mean of Sc5–Sc8) increased the WPI by 147.8% 
(3-year mean) compared to Sc1 (1.30 kg grain m−3).

System-based irrigation water productivity (WPI) was lower in 
CT-based scenarios (Sc1; 0.69 and Sc2; 0.67 kg grain m−3) during all 
the 3 years. However, CA-based scenarios (Sc3–Sc8) recorded 
significantly higher WPI to the tune of 42–207, 54–204, and 62–292% 

TABLE 6 Significance effects of different agronomic management practices and their linear contrast on different sources under different scenarios 
during the 3  year mean (2019–20 to 2021–22).

Sourcea CT vs. CA CT vs. RT RT vs. CA -R vs. +R FI vs. SDI

Grain yield (Mg ha−1)

Rice NSb NS NS NS 0.0008*

Wheat 0.0003* NS <0.0001* NS <0.0001*

System <0.0001* NS <0.0001* NS <0.0001*

Cost of production 

(USD ha−1)

Rice <0.0001* NS <0.0001* NS <0.0001*

Wheat <0.0001* 0.0005* <0.0001* <0.0001* <0.0001*

System <0.0001* NS <0.0001* NS 0.0030*

Net return (USD ha−1)

Rice <0.0001* <0.0001* 0.0005* NS <0.0001*

Wheat <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

System <0.0001* 0.0001* <0.0001* 0.0293* <0.0001*

Irrigation water 

(mm ha−1)

Rice <0.0001* NS <0.0001* NS <0.0001*

Wheat <0.0001* 0.0003* <0.0001* <0.0001* <0.0001*

System <0.0001* 0.0084* <0.0001* 0.0004* <0.0001*

Water productivity (kg 

grain m−3)

Rice <0.0001* NS <0.0001* NS <0.0001*

Wheat <0.0001* NS <0.0001* NS <0.0001*

System <0.0001* NS <0.0001* NS <0.0001*

Water use efficiency (kg 

grain ha−1 cm−1)

Rice 0.0110* NS 0.0453* NS 0.0216*

Wheat <0.0001* 0.0327* <0.0001* NS <0.0001*

System <0.0001* NS <0.0001* NS <0.0001*

Partial factor 

productivity of nitrogen 

(kg grain kg−1 N applied)

Rice 0.0155* NS NS NS NS

Wheat <0.0001* 0.0335* <0.0001* NS NS

System <0.0001* NS <0.0001* NS <0.0001*

Nitrogen nutrition index
Rice NS NS NS NS 0.0017*

Wheat <0.0001* 0.0468* <0.0001* NS 0.0001*

Energy use efficiency 

(MJ ha−1)

Rice <0.0001* 0.0070* <0.0001* NS <0.0001*

Wheat <0.0001* 0.0002* <0.0001* 0.0018* <0.0001*

System <0.0001* 0.0339* <0.0001* 0.0008* <0.0001*

aRefer Table 1 for the description of scenarios. CT, conventional tillage; CA, conservation agriculture; RT, reduced tillage; -R, without residue; +R, with residue; FI, flood irrigation; SDI, sub-
surface drip irrigation. bLinear contrast was found non-significant. *Significance at the p < 0.05.
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during 1st to 3rd year than Sc1 (0.63–2.02, 0.63–1.90, and 0.75–3.12 kg 
grain m−3), respectively (Figure  2). CA-based scenarios with SDI 
system (Sc5–Sc8) improved WPI by 221.2 (3-year mean) compared to 
farmers’ practice (Figure 2).

3.6 Water use efficiency

In rice, the efficiency of water use varied from 14.38 to 18.34, 
12.42 to 17.05, and 15.79 to 20.80 kg grain ha−1 cm−1 during the 1st, 
2nd, and 3rd year, respectively (Figure 2). Scenario 3 (ZTDSR-R with 
FI) recorded highest water use efficiency (18.34 kg grain ha−1 cm−1) 
during the 1st year, while it was higher by 37.29 and 27.34% in Sc6 
(ZTDSR+R with SDI system) than farmer’s practice/Sc1 (12.42 and 
16.33 kg grain ha−1 cm−1) during the 2nd and 3rd year, respectively. 
The efficiency of water applied in CA-based scenarios with the SDI 
system was significantly (p < 0.05) lowered by 0.9% in the 1st year, but 
it was 27.21 and 14.39% higher during the 2nd and 3rd year, 
respectively, than Sc1 (Figure 2). In wheat, compared to CT, wheat 

without residue (Sc1; 53.56, 58.83 and 61.28 kg grain ha−1  cm−1) 
recorded lower WUE by 9.74, 18.82, and 24.07% than CA-based ZT 
wheat with flood irrigation (3-year mean of Sc3 and Sc4) during the 
1st to 3rd year, respectively. With the SDI system, WUE was higher by 
53.61% during the 3rd year, which was 8.14% higher than the 1st year 
than CT wheat (Sc1). The lowest (50.48 kg grain ha−1 cm−1) WUE was 
recorded in CT wheat with residue (Sc2) based on the 3-year mean 
(Figure 2).

On a system basis, the highest WUE was recorded with Sc8 by 
52.99% compared to Sc1 (21.39 kg grain ha−1 cm−1) and the lowest to 
be recorded by 3.89% in Sc2 during the 3-year mean (Figure 2). With the 
SDI system, CA-based scenarios (mean of Sc5–Sc8) improved the WUE 
by 28.01, 47.87, and 41.61%, respectively (3-year mean) than Sc1 (21.66, 
19.63, and 22.89 kg grain ha−1 cm−1), while CA-based scenarios with FI 
(mean of Sc3 and Sc4) improved the WUE by 12.27% (3-year mean) 
compared to Sc1 (Figure 2). In contrast, CA-based practices significantly 
(p ≤ 0.05) improved the WUE compared to conventional practices in 
rice, wheat, and RW system but was non-significant in CT vs. RT and 
–R vs. +R in rice and RW systems during the 3-year mean (Table 6).

TABLE 7 Effect of management scenarios on irrigation water use and energy use efficiency (EUE) during 2019–20 to 2021–22.

Scenariosa
Irrigation water use (mm  ha−1) Energy use efficiency (MJ  ha−1)

Rice Wheat Mung bean System Rice Wheat Mung bean System

Year 2019–20

Sc1 1173Ab 184A -NAc- 1357A 4.6E 6.7C -NA- 5.3D

Sc2 1177A 181A -NA- 1357A 4.8E 5.7D -NA- 5.1D

Sc3 853B 159B -NA- 1012B 6.9C 8.2B -NA- 7.4C

Sc4 854B 153C -NA- 1007B 6.8D 8.8B -NA- 7.4C

Sc5 492C 88D -NA- 579D 7.9AB 9.9A -NA- 8.7AB

Sc6 491C 87D -NA- 578D 8.0A 10.3A -NA- 8.9A

Sc7 494C 86D 48 628C 7.8B 10.0A 6.9 8.5B

Sc8 492C 87D 49 628C 7.8B 10.4A 7.4 8.8AB

Year 2020–21

Sc1 1016A 398A -NA- 1414A 4.3F 6.4F -NA- 5.1F

Sc2 1014A 393B -NA- 1407B 4.6E 6.2G -NA- 5.2F

Sc3 651B 352C -NA- 1003C 7.1C 7.8E -NA- 7.4E

Sc4 647B 349D -NA- 996D 6.9D 8.6D -NA- 7.6D

Sc5 278C 277E -NA- 556F 8.4B 9.0C -NA- 8.7B

Sc6 276C 276E -NA- 552F 8.4B 9.5B -NA- 9.0A

Sc7 279C 275E 78 632E 8.7A 9.1C 4.3 8.5C

Sc8 277C 276E 77 630E 8.6A 9.8A 4.6 8.7B

Year 2021–22

Sc1 918A 378A -NA- 1295A 5.5E 6.7F -NA- 5.9F

Sc2 915B 374B -NA- 1289B 5.4E 5.8G -NA- 5.6G

Sc3 527C 337C -NA- 864C 8.7D 8.3E -NA- 8.6E

Sc4 523D 332D -NA- 855D 8.7D 9.3D -NA- 8.9D

Sc5 197EF 174E -NA- 372F 10.2C 10.3C -NA- 10.2B

Sc6 195F 173E -NA- 369F 10.6A 10.8B -NA- 10.7A

Sc7 196F 172E 66 434E 10.5A 10.4C 5.5 10.0C

Sc8 199E 172E 67 438E 10.4B 11.0A 5.6 10.2B

aRefer Table 1 for the description of scenarios. bMeans of column followed by the same upper case letters within each column are not statistically different (p ≤ 0.05, Tukey’s HSD test). cNot 
applicable.
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3.7 Nitrogen nutrition index

The nitrogen nutrition index ranged from 0.53 to 0.69, 0.48 to 
0.59, and 0.64 to 0.82 during the 1st, 2nd, and 3rd year, respectively, 
in rice (Figure 3). In ZTDSR with FI (3-year mean of Sc3 and Sc4), the 
nitrogen nutrition index (NNI) was increased by 19.5% compared to 
farmer’s practice (0.58). During the rice season in the 3 years, the NNI 
value of CTPTR scenarios (Sc1 and Sc2) ranged from 0.48 to 0.71 
(lower than 1) indicating that N limited the grain yield, while both 
scenarios recorded higher NNI value to the SDI system (Figure 3). In 
the SDI system, CA-based scenarios (mean of Sc5–Sc8) improved the 
NNI value by ~10% during the 3rd year compared to the 1st year of 
the study. In contrast, FI vs. SDI significantly (p ≤ 0.05) improved the 
NNI in rice crop during the 3 years (Table 6).

In wheat, conventional tillage (Sc1 and Sc2) practices recorded 
26.32 and 47.37% lowered NNI values compared to CA-based FI and 
SDI scenarios (Sc3–Sc4 and Sc5–Sc8), respectively, during all the 
3 years (Figure 3). The NNI values in wheat ranged from 0.31 to 0.49, 
0.39 to 0.59, and 0.37 to 0.67 during the 1st, 2nd, and 3rd year, 
respectively. During the wheat season in the 3 years, the NNI value of 
SDI scenarios (Sc5–Sc8) ranged from 0.43 to 0.67 (lower than 1.0) but 
slightly increased the grain yield over the years than CT-based 
scenarios. CA-based ZT wheat with SDI including summer mung 
bean (Sc8) increased the NNI by 41.3% (3-year mean) compared to 
farmer’s practice (0.41) and was the lowest to be  recorded under 
CTW + R scenario (Sc2; 0.36). Contrast effects of CT vs. CA, CT vs. 
RT, RT vs. CA, and FI vs. SDI significantly affected NNI under 
different management scenarios (Table 6).

FIGURE 2

Effect of management practices on irrigation water productivity (WPI) and water use efficiency (WUE) under different management scenarios from 
2019–20 to 2021–22. Rainfall data of rice, wheat, and mung bean season are present in Figure 1A.
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3.8 Fertilizer-N use efficiency

The partial factor productivity of N (PFPN) and an index of N use 
efficiency (NUE) varied from 33.44 to 39.29, 31.45 to 35.35, and 37.66 
to 42.66 kg grain kg−1 N applied in rice crop over the 3 years of study 
(Figure 4). The ZTDSR-R (Sc3) recorded the highest (39.10 kg grain 
kg−1 N) PFPN compared to CT-based scenarios (mean of Sc1–Sc2) on 
3-year basis. However, CA-based ZTDSR with SDI (mean of Sc5–Sc8) 
increased PFPN by 0.3% compared to Sc1 (36.26 kg grain kg−1 N) 
during the 2nd year. In wheat, partial factor productivity of N varied 
from 18.56 to 30.62, 24.24 to 36.70, and 22.99 to 38.48 kg grain kg−1 N 
applied during the 1st, 2nd, and 3rd year, respectively (Figure 4). In 
contrast, CT vs. CA significantly (p ≤ 0.05) improved PFPN in rice crop 
during the years under investigation (Table 6).

Based on the 3-year mean, Sc8 recorded 49.39% higher PFPN over 
conventional tillage (23.60 kg grain kg−1 N) followed by 44.03% over 
Sc6 (Figure 4). With the SDI system, CA-based scenarios (Sc5–Sc8) 
recorded 28.99% (1st year), 28.99% (2nd year), and 31.61% (3rd year) 
higher PFPN than farmer’s practice (22.58, 26.08, and 27.17 kg grain 
kg−1 N, respectively). In flood conditions, CA-based scenarios (Sc3 
and Sc4) also improved PFPN by 10.63% (3-year mean) than farmer’s 
practice (Sc1). The contrast effects were significant to partial factor 
productivity of N associated with different CT and CA-based 
management practices (CT vs. CA, CT vs. RT, and RT vs. CA) during 
the 3-year mean (Table 6).

On a system basis, scenarios 5, 6, 7, and 8 improved 6.60, 12.59, 
24.26, and 30.72% PFPN (3-year mean), respectively, compared to Sc1 
(31.28 kg grain kg−1 N) in RW rotation (Figure 4). However, CA-based 
ZT rice–wheat with FI (mean of Sc3 and Sc4) also recorded higher 
PFPN by 10.10% (3-year mean) than the CT rice–wheat scenario 
(mean of Sc1 and Sc2; 31.28 and 30.30 kg grain kg−1 N) (Figure 4).

3.9 Energy use efficiency

Energy use efficiency (EUE) was significantly (p < 0.05) 
influenced by tillage, crop establishment method, residue, water, and 
nutrient management practices in the RW system (Table  7). The 
CA-based scenarios with flood irrigation (Sc3 and Sc4) recorded the 
higher EUE of rice by 56.2% (3-year mean) than Sc1 (4.8 MJ ha−1) 
during the 3 years of experimentation. In wheat, CA-based scenarios 
with SDI (Sc5–Sc8) increased the EUE by approximately 45.2–57.8% 
compared to Sc1 (6.43–6.73 MJ ha−1) during the 1st to 3rd year, 
respectively. Scenario 8 recorded 57.3% higher EUE than Sc1 
(6.63 MJ ha−1) based on the 3-year mean data. The CA-based 
scenarios with FI (Sc3 and Sc4) improved EUE by 40.4% compared 
to farmers’ practice (Sc1).

On a system basis, CA-based scenarios with SDI system recorded 
69.4% higher EUE than farmers’ practice (5.45 MJ ha−1) over the years 
(Table 7). However, CA-based scenarios with FI (mean of Sc3 and Sc4) 

FIGURE 3

Effect of management practices on nitrogen nutrition index (NNI) under different management scenarios of rice and wheat crop from 2019–20 to 
2021–22.
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increased EUE by 44.7% (7.89 MJ ha−1) compared to Sc1. On a system 
basis, Sc8 increased the energy EUE by 69.4% (3-year mean) compared 
to Sc1 (5.45 MJ ha−1) during all the years (Table 7). In 3 years, contrast 
effects were significant to energy use efficiency associated with 
different CA-based management practices (CT vs. CA, CT vs. RT, RT 
vs. CA, −R vs. +R, and FI vs. SDI) in rice, wheat, and RW systems 
except –R vs. +R in rice crop (Table 6).

4 Discussion

4.1 Crop productivity

The rice–wheat system of western IGP mainly depends on 
groundwater aquifers to meet their evaporative demand. In the 
present study, higher rice grain yield was recorded with CA-based 
flood irrigation scenarios (Sc3 and Sc4) which might be due to 
the more favorable micro-climatic conditions throughout the 

season as well as due to the residual effect of previous crop 
residues (Table  5). Based on recorded datasets, under flood 
irrigated circumstances, direct seeded rice (DSR) production was 
greater due to a higher number of panicles, 1,000-grain weight, 
and a lower sterility percentage (Sarkar et al., 2003). Zero tillage 
direct seeded rice (ZTDSR) also provides additional benefits of 
time savings as it is harvested 7–10 days earlier and benefits the 
following crop in the cycle (Kumar and Ladha, 2011). Sidhu et al. 
(2019) showed similar outcomes in comparable ecologies with 
lateral spacing of 45–60 cm. In accordance with similar findings, 
other researchers (Yadav et al., 2011; Nagaraju et al., 2014; Sharda 
et  al., 2017; Parthasarathi et  al., 2018) hypothesized that drip 
irrigation might increase rice yield due to higher dry matter 
accumulation, tiller m−2, panicle weight, and harvest index 
compared to conventional flood irrigation. In wheat, SDI with 
CA-based management practices recorded a higher grain yield 
over Sc1 (Table  5). The SDI scenarios (Sc5–Sc8) produced 
21–30% (3-year mean) higher grain than Sc1 (3.79 Mg ha−1), and 

FIGURE 4

Effect of management practices on partial factor productivity of nitrogen (PFPN) under different management scenarios from 2019–20 to 2021–22.
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this may be attributable to increased soil moisture availability, 
moderated soil temperature, improved soil fertility brought about 
by continuous nutrient supply, particularly nitrogen through 
N-fertigation, decreased weed population, mineralization brought 
about by crop residue retention on the soil surface, and integration 
of legumes (Kakraliya et al., 2018; Sandhu et al., 2019; Jat et al., 
2019b, 2021a).

Several studies in the IGP region have demonstrated that ZT 
wheat enables early sowing by almost 2 weeks coupled with residual 
mulch for improved temperature regulation and protection of crop 
from heat stress during the reproductive stage (Gathala et al., 2011; 
Choudhary et  al., 2018), and by preventing soil compaction, rice 
produced under aerobic conditions (DSR) benefits the next wheat 
crop as well (Jat et al., 2019a, 2021a). The combined impacts of CA 
techniques and precise water and N management may be to blame for 
the current findings of increased wheat output under SDI in both 
years (Sidhu et al., 2019; Jat et al., 2019a). The crop residue mulch on 
the soil surface delivered favorable conditions for crop growth and 
development resulting in higher grain yields of wheat in the Western 
IGP of India and these findings are consistent with other studies (Gao 
et al., 2014; Jat et al., 2018a; Sidhu et al., 2019; Umair et al., 2019; Jat 
et al., 2019a). Using SDI to integrate deficit irrigation will not increase 
soil water extraction from deep soil layers, but it will increase output 
by promoting crop development (Yang et al., 2020). Subsurface drip 
irrigation has a preventive impact on both grain and straw yield in 
wheat crops, leading to a greater yield (~7%) than flood irrigation of 
CT-based management methods.

In our study, sustainable intensification of RW with mung bean 
integration improved the system productivity by ~26% (3-year mean) 
with SDI compared to the farmer’s practice of conventional RW 
system (9.38 Mg ha−1) in the IGP (Table 5). Jat et al. (2019b, 2021b) 
also reported similar findings with mung bean integration in the RW 
system under silty loam soils of IGP. Kakraliya et al. (2021) compiled 
the data of many researchers and estimated an increase of 10–15% 
higher system yield under CA-based SDI than the RW system with 
flood irrigation.

4.2 Economic profitability

Conventional management-based RW systems (Sc1 and Sc2) led 
to higher cost of cultivation and lower profitability than the CA-based 
flood and SDI scenarios (Sc3–Sc8) in both rice and wheat during all 
the 3 years (Table 5). Consistent with our study, Gathala et al. (2015), 
Kakraliya et al. (2018), and Jat et al. (2019b) observed that adopting 
CA techniques through ZT reduced 79–85% of the production cost 
compared to CT systems of manually transplanted rice and 
broadcasted wheat. The additional findings (Nagaraju et al., 2014; 
Choudhary et al., 2018; Kumar et al., 2018; Jat et al., 2019c) in NW 
India are consistent with the lower cost and higher profitability of 
production in the CA-based system than CT. The higher profitability 
under CA-based scenarios with SDI including summer mung bean 
(Sc7 and Sc8) was mainly due to the combined effect of fertilizer costs 
and lesser amount of irrigation that improved the crop profitability by 
~50% through mung bean than CT management practices (Sc1 and 
Sc2). In earlier studies, Sivanappan (1994) and Sharda et al. (2017) on 
rice and Sidhu et al. (2019) and Jat et al. (2019b, 2021b) on rice and 
wheat reported higher profit under SDI than with flood irrigation.

4.3 Irrigation water use, efficiency, and 
productivity

The amounts of irrigation water applied in CA-based scenarios with 
flood irrigation (Sc3 and Sc4) were lower compared to CT-based 
scenarios (Sc1 and Sc2) (Table 7). It was mostly because of differences 
in irrigation scheduling and the availability of water and nutrients to 
crop plants under CT and ZT conditions (Ram et al., 2013; Kakraliya 
et al., 2018; Kumar et al., 2018; Jat et al., 2018b; Sidhu et al., 2019). 
However, the SDI system saved more irrigation water compared to CT 
and ZT in flooded conditions of rice and wheat as we are directing the 
water as per need to achieve ‘Per Drop More Crop’. In a similar vein, 
several studies by Jat et al. (2019c) found irrigation water savings using 
CA methods including SDI under the RW system as compared to CA 
with flood irrigation in similar ecologies. Lower irrigation water use in 
CA with flood and SDI conditions with higher or at par crop yields 
resulted in higher WPI in rice and wheat than the flood irrigation system 
under conventional tillage (Sc1) during all the years of experimentation. 
Jat et al. (2019c), Ramulu et al. (2016), and Sharda et al. (2017) also 
recorded similar water savings of 40–50% and higher WP of 90% with 
drip irrigation in DSR than PTR. Due to higher irrigation rates than the 
soil’s ability to store water, flood irrigation causes water delivered to the 
field at a depth of 5–8 cm (in each event) to be more susceptible to 
evaporation and percolation losses (Ayars et al., 1999; Sidhu et al., 2019).

In the SDI system, CA-based scenarios were found to have 
significantly higher WPI and WUE during all the 3 years than 
CT-based Sc1 (Figure 2). When irrigation water was given by SDI in 
modest amounts (1–2 cm ha−1) and directly to the root zone of the 
crop at regular intervals (2–5 days) depending on the tensiometer 
readings conserved more water by reducing evaporation and seepage 
losses (Jat et al., 2019a). The SDI enables consistent soil moisture and 
nitrogen delivery in the root zone of both crops (rice and wheat). 
Some researchers (Camp, 1998; Chen et al., 2015; Chouhan et al., 
2015; Sidhu et al., 2019; Jat et al., 2019b) also reported similar results 
of irrigation water saving and higher WP. The SDI system benefits the 
farmers by boosting the efficiency of water through significant savings 
of irrigation water with comparable or higher yields of cereal-based 
systems (Nagaraju et al., 2014; Sidhu et al., 2019). The SDI system has 
limited adoption in the IGP due to free power for groundwater 
pumping, greater initial investment rather than flood systems, fine-
tuning in drip line spacing and depth (Chen et al., 2015), and light 
soil texture.

4.4 Fertilizer-N nutrition index and 
efficiency

The real gain of N use and differences in grain yield can 
be calculated using both the factor of nitrogen nutrition index (NNI) 
(Lemaire and Ciampitti, 2020; Zhao et al., 2022) and the partial factor 
productivity of nitrogen (PFPN) (Figure 4). To minimize the N losses 
through leaching, volatilization and denitrification were managed by 
the placement and timing of fertilizer N in tiny doses and with more 
splits through SDI utilizing fertigation to meet the crop need and 
enhanced NNI, as well as its efficiency in RW system. However, the 
NNI and PFPN are helpful to better assess the N requirement and 
optimize crop N management for increasing NUE. In our study, N was 
tested in 8 and 5 equal splits dose in rice and wheat at 10- to 15-day 
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intervals in the SDI system which parallel to that of 3 and 2 splits dose 
under flood irrigation system, respectively. The higher efficiency of 
nitrogen under CA-based systems was mainly due to the proper N 
doses and scheduling which resulted in saving of approximately 10% 
nitrogen fertilizer in both rice and wheat compared to CT-based flood 
irrigation systems (Jat et al., 2019c). Some researchers showed that the 
application of fertilizer N through SDI saved ~50% of the 
recommended fertilizer N in rice over the flood irrigation system 
(Nagaraju et al., 2014). Sidhu et al. and Jat et al. (2019c) have reported 
a significant increase in N use efficiency under the SDI system 
compared to flood irrigation in the RW system.

4.5 Energy use efficiency

Energy use efficiency (EUE) was higher under the CA-based 
management system with SDI (Sc6 and Sc8) due to lower energy input 
because of less tillage, fertilizer, irrigation, and similar or higher 
energy output as than the rest of the scenarios (Table 7). Lower EUE 
in the CT rice–wheat system was mostly caused by more extensive 
tillage techniques, which account for 33–40% of the total energy used 
and can only be avoided by ZT without reducing crop yields. Many 
researchers have found similar energy-saving figures for CA-based 
management systems in the RW systems (Choudhary et al., 2018; 
Kumar et  al., 2018; Jat et  al., 2019c). Laik et  al. (2015) found 
comparable EUE values in the RW system of the IGP, which lie 
between 3.94 and 1.31 MJ MJ−1. Compared to CT-based scenarios, 
CA-based scenarios (Sc3–Sc8) resulted in reduced input and higher 
output of energy, which enhanced the EUE in the RW system (Sc1–
Sc2). The same CA-based management strategies have been detailed 
by Laik et al. (2015), Chaudhary et al. (2017), Parihar et al. (2017), and 
Kakraliya et al. (2022) as being able to minimize energy input while 
improving energy output.

5 Conclusion

In the current scenario of declining groundwater table and 
weather abnormalities, developing effective and scalable techniques 
for rice cultivation is of utmost importance in the RW domain. In 
comparison with farmers’ practices, the SDI under CA-based 
management systems with mung bean integration enhanced crop 
productivity and economic profitability by 22 and 41%, respectively 
while using 61% less irrigation water (FP). The RW system with CA 
in a flooded condition also recorded 7 and 11% higher productivity 
and profitability, respectively, irrespective of the conventional RW 
system. The mung bean integration in RW systems contributed ~26% 
to the systems’ productivity and profitability irrespective of different 
management practices. Applied fertilizer N through SDI in the 
CA-based systems increased ~28% partial factor productivity of N and 
improved N nutrition index (NNI) value through proper N doses and 
timely scheduling which helped in reducing the N losses during 
fertigation under the SDI system in CA-based RW system. On a 
system basis, CA with SDI improved the energy use efficiency (EUE) 
by ~70% compared to farmers’ practice. This study clearly 
demonstrates that bundling of CA-based management practices 
allowed early wheat planting which can enhance wheat yields in NW 

India by mitigating the negative effects of terminal heat stress 
compared to when wheat is sown in mid-November under CT-based 
practices. The ZT direct seeded rice appears to be an economically 
viable alternative to PTR to overcome the emerging problems of labor, 
water scarcity, and rising production cost. Irrigation water and energy 
use declined significantly with ZT DSR compared to conventional 
rice. Despite these advantages of ZTDSR, however, there are some 
concerns about its low yields and sustainability, and this calls for 
additional targeted research to understand the processes contributing 
to this decline. Current water and energy pricing policies as well as the 
public procurement system for rice (i.e., provision of a stable market) 
favor transplanted rice cultivation. These results provide strong 
evidence that the dual goals of enhancing productivity and profitability 
of cereal-based cropping systems in NW India can be reliably achieved 
through proper bundling of CA principles with precise water and 
nutrient management and through the adoption of efficient genotypes 
in the RW system.
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