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Abstract
Rice (Oryza sativa L.)–wheat (Triticum aestivum L.) cropping system in north-western Indo-Gangetic Plains performed 
a crucial role in the national food security. However, the widespread and intensive cultivation of this system has led to 
serious problems such as declining groundwater table (~1 meter year−1) with sharp increase in number of districts under 
over-exploitation category, residue burning, higher greenhouse gases emission and herbicide resistance in weeds, causing 
stagnant crop productivity and lesser profitability. In this review article, an attempt has been made to discuss the major issues 
pertaining to intensive rice–wheat cultivation amidst climate vagaries and futuristic approach to address these challenges. 
Different tillage- and crop-specific recommendations such as adoption of direct seeded rice, diversification with lesser 
resource guzzling crops such as maize (Zea mays L.) at least on the periodic manner especially in light-medium soils, inclu-
sion of summer legumes and alternative tillage systems (permanent beds and zero tillage with residue retention) have been 
suggested to address these issues. However, crop performance under these techniques has been found to be location, soil and 
cultivar specific. The absence of aerobic tailored genotypes and weeds have been identified as the major constraints in adop-
tion of direct seeded rice. The integrated strategies of conservation tillage, crop breeding program and resource conserving 
region- and soil-specific agronomic measures with crop diversification would be helpful in tackling the sustainability issues. 
It requires future efforts on developing crop genotypes suited to conservation tillage, effective weed control strategies and 
trainings and demonstrations to farmers to switch from conventional rice–wheat system to alternative cropping systems.

Keywords  Crop residue · Conservation tillage · Greenhouse gases · Groundwater · Soil health · Diversification

Introduction

Presently crop cultivation has three dimensions, viz. inten-
sive resources-based crop production to feed the burgeon-
ing population, more economic benefit and sustainabil-
ity of resources for the future generations. In the last few 
decades, research had been crop production oriented with 
limited focus on declining natural resources and biodiver-
sity. In recent time, stagnant crop productivity and deterio-
rated natural resources amidst climate change forced the 
researchers and stake holders to explore some alternative 
crop production strategies and management practices to keep 
the agricultural sustainability in long term. The problems 
of stagnant crop productivity, declining natural resources 
and increased environmental pollution witnessed predomi-
nantly in the regions with intensive adoption of conventional 
rice–wheat system (Ladha et al. 2007; Kumar et al. 2021), 
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which occupied an area of 13.5 million hectares (m ha) in the 
Indo-Gangetic Plains of South Asia (Gupta and Seth 2007). 
In India alone, about 10.3 m ha area is under rice–wheat sys-
tem, followed by Pakistan (2.2 m ha), Bangladesh (0.8 m ha) 
and Nepal (0.6 m ha). The critical phases and issues in con-
ventional rice cultivation system are presented in Fig. 1. The 
conventional rice cultivation in north-western Indo-Gangetic 
Plains is characterized by intensive puddling followed by 
transplanting of 25–30 days old rice seedlings with stag-
nation of water in paddy fields for two to three weeks and 
thereafter replenish irrigation every two–three days upon 
infiltration of water into soil (Kumar and Ladha 2011; Anon-
ymous 2020a). The long-term attachment of farmers with 
conventional practice of rice cultivation is due to its tangi-
ble benefits such as competitive advantage against weeds 
associated with differential size of rice seedlings against the 
concurrently germinating weeds and poor oxygen diffusion, 
hindering the weed germination (Rao et al. 2007; Kumar and 
Ladha 2011), assured anaerobic conditions with neutral soil 
reaction (Aggarwal et al. 1995) and higher availability of 
nutrients to plants with low or no iron deficiency. Although 
water percolation losses (14–16%) and crop water demand 
(10–25%) in rice are reduced after puddling, it comes at 
the expense of huge amount of water and energy accounted 
in puddling and other operations. In fact, conventional rice 
cultivation is considered as water-intensive practice and it 
requires a huge amount of water (about 2500 L) to produce 
1.0 kg of rice (Bouman 2009). The total water requirement 
of rice–wheat system ranges from 1382 to 1838 mm and 
about 80% of which is consumed by rice crop only (Gupta 
et al. 2002) with about 50 and 1500 mm for nursery and after 
rice transplanting, respectively. 

Researchers expressed concerns on sustainability of rice 
cultivation associated with high energy demand, deteriora-
tion of the groundwater table and escalating cost of ground-
water pumping from deeper depth as a result of puddling 
and ponding practices (Humphreys et al. 2010; Chauhan 
et al. 2012). It is estimated that out of total energy input 
(52.4 ± 1.3 GJ ha−1) required for rice cultivation, irrigation 
water uses about 40% of total energy followed by 17.7% 
for electricity in pumping out of groundwater (Singh et al. 
2019). This is also accompanied by increase in associated 
carbon dioxide (CO2) emissions emitted during the multi-
ple wet tillage operations in puddling and water pumping in 
the cases where stationary diesel engines are used as power 
source. The practice of intensive puddling and continuous 
flooding in rice field also promotes methane (CH4) emission 
as a result of methanogenesis (Sapkota et al. 2015). Grace 
et al. (2003) reported that rice–wheat system emitted green-
house gases with global warming potential of 13–26 Mg 
CO2 ha−1 per year in Indo-Gangetic Plains. The environ-
mental threats of intensive rice cultivation are also encour-
aged by dominating chemical-based weed control strategies. 

The continuous cultivation of rice–wheat system along with 
faulty spray techniques have resulted in accelerated herbicide 
resistance in wheat associated weeds such as Phalaris minor 
and Rumex dentatus (Chhokar et al. 2018). Recently in rice 
also, first case of herbicide resistance in Cyperus difformis 
L. against bispyribac-sodium was reported in India (Choud-
hary et al. 2021). The effective dose of bispyribac-sodium 
required to control 50% of plants was found 19–96 g ha−1 
as compared to 10 g ha−1 for susceptible.

In addition to the above discussed challenges, the alter-
nate anaerobic (rice) and aerobic (wheat) regimes affect 
the soil characteristics and drive the dynamics of moisture 
and nutrient availability (Singh and Benbi 2020). Puddling 
causes the increase in soil bulk density leading to formation 
of hard pan (7 to 10 cm) in soil layer which causes depressed 
root rhizosphere of succeeding crop resulting in lower yields 
(Oussible et al. 1992; Aggarwal et al. 1995) and necessitate 
more tillage operations for succeeding crop (Kumar and 
Ladha 2011). In fact, conventional puddling and transplant-
ing in rice fields followed by multiple tillage to create the 
fine seed bed for sowing of succeeding wheat are considered 
highly money-, water- and energy-intensive practice, result-
ing in the lower resource use efficiency (Saharawat et al. 
2010; Chauhan et al. 2012). Studies have also confirmed 
significant yield reduction in other succeeding crops like 
chickpea (Cicer arietinum L.) and mustard (Brassica sp.) 
primarily due to compaction of soil and carry over effect of 
puddling in rice (Gangwar and Singh 2010).

The ill effects of puddling and other practices in conven-
tional rice production do not come to end even after harvest-
ing of crop. The burning of rice residue remains a common 
practice in north-western Indian Plains to clear the field 
in a rapid and economic way in response to limited avail-
ability and costly residue handling machines, higher cost 
on residue removal from the fields and unsuitability of rice 
residue for fodder purpose which enables farmers for timely 
sowing of wheat crop which otherwise causes yield decline 
in wheat upon delay. The nutrients contained about 5.5 kg 
nitrogen (N), 2.3 kg P2O5, 15–20 kg K2O, 1.2 kg sulfur (S), 
3–4 kg calcium (Ca), 1–3 kg Mg and 400 kg of carbon (C) 
in each tonne of rice residue are majorly lost upon burning 
(Dobermann and Fairhurst 2002). In addition to nutrient 
losses, C, N and S in straw are converted to various gase-
ous emissions upon burning. In-situ rice residue burning 
also causes significant reduction in microbial population 
such as bacteria, fungi, actinomycetes, phosphate along 
with cellulose degraders immediately after burning (Kumar 
et al. 2019) and microbes related to biomass recycling fails 
to recover even after 60 days. The different estimations on 
total rice residue production and residue burned every year 
throughout the country, and in Haryana and Punjab states 
are presented in Table 1 (Jain et al. 2014; Lohan et al. 2018; 
Chaudhary et al. 2019). Similarly, rice, wheat and sugarcane 
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Fig. 1   Critical phases/issues in conventional rice cultivation system, 
viz. water guzzling operation (puddling) resulting in soil compaction 
(A), laborious work of manual transplanting (B), presence of loose 

straw after combine harvesting (C), gaseous emissions from residue 
burning (D), satellite image of burning spots as red dots (E), trend of 
CO2-eq emission from rice residue burning in India (F)
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(Saccharum officinarum L.) constituted about 23, 48 and 
23% of crops residues burnt in Pakistan (Azhar et al. 2019). 
Moreover, residue burning increased carbon dioxide emis-
sions by 40% from 2000 to 2014 at an annual rate of 2.7% 
while other South Asian countries, i.e. Indonesia, Vietnam, 
Myanmar, Thailand and Philippines constituted about 36.0, 
21.0, 15.0, 14.8 and 9.0%, respectively, to the amount of 
crop residue open burning, whereas, for crop-specific rice 
contributed to 19–97% followed by maize (2–78%) and sug-
arcane (0.4–26%) to the total crop residue burning (Oanh 
et al. 2018).

The expansion of rice area in Haryana and Punjab states 
of India in the last few decades and sharp decline in ground-
water table further escalated these issues and placed this 
region under water-stressed category besides a huge source 
of greenhouse gases emissions as a result of water pond-
ing and residue burning practices. The rigorous adoption 
of rice–wheat system has resulted in the depletion of the 
groundwater table in north-western India and current crop 
production is at the expense of natural resources (Rodell 
et al. 2009). The existing crop production system is becom-
ing more fragile due to imbalanced use of fertilizers, exten-
sive burning of crop residue in rice–wheat system and 
scarcity of available resources within each target ecosys-
tem (Sidhu et al. 2007) and these intermingled issues with 
rice–wheat system emphasis importance of system diversi-
fication for ecological and human health.

Materials and methods

Considering the issues pertaining to conventional rice cul-
tivation coupled with climate vagaries and its menace on 
agriculture, it requires the urgent attention to explore the 
alternative crop production systems, resource conserva-
tion technologies and diversification of rice with lesser 
resource guzzling crops to conserve the natural resources 
for future sustainability. Therefore, present review study was 
undertaken to discuss the key issues in conventional rice 

cultivation system amidst climate change and to explore the 
viable technological and strategic diversification options to 
address these challenges for agricultural sustainability in 
future. We have collected the information from about 140 
research articles, reviews and reports oriented to rice–wheat 
system and possible diversification options in north-west-
ern Indo-Gangetic Plains especially in Haryana and Punjab 
states of India. In this regard, we searched databases (Google 
Scholar and Scopus) for existing literature with specific 
search terms (diversification, rice–wheat, Indo-Gangetic 
Plains, maize, pigeonpea (Cajanus cajan L.), summer mung-
bean [Vigna radiata (L.) Wilczek], etc.).

Gravity of groundwater depletion 
in north‑western Indo‑Gangetic Plains

India is the largest consumer of groundwater as 60% of 
nation’s total water supply met by groundwater. The domi-
nant share (88–90%) of groundwater extracted is utilized for 
irrigation activities in agricultural fields (Siebert et al. 2010; 
GoI 2014). The increase in total irrigated area, uncertainty 
of rainfall, slow recharge rate of groundwater resources and 
increased cultivation of high water guzzling crop like rice 
have been the major reasons for rapid withdrawal of ground-
water used for irrigation. For instance, the area under rice 
cultivation was 0.31 m ha in 1966 which was increased to 
about 3.10 m ha (ten times increase) in Punjab state, India. 
Similarly in Haryana state, India, where around 0.19 m ha 
of land was under rice cultivation in 1966, increased to 
1.56 m ha (a seven-fold hike) in 2019. Further, the subsi-
dized rate-based electricity in Haryana and Punjab states 
caused the overuse of water pumps (through whole night 
running) resulting in water ponding conditions each day dur-
ing the initial phase of rice establishment and loss of excess 
water to side fields or paths.

The decline in water table depth was 0.2 m per year 
between 1973 and 2000 which increased to 1.0 m per year 
during 2000–2006 in many regions of Haryana and central 

Table 1   Different 
approximation on quantification 
of crop residue burning in India

Location Amount of rice 
residue produced 
(m t per year)

Amount of rice residue 
burnt (m t per year)

References

India 153.35 41.52 Jain et al. (2014)
India 154 (gross poten-

tial and 43.50 
surplus)

– Hiloidhari et al. (2014)

Punjab and Haryana 18.45 14.42 Lohan et al. (2018)
Punjab 15.00 7.50 Sidhu et al. (2007)
Punjab 18–20 14.40–16.01 Roy and Kaur (2016)
Punjab 21–23 17.11–18.75 Kaur et al. (2006); Sangeet (2016)
Haryana 4.80 1.29 HARSAC (2018)
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Punjab (Humphreys et al. 2010; Singh et al. 2014). The 
results of groundwater depletion rate especially of north-
western Indo-Gangetic Plains computed using different tech-
niques are presented in Table 2 which show the over-exploi-
tation of groundwater, a cause of concern for the country. 
The district-wise decline in water level of Punjab is depicted 
in Fig. 2. Hira et al. (2004) found that decline rate (average 
annual rate) in groundwater table was 18 cm during 1982–87 
and 42 cm during 1997–2002. During 2002–2006, decline 
rate increased to 0.75 m per year and worsened the condition 
(Singh 2006) and a hefty 0.83 m per year particularly in the 
year 2002–2003, with average decline of 52 cm annually for 
the Punjab state (Kaur et al. 2011). The area with water table 
depth greater than 10 m was increased from 20% (1998) to 
58% (2006) due to shifting in paddy transplanting time to 
early and change in centrifugal pump to submersible pump 
(Kaur et al. 2011). 

The depth of water table in Haryana districts is shown 
in Fig. 3. In Haryana also, average annual decline rate was 
recorded in districts Kurukshetra, Karnal, Kaithal and Fate-
habad as 1.14, 0.93, 0.70 and 0.52, respectively (Singh and 
Kasana 2017). Moreover, increase in depth of water table (m 
per year) in major rice producing districts, i.e. Kurukshetra, 
Kaithal, Karnal, Fatehabad, Panipat and Sirsa were 0.34, 
0.12, 0.23, −0.06, 0.25 and −0.34 during 1974 to 1995, but 
accelerated increase was found during 1995 to 2020 with 
0.97, 0.92, 0.42, 0.82, 0.47 and 0.50 m per year, respectively. 
The periodical fluctuation in water table during 1974–2014 
and 1974–2020 showed more fluctuation in water table from 
2014 to 2020 in different districts of Haryana. Mainly two 
factors were responsible for this decline; one was increas-
ing the area under tubewell irrigation from about 38.9% 
(1975–1976) to 61.2% (2011–2012) and second is the 
rice–wheat system as major cropping system (Singh 2015).

Considering these issues, Government of India has 
also taken concrete steps including ‘The Preservation of Sub-
soil Water Act, 2009’ with the objectives to conserve irriga-
tion water, prohibits early transplanting of rice to reduce 
unproductive evaporation water losses and irrigation demand 
(Dangar et al. 2021). This subsequently reduced the annual 
rate of water table fall from 84 cm per year (2000–2008) to 
50 cm per year (2008–2014). The transplanting time was 
again revised in 2014 to June 15 and further in 2018 to June 
20. However, presently, the annual groundwater recharge is 
less than the annual groundwater consumption in Haryana, 
India leading to depletion of groundwater table. In India, 
recently a study showed that with current depletion rates 
cropping intensity may shrinkage by 20 and 68% at national 
scale and in groundwater depleted regions, respectively 
(Jain et al. 2021). Under these scenarios, to sustain the crop 
productivity, alternative agro-techniques and diversification 
options need to be identified and delivered on the large scale. 
Further to sustain the rice production, systematic integration 

of developing high-yielding and water stress-tolerant rice 
cultivars with improved resource conserving technologies 
will be needed under shrinking cultivable area, water and 
labor availability.

Technological refinements to improve 
sustainability of rice–wheat system

In recent years, tremendous efforts have been made to rec-
tify, ameliorate the challenges and sustainability threats 
imposed by rice–wheat system. These technological refine-
ments are devoted to discover the efficient and viable alter-
natives of ongoing crop establishment practices and strategic 
diversification in rice–wheat system with maize, pigeonpea 
and other lesser resource requiring crops.

Scaling up of resource conservation technologies

In the last few years, different resource conserving technolo-
gies (Table 3), viz. reduced tillage, laser land leveling, no-till 
with or without residue retention, brown manuring, nutrient 
management tools as leaf color chart, furrow-irrigated raised 
beds (FIRBs), subsurface drip irrigation in wheat have been 
validated under irrigated conditions in the Indo-Gangetic 
Plains to alleviate the ill effects of intensive rice–wheat sys-
tem (Kumar and Ladha 2011; Jat et al. 2019, 2021; Singh 
et al. 2020). The multifarious benefits of these technologies 
such as reduced fuel cost, least labor requirement, improved 
water infiltration and timely sowing of crops resulting in 
higher yields, lesser weed infestation associated with deple-
tion of seed bank and less disturbance, 15–20% water sav-
ing, improved input use efficiency and increased profitability 
attracted farmers’ attention and adoption of alternative prac-
tices at their fields (Gupta and Seth 2007; Sidhu et al. 2007; 
Saharawat et al. 2010; Chauhan et al. 2012).

Direct seeded rice

Direct seeded rice is a cost-effective technology alternative 
to puddled transplanted rice to address the labor scarcity 
and water depletion issues. It eliminates the water guzzling 
operation, i.e. puddling in crop establishment which requires 
about 200 mm water. The advantages of direct seeded rice 
in terms of reduced labor requirement, lesser risk of ter-
minal drought, crop intensification through early maturity 
and higher water use efficiency over puddled transplanted 
rice are well documented (Malik and Yadav 2006; Rao 
et al. 2007; Pathak et al. 2011). However, performance of 
direct seeded rice is highly sensitive to cultivar, soil and 
agro-climatic conditions (Rao et al. 2007; Kumar and Ladha 
2011). The water saving of different matrices, viz. 3–4 irri-
gations, 450 mm water in and 20%, have been reported in 
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direct seeded rice with reference to puddled transplanted 
rice (Bouman et al. 2005; Pathak et al. 2013; Brar et al. 
2021). Likewise, alternate wetting and drying technique in 
rice cultivation saves substantial amount of irrigation water 
due to lesser seepage losses than continuous ponding con-
ventional rice cultivation. Gill et al. (2006) reported water 
productivity of 0.40–0.46 kg grain m−3 for direct seeded rice 
as compared to 0.29–0.39 kg grain m−3 for puddled trans-
planted rice. Yadav et al. (2011) noted that direct seeded 
rice had significantly higher irrigation water productivity 
as compared to puddled transplanted rice, irrigation with 
scheduling at 20 kPa soil matric potential in rice. Therefore, 

in the medium to heavy textured soils, direct seeded rice 
coupled with alternate wetting and drying technique could 
be employed to conserve the water. The large-scale adop-
tion of direct seeded rice is likely to favor the groundwater 
recharge through more water infiltration which may help in 
groundwater recharge in monsoon season.

The literature suggests that yield increment and water 
savings in direct seeded rice compared to puddled trans-
planted rice are not universal; as these results are specific to 
soil, site and climatic conditions and therefore, direct seeded 
rice should be advocated accordingly. Further, productivity 
constraints in direct seeded rice in South Asian countries 

Fig. 2   Average decline in water level (m) in different districts of Punjab during 2000 to 2019 (India Water Resources Information System, Anon-
ymous 2020b)

Fig. 3   The periodical scenario 
of water table depth in different 
districts of Haryana during 1974 
to 2020 (Anonymous 2020c)
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Table 3   Important resource conservation technologies tested under rice–wheat system (Gupta and Seth 2007; Saharawat et al. 2010; Chauhan 
et al. 2012; Chaudhary et al. 2019)

Technology Impact/particulars

Tillage and residue management (crop establishment)
Zero tillage without residue: Timely sowing of crop with higher yield, saving of fuel, irri-

gation water and time, less weed proliferation, reduced germination of Phalaris minor, 
lesser risk of crop lodging, improved nutrient use efficiency, increased profitability and 
lower environmental pollution (Erenstein and Laxmi 2008)

Zero tillage + residue retention with Happy seeder: Timely sowing of crop with higher 
yield and other benefits like reduced fuel cost, soil temperature moderation, recycling 
of straw back to soil, irrigation water and time saving, lesser weed infestation, reduced 
germination of Phalaris minor due to restricted soil disturbance and surface retention 
of straw, and increased profitability (Sidhu et al. 2007)

Residue incorporation with Super seeder: Timely sowing of crop through residue incor-
poration into soil and reduced input cost over conventional tillage. Requires additional 
nitrogen (N) in case of crop residue of high C N ratio to overcome the temporary N 
immobilization, higher draft and power requirement over residue retention practice. 
Likely to increase crop lodging incidence associated with sub surface compaction

Furrow-irrigated raised beds: Cultivation of crops on raised beds with application of 
irrigation water through the furrows between the beds with benefits of irrigation water 
saving, efficient use of fertilizer, lower seed rate, less lodging and facilitating the 
mechanical/manual weeding, thereby reducing the herbicide use (Jat et al. 2005)

Mechanical rice transplanting: Ensures proper spacing and recommended plant popula-
tion with timeliness in operation resulting in increased yield lesser labor requirement 
and reduced cost of cultivation
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had also been reported due to proliferation of many aero-
bic weeds viz. Leptochloa chinensis, Digitaria sanguinalis, 
Dactyloctenium aegyptium, Echinocloa colona and Cyperus 
spp. (Mahajan et al. 2009; Kumar and Ladha 2011). In addi-
tion to these, the most noteworthy constraint in productivity 
remains with nonavailability of aerobic tailored varieties as 

the varieties designed for conventional puddled system fail 
to reflect their potential yields underwater unsaturated (aero-
bic) soils. The yield losses in direct seeded rice are mostly 
associated with poor weed management due to lack of effec-
tive pre- and post-emergence herbicides, sub-optimal irriga-
tion scheduling, micro-nutrient (such as iron) deficiencies 

Table 3   (continued)

Technology Impact/particulars

Direct seeded rice: A cost-effective technology alternative to puddled transplanted rice 
reduces the problems of labor scarcity, risk of terminal drought and facilitates crop 
intensification through early maturity of crop but with a penalty on yield while requir-
ing more/less water depending upon the soil texture

Water management
Laser land leveling: A remarkable innovation in the water conserving technique which 

saves 25–30% water and increases water and nutrient use efficiency through uniform 
depth of water, improves germination and crop stand, increases cultivable area, yield, 
enhances resource use efficiency and farm profitability (Jat et al. 2009)

Nutrient management
Leaf color chart: Crop need-based nitrogen application reduces nitrogen fertilizer 

requirement, and reduced nitrogen losses with associated reduction in environmental 
pollution

Sesbania green manuring: Improves soil carbon and nutrient status along with increase in 
crop and system productivity (Yadav et al. 2019)

Inclusion of zero tillage-based mungbean in rice–wheat system: Inclusion of short-
duration mungbean after wheat harvest increases the productivity of rice–wheat system, 
reduces fertilizer requirement of succeeding crops and improve soil health
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associated with aerobic conditions and culture of direct 
seeded rice adoption in non-ideal (light) soil (Kumar and 
Ladha 2011; Bhullar et al. 2016; 2018).

It is evident from the results presented in Table 4 that 
grain yield losses under direct seeded rice under dif-
ferent climatic and soil conditions are highly variable 
(1.8–45.5%) as compared to conventional rice cultiva-
tion. However, the recent advances in direct seeded rice 
cultivation with short-duration varieties PUSA 1509, 
PR 126 and hybrids have made this technology popular 
among the farmers in some pockets of Haryana and Pun-
jab, India. Rice seed can be directly sown in moist work-
able soil conditions by using a seed drill machine capa-
ble of simultaneous sowing and pre-emergence herbicide 
application (Anonymous 2020a). The scarcity of migrant 
laborers across the north-western states in India, Covid-
19 induced labor shortage and rising wage rates at the 
time of rice transplanting are forcing the farmers to shift 
from conventional rice cultivation to direct seeded rice. 
Consequently, about 5.62 lakh ha area was sown through 
direct seeded rice technique in Punjab, India during kharif 
2021, showing a sharp increase from 62,000 ha in kharif 
2019 (Chaba 2021). However, excessive problem of weed 
infestation and under performance of rice cultivars under 

aerobic conditions (direct seeding) may force the farm-
ers to switch back to transplanted rice. So, proper weed 
management of diverse weed flora that emerges in flushes 
and realization of equivalent yields as in transplanting rice 
still remains the major challenges in the direct seeded rice 
cultivation.

Recently, new non-genetically modified imazethapyr 
herbicide-tolerant genotypes containing mutated acetolac-
tate synthase inhibitor (ALS inhibitor) gene, i.e. Pusa Bas-
mati 1979 and Pusa Basmati 1985 are proposed to tackle 
the challenges of weeds under direct seeded rice in India. 
Further, a recent study showed that sequential application 
of imazethapyr herbicide is required for effective control 
of diverse weed flora in herbicide-tolerant rice (Yadav 
et al. 2022) that may leads to increase in selection pres-
sure. The reports from other imidazolinone-tolerant cultivars 
adopted countries showed limited potential of these practices 
in modulating weed problem in long term. The sole reliance 
on these practices have resulted in the rapid evolution of 
imidazolinone-resistant weedy rice, problem of gene flow 
and accelerated development of resistance in other weed spe-
cies (Kumar et al. 2008; Avila et al. 2021). Further, matter of 
concern is that first case of herbicide resistance in Cyperus 
difformis L. against bispyribac-sodium (ALS inhibitor) in 

Table 4   Yield comparison between puddled transplanted rice and direct seeded rice under different soil types

Soil type Grain yield (kg/ha) Percent change in yield under direct seeded 
rice over puddled transplanted rice

References

Puddled trans-
planted rice

Direct seeded 
rice

Silty clay loam 5300 5400 ( +) 1.9 Hobbs et al. (2002)
5224 5593 ( +) 7.1 Sharma et al. (2004)
5486 5024 (-) 8.4 Sharma et al. (2005)
5655 5224 (-) 7.6 Tripathi et al. (2005)
6356 6092 (-) 4.2 Tripathi et al. (2005)

Silty loam 6100 5600 (-) 8.2 Hobbs et al. (2002)
8100 6820 (-) 15.8 Gathala et al. (2011)

Sandy loam 5600 5300 (-) 5.4 Hobbs et al. (2002)
4930 4900 (-) 0.61 Sharma et al. (2005)
7500 6400 (-) 14.7 Jat et al. (2009)
7720 8300 ( +) 7.5 Gangwar et al. (2009)
5975 4795 (-) 19.8 Chhokar et al. (2014)
6100 5400 (-) 11.5 Kahlon and Dhingra (2019)
6552 5960 (-) 9.0 Singh et al. (2020)
5300 3600 (-) 32.1 Kukkal et al. (2014)

Sandy clay loam 4467 3033 (-) 32.1 Singh et al. (2001)
Clay soil 4130 4500 ( +) 9.0 Tripathi and Chauhan (2001)

7080 4180 (-) 41.0 Ram et al. (2006)
Loamy sand 3220 2872 (-) 10.8 Mahajan et al. (2009)

5458 5345 (-) 2.1 Walia et al. (2014)
Loam 3720 3620 (-) 2.7 Sharma et al. (1995)
Fine silty 4175 3340 (-) 20.0 Farooq et al. (2008)
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India (Choudhary et al. 2021) was reported recently having 
the similar mode of action.

Nevertheless, comprehensive studies are needed regard-
ing the comparative saving of irrigation water in direct 
seeded rice keeping in view the farmers’ practice of early 
seeding during the peak evapotranspirative demand in sum-
mers and consequent frequent irrigations. Assessment and 
quantification of nutrient leaching in direct seeded rice is 
also required considering the use of higher amount of fer-
tilizers, besides more percolation of water as compared to 
puddled transplanted rice. There is need to examine the 
soil–water dynamics in rice–wheat system instead of indi-
vidual crops as increased water productivity in direct seeded 
rice could affect the water productivity of succeeding crop. 
Future research efforts on developing short-duration, deep 
rooted, resistant to abiotic stress (adverse soil conditions and 
lodging); and biotic stress (brown leaf spot, blast and grain 
discoloration) rice varieties and mechanical-based weed 
management module would be helpful to address some of 
the existing challenges and to switch the farmers from con-
ventional rice cultivation to direct seeded rice.

Opportunistic diversification of rice–wheat system 
with inclusion of summer legume

A short window of about 65–70 days, i.e. after harvesting 
of wheat and before transplanting of rice, can be utilized as 
an opportunity to include short-duration legume crop such 
as mungbean. Inclusion of short-duration mungbean after 
wheat harvest has the potential to increase productivity of 
rice–wheat system as shown in Table 5, besides improving 
the physical and chemical properties of soil. The photo-
thermo insensitivity varieties with short maturity duration 

(55 to 65 days), high yield (> 2 t ha−1), synchronous maturity 
and resistance to major disease were developed to strategi-
cally fit the mungbean in rice–wheat system. Earlier, detailed 
agronomic practices and information related to varieties were 
provided by Gupta and Pratap (2016). Numerous studies 
reported higher nutrient use efficiency (Sharma and Prasad 
1999), water use efficiency from 1.4 to 2.3 kg grain m−3 (Laik 
et al. 2014), benefit cost ratio from 1.47 to 2.40 (Venkatesh 
et al. 2015; Pooniya et al. 2018) with inclusion of summer 
mungbean in rice–wheat system. The incorporation of mung-
bean or Sesbania green manuring into soil also resulted in 
recycling of 77–113 kg N ha−1 and improved plant nitrogen 
uptake by 12–35 kg ha−1 per year, besides increasing the 
productivity of rice–wheat system by 0.5–1.3 t ha−1 per year 
(Sharma and Prasad 1999) over rice–wheat system without 
summer crop. However, area under short-duration mungbean 
after wheat harvest did not gain much success due to nona-
vailability of extra early synchronous maturity short-duration 
varieties, escalating cost of manual picking, untapped mecha-
nization potential for timely sowing and harvesting, abnormal 
rainfall during the crop growth are some of the important 
constraints that limiting potential productivity and large-scale 
adoption of mungbean in the rice–wheat system.

Strategic diversification of conventional 
rice–wheat system to conservation 
agriculture‑based maize‑wheat system 
in light‑medium textured soils

Maize has been a promising substitution to rice crop espe-
cially in regions with light-medium textured soils and high 
depletion rate of groundwater due to its lesser resource 

Table 5   Increase in yield and soil organic carbon with inclusion of legume (mungbean) in rice–wheat system in Indo-Gangetic Plains

a Rice equivalents based

Studies Location System yield (t ha−1) Percent 
increase in 
yield

Organic carbon

Rice–wheat Rice–wheat-mung-
bean

Rice–wheat Rice–wheat-mungbean

Laik et al. (2014) Patna, Bihar, India 8.5a (8.4) 15.1a (11.2) 77.8 (33.2) – –
Sharma and Sharma  

(2005)
New Delhi, India 8.0a 8.9a 11.3 – –

Pooniya et al. (2018) New Delhi, India 9.4 10.8 15.0 0.52% or 12.5 Mg 
C/ha

0.56% or 13.8 Mg 
C/ha

Sharma et al. (2000) New Delhi, India 8.4 10.0 19.0 – –
Mandal et al. (2003) New Delhi, India 7.9 9.3 17.7 8.75 g/kg soil 10.33 g/kg soil
Hazra et al. (2018) Kanpur, 

Uttar Pradesh, 
India

6.2 8.4 36.6 17.29 total organic 
carbon Mg/ha

20.55 total organic 
carbon Mg/ha

Venkatesh et al. 
(2015)

Kanpur, 
Uttar Pradesh, 
India

8.3 10.4 25.5 0.28% 0.32%
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requirement. The replacement of rice in rice–wheat sys-
tem with maize can increase the crop and water productiv-
ity of cropping system, sustain the soil health and reduce 
the overall environmental footprints (Jat et al. 2013; Pari-
har et al. 2016). Moreover, due to deepening of water table 
associated with faster depletion of groundwater and escalat-
ing cost of water pumping from deeper depths for irriga-
tion in puddled transplanted rice (Sharma et al. 2015), the 
area under maize-wheat system has potential to grow in the 
north-western Indo-Gangetic Plains (Jat et al. 2013, 2015). 
Maize-wheat system uses annually 47% lower total energy 
input than rice–wheat system because of saving in 81 and 
73% energy accounted for tillage operation/crop establish-
ment and; irrigation and fertilizers management, respectively 
(Kumar et al. 2018). The area under maize has been decreas-
ing after 1970 in Haryana and Punjab, India due to adoption 
of rice–wheat system after green revolution.

Maize‑based system to amplify the water 
productivity

Maize crop requires about 600 litre water to produce 1 kg 
grain, which is about 75% lesser than water required for 
production of 1 kg rice grain (Bouman 2009). For sustaining 
natural resource base, maize has emerged as a viable alterna-
tive to replace the conventional rice in Indo-Gangetic Plains 
(Sharma et al. 2015). Based on the rice equivalent yield, 
the water productivity of maize (5.0–5.6 kg m−3) has been 
reported as 3.5 to 5.0 fold higher than wheat and about 8 to 
22 fold higher than rice (Gathala et al. 2013). Maize-wheat 

system has higher water productivity because of reduced 
water losses from bare soil as a result of large coverage of 
maize canopy and absence of puddling and ponding of water 
operations as in case of rice. Sharma et al. (2015) found the 
water productivity of maize as 1.6–3.9 kg m−3 while being 
0.8–1.6 kg m−3 for wheat and 0.2–1.2 kg m−3 for lowland 
rice.

A large number of research studies have been conducted 
to examine the yield and water productivity on crop (wheat) 
and system basis in maize-wheat system under different crop 
establishment methods with a comparison to conventional 
rice–wheat system and results are detailed in Table 6. It 
is evident from the presented results that productivity of 
wheat and overall system under maize-wheat pattern in 
loam to clay-loam soil with either crop establishment prac-
tice was higher than the wheat yield found in conventional 
rice–wheat system. Further overall system productivity 
within maize-wheat system was the maximum under per-
manent raised beds + residue retention followed by zero 
tillage and conventional till fresh bed. Parihar et al. (2016) 
also reported that maize establishment on permanent raised 
beds can save the irrigation water and improve crop and 
water productivity in maize-wheat system in Indo-Gangetic 
Plains. However, superficial reshaping of beds before the 
sowing of maize in rainy season remains the key requirement 
for sustainability of permanent raised beds in maize-wheat 
system (Govaerts et al. 2005). The integrated approach of 
conservation tillage, recycling of residue back to soil and 
smart irrigation in maize-wheat system can lead to dras-
tic increase in system productivity and profitability over 

Table 6   Productivity of water (kg m−3), wheat crop and overall system (t ha−1) under maize-wheat system with different establishment methods 
with reference to rice–wheat system

References Soil type Productivity Conventional till- 
rice–wheat system

Conventional till fresh 
bed—maize-wheat 
system

Zero tillage—
maize-wheat 
system

Permanent raised bed—
maize-wheat system 
(+ RR)

Choudhary et al. 
(2018a)

Loam Water 0.44 1.01 – 1.45
Wheat 4.76 4.82 – 5.80
System 11.78 11.71 – 13.61

Gathala et al. (2013) Loam Water 0.36 – 0.89 –
Wheat 4.96 – 5.84 –
System 12.30 – 13.4 –

Jat et al. (2021) Clay loam Water 0.42 0.99 – 1.35
Wheat
System 11.24 11.46 – 13.31

Choudhary et al. 
(2018b)

Clay loam System 11.10 11.20 12.30 12.80

Choudhary et al. 
(2018c)

Clay loam Wheat 5.00 4.92 – 5.22
System 12.09 11.23 – 12.40

Kumar et al. (2018) Reclaimed 
alkali with 
loam

Water 0.37 – 1.00 –
Wheat 5.00 – 5.90 –
System 12.30 – 14.30 –



Cereal Research Communications	

1 3

rice–wheat system. Jat et al. (2019) observed 20% increase 
in system productivity, 49% hike in profitability and 85% 
saving of irrigation water with conservation agriculture-
based subsurface drip irrigation and fertigation in maize-
wheat system as compared to conventional rice–wheat sys-
tem. In a different study, Sandhu et al. (2019) studied the 
effect of furrow irrigation-residue removal, drip irrigation-
residue removal, drip irrigation + residue retention (50% 
maize upper straw and 25% lower wheat straw) under sandy 
loam soil and found that drip irrigation + residue retention 
saved 168 mm of water in maize and 88 mm of water in 
wheat. Therefore, in this treatment, the water productivity 
was 259% higher for maize and 66% more in case of wheat 
than furrow irrigation-residue removal treatment. Also, 
treatment having drip irrigation + residue retention dem-
onstrated 13.7 and 23.1% increase in grain yield of maize 
and wheat, respectively, compared to those under furrow 
irrigation-residue removal practice. Considering the sever-
ity of declining water resources problem in north-western 
Indo-Gangetic Plains, various water conserving techniques 
have been tested, refined and optimized over the years for 
different crops of which conservation agriculture-based 
maize cultivation with drip irrigation emerged as a poten-
tial crop substitution to rice due to lesser water requirement 
with lower noxious impact on the environment. Further, the 
continuous cultivation of maize would be helpful to promote 
the micro-irrigation system in succeeding crops as well.

Maize‑based cropping system to restore the soil 
health and crop productivity

The cropping system, tillage methods and residue recy-
cling play key role in soil physicochemical and biological 
properties. Irrespective of the tillage methods, soil labile 
carbon pools, activities of enzymes and heterotrophic 
microbial counts are reported to be higher in maize fol-
lowed by cowpea (Vigna unguiculata L.), while least in 
the rice (Neogi et al. 2014). Choudhary et al. (2018c) also 
found that dehydrogenase activity and alkaline phosphatase 
activity increased by 210 and 49%, respectively, in maize-
wheat-mungbean system as compared to rice–wheat-fallow 
system with residue removal. Furthermore, significant rise 
was observed in the mean population of actinomycetes, 
fungi and bacteria by 98, 68, 28%, respectively, under 
the maize-wheat-mungbean system over base treatment 
(rice–wheat system). Overall, microbial biomass carbon, 
microbial biomass nitrogen, dehydrogenase activity, alka-
line phosphatase activity and microbial counts were 37, 51, 
45, 8.8 and 5–17% higher in conservation agriculture-based 
maize-wheat-mungbean system as compared to rice–wheat-
mungbean system. The dehydrogenase activity has been 
identified as a suitable indicator to quantify the changes in 

microbial activity, which in turn promotes plant and micro-
bial growth by releasing nitrogen, phosphorus and sulfur on 
decomposition (Jat et al. 2015). The integration of zero till-
age with residue retention increased microbial biomass car-
bon (1990 μg g−1 dry soil) and microbial biomass nitrogen 
(729 μg g−1 dry soil) in maize-wheat system, while the low-
est activity of microbial biomass carbon and nitrogen were 
recorded under conventional rice–wheat system (646 and 
210 μg g−1 dry soil, respectively). Similarly, the maximum 
microbial count and microbial biomass nitrogen values were 
found higher in zero tillage and residue retention than con-
ventional tillage and residue removal (Govaerts et al. 2007). 
The increased biological activities and microbial biomass 
under zero tillage + residue retention are associated with 
more availability of substrate or carbon source for microbial 
growth. Wang et al. (2008) reported 48 and 73% increase 
in microbial count and microbial biomass nitrogen, respec-
tively, in maize-wheat system over rice–wheat system due to 
relatively higher rate of residue recycling with variable soil 
edaphic conditions. Jat et al. (2017) described the behavior 
of soil chemical and physical properties under maize and 
rice-based cropping systems and reported that 29.4% more 
water stable aggregates, lower bulk density and lesser soil 
penetration resistance under permanent raised bed-based 
green gram, resulting in improved infiltration over conven-
tional tillage practice. Maize-based diversification under 
conservation tillage techniques significantly modified the 
physical properties of soil resulting in 16–33% higher water 
stable aggregates (> 250 μm), 11.0–11.3% reduction in bulk 
density and 11.2–12.0% declining penetration resistance 
under zero tillage and permanent raised bed scenario (Pari-
har et al. 2016). From fertilizer application perspective, site-
specific nutrient management can be an additional choice in 
conservation agriculture-based maize-wheat system to fur-
ther enhance the resource use efficiency and soil health. The 
effect of tillage practice was also witnessed on maize yield. 
Majumdar et al. (2012) recorded higher yield of maize sown 
under zero-till practice with site-specific nutrient manage-
ment over conventionally sown maize crop even at similar 
nitrogen application rates, resulting in higher net returns and 
nitrogen use efficiency. The addition of residue retention 
with zero tillage increased the yield attributes of maize along 
with lower weed infestation and higher economics returns 
over zero tillage without residue (Khedwal et al. 2017). Jat 
et al. (2013) and Das et al. (2018) also reported that conser-
vation agriculture practices involving zero tillage on flat and 
permanent beds increased the productivity and profitability 
along with saving of energy and water in maize-based crop-
ping system. Conservation agriculture with precise nutrient 
and irrigation management strategies can further improve 
the productivity, economic gain and resource use efficiency 
(Parihar et al. 2016; Jat et al. 2019; 2021).
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Maize‑based cropping system to lessen 
the greenhouse gases emission load 
on environment

The crop establishment method, cropping system followed 
and management of nutrient, water and pests are the key 
agronomical components responsible for emittance of 
greenhouse gases from agricultural fields. Methane is the 
second most important greenhouse gas after carbon dioxide 
(CO2) and a single molecule of methane (CH4) traps nearly 
28 times as much heat, as does the CO2. The studies on 
methane emission measurement indicated that CH4 emission 
is primarily dependent on parameters such as frequency of 
water drainage, soil types, soil temperature (Parashar et al. 
1991) along with organic and inorganic fertilization (Singh 
and Benbi 2020). The formation of plough-pan or hard pan 
in wet tillage under conventional rice cultivation holds the 
water and blocks the soil pores, resulting in increased CH4 
emission. Further, these all processes depend upon decom-
position rate of soil organic matter and soil redox potential 
(Saini and Bhatt 2020; Singh and Benbi 2020). For instance, 
the production of 1 kg of rice returns 2.6 times more CO2 
equivalent emission to the environment than other cereals. 
Singh and Benbi (2020) reported emission of 0.2 kg CO2 
equivalent per kg grain in rice–wheat system as compared to 
0.1 kg CO2 equivalent per kg grain in maize-wheat system. 
In puddled transplanting fields, intermittently flooding with 
single and multiple aerations reduced methane emission and 
lower global warming potential by about 18.1 and 27.6%, 
respectively, as compared to continuously flooded fields 
(Singh and Benbi 2020). The conventional rice cultivation 
showed higher CH4 emission (50–250 mg m−2 d−1) than 
direct seeded rice (< 50 mg m−2 day−1). The total cumula-
tive soil flux of CO2, nitrous oxide (N2O) and CH4 emis-
sions in terms of CO2 equivalent was 27% more in conven-
tional rice–wheat system than direct seeded rice followed 
by zero-till wheat along with residue retention (Sapkota 
et al. 2014). A 34% reduction in global warming potential 
was observed on substitution of puddled transplanted rice 
with direct seeded rice. Irrigation and nutrient management 
systems followed by farmers and conventional tillage make 
significant contribution to greenhouse gases emission (Sap-
kota et al. 2014). Rice residue burning is largely practiced 
in northern India and burning of 1 Mg rice straw releases 
about 280 kg CO2–C, 3 kg CH4 and 0.07 kg N2O-N with 
a global warming potential of 1118 kg CO2 equivalent. In 
the scenario of climate change, global warming potential or 
emission intensity of various crops should be assigned as 
key factor, responsible for long-term sustainability of crop 
production and environment.

It is evident from Table 7 that rice crop poses extreme 
high global warming potential (0.50–5.65  kg CO2-eq 
kg−1) over others, viz. maize (0.18–0.45 kg CO2-eq kg−1), 

soybean (Glycine max L.) (0.10 kg CO2-eq kg−1) and sug-
arcane crop (0.09 kg CO2-eq kg−1). Maize-based cropping 
systems seem to be the best alternative to rice-based crop-
ping systems to address the challenges of increased gaseous 
emission load on the environment and declining resources 
like in north-western Indo-Gangetic Plains. The lower global 
warming potential in maize is associated with alternation 
in crop establishment practices, i.e. absence of puddling, 
continuous ponding of water and residue burning in addi-
tion to reduction in fuel consumption on elimination of wet 
tillage and intensive tillage for succeeding crop as followed 
in conventional rice-based cropping systems. In the scenario 
of declining natural resources and climate change, it is also 
crucial to make the selection of crops not only based on the 
yield but also their net returns to the environment.

Pigeonpea (Cajanus cajan L.)‑based 
diversification of rice–wheat system

Pigeonpea-based diversification of rice–wheat system has 
the potential to ameliorate the current situation by more 
nitrogen additions in soil, lower water requirement and 
eliminated subsurface soil compaction as witnessed in con-
ventional rice cultivation (Dahiya 2002; Singh and Dwivedi 
2006; Das et al. 2016). However, the potential benefits 
can be realized with adoption of high-yielding and super-
early maturing (< 90 days) varieties of pigeonpea to fit it 
in non-traditional areas for diversification purpose (Vales 
et al. 2012). Singh and Dwivedi (2006) reported lower cost 
associated with optimum doses of nitrogen fertilizer for 
wheat under pigeon pea-wheat system (128–133 kg ha−1) 
compared to rice–wheat system (139–173 kg ha−1) asso-
ciated with nitrogen fixation and lower nitrogen demand 
of former system. Moreover, pigeonpea-wheat system 
also reduced NO3 leaching to deeper soil profile layers as 
nitrate–N concentration was lower for pigeonpea-wheat 
system (5.8–6.0 mg  kg−1) compared to rice–wheat sys-
tem (6.5–8.1 mg kg−1) associated with its higher fertilizer 
demand (120–180 kg N ha−1). The continuous adoption of 
rice–wheat system increased the bulk density of soil over 
initial value and effects were more pronounced at 30–45 cm 
soil depth, while pigeonpea maintained the soil bulk density, 
thereby eliminating the problem of subsurface soil compac-
tion. This facilitated higher wheat root growth and root pen-
etration to deeper soil depths subsequently increasing the 
wheat grain yield by 2.7–47.0% under pigeonpea-wheat than 
rice–wheat system (Singh and Dwivedi 2006). Das et al. 
(2016) reported higher productivity of pigeonpea-wheat 
system in addition to higher water use efficiency by plant-
ing the crops on permanent narrow beds along with retention 
of residue. Unlike rice, pigeonpea crop introduced positive 
effects on root volume and root weight of succeeding wheat 
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crop. The net economic returns under pigeonpea-wheat sys-
tem were also greater compared with rice–wheat system due 
to reduction in input cost (Singh et al. 2005). Nawab et al. 
(2011) also reported significantly higher yield of wheat in 
rotation with pigeonpea as compared to other cropping sys-
tems (rice–wheat, maize-wheat, sunflower-wheat and sor-
ghum-wheat). Zero tillage increased pigeonpea and wheat 
yield by 5.4 and 2.3%, respectively as compared to conven-
tional tillage. Further, with the inclusion of crop residue (3 t 
ha−1) under zero tillage yields increased by 14.3 and 34.4% 
in pigeonpea and wheat, respectively (Sepat et al. 2014). 
Generally, rainfall during flowering time led to reduce crop 
yield associated with excessive vegetative growth and sub-
sequent poor pod setting in pigeonpea (Gora et al. 2022). 
Further, very few studies were conducted that deliver the 
information regarding potential of pigeonpea in rice replace-
ment, subsequent economic and environmental benefits. So, 
the future studies on development of extra early maturing, 
resistance to insect pest and diseases varieties, trainings and 
field demonstrations and incentives to farmers along with 
assured support price especially in Haryana and Punjab, 
India pigeonpea-based cropping systems would be helpful 
to address the issues of declining natural resources.

Miscellaneous productive diversification 
options

The adoption of alternate cropping pattern instead of 
rice–wheat system could be more profitable and sustain-
able, if designed based on location and environmental con-
ditions with improved agronomic practices. Tripathi and 
Singh (2008) studied eight crop sequences for six years 
to find out the diversification options for conventional 
rice–wheat system based on the productivity and profitabil-
ity. Diversification of rice–wheat system (once in 3 years) 
increased net returns when all crops (except rice) were 
grown on raised-bed in a system approach. The addition 
of pulses or oilseed in rice–wheat system once in 3 years 
or system intensification by growing pea in between rice 
and wheat or greengram after wheat harvesting provided 
higher net returns and sustainable value index as compared 
to conventional rice–wheat system. The maximum sus-
tainable value index (0.92) and net returns were recorded 
in rice–Indian mustard–greengram–rice–wheat–green-
gram–rice–wheat–greengram crop sequence. Further, 
growing of berseem (Trifolium alexandrinum L.)  in the 
rotation reduced the weed population in the subsequent 

Table 7   The global warming 
potential of various crops

Study region Crop Global warming potential 
(kg CO2-eq kg−1 product)

Source

Worldwide Maize (Zea mays L.) 0.45 Audsley et al. (2009)
Lentil (Lens culinaris L.) 1.10
Beans (Phaseolus vulgaris L.) 0.61
Chickpea (Cicer arietinum L.) 0.77–0.80
Groundnut (Arachis hypogaea L.) 0.65
Millet 0.47
Potato (Solanum tuberosum L.) 0.26–0.51
Rice  (Oryza sativa L.) 3.50
Sugarcane (Saccharum officinarum L.) 0.09

Worldwide Wheat (Triticum aestivum L.) ≈0.60 Nemecek et al. (2012)
Cotton  (Gossypium sp.) ≈1.40
Onion (Allium cepa L.) ≈0.20
Rye (Secale cereale L.) ≈0.50
Rice  (Oryza sativa L.) 1.20–2.40
Sugarcane (Saccharum officinarum L.) ≈0.05

China Rice  (Oryza sativa L.) 0.80–0.95 Wang et al. (2015)
Wheat (Triticum aestivum L.) 0.20–0.30
Maize (Zea mays L.) 0.18–0.22

India Wheat (Triticum aestivum L.) 0.34 Vetter et al. (2017)
Rice  (Oryza sativa L.) 5.65
Potato (Solanum tuberosum L.) 0.22
Onion (Allium cepa L.) 0.10
Sugarcane (Saccharum officinarum L.) 0.09
Pulses 0.75
Groundnut (Arachis hypogaea L.) 0.38
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wheat cycle. The diversified cropping sequence, i.e. pigeon-
pea–wheat–rice–wheat–rice–wheat, rice–Indian mus-
tard–greengram–rice–wheat–greengram–rice–wheat–green-
gram and rice–vegetable pea–wheat–greengram increased 
organic carbon content (0–15  cm) by 20, 25 and 37%, 
respectively, as compared to continuous rice–wheat system 
after six years. The combined analysis showed that rice–veg-
etable pea–wheat–greengram sequence produced 27.9% 
higher wheat equivalent yield than rice–wheat system. A 
study on ten rice-based cropping sequences at Varanasi, 
Uttar Pradesh (India) showed that rice-berseem-cowpea 
fodder sequence had resulted in higher grain yield, gross 
returns, net returns and energy productivity to the tune of 
about 13.9, 13.9, 46.6 and 13.8%, respectively, along with 
rice-potato (Solanum tuberosum L.)-green gram (Banjara 
et al. 2022). Yadav et al. (2022) reported higher profitability, 
sustainability and employment generation with enterprise 
mix diversification system with average net-income from 
crop (including fodder), vegetables and fruits and subsidiary 
components was 15.3% higher than conventional rice–wheat 
system. Further, higher benefit cost ratio (> 4) was observed 
with fruit and fisheries in enterprise mix diversified sys-
tem. In a different study, Tripathi et al. (2021) reported 
maize-potato-wheat combination best in terms of system 
productivity with a value of 16.49 t ha−1. Maize-wheat-
green gram crop sequence was the most profitable by having 
higher land use efficiency (87.7%) and net returns (1577.1 $ 
ha−1). Soil health parameters were also improved under the 
maize-mustard-green gram system with increase in organic 
carbon content by 28.7% and available nitrogen by 34.9%. 
Vegetable-based cropping system also provides opportunity 
to increase the cropping intensity as these crops are gener-
ally harvested earlier than cereal crops and drive higher net 
returns than rice–wheat system (Walia et al. 2011). Further, 
optimal cropping systems could also be designed to regulate 
the weed emergence, growth and reproductive responses. A 
study showed that Phalaris minor (reduced by 80.5, 86.1, 
88.8, 88.8, 66.6, 86.1, 88.8, 91.6 and 96.6% on shifting to 
maize-wheat, maize-wheat-summer mungbean, maize-
potato-summer mungbean, maize-potato-onion  (Allium 
cepa L.), cotton  (Gossypium sp.)-wheat, cotton-african 
sarson (Brassica carinata A. Braun), cotton-gobhi sarson 
transplanted (Brassica napus sub sp. Oleifera var. annua), 
summer groundnut (Arachis hypogaea L.)-toria (Brassica 
rapa var. toria) + gobhi sarson and summer groundnut-
potato-pearlmillet (Pennisetum glaucum L.), respectively, 
from conventional rice–wheat system (Phalaris minor count 
of 36 plants m−2) in Punjab, India conditions (Walia et al. 
2011). Moreover, the maximum rice equivalent yield was 
recorded by maize-potato-onion (32.0 t ha−1) followed by 
groundnut-potato-bajra (fodder) and maize-potato-summer 
munngbean with cumulative values of 10.0 to 19.1 t ha−1 
additional rice equivalent yield and saved 75.6–122.3 cm 

irrigation water compared to rice–wheat system. The pro-
duction efficiency and net returns were found the highest 
in maize-potato-onion system. However, vegetables-based 
systems are highly energy and labor intensive so efforts are 
needed towards mechanization for uprooting or harvesting 
of vegetables and availability of disease-resistant genotypes. 
Moreover, price stabilization, insurance and minimum mon-
etary-based support would be pre-requisites for promoting 
the diversification and replacing the rice with perishable 
crops. The various diversification options are presented in 
Table 8, which can be used to improve the sustainability and 
cropping intensity in north-western Indo-Gangetic Plains. 
This strategy can be employed with the integration of short-
duration high-yielding crop varieties under conservation till-
age or alternate crop establishment methods and effective 
crop protection measures.

Constraints in diversification

Based on above discussion, it can be realized that continu-
ous rice cultivation with traditional method is primarily the 
root cause of unabated depletion of groundwater resources in 
the north-western India. In addition, burning of rice residue 
has led to environmental and health hazards associated with 
aggravated emission of greenhouse gases, deterioration of 
soil physical properties along with addition of new herbi-
cide resistance weed species and emergence of insect pests. 
To address the current situation, direct seeded rice is being 
proposed as a cost-effective technology alternative to pud-
dled transplanted rice to check the accelerated groundwater 
depletion, labor scarcity, escalating cost involved in rice 
cultivation and to facilitate the crop intensification. But the 
performance of direct seeded rice has been found to be loca-
tion, cultivar and soil specific. The yield aspects, absence 
of aerobic tailored genotypes and weed problems have been 
the major constraints in the large-scale adoption of direct 
seeded rice.

The opportunistic diversification with inclusion of sum-
mer mungbean after wheat harvest in rice–wheat system 
has the potential to partially alleviate soil related problems 
associated with adoption of monotonous rice–wheat sys-
tem. However, there is need to develop extra short-duration 
varieties of summer mungbean tolerant to biotic and abiotic 
stresses. Further, assured procurement of rice and wheat, 
and its unavailability on other diversifying crops may lead  
farmers to stick with rice–wheat system despite its destruc-
tive impact on natural resources due to assured market price. 
In relation to strategic diversification, maize is a potential 
substitution to rice due to elimination of puddling, water 
ponding and residue burning activities in addition to reduced 
energy requirement and lesser global warming poten-
tial. However, besides lacking of sound maize cultivation 
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practices among the farmers, impressive replacement of rice 
with maize in north-western Indo-Gangetic Plains could be 
meagre due to high rainfall amount in continuous raining 
period during the summer months and increased events of 
extreme heavy rainfall in a short span of time, leading to 
water stagnation and complete crop failure due to its sen-
sitivity to water logging. Moreover, climate vicissitude in 
recent times made occurrence of such events very frequently. 
For instance, rainfall scenario of a rice dominating district 
(Karnal) from Haryana state, India showed erratic and vari-
able distribution of rainfall (378 to 1248 mm) from June to 
September during 2011 to 2020 (Fig. 4).

In such situations, the other options for diversification 
include replacement of rice with leguminous crops such 
as pigeonpea and mungbean, which can ameliorate natural 
resources by addition of nutrient in soil through biologi-
cal nitrogen fixation, and lower water and environmental 
footprints besides acting as a biological chiseler to break 
the subsurface soil compaction associated with continuous 

cultivation of puddled transplanted rice. The development 
of extra early maturing photo-thermo insensitive cultivars 
of these crops with higher production potential would be 
helpful to expand the diversification area under rice–wheat 
system without any delay in succeeding crops. The active 
policies such as assured procurement with minimum sup-
port price, subsidized electricity and submersible pumps in 
huge domain restrict the adequate shift in cropping system.

Conclusions and future perspective

The issue of declining natural resources has far reaching 
impact which is further escalated by climate change and its 
menace on agriculture. The problem of deteriorating natu-
ral resources and stagnant crop productivity are dominantly 
present in regions having intensive cultivation of traditional 
rice–wheat system like north-western Indo-Gangetic Plains. 
There is enormous potential to address these challenges 

Table 8   Diversification options of rice-wheat system for north-western Indo-Gangetic Plains in India

Cropping system/Time JUNE JULY AUG SEPT OCT NOV DEC JAN FEB MAR APR MAY

Rice-wheat Rice Wheat

Rice-wheat- summer 
mungbean Rice Wheat Summer 

mungbean
Rice-vegetable pea-wheat-
summer mungbean Rice Vegetable pea Wheat Summer 

mungbean

Maize-wheat Maize Wheat

Maize-wheat- summer 
mungbean Maize Wheat Summer 

mungbean

Maize-potato-wheat Maize Potato Wheat

Maize-potato-wheat- summer 
mungbean Maize Potato Wheat Summer 

mungbean

Pigeonpea-wheat Pigeonpea Wheat

Maize-mustard- summer 
mungbean Maize Mustard Summer mungbean

Rice-mustard- summer 
mungbean Rice Mustard Summer mungbean

Fig. 4   Rainfall (mm) received 
in Karnal district of Haryana, 
India during June to September 
of 2011–2020
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through agronomic management by making alternation 
in crop establishment methods and adoption of resource 
conservation technologies in rice–wheat system as well 
as opportunistic diversification of rice–wheat system with 
inclusion of leguminous crop and possible substitution of 
rice with lesser resource requiring crops. There is need to 
refine the agronomical practices for direct seeded rice along 
with genetic tailoring for anaerobic germination, emergence 
from deeper depth, higher vigour with more source to sink 
translocation of photosynthates during the grain filling stage 
and promotion of mechanical-based weed control. The large-
scale adoption of short-duration and stature rice varieties 
may bring significant decline in groundwater draft besides 
producing the optimum biomass and providing the enough 
time for sowing of succeeding crop with effective in-situ res-
idue management. Moreover, rescheduling the transplanting 
time considering the changes happening in monsoon arrival 
time in the region and technological support with the aspects 
of short-duration varieties, better performing genotypes 
under late transplanting would be helpful to increase the 
water and nutrient productivity in conventional rice–wheat 
system. In existing rice–wheat system, the substitution of 
conventional rice varieties with short-duration scented 
(Basmati) rice (110–125 days) can also reduce the burden 
on groundwater resources due to its lower water demand 
(< 120 cm) over short-medium duration rice varieties and 
long-duration (> 140 days) non-scented rice varieties such 
as PUSA 44 (> 150 cm) as major growth phase of medium-
short-duration Basmati rice coinciding with monsoon rain-
fall and reproductive phase with lower evapotranspiration 
period of the season. Conclusively, groundwater depletion 
may be brought down to a large scale with the adoption of 
direct seeded rice, short-duration and high-yielding varieties 
of improved source to sink relation, monsoon-based schedul-
ing in transplanting time and optimized water management 
techniques.

In addition to amendments in agronomical measures of 
existing rice–wheat system, the substitution of rice espe-
cially in light-medium textured soils with conservation 
agriculture and permanent raised bed-based maize crop 
can alleviate the burden on groundwater, soil and envi-
ronment. The maize with permanent bed planting system 
can mitigate the risk associated with water logging from 
heavy rainfall. The establishment of processing industry 
for value-added maize products such as baby corn, sweet 
corn and soup, can raise the maize demand as feedstock 
in intensive rice cultivating regions and may engage 
more farmers in maize cultivation besides employment 
generation. The other cropping systems, viz. rice–Indian 
mustard–greengram, rice–vegetable pea  (Pisum sati-
vum L.)–wheat–greengram, maize–wheat–greengram, 
maize–mustard–greengram, maize–potato–wheat, 
rice–potato–wheat and soybean–wheat, need to be 

optimized and advocated to farmers to increase the system 
productivity and profitability. The future research efforts 
on developing water logging-resistant maize varieties 
and effective measures for new emerging issues such as 
recent infestation of insect pest (fall army worm) would 
be helpful to bring the more area under maize cultivation. 
Further, vegetable-based systems require rigorous efforts 
on mechanization due to their energy and labor-intensive 
nature, development of climate-resilient genotypes, estab-
lishment of cold storage units, insurance and minimum 
monetary-based support and strengthening of supply chain 
between farmer and consumers to promote the vegetable-
based diversification options among farmers. Crops with 
limited diversification options need to be cultivated using 
cluster-based approach for marketing and value addition 
purpose. The short-duration vegetables such as pea, potato 
and carrot (Daucus carota L.) should be the main target to 
include after rice harvesting and before wheat sowing (late 
sown). Also, there is enormous opportunity to introduce 
the summer mungbean or green-manure legumes such as 
Sesbania in between wheat and rice crop on a large area 
with subsidized seed price in order to improve the soil 
quality through awareness and field demonstration pro-
grams to farmers. Apart from cropping system perspec-
tive, adoption of soil/water conserving technologies like 
conservation tillage (zero and reduced tillage), recycling 
of crop residue back to soil, micro-irrigation systems, 
integrated nutrient management, etc., would be helpful to 
lessen the burden on natural resources and to uphold the 
agricultural sustainability amidst the rising risk of climate 
change.

Acknowledgements  Authors are highly thankful to Department of 
Agronomy, CCS Haryana Agricultural University, Hisar, Haryana, 
India for providing them an opportunity to write this review.

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this manuscript.

References

Aggarwal GC, Sidhu AS, Sekhon NK, Sandhu KS, Sur HS (1995) 
Puddling and N management effects on crop response in a rice-
wheat cropping systems. Soil Till Res 36:129–139

Anonymous (2020a) Package of practices for kharif crops. Punjab 
Agricultural University, Ludhiana, pp. 9

Anonymous (2020b) Ground Water Resources of Punjab State, 
ENVIS Centre: Punjab, Status of Environment & Related 
Issues, Punjab State Council for Science & Technology, Chan-
digarh, Ministry of Environment, Forests & Climate Change, 
Govt. of India. http://​punen​vis.​nic.​in/​index

Anonymous (2020c) Ground Water Cell Department of Agriculture 
and Farmers Welfare, Haryana

http://punenvis.nic.in/index


Cereal Research Communications	

1 3

Audsley E, Stacey KF, Parsons DJ, Williams AG (2009) Estimation 
of the greenhouse gas emissions from agricultural pesticide 
manufacture and use. Cranfield University, Cranfield

Avila LA, Marchesan E, Camargo ER, Merotto A, da Rosa UA, Nol-
din JA, Andres A, Mariot CH, Agostinetto D, Dornelles SH, 
Markus C (2021) Eighteen years of Clearfield™ rice in Brazil: 
what have we learned. Weed Sci 69(5):585–597. https://​doi.​
org/​10.​1017/​wsc.​2021.​49

Azhar R, Zeeshan M, Fatima K (2019) Crop residue open field burn-
ing in Pakistan; multi-year high spatial resolution emission 
inventory for 2000–2014. Atmos Environ 208:20–33

Banjara TR, Bohra JS, Kumar S, Ram A, Pal V (2022) Diversifica-
tion of rice-wheat cropping system improves growth, produc-
tivity and energetics of rice in the Indo-Gangetic Plains of 
India. Agric Res 11(1):48–57

Bhullar MS, Kumar S, Kaur S, Kaur T, Singh J, Yadav R, Chauhan 
BS, Gill G (2016) Management of complex weed flora in dry-
seeded rice. Crop Prot 83:20–26. https://​doi.​org/​10.​1016/j.​
cropro.​2016.​01.​012

Bhullar MS, Singh S, Kumar S, Gill G (2018) Agronomic and eco-
nomic impacts of direct seeded rice in Punjab. Agric Res J 
55(2):236–242. https://​doi.​org/​10.​5958/​2395-​146X.​2018.​
00038.8

Bouman BAM (2009) How much water does rice use. Rice Today 
8:28–29

Bouman BAM, Peng S, Castaneda AR, Visperas RM (2005) Yield 
and water use of irrigated tropical aerobic rice systems. Agric 
Water Manage 74:87–105. https://​doi.​org/​10.​1016/j.​agwat.​
2004.​11.​007

Brar AS, Kaur K, Sharma R, Sindhu VK (2021) Performance of rice 
(Oryza sativa L.) cultivars as influenced by irrigation regimes 
and establishment methods. Indian J Agric Sci 91:1296–1301

Chaba AA (2021) Punjab brings 5.62 lakh hectares under DSR- its 
highest ever. Accessed on November 5, 2021. India​nexpr​ess.​
com/​artic​le/​cities/​ludhi​ana/​punjab-​brings-​5–62-​lakh-​hecta​res-​
under-​dsr-​its-​highe​st-​ever-​74326​36

Chaudhary A, Chhokar RS, Yadav DB, Sindhu VK, Ram H, Rawal 
S, Khedwal RS, Sharma RK, Gill SC (2019) In-situ paddy 
straw management practices for higher resource use efficiency 
and crop productivity in Indo-Gangetic Plains (IGP) of India. 
J Cereal Res 11:172–198. https://​doi.​org/​10.​25174/​2249-​4065/​
2019/​96323

Chauhan BS, Mahajan G, Sardana V, Timsina J, Jat ML (2012) Pro-
ductivity and sustainability of the rice-wheat cropping sys-
tem in the Indo-Gangetic Plains of the Indian subcontinent: 
problems, opportunities, and strategies. Adv Agron 117:315-
369. https://​doi.​org/​10.​1016/​B978-0-​12-​394278-​4.​00006-4

Chen J, Li J, Zhang Z, Ni S (2014) Long-term groundwater varia-
tions in North-west India from satellite gravity measurements. 
Glob Planet Change 116:130–138. https://​doi.​org/​10.​1016/j.​
glopl​acha.​2014.​02.​007

Chhokar RS, Sharma RK, Gathala MK, Pundir AK (2014) Effects of 
crop establishment techniques on weeds and rice yield. Crop 
Prot 64:7–12. https://​doi.​org/​10.​1016/j.​cropro.​2014.​05.​016

Chhokar RS, Chaudhary A, Sharma RK (2018) Herbicide resistant 
weeds in India and their management. In: Kumar S, Mishra 
JS (eds) Fifty years of weed science research in India. Indian 
Society of Weed Science, Jabalpur, pp. 288–308

Choudhary KM, Jat HS, Nandal DP, Bishnoi DK, Sutaliya JM, 
Choudhary M, Singh Y, Sharma PC, Jat ML (2018a) Evaluat-
ing alternatives to rice-wheat system in western Indo-Gangetic 
Plains: crop yields, water productivity and economic profit-
ability. Field Crops Res 218:1–10. https://​doi.​org/​10.​1016/j.​
fcr.​2017.​12.​023

Choudhary M, Datta A, Jat HS, Yadav AK, Gathala MK, Sapkota 
TB, Das AK, Sharma PC, Jat ML, Singh R, Ladha JK (2018b) 

Changes in soil biology under conservation agriculture based 
sustainable intensification of cereal systems in Indo-Gangetic 
Plains. Geoderma 313:193–204. https://​doi.​org/​10.​1016/j.​geode​
rma.​2017.​10.​041

Choudhary M, Jat HS, Datta A, Yadav AK, Sapkota TB, Mondal S, 
Meena RP, Sharma PC, Jat ML (2018c) Sustainable intensifi-
cation influences soil quality, biota, and productivity in cereal 
based agroecosystems. Appl Soil Ecol 126:189–198. https://​doi.​
org/​10.​1016/j.​apsoil.​2018c.​02.​027

Choudhary VK, Reddy SS, Mishra SK, Kumar B, Gharde Y, Kumar S, 
Yadav M, Barik S, Singh PK (2021) Resistance in small flower 
umbrella sedge (Cyperus difformis L.) to acetolactate synthase-
inhibiting herbicides in rice - first case in India. Weed Technol 
35(5):710–717. https://​doi.​org/​10.​1017/​wet.​2021.​73

Dahiya SS, Chauhan YS, Johansen C, Waldia RS, Sekhon HS, Nandal 
JK (2002) Extra-short-duration pigeonpea for diversifying wheat-
based cropping systems in the sub-tropics. Exp Agric 38(1):1–11. 
https://​doi.​org/​10.​1017/​S0014​47970​20001​1X

Dangar S, Asoka A, Mishra V (2021) Causes and implications of 
groundwater depletion in India: a review. J Hydrol 126:103

Das TK, Bandyopadhyay KK, Bhattacharyya R, Sudhishri S, Sharma 
AR, Behera UK, Saharawat YS, Sahoo PK, Pathak H, Vyas AK, 
Bhar LM (2016) Effects of conservation agriculture on crop pro-
ductivity and water-use efficiency under an irrigated pigeonpea-
wheat cropping system in the western Indo-Gangetic Plains. J 
Agric Sci 154(8):1327–1342. https://​doi.​org/​10.​1017/​S0021​
85961​50012​64

Das TK, Saharawat YS, Bhattacharyya R, Sudhishria S, Bandyopad-
hyaya KK, Sharma AR, Jat ML (2018) Conservation agricul-
ture effects on crop and water productivity, profitability and soil 
organic carbon accumulation under a maize-wheat cropping sys-
tem in the north-western Indo-Gangetic Plains. Field Crops Res 
215:222–231. https://​doi.​org/​10.​1016/j.​fcr.​2017.​10.​021

Dobermann A, Fairhurst TH (2002) Rice straw management. Better 
Crops Int 16(1):7–11

Erenstein O, Laxmi V (2008) Zero tillage impacts in India’s rice-wheat 
systems: a review. Soil Till Res 100:1–14. https://​doi.​org/​10.​
1016/j.​still.​2008.​05.​001

Farooq M, Basra SMA, Asad SA (2008) Comparison of conventional 
puddling and dry tillage in rice-wheat system. Paddy Water Envi-
ron 6:397–404. https://​doi.​org/​10.​1007/​s10333-​008-​0138-6

Gangwar KS, Singh HR (2010) Effect of rice (Oryza sativa) crop 
establishment technique on succeeding crops. Indian J Agric 
Sci 80:24–28

Gangwar KS, Chaudhary VP, Gangwar B, Pandey DK (2009) Effect of 
crop establishment and tillage practices in rice (Oryza sativa L.)- 
based cropping systems. Indian J Agric Sci 79:334–339

Gathala MK, Ladha JK, Kumar V, Saharawat YS, Kumar V, Sharma 
PK, Sharma S, Pathak H (2011) Tillage and crop establishment 
affects sustainability of South Asian rice-wheat system. Agron J 
103:961–971. https://​doi.​org/​10.​2134/​agron​j2010.​0394

Gathala MK, Kumar V, Sharma PC, Saharawat YS, Jat HS, Singh M, 
Kumar A, Jat ML, Humphreys E, Sharma DK, Sharma S (2013) 
Optimizing intensive cereal-based cropping systems addressing 
current and future drivers of agricultural change in the north-
western Indo-Gangetic Plains of India. Agric Ecosyst Environ 
177:85–97. https://​doi.​org/​10.​1016/j.​agee.​2013.​06.​002

Gill MS, Kumar A, Kumar P (2006) Growth and yield of rice (Oryza 
sativa L.) cultivars under various methods and times of sowing. 
Indian J Agron 51:123–127

GoI [Government of India] (2014) Annual report 2013–14. Ministry of 
Water Resources, River Development and Ganga Rejuvenation, 
Govt. of India, New Delhi, accessed on September 28, 2022. 
http://​jalsh​akti-​dowr.​gov.​in/​sites/​defau​lt/​iles/​AR_​2013-​14_1.​pdf

Gora MK, Kumar S, Jat HS, Kakraliya SK, Choudhary M, Dhaka 
AK, Jat RD, Kakraliya M, Sharma PC, Jat ML (2022) Scalable 

https://doi.org/10.1017/wsc.2021.49
https://doi.org/10.1017/wsc.2021.49
https://doi.org/10.1016/j.cropro.2016.01.012
https://doi.org/10.1016/j.cropro.2016.01.012
https://doi.org/10.5958/2395-146X.2018.00038.8
https://doi.org/10.5958/2395-146X.2018.00038.8
https://doi.org/10.1016/j.agwat.2004.11.007
https://doi.org/10.1016/j.agwat.2004.11.007
https://www.Indianexpress.com/article/cities/ludhiana/punjab-brings-5–62-lakh-hectares-under-dsr-its-highest-ever-7432636
https://www.Indianexpress.com/article/cities/ludhiana/punjab-brings-5–62-lakh-hectares-under-dsr-its-highest-ever-7432636
https://www.Indianexpress.com/article/cities/ludhiana/punjab-brings-5–62-lakh-hectares-under-dsr-its-highest-ever-7432636
https://doi.org/10.25174/2249-4065/2019/96323
https://doi.org/10.25174/2249-4065/2019/96323
https://doi.org/10.1016/B978-0-12-394278-4.00006-4
https://doi.org/10.1016/j.gloplacha.2014.02.007
https://doi.org/10.1016/j.gloplacha.2014.02.007
https://doi.org/10.1016/j.cropro.2014.05.016
https://doi.org/10.1016/j.fcr.2017.12.023
https://doi.org/10.1016/j.fcr.2017.12.023
https://doi.org/10.1016/j.geoderma.2017.10.041
https://doi.org/10.1016/j.geoderma.2017.10.041
https://doi.org/10.1016/j.apsoil.2018c.02.027
https://doi.org/10.1016/j.apsoil.2018c.02.027
https://doi.org/10.1017/wet.2021.73
https://doi.org/10.1017/S001447970200011X
https://doi.org/10.1017/S0021859615001264
https://doi.org/10.1017/S0021859615001264
https://doi.org/10.1016/j.fcr.2017.10.021
https://doi.org/10.1016/j.still.2008.05.001
https://doi.org/10.1016/j.still.2008.05.001
https://doi.org/10.1007/s10333-008-0138-6
https://doi.org/10.2134/agronj2010.0394
https://doi.org/10.1016/j.agee.2013.06.002
http://jalshakti-dowr.gov.in/sites/default/iles/AR_2013-14_1.pdf


	 Cereal Research Communications

1 3

diversification options delivers sustainable and nutritious food in 
Indo-Gangetic Plains. Sci Rep 12(1):1–5

Govaerts B, Sayre KD, Deckers J (2005) Stable high yields with zero 
tillage and permanent bed planting? Field Crops Res 94:33–42. 
https://​doi.​org/​10.​1016/j.​fcr.​2004.​11.​003

Govaerts B, Mezzalama M, Unno Y, Sayre KD, Luna-Guido M, 
VanherckK DL, Deckers J (2007) Influence of tillage, residue 
management, and crop rotation on soil microbial biomass and 
catabolic diversity. Appl Soil Ecol 37:18–30. https://​doi.​org/​10.​
1016/j.​apsoil.​2007.​03.​006

Grace PR, Harrington L, Jain MC, Robertson GP (2003) Long-term 
sustainability of the tropical and subtropical rice-wheat system: 
an environmental perspective. In: Buresh RJ, Ladha JK, Hill JE, 
Duxbury JM, Gupta RK (eds) Improving the productivity and 
sustainability of rice-wheat systems: issues and impacts. Ameri-
can Agronomy Society, Madison, pp. 27–43

Gupta S, Pratap A (2016) Mungbean: summer cultivation in India 
(Pocket Guide), AICRP on MULLaRP, Indian Institute of Pulses 
Research, Kanpur-208024, Extension Bulletin, pp. 42

Gupta RK, Fernando GC, Paliwal S, Parbhaka SVKR, Srivastva A 
(2002) Maize in the rice-wheat rotation of Indo-Gangetic Plains. 
In: Proceedings of the Eight Asian Regional Maize Workshop, 
August 5–8, 2002, Bangkok, Thailand, pp. 205–213

Gupta RK, Seth A (2007) A review of resource conserving technolo-
gies for sustainable management of the rice-wheat cropping sys-
tems of the Indo-Gangetic Plains (IGP). Crop Prot 26:436–447. 
https://​doi.​org/​10.​1016/j.​cropro.​2006.​04.​030

HARSAC (2018) Monitoring crop stubble burning in Haryana using 
satellite data. HISAR Retrieved from http://​hrsdi.​in/​activ​efire/​
LIST/​NoteS​tubbl​eburn​ing 2017.​pdf

Hazra KK, Ghosh PK, Venkatesh MS, Nath CP, Kumar N, Singh M, 
Singh J, Nadarajan N (2018) Improving soil organic carbon 
pools through inclusion of summer mungbean in cereal-cereal 
cropping systems in Indo-Gangetic Plains. Arch Agro Soil Sci 
64(12):1690–1704. https://​doi.​org/​10.​1080/​03650​340.​2018.​
14516​38

Hiloidhari M, Das D, Baruah DC (2014) Bioenergy potential from crop 
residue biomass in India. Renew Sustain Energy Rev 32:504–
512. https://​doi.​org/​10.​1016/j.​rser.​2014.​01.​025

Hira GS, Jalota SK, Arora VK (2004) Efficient management of water 
resources for sustainable cropping in Punjab. Department of 
Soils, Punjab Agricultural University, Ludhiana

Hobbs PR, Singh Y, Giri GS, Lauren JG, Duxbury JM (2002) Direct 
seeding and reduced tillage options in the rice-wheat systems 
of the Indo-Gangetic Plains of South Asia. In: Direct seeding in 
Asian rice systems: strategic research issues and opportunities. 
International Rice Research Institute: Los Banos, Philippines, 
pp. 201–205

Humphreys E, Kukal SS, Christen EW, Hira GS, Balwinder S, 
Yadav S, Sharma RK (2010) Halting the groundwater decline 
in North-West India- which crop technologies will be winners. 
Adv Agron 109:155–217. https://​doi.​org/​10.​1016/​B978-0-​12-​
385040-​9.​00005-0

Jain N, Bhatia A, Pathak H (2014) Emission of air pollutants from 
crop residue burning in India. Aerosol Air Qual Res 14(1):422–
430. https://​doi.​org/​10.​4209/​aaqr.​2013.​01.​0031

Jain M, Fishman R, Mondal P, Galford GL, Bhattarai N, Naeem 
S, Lall U, Balwinder-Singh, DeFries RS (2021) Groundwa-
ter depletion will reduce cropping intensity in India. Sci Adv 
7(9):2849

Jat ML, Singh S, Rai HK, Chhokar RS, Sharma SK, Gupta RK (2005) 
Furrow irrigated raised bed planting technique for diversification 
of rice-wheat system of Indo-Gangetic Plains. J Japan Assoc Int 
Coop Agric For 28:25–42

Jat ML, Gathala MK, Ladha JK, Saharawat YS, Jat AS, Sharma VK, 
Kumar SK, Gupta RK (2009) Evaluation of precision land 

leveling and double zero-till systems in the rice-wheat rotation: 
water use, productivity, profitability and soil physical proper-
ties. Soil Till Res 105:112–121. https://​doi.​org/​10.​1016/j.​still.​
2009.​06.​003

Jat ML, Gathala MK, Saharawat YS, Tetarwal JP, Gupta RK, Singh Y 
(2013) Double no-till and permanent raised beds in maize-wheat 
rotation of north-western Indo-Gangetic Plains of India: effects 
on crop yields, water productivity, profitability and soil. Field 
Crops Res 149:291–299. https://​doi.​org/​10.​1016/j.​still.​2014.​04.​
008

Jat HS, Singh G, Singh R, Choudhary M, Jat ML, Gathala MK, Sharma 
DK (2015) Management influence on maize-wheat system per-
formance, water productivity and soil biology. Soil Use Manage 
31:534–543. https://​doi.​org/​10.​1111/​sum.​12208

Jat RD, Nanwal RK, Jat HS, Bishnoi DK, Dadarwal RS, Kakraliya SK, 
Yadav A, Choudhary KM, Jat ML (2017) Effect of conservation 
agriculture and precision nutrient management on soil proper-
ties and carbon sustainability index under maize-wheat cropping 
sequence. Int J Chem Stud 5:1746–1756

Jat HS, Sharma PC, Datta A, Choudhary M, Kakraliya SK, Singh Y 
(2019) Re-designing irrigated intensive cereal systems through 
bundling precision agronomic innovations for transitioning 
towards agricultural sustainability in North-West India. Sci Rep 
9(1):1-4. https://​doi.​org/​10.​1038/​s41598-​019-​54086-1

Jat HS, Datta A, Choudhary M, Sharma PC, Jat ML (2021) Conser-
vation agriculture: factors and drivers of adoption and scalable 
innovative practices in Indo-Gangetic Plains of India- a review. 
Int J Agric Sustain 19(1):40–55. https://​doi.​org/​10.​1080/​14735​
903.​2020.​18176​55

Kahlon MS, Dhingra M (2019) Combined effect of tillage and sow-
ing methods on rice-wheat productivity. Appl Ecol Environ Res 
17(6):13685–13699. https://​doi.​org/​10.​15666/​aeer/​1706_​13685​
13699

Kaur G, Singh J, Sood A (2006) Power generation potential from crop 
biomass in Punjab. Agric Eng Today 30(40):5–6

Kaur S, Aggarwal R, Soni A (2011) Study of water-table behaviour 
for the Indian Punjab using GIS. Water Sci Technol 63(8):1574–
1581. https://​doi.​org/​10.​2166/​wst.​2011.​212

Khedwal RS, Yadav DB, Hooda VS, Dahiya S, Singh M (2017) Zero-
till sowing and residue mulching in rainy season maize: effect 
on weeds, crop productivity and profitability. Indian J Weed Sci 
49:198–200

Kukkal SS, Bhatt R, Gupta N, Singh MC (2014) Effect of crop estab-
lishment methods on rice (Oryza sativa L.) performance and 
irrigation water productivity in sandy loam soil. Agric Res J 
51:326–328

Kumar V, Ladha JK (2011) Direct seeding of rice: recent developments 
and future research needs. Adv Agron 111:297–413. https://​doi.​
org/​10.​1016/​B978-0-​12-​387689-​8.​00001-1

Kumar V, Bellinder RR, Brainard DC, Malik RK, Gupta RK (2008) 
Risks of herbicide-resistant rice in India: a review. Crop Prot 
27(3–5):320–329

Kumar V, Jat HS, Sharma PC, Gathala MK, Malik RK, Kamboj BR, 
Yadav AK, Ladha JK, Raman A, Sharma DK, McDonald A 
(2018) Can productivity and profitability be enhanced in inten-
sively managed cereal systems while reducing the environmen-
tal footprint of production? Assessing sustainable intensifica-
tion options in the breadbasket of India. Agric Ecosys Environ 
252:132–147. https://​doi.​org/​10.​1016/j.​agee.​2017.​10.​006

Kumar S, Sharma DK, Singh DR, Biswas H, Praveen KV, Sharma V 
(2019) Estimating loss of ecosystem services due to paddy straw 
burning in North-west India. Int J Agric Sustain 17(2):146–157. 
https://​doi.​org/​10.​1080/​14735​903.​2019.​15814​74

Kumar N, Chhokar RS, Meena RP, Kharub AS, Gill SC, Tripathi 
SC, Gupta OP, Mangrauthia SK, Sundaram RM, Sawant CP, 
Gupta A (2021) Challenges and opportunities in productivity 

https://doi.org/10.1016/j.fcr.2004.11.003
https://doi.org/10.1016/j.apsoil.2007.03.006
https://doi.org/10.1016/j.apsoil.2007.03.006
https://doi.org/10.1016/j.cropro.2006.04.030
http://hrsdi.in/activefire/LIST/NoteStubbleburning2017.pdf
http://hrsdi.in/activefire/LIST/NoteStubbleburning2017.pdf
https://doi.org/10.1080/03650340.2018.1451638
https://doi.org/10.1080/03650340.2018.1451638
https://doi.org/10.1016/j.rser.2014.01.025
https://doi.org/10.1016/B978-0-12-385040-9.00005-0
https://doi.org/10.1016/B978-0-12-385040-9.00005-0
https://doi.org/10.4209/aaqr.2013.01.0031
https://doi.org/10.1016/j.still.2009.06.003
https://doi.org/10.1016/j.still.2009.06.003
https://doi.org/10.1016/j.still.2014.04.008
https://doi.org/10.1016/j.still.2014.04.008
https://doi.org/10.1111/sum.12208
https://doi.org/10.1038/s41598-019-54086-1
https://doi.org/10.1080/14735903.2020.1817655
https://doi.org/10.1080/14735903.2020.1817655
https://doi.org/10.15666/aeer/1706_1368513699
https://doi.org/10.15666/aeer/1706_1368513699
https://doi.org/10.2166/wst.2011.212
https://doi.org/10.1016/B978-0-12-387689-8.00001-1
https://doi.org/10.1016/B978-0-12-387689-8.00001-1
https://doi.org/10.1016/j.agee.2017.10.006
https://doi.org/10.1080/14735903.2019.1581474


Cereal Research Communications	

1 3

and sustainability of rice cultivation system: a critical review in 
Indian perspective. Cereal Res Commun 8:1-29. https://​doi.​org/​
10.​1007/​s42976-​021-​00214-5

Ladha JK, Pathak H, Gupta RK (2007) Sustainability of the rice-wheat 
cropping system: issues, constraints, and remedial options. J 
Crop Improv 19(1–2):125–136. https://​doi.​org/​10.​1300/​J411v​
19n01_​06

Laik R, Sharma S, Idris M, Singh AK, Singh SS, Bhatt BP, Saharawat 
Y, Humphreys E, Ladha JK (2014) Integration of conserva-
tion agriculture with best management practices for improving 
system performance of the rice-wheat rotation in the Eastern 
Indo-Gangetic Plains of India. Agr Ecosyst Environ 195:68–82. 
https://​doi.​org/​10.​1016/j.​agee.​2014.​06.​000

Lohan SK, Jat HS, Yadav AK, Sidhu HS, Jat ML, Choudhary M, Peter 
JK, Sharma PC (2018) Burning issues of paddy residue manage-
ment in north-west states of India. Renew Sustain Energy Rev 
81:693–706. https://​doi.​org/​10.​1016/j.​rser.​2017.​08.​057

Mahajan G, Chauhan BS, Johnson DE (2009) Weed management 
in aerobic rice in North-western Indo-Gangetic Plains. J Crop 
Improv 23:366–382. https://​doi.​org/​10.​1080/​15427​52090​29704​
58

Majumdar K, Jat ML, Shahi VB (2012) Effect of spatial and temporal 
variability in cropping seasons and tillage practices on maize 
yield responses in eastern India. Better Crops- Asia 6:4–6

Malik RK, Yadav A (2006) Alternate crop establishment techniques to 
avert puddle transplanting in rice- problem and prospective In: 
International Rice Congress, New Delhi, India, October 9-13, 
2006, pp. 489–490

Mandal UK, Singh G, Victor US, Sharma KL (2003) Green manuring: 
its effect on soil properties and crop growth under rice-wheat 
cropping system. European J Agron 19(2):225–237. https://​doi.​
org/​10.​1016/​S1161-​0301(02)​00037-0

Nawab K, Amanullah SP, Rab A, Arif M, Khan MA, Mateen A, Munsif 
F (2011) Impact of integrated nutrient management on growth 
and grain yield of wheat under irrigated cropping system. Paki-
stan J Bot 4:1943–1947

Nemecek T, Weiler K, Plassmann K, Schnetzer J, Gaillard G, Jefferies 
D, Garcia-Suarez T, King H, Canals ILM (2012) Estimation of 
the variability in global warming potential of worldwide crop 
production using a modular extrapolation approach. J Clean Prod 
31:106–117. https://​doi.​org/​10.​1016/j.​jclep​ro.​2012.​03.​005

Neogi S, Bhattacharyya P, Roy KS, Panda BB, Nayak AK, Rao KS, 
Manna MC (2014) Soil respiration, labile carbon pools, and 
enzyme activities as affected by tillage practices in a tropical 
rice-maize-cowpea cropping system. Environ Monit Assess 
186:4223–4236. https://​doi.​org/​10.​1007/​s10661-​014-​3693-x

Oanh NT, Permadi DA, Hopke PK, Smith KR, Dong NP, Dang AN 
(2018) Annual emissions of air toxics emitted from crop residue 
open burning in South-east Asia over the period of 2010–2015. 
Atmos Environ 187:163–173

Oussible M, Crookstan RK, Larson WE (1992) Subsurface compac-
tion reduces the root and shoot growth and grain yield of wheat. 
Agron J 84:34–38. https://​doi.​org/​10.​2134/​agron​j1992.​00021​
96200​84000​10008x

Parashar DC, Rai J, Gupta PK, Singh N (1991) Parameters affecting 
methane emission from rice paddy fields. Indian J Radio Space 
Phys 20:12–17

Parihar CM, Yadav MR, Jat SL, Singh AK, Kumar B, Pradhan S, 
Chakraborty D, Jat ML, Jat RK, Saharawat YS, Yadav OP (2016) 
Long term effect of conservation agriculture in maize rotations 
on total organic carbon, physical and biological properties of 
a sandy loam soil in north-western Indo-Gangetic Plains. Soil 
Till Res 161:116–128. https://​doi.​org/​10.​1016/j.​still.​2016.​04.​001

Pathak H, Tewari AN, Sankhyan S, Dubey DS, Mina U, Singh VK, Jain 
N, Bhatia A (2011) Direct-seeded rice: potential, performance 
and problems-A review. Curr Adv Agric Sci 3:77–88

Pathak H, Sankhyan S, Dubey DS (2013) Dry direct-seeding of rice for 
mitigating greenhouse gas emission: field experimentation and 
simulation. Paddy Water Environ 11:593–601. https://​doi.​org/​10.​
1007/​s10333-​012-​0352-0

Pooniya V, Choudhary AK, Bana RS, Sawarnalaxmi K, Pankaj RDS, 
Puniya MM (2018) Influence of summer legume residue recy-
cling and varietal diversification on productivity, energetics, 
and nutrient dynamics in basmati rice-wheat cropping system of 
western Indo-Gangetic Plains. J Plant Nutr 41(12):1491–1506. 
https://​doi.​org/​10.​1080/​01904​167.​2018.​14588​68

Ram M, Hari O, Dhiman SD, Nandal DP (2006) Productivity and eco-
nomics of rice (Oryza sativa L.) wheat (Triticum aestivum L.) 
cropping system as affected by establishment methods and tillage 
practices. Indian J Agron 51:77–80

Rao AN, Johnson DE, Sivaprasad B, Ladha JK, Mortimer AM (2007) 
Weed management in direct-seeded rice. Adv Agron 93:153–
255. https://​doi.​org/​10.​1016/j.​cropro.​2016.​08.​031

Rodell M, Velicogna I, Famiglietti JS (2009) Satellite-based estimates 
of groundwater depletion in India. Nature 460:999–1002. https://​
doi.​org/​10.​1038/​natur​e08238

Roy P, Kaur M (2016) Economic analysis of selected paddy straw man-
agement techniques in Punjab and West Bengal. Indian J Econ 
Dev 12:467–471

Saharawat YS, Singh B, Malik RK, Ladha JK, Gathala M, Jat ML, 
Kumar V (2010) Evaluation of alternative tillage and crop estab-
lishment methods in a rice-wheat rotation in North-Western IGP. 
Field Crops Res 116:260–267. https://​doi.​org/​10.​1016/j.​fcr.​2010.​
01.​003

Sahoo S, Swain S, Goswami A, Sharma R, Pateriya B (2021) Assess-
ment of trends and multi-decadal changes in groundwater level 
in parts of the Malwa region, Punjab, India. Groundwater Sustain 
Dev 14:100644

Saini J, Bhatt R (2020) Global warming- causes, impacts and mitiga-
tion strategies in agriculture. Curr J Appl Sci Technol 39:93–107. 
https://​doi.​org/​10.​1007/​s10333-​021-​00846-7

Sandhu OS, Gupta RK, Thind HS, Jat ML, Sidhu HS, Singh Y (2019) 
Drip irrigation and nitrogen management for improving crop 
yields, nitrogen use efficiency and water productivity of maize-
wheat system on permanent beds in north-west India. Agric 
Water Manage 219:19–26. https://​doi.​org/​10.​1016/j.​agwat.​2019.​
03.​040

Sangeet KR (2016) Crop residue generation and management in Punjab 
state. Indian J Econ Dev 12(1a):477–483

Sapkota TB, Majumdar K, Jat ML, Kumar A, Bishnoi DK, Mcdon-
ald AJ, Pampolino M (2014) Precision nutrient management in 
conservation agriculture based wheat production of North-west 
India: profitability, nutrient use efficiency and environmental 
footprint. Field Crops Res 155:233–244. https://​doi.​org/​10.​
1016/j.​fcr.​2013.​09.​001

Sapkota TB, Jat ML, Aryal JP, Jat RK, Khatri CA (2015) Climate 
change adaptation, greenhouse gas mitigation and economic prof-
itability of conservation agriculture: some examples from cereal 
systems of Indo-Gangetic Plains. J Integr Agric 14:1524–1533. 
https://​doi.​org/​10.​1016/​S2095-​3119(15)​61093-0

Sepat S, Behera UK, Sharma AR, Das TK, Bhattacharyya R (2014) 
Productivity, organic carbon and residual soil fertility of pigeon-
pea-wheat cropping system under varying tillage and residue 
management. Proceedings of the National Academy of Sciences, 
India Section B: Biological Sciences 84:561–571. https://​doi.​org/​
10.​1007/​s40011-​014-​0359-y

Sharma SN, Prasad R (1999) Effects of sesbania green manuring and 
mungbean residue incorporation of productivity and nitrogen 
uptake of a rice-wheat cropping system. Bioresour Technol 
67(2):171–175

https://doi.org/10.1007/s42976-021-00214-5
https://doi.org/10.1007/s42976-021-00214-5
https://doi.org/10.1300/J411v19n01_06
https://doi.org/10.1300/J411v19n01_06
https://doi.org/10.1016/j.agee.2014.06.000
https://doi.org/10.1016/j.rser.2017.08.057
https://doi.org/10.1080/15427520902970458
https://doi.org/10.1080/15427520902970458
https://doi.org/10.1016/S1161-0301(02)00037-0
https://doi.org/10.1016/S1161-0301(02)00037-0
https://doi.org/10.1016/j.jclepro.2012.03.005
https://doi.org/10.1007/s10661-014-3693-x
https://doi.org/10.2134/agronj1992.00021962008400010008x
https://doi.org/10.2134/agronj1992.00021962008400010008x
https://doi.org/10.1016/j.still.2016.04.001
https://doi.org/10.1007/s10333-012-0352-0
https://doi.org/10.1007/s10333-012-0352-0
https://doi.org/10.1080/01904167.2018.1458868
https://doi.org/10.1016/j.cropro.2016.08.031
https://doi.org/10.1038/nature08238
https://doi.org/10.1038/nature08238
https://doi.org/10.1016/j.fcr.2010.01.003
https://doi.org/10.1016/j.fcr.2010.01.003
https://doi.org/10.1007/s10333-021-00846-7
https://doi.org/10.1016/j.agwat.2019.03.040
https://doi.org/10.1016/j.agwat.2019.03.040
https://doi.org/10.1016/j.fcr.2013.09.001
https://doi.org/10.1016/j.fcr.2013.09.001
https://doi.org/10.1016/S2095-3119(15)61093-0
https://doi.org/10.1007/s40011-014-0359-y
https://doi.org/10.1007/s40011-014-0359-y


	 Cereal Research Communications

1 3

Sharma SK, Sharma SN (2005) Effect of crop diversification of rice-
wheat cropping system on productivity and profitability. J Sustain 
Agric 26(1):39–48. https://​doi.​org/​10.​1300/​J064v​26n01_​05

Sharma SK, Tomar RK, Gangwar KS (1995) Effects of crop establish-
ment and tillage practices on yield and economics of irrigated 
rice (Oryza sativa)- wheat (Triticum aestivum) system. Indian J 
Agric Sci 65:636–638

Sharma SN, Prasad R, Singh S, Singh P (2000) On-farm trials of the 
effect of introducing a summer green manure of mungbean on 
the productivity of a rice-wheat cropping system. J Agric Sci 
134(2):169–172. https://​doi.​org/​10.​1017/​S0021​85969​90075​58

Sharma P, Tripathi RP, Singh S, Kumar R (2004) Effects of tillage on 
soil physical properties and crop performance under rice-wheat 
system. J Indian Soc Soil Sci 52:12–16

Sharma P, Tripathi RP, Singh S (2005) Tillage effects on soil physi-
cal properties and performance of rice-wheat cropping system 
under shallow water table conditions of Tarai, Northern India. 
European J Agron 23:327–335. https://​doi.​org/​10.​1016/j.​eja.​
2005.​01.​003

Sharma PC, Jat HS, Kumar V, Gathala MK, Datta A, Yaduvanshi NPS, 
Choudhary M, Sharma S, Singh LK, Saharawat Y, Yadav AK, 
Parwal A, Sharma DK, Gurbachan S, Ladha JK, McDonald A 
(2015) Sustainable intensification opportunities under current 
and future cereal systems of north-west India. Tech Bull 4

Sidhu HS, Singh M, Humphreys E, Singh Y, Singh B, Dhillon SS, 
Blackwell J, Bector V, Singh M, Singh S (2007) The Happy 
seeder enables direct drilling of wheat into rice stubble. Austral-
ian J Exp Agric 47:844–854. https://​doi.​org/​10.​1071/​EA062​25

Sidhu BS, Sharda R, Singh S (2021) Spatio-temporal assessment of 
groundwater depletion in Punjab, India. Groundwater Sustain 
Dev 12:100498

Siebert S, Burke J, Faures JM, Frenken K, Hoogeveen J, Doll P, Port-
mann FT (2010) Groundwater use for irrigation- a global inven-
tory. Hydrol Earth Syst Sci 14:1863–1880. https://​doi.​org/​10.​
5194/​hess-​14-​1863-​2010

Singh O (2015) Groundwater variability in Haryana: a spatio-temporal 
analysis. Punjab Geogr 11:13–36

Singh P, Benbi DK (2020) Nutrient management impacts on net 
ecosystem carbon budget and energy flow nexus in inten-
sively cultivated cropland ecosystems of north-western India. 
Paddy Water Environ 18:697–715. https://​doi.​org/​10.​1007/​
s10333-​020-​00812-9

Singh VK, Dwivedi BS (2006) Yield and nitrogen use efficiency in 
wheat, and soil fertility status as influenced by substitution of 
rice with pigeon pea in a rice-wheat cropping system. Aust J 
Exp Agric 46(9):1185–1194. https://​doi.​org/​10.​1071/​EA040​46

Singh O, Kasana A (2017) GIS-based spatial and temporal investiga-
tion of groundwater level fluctuations under rice-wheat ecosys-
tem over Haryana. J Geol Soc India 89(5):554–562. https://​doi.​
org/​10.​1007/​s12594-​017-​0644-5

Singh S, Sharma SN, Prasad R (2001) The effect of seeding and till-
age methods on productivity of rice-wheat cropping system. Soil 
till Res 61:125–131. https://​doi.​org/​10.​1016/​S0167-​1987(00)​
00188-4

Singh VK, Dwivedi BS, Shukla AK, Chauhan YS, Yadav RL (2005) 
Diversification of rice with pigeonpea in a rice-wheat cropping 
system on a Typic Ustochrept: effect on soil fertility, yield and 
nutrient use efficiency. Field Crops Res 92(1):85–105. https://​
doi.​org/​10.​1016/j.​fcr.​2004.​09.​011

Singh Y, Kukal SS, Jat ML, Sidhu HS (2014) Improving water pro-
ductivity of wheat based cropping systems in South Asia for 
sustained productivity. Adv Agron 127:157–258. https://​doi.​org/​
10.​1016/​B978-0-​12-​800131-​8.​00004-2

Singh P, Singh G, Sodhi GPS (2019) Energy auditing and optimization 
approach for improving energy efficiency of rice cultivation in 
south-western Punjab, India. Energy 174:269–279. https://​doi.​
org/​10.​1016/j.​energy.​2019.​02.​169

Singh M, Kumar P, Kumar V, Solanki IS, McDonald AJ, Kumar A, 
Malik RK (2020) Inter-comparison of crop establishment meth-
ods for improving yield and profitability in the rice-wheat system 
of Eastern India. Field Crops Res 250:107776. https://​doi.​org/​10.​
1016/j.​fcr.​2020.​107776

Singh AK, Tripathi JN, Taloor AK, Kotlia BS, Singh KK, Attri SD 
(2021) Seasonal ground water fluctuation monitoring using 
GRACE satellite technology over Punjab and Haryana during 
2005–2015. In: Water, cryosphere, and climate change in the 
Himalayas, a geospatial approach, pp. 175–186

Singh K (2006) Fall in Water Table in Central Punjab How Serious? 
Tech. Bull. The Punjab State Farmers Commission. Government 
of Punjab, Mohali, Punjab, India, pp. 10

Tripathi SC, Chauhan DS (2001) Effect of tillage and fertilizer on pro-
ductivity of wheat (Triticum aestivum L.) under dry seeded and 
transplanted rice conditions. Indian J Agron 46:107–111

Tripathi SC, Singh RP (2008) Effect of crop diversification on produc-
tivity and profitability of rice (Oryza sativa) - wheat (Triticum 
aestivum) cropping system. Indian J Agron 53(1):27–31

Tripathi RP, Sharma P, Singh S (2005) Tilth index: an approach to 
optimize tillage in rice-wheat system. Soil till Res 80:125–137. 
https://​doi.​org/​10.​1016/j.​still.​2004.​03.​004

Tripathi SC, Venkatesh K, Meena RP (2021) Environmentally sound 
alternative cropping systems for rice-wheat systems in north-
west India. Theoret Appl Climatol 148:179–189

Vales MI, Srivastava RK, Sultana R, Singh S, Singh I, Singh G, Patil 
SB, Saxena KB (2012) Breeding for earliness in pigeonpea: 
development of new determinate and non determinate lines. Crop 
Sci 52:2507–2516. https://​doi.​org/​10.​2135/​crops​ci2012.​04.​0251

Venkatesh MS, Hazra KK, Singh J, Nadarajan N (2015) Introducing 
summer mungbean. Indian Farm 65(1):12–13

Vetter SH, Sapkota TB, Hillier J, Stirling CM, Macdiarmid JI, Alek-
sandrowicz L, Green R, Joy EJ, Dangour AD, Smith P (2017) 
Greenhouse gas emissions from agricultural food production to 
supply Indian diets: implications for climate change mitigation. 
Agric Ecosyst Environ 237:234–241. https://​doi.​org/​10.​1016/j.​
agee.​2016.​12.​024

Walia SS, Gill MS, Bhusan B, Phutela RP, Aulakh CS (2011) Alternate 
cropping system to rice (Oryza sativa L.)- wheat (Triticum aesti-
vum L.) for Punjab. Indian J Agron 56(1):20–27

Walia US, Walia SS, Sidhu AS, Nayyar S (2014) Productivity of direct 
seeded rice in relation to different dates of sowing and varieties 
in Central Punjab. J Crop Weed 10(1):126–129

Wang Q, Bai Y, Gao H, He J, Chen H, Chesney RC, Kuhn NJ, Li H 
(2008) Soil chemical properties and microbial biomass after 16 
years of no-tillage farming on the Loess Plateau, China. Geo-
derma 144:502–508. https://​doi.​org/​10.​1016/j.​geode​rma.​2008.​
01.​003

Wang W, Lai DY, Sardans J, Wang C, Datta A, Pan T, Zeng C, Bartrons 
M, Penuelas J (2015) Rice straw incorporation affects global 
warming potential differently in early vs late cropping seasons 
in Southeastern China. Field Crops Res 181:42–51. https://​doi.​
org/​10.​1016/j.​fcr.​2015.​07.​007

Yadav S, Humphreys E, Kukal SS, Walia US (2011) Effect of water 
management on dry seeded and puddled transplanted rice. Part 
1 crop performance. Field Crops Res 120:112–122. https://​doi.​
org/​10.​1016/j.​fcr.​2010.​09.​002

Yadav DB, Yadav A, Punia SS (2019) Long-term effects of green 
manuring and herbicides on weeds and productivity of the 

https://doi.org/10.1300/J064v26n01_05
https://doi.org/10.1017/S0021859699007558
https://doi.org/10.1016/j.eja.2005.01.003
https://doi.org/10.1016/j.eja.2005.01.003
https://doi.org/10.1071/EA06225
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.1007/s10333-020-00812-9
https://doi.org/10.1007/s10333-020-00812-9
https://doi.org/10.1071/EA04046
https://doi.org/10.1007/s12594-017-0644-5
https://doi.org/10.1007/s12594-017-0644-5
https://doi.org/10.1016/S0167-1987(00)00188-4
https://doi.org/10.1016/S0167-1987(00)00188-4
https://doi.org/10.1016/j.fcr.2004.09.011
https://doi.org/10.1016/j.fcr.2004.09.011
https://doi.org/10.1016/B978-0-12-800131-8.00004-2
https://doi.org/10.1016/B978-0-12-800131-8.00004-2
https://doi.org/10.1016/j.energy.2019.02.169
https://doi.org/10.1016/j.energy.2019.02.169
https://doi.org/10.1016/j.fcr.2020.107776
https://doi.org/10.1016/j.fcr.2020.107776
https://doi.org/10.1016/j.still.2004.03.004
https://doi.org/10.2135/cropsci2012.04.0251
https://doi.org/10.1016/j.agee.2016.12.024
https://doi.org/10.1016/j.agee.2016.12.024
https://doi.org/10.1016/j.geoderma.2008.01.003
https://doi.org/10.1016/j.geoderma.2008.01.003
https://doi.org/10.1016/j.fcr.2015.07.007
https://doi.org/10.1016/j.fcr.2015.07.007
https://doi.org/10.1016/j.fcr.2010.09.002
https://doi.org/10.1016/j.fcr.2010.09.002


Cereal Research Communications	

1 3

rice-wheat cropping system in North-western India. Indian J 
Weed Sci 51(3):240–245

Yadav G, Jat HS, Raju R, Yadav RK, Singh SK, Chaudhari SK, Sharma 
DK, Singh G, Sharma PC (2022) Enterprise mix diversification: 
an option for ecologically sustainable food and nutritional secu-
rity of small holders in Indo-Gangetic Plains. Int J Agric Sustain 
20(1):31–41

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Challenges and technological interventions in rice–wheat system for resilient food–water–energy-environment nexus in North-western Indo-Gangetic Plains: A review
	Abstract
	Introduction
	Materials and methods
	Gravity of groundwater depletion in north-western Indo-Gangetic Plains
	Technological refinements to improve sustainability of rice–wheat system
	Scaling up of resource conservation technologies
	Direct seeded rice
	Opportunistic diversification of rice–wheat system with inclusion of summer legume

	Strategic diversification of conventional rice–wheat system to conservation agriculture-based maize-wheat system in light-medium textured soils
	Maize-based system to amplify the water productivity
	Maize-based cropping system to restore the soil health and crop productivity
	Maize-based cropping system to lessen the greenhouse gases emission load on environment

	Pigeonpea (Cajanus cajan L.)-based diversification of rice–wheat system
	Miscellaneous productive diversification options
	Constraints in diversification
	Conclusions and future perspective
	Acknowledgements 
	References


