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The most common cropping production system in South Asia, transplanted puddled rice followed by conventional-tillage wheat, is highly unsustainable, extremely energy-intensive, and emits a large amount of greenhouse gases. The practices used in conservation agriculture, including diversified cropping rotations, residue retention, zero-tillage direct-seeded rice, and zero-tillage wheat, can increase crop productivity while reducing energy use requirements and carbon footprints. Therefore, to promote a sustainable and energy-efficient conservation agriculture-based system with a less energy-intensive rice–wheat system, contrasting tillage and residue management scenarios were evaluated in this study. The treatments include triple cropping systems of zero-tillage direct-seeded rice (ZTDSR) during the rainy season, followed by zero-tillage rice–wheat–mungbean (ZTRWM) in winter, as well as zero-tillage rice–lentil–mungbean (ZTRLM), zero-tillage rice–chickpea–mungbean (ZTRCM), and zero-tillage rice–mungbean–mustard (ZTRMM) along with the conventional-tillage rice–wheat (CTRW) system. Zero-tillage systems exhibited significantly lower operational energy for irrigation (~40%), sowing (~26%), and land preparation (100%) compared to a conventional-tillage (CT) system. Compared to the conventional-tillage rice–wheat system, zero-tillage cropping systems achieved significantly higher system biomass yields. The zero-tillage system also increased wheat yields, resulting in a significant reduction in resources (fuel, fertilizer, and machinery) under zero-tillage (ZT) interventions. More than 60% of energy utilization came from crop residue, irrespective of the diverse cropping production systems. The maximum net energy returns, energy ratios, energy productivity, and energy intensity were recorded with the zero-tillage rice–wheat system. Zero-tillage production systems had significantly lower carbon footprints, higher carbon efficiency, and better carbon sustainability index than the conventional-tillage (CT) management system. Thus, it can be concluded that triple-zero-tillage production systems, along with residue management, yield lower net energy output, greenhouse gas emissions, and carbon footprints as compared to conventional-tillage-based systems.
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GRAPHICAL ABSTRACT




Highlights

• This study evaluated the performance of conservation agriculture (CA)-based zero-tillage (ZT)-triple cropping production systems.

• ZT-based systems reduced energy inputs (48%), water (37%), and labor usage (13%).

• In ZT production system, crop residue was the key renewable energy source (60%).

• Triple ZT production systems improved the overall total biomass production (38%).

• ZT production systems reduced greenhouse gas (GHG) and carbon footprints (36%).



1 Introduction

Approximately 43% of the world's population depends on rice–wheat cropping systems for their food and livelihood security, with 27 Mha under cultivation worldwide (Dhanda et al., 2022). When assessing the sustainability of agricultural production systems, energy balance and greenhouse gas (GHG) emissions are the essential metrics, particularly in light of the resource degradation, climate change, and food poverty (Bohra and Kumar, 2015). To create an energy-efficient agrotechnology with minimal adverse environmental impacts, energy analysis aids in evaluating how agricultural production systems utilize energy and the connections between various energy inputs (Kumar et al., 2021a). The use of fertilizers and pesticides, irrigation, and enhanced mechanization has significantly increased energy consumption in agricultural production systems (Sarkar et al., 2024). About 18% of India's total GHG emission come from the agricultural sector, mainly from the burning of crop residue, conventional rice farming, livestock, and nitrogen fertilizer use (Gupta et al., 2021). India must focus on energy-efficient farming systems with a lower carbon footprint to provide food for the ever-growing population in the current scenario of resource limitations and climate change.

The most extensive agricultural production system in India is the rice–wheat cropping system (RWCS), which occupies over 12.3 Mha and accounts for 40% of the country's wheat area and 23% of its rice area (Singh et al., 2020a). While wheat grows on aerobic, finely tilled soils, rice is usually produced in flooded conditions with frequent tillage (Baghel et al., 2020). However, the conventional method of growing wheat and rice resulted in lower farm profitability, higher production costs, and decreased crop yields (Pratibha et al., 2015). Groundwater depletion, soil deterioration, salinity, and herbicide resistance are some of the issues facing this production system (Samal et al., 2017). Traditional rice/local cultivars and wheat tillage use a lot of energy, and fuel for tillage, planting, transplanting, and irrigation contributes significantly to the greenhouse gas (GHG) emissions (Ranaivoson et al., 2017). Specifically, methane emissions in agricultural production systems originate from the cultivation of conventional or transplanted puddled rice (TPR), and burning rice stubble contributes additional GHGs and pollutants (Arai, 2022).

To increase resource use efficiency and minimize environmental effects, conservation agriculture (CA)-based management practices place a strong emphasis on cropping rotations, regulated traffic, minimal soil disturbance, and soil cover (Mondal et al., 2020). Dry-direct seeded rice (DDSR), zero-tillage (ZT) wheat, and direct seeding with in situ residue management are some of the technologies developed for rice-wheat cropping systems under CA-based management production that contribute to energy conservation and a decrease in GHG emissions (Meena et al., 2015; Zahedi et al., 2015). For instance, zero-tillage direct-seeded rice (ZTDSR) significantly reduces methane (CH4) emissions while saving energy by requiring fewer irrigations, transplanting, and land preparations (Lal, 2004). Compared to traditional or conventional-tillage, zero-tillage (ZT) wheat saves ~3,000 MJ ha−1 and can reduce fuel usage by up to 60 L/ha (Kumar et al., 2021b). Crop residue recycling boosts soil health by providing nutrients and enhancing biological nutrient cycling, which improves water retention and reduces the irrigation needs (Dubey et al., 2024).

An important metric for evaluating the sustainability of modern crop production is the carbon footprint of agricultural operations during cropping, which expresses the environmental impact of GHG emission in terms of CO2 equivalents (Kumar et al., 2022a). Throughout crop production, lifecycle evaluations consider both direct and indirect emissions from inputs (Kumar et al., 2021b). It has been shown that CA-based management techniques, such as crop residue mulching, crop diversification, zero-tillage direct-seeded rice, and zero-tillage wheat, reduce carbon emissions and enhance the overall production system as well as carbon efficiency. Energy-efficient agricultural production systems with reduced carbon footprints are essential in the context of the energy crisis and climate change scenarios. Assessing sustainable agricultural production systems requires energy and carbon budgeting, which considers all energy and carbon inputs as well as outputs. Although crop productivity, resource use efficiency, and soil health have been main research topics in CA-based rice–wheat systems, little is known about energy linkages and carbon footprints. Furthermore, the majority of research has focused on specific crops and cropping systems, with various aspects of tillage and residue management.

The CA-based management paradigm (i.e., minimal soil movement, retaining crop residue cover on the soil surface, and use of diversified crop rotation) adopted by the farmers in South Asia has prompted scientists to revisit and provide solutions to many emerging challenges (Mishra et al., 2020). The CA-based management practices and cropping systems followed elsewhere are more diverse than those adopted in the Eastern Indo-Gangetic plains (EIGP). While puddling and transplanting are common in rice, zero tillage (ZT) with or without crop residue retention is practiced in subsequent winter crops, indicating that CA protocols are only partially adopted in the EIGP.

Therefore, sustainable intensification of rice–wheat cropping system (RWCS) using resource conservation technologies (RCTs) is urgently needed to meet growing food demands while protecting ecosystem services and environmental quality (Keil et al., 2019; Kumar et al., 2021c). The inclusion of summer green gram after wheat has emerged as an alternative to intensify and diversify RWCS, leading to increased system productivity, profitability, nutritional security, and improved soil health. The majority of the studies in EIGP have focused on zero-tillage based on a single crop in rice–wheat cropping systems. No attempt has been made to evaluate the effects of tillage, crop establishment method, and residue management on system productivity, energy use, and environmental footprint in triple-zero-tillage production systems. Hence, the present study was undertaken to identify the most suitable tillage and crop establishment practices to improve the overall productivity of the rice–wheat system. In addition to biological parameters, some important CA-based parameters, such as energy use and its contribution to global warming, as well as the efficient use of energy through RCTs, can help reduce the environmental footprints. We hypothesized that CA-based tillage and crop establishment methods would improve crop yields, system productivity, energy efficiency, and reduce environmental footprints. The results of this study will provide policymakers in nations with comparable agricultural production systems with variable insights, offering important direction and encouraging low-carbon, energy-efficient, and sustainable rice–wheat cropping systems in the Indo-Gangetic Plains and other similar agroecoregions worldwide.



2 Materials and methods


2.1 Location and climate

A long-term field experiment was conducted from 2019–2020 to 2023–2024 at Krishi Vigyan Kendra, Lalganj, Buxar, Bihar, India (25°32′47′′N, 83°059′28′′E) (Supplementary Figure S1). The experimental site is located in a tropical climate, characterized by the hot summers in May and June and mild winters during December and January (Supplementary Figure S2). The monsoon season (June to September) brings heavy rainfall, with the majority of precipitation occurring during this period only. The total mean annual rainfall recorded in 2023–2024 was 1,172 mm. The monthly mean rainfall and temperature (minimum and maximum) during the period 2020–2024 in Buxar, Bihar, India, are shown in Supplementary Figure S2. The experimental site had silty clay textured soil (sand 21%, silt 41%, and clay 38%), with a soil pH of 8.20 (1:2.5), Walkley–Black Carbon content of 6.2 g kg−1, and electrical conductivity of 0.49 dS m−1 at a soil depth of 0–15 cm. The available N, P2O5, and K2O content in the upper soil layers (0–15 cm soil depth) were 193, 27.6, and 236 kg ha−1, respectively.



2.2 Experimental details

A field experiment was conducted to assess the comparative resource use efficiency and production potential of rice-based conservation agriculture (CA) vs. conventional-tillage (CT) production systems. The experiment comprised five treatments with three replications, employing a randomized block design. CA-based management treatments included the triple zero-tillage production system: ZTDSR-ZT wheat-ZT mungbean (T1), ZTDSR-ZT lentil-ZT mungbean (T2), ZTDSR-ZT chickpea-ZT mungbean (T3), and ZTDSR-ZT mustard-ZT mungbean (T4). Additionally, conventional-tilled rice (transplanted puddled rice)-CT wheat (broadcasting) (T5) was included in the present study to provide a comprehensive comparison of the local farmers' practices with improved CA-based production systems. Each experimental plot was measuring 70 m × 10 m. In CA plots, rice, wheat (30%), and mungbean residue (full biomass after two or three harvests) were retained in fields according to the treatments. The varieties of rice, wheat, lentil, chickpea, mustard, and mungbean used in the experiment were Rajendra Sweta, HD 2967, IPL 120, GNG 2299, Pusa Mustard 30, and Virat, respectively (Supplementary Table S1). Sowing for ZTDSR and TPR nursery seeding was done during the second fortnight of June, and the crop was harvested in the last week of October. The winter crops (wheat, lentil, and chickpea) were sown in the 1st week of November, and harvesting took place in March. Zero-tillage mungbean was grown after harvesting the wheat crop (first fortnight of April) and harvested during the 2nd week of June. The detailed seed rates, spacing, and nutrient doses for respective crops are mentioned in Supplementary Table S1. A total of 10–12 irrigations (8–10 cm) were applied in the ZTDSR production system, while the conventional TPR crop received 18–20 irrigations (8–10 cm of the irrigation depth). In ZT and CT wheat, 6 irrigations (4–6 cm) were applied at different stages of crop growth. A presowing irrigation at a depth of 4–6 cm was applied in winter for better crop germination. Weed management was performed using glyphosate at 1.0 L a.i. ha−1 1 week before sowing to eliminate the existing weed flora. In the rice crop, weed control was achieved through a pre-emergence application of pendimethalin at 1.0 L a.i. ha−1, followed by a post-emergence application of bis-pyribac-sodium at 0.025 kg a.i. ha−1. Similarly, for wheat, weed control was performed through post-emergence application of met-sulfuron-methyl at 0.005 kg a.i. ha−1. In CA-based management practices, crop residue retains ~30% of the above-ground biomass of rice and wheat, along with the root biomass left in the field. A brief overview of the current long-term field experiment methodology is shown in Figure 1.
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FIGURE 1
 Brief methodology followed in the present experimentation.




2.3 Crop yield and system biomass yield

Crop samples were manually harvested at crop maturity from a randomly selected area of 50 m2 (10 m × 5 m) for precise estimation of crop yields (grain and straw) (Kumar et al., 2020). After threshing and cleaning, grains were sun-dried and weighed to measure crop yields. Similarly, after harvesting, the yield of sun-dried straw and stover was recorded. The system biomass yield was calculated by adding the grain and stover yields of the respective crops used in the cropping system.



2.4 Energy calculation

A collection of inventories for different operations related to all crop inputs and outputs was created to carry out energy calculations. All inputs and outputs were converted into energy equivalents using various energy coefficients from several previous studies (Supplementary Table S2). The total energy input for various crops was determined by adding up all the individual input operations. Total energy input for various cropping systems was calculated by summing the energy used for each individual crop within those systems. The following equations were used to calculate the energy input for machinery (diesel and electricity), as adopted from Saad et al. (2016).

Emp=WmpLmp ×E ×T      (1)

where Emp = energy of mechanical power per unit area (MJ ha−1), Wmp = weight of mechanical power (kg), Lmp = economic life of mechanical power (h), E = energy coefficient (MJ kg−1), and T = time consumed to cover 1.0 ha.

Diesel for single use (MJ ha−1)= Diesel consumption rate (L h−1) × Equivalent energy × operation (h ha −1)      (2)

Electric motor for 1h operation (MJ h−1)= Electricity consumption per hour (kW)× hours of operationper ha (h) × equivalent energy (MJ kW h−1)      (3)

The average weights (Wmp), economic lifespan (Lmp), and time of operation (T) of different machines used for estimation of the mechanical energy (Emp) were taken from Singh et al. (2019).

Energy inputs were categorized based on their source and the type of farm operations. Furthermore, they were classified as direct and indirect energy as well as renewable and non-renewable energy sources (Chaudhary et al., 2017; Parihar et al., 2018). To obtain the total output energy of the crop, energy from grain and stover was integrated. Likewise, to calculate the system energy output, the energy output of individual crops was summed. The various energy indices were calculated using Equations 5–9 (Tuti et al., 2012).

Net energy return (MJ ha−1) =  [Output energy (MJ ha−1)−                                              Total          input energy (MJ ha−1)]      (4)

                                  Energy ratio = [Output energy (MJ ha−1)/Total input energy (MJ ha−1)]      (5)

Energy productivity (kg MJ−1)=[Grain yield (kg ha−1)/   Total input energy (MJ ha−1)]      (6)

Energy intensity (USD ha−1)  =  [Output energy (MJ ha−1)/                                                 Cost       of cultivation (USD ha−1)]      (7)
 

2.5 Carbon emission

The global warming potential (GWP) in terms of carbon dioxide equivalent was calculated based on the emission factors (Supplementary Table S2) associated with agricultural inputs, including diesel, electricity, fertilizers, herbicides, and pesticides. Seasonal methane (for rice only) and nitrous oxide emission patterns for rice, winter crops (wheat, lentil, chickpea, and mustard), and green gram were estimated using emission factors. Methane is produced under anoxic conditions with a redox potential lower than −0.2 V. In our study, fields under wheat and green gram were never in an anaerobic condition, and the redox potential was much higher, making it unfavorable for methane emission (Jat et al., 2019). Moreover, no crop residue burning was performed in the field during the experimental period. Therefore, only CO2 and N2O are considered for measuring greenhouse gases in winter and spring crops (mungbean). However, in the case of rice, CH4, N2O, and CO2 emissions are included in the calculation. Methane emission factors were taken from the published literature and calculated based on our field inputs. The detailed emission factors are listed in Supplementary Table S2. The N2O estimation was calculated by multiplying the emission factor (0.01) by the quantity of N applied from all sources (fertilizers, residues) and converting it into N2O emitted by multiplying by 44/28. The formula is given as follows (Tubiello et al., 2015):

N2O emission (kg ha−1season−1)=Emission factor (0.01)     ×      amount of external N applied (from residue, fertilizers,   etc.  in kg/ha)×44/28      (8)

Global warming potential was calculated as per Babu et al. (2020):

GWP (kg CO2 eq.ha−1) = (emitted N2O×298)+(emitted CH4                                                  ×  28) + emitted CO2      (9)

Carbon efficiency=Carbon outputCarbon input       (10)

Carbon sustainability index = (Carbon output − Carbon input)Carbon input      (11)
 

2.6 Statistical analysis

The data collected from the present experimentation were statistically analyzed using a randomized block design via analysis of variance (ANOVA). Similarly, energy equivalent calculations for individual cropping sequences were performed using a randomized block design. The post hoc mean separation was conducted using Tukey's honest significant difference test (p ≤ 0.05) (Gomez and Gomez, 1984).




3 Results


3.1 Input energy usage pattern

Source-and operation-based energy input usage in different crops reveals that average total energy input under ZT-management practices was significantly lower compared to CT-based rice and wheat (Figures 2, 3). Fuel, water, and fertilizer were the significant sources of energy input under both ZT and CT interventions. The ZTDSR production system used 54, 47, 42, and 36% less energy from fuels, water, machinery, and labor compared to the conventional-tillage rice–wheat system (CTRW) production system. However, the ZTDSR system used 59% more energy through agrochemicals compared to the CTRW cropping system. Irrigation consumed the largest share of total energy in both the CTRW (62%) and ZTDSR (56%) production systems. ZTDSR production system could save 45 and 60% energy from irrigation and crop establishment methods, respectively, compared to CTRW cropping systems.
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FIGURE 2
 Input energy usage pattern of different sources under diverse production systems.
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FIGURE 3
 Input energy flow in diverse agronomic management under diverse production systems.


The ZT produced wheat consumed 22% lower total energy input as compared to CT wheat. Decreasing order of energy input as follows: fertilizer > fuel > water for ZT wheat, and fuel > fertilizer > water in case of CT wheat (Figure 2). In comparison to CT wheat, ZT produced wheat resulted in a decrease in fuel (49%) and machinery energy (67%). Operation-based wheat energy use revealed that, in ZT wheat, the main energy-consuming operations were irrigation (44%) and inorganic fertilizers (42%). Although under CT wheat, maximum energy spending operations were irrigation (37%), fertilizer application (33%), and land preparation (18%). To prepare land for crop sowing, CT wheat required an additional 4,500 MJ ha−1 of energy input. However, ZT produced wheat that used 300 MJ ha−1 more energy than CT wheat to manage weeds. Decreasing order of energy consumption share of input operations for ZT lentil, chickpea, and mustard was fuel > fertilizer > water, while for ZT mungbean was fuel > water > fertilizer (Figure 4). ZT intervention directly reduced input energy through eliminating land preparation. Operation-wise energy consumption showed that irrigation had the highest share of total input energy in ZT mungbean, lentil, and chickpea, whereas fertilizer application was the operation with the highest energy consumption under ZT mustard production (Figure 3). The primary sources of energy consumption in the CTRW cropping system were fuel (40%), water (26%), and fertilizer (24%) (Table 1). Crop residue (63%) accounted for the most significant portion of energy use in zero-tillage rice–wheat–mungbean (ZTRWM) with residue retention, followed by fuel (12%) and fertilizers (10%).


[image: Figure 4]
FIGURE 4
 Flow of input energy (%) under diverse cropping production systems.


TABLE 1  Source-wise input energy utilization (MJ ha−1) of diverse cropping production systems.


	Treatments
	CTRW
	ZTRWM
	ZTRLM
	ZTRCM
	ZTRMM





	Machinery
	1,150
	300
	300
	300
	300

 
	Human labor
	1,410
	1,300
	1,200
	1,200
	1,200

 
	Fuel
	30,500
	18,400
	15,000
	15,000
	15,000

 
	Fertilizer
	18,000
	18,000
	12,500
	12,500
	17,000

 
	Chemicals
	1,900
	2,350
	1,200
	1,200
	2,000

 
	Water
	20,200
	14,000
	12,000
	12,000
	12,500

 
	Seeds
	2,100
	2,300
	1,010
	2,020
	300

 
	Residue
	–
	101,100
	52,050
	55,400
	48,100





CTRW, conventional-tillage rice–wheat; ZTRWM, zero-tillage rice–wheat–mungbean; ZTRLM, zero-tillage rice–lentil–mungbean; ZTRCM, zero-tillage rice–chickpea–mungbean; ZTRMM, zero-tillage rice–maize–mungbean.



The ZT rice–wheat–mungbean cropping system consumed 40% less fuel energy compared with the CT rice–wheat system. Other ZT production systems had 51% lower energy spending for water use compared to the CTRW system. All ZT cropping systems follow similar trends in energy share, with crop residue contributing as the primary input utilization source, followed by fuel, fertilizer, and water. While in ZT rice–mustard–mungbean, input energy contribution followed trends of residue > fertilizer > fuel > water. Under all ZT cropping systems, residue retention remained the most significant component of total input energy, contributing ~60% of the total input energy utilization (Table 2). Conversely, irrigation (54%), followed by fertilizer application (23%) and land preparation (11%), were the primary energy sources under the CTRW system. Irrigation consumed the maximum input energy under CTRW system, which was 22, 46, 45, and 42% higher than ZTRWM, zero-tillage rice–lentil–mungbean (ZTRLM), zero-tillage rice–chickpea–mungbean (ZTRCM), and zero-tillage rice–mungbean–mustard (ZTRMM) cropping systems, respectively. The CTRW system used an additional 8,050 MJ ha−1 of energy to prepare the field and for sowing operation than ZTRWM cropping sequences. In contrast, ZT production systems using wheat, lentil, chickpea, and mustard consumed 53, 47, 42, and 60% more herbicide, respectively, than the rice–wheat system. The CTRW production system had higher fuel consumption than all ZT-based systems (Figure 4). The input energy of agronomic management practices distributed under various cropping systems is presented in Figure 5. Irrigation contributed the most significant energy input consumption under the CTRW production system, whereas, in ZT, residue retention was the major input energy source.

TABLE 2  Operation-wise input energy utilization (MJ ha−1) of diverse cropping systems.


	Treatments
	CTRW
	ZTRWM
	ZTRLM
	ZTRCM
	ZTRMM





	Land preparation
	8,050
	30
	30
	30
	30

 
	Sowing/transplanting
	7,310
	4,500
	4,500
	4,700
	4,800

 
	Fertilizer application
	17,200
	17,200
	13,920
	14,200
	16,400

 
	Irrigation
	40,500
	31,600
	21,600
	22,200
	23,500

 
	Weed management
	1,500
	2,300
	2,200
	2,130
	2,400

 
	Plant protection
	200
	250
	210
	210
	420

 
	Harvesting and threshing
	500
	770
	750
	750
	750

 
	Residue application
	-
	101,100
	52,050
	55,400
	48,100





CTRW, conventional-tillage rice–wheat; ZTRWM, zero-tillage rice–wheat–mungbean; ZTRLM, zero-tillage rice–lentil–mungbean; ZTRCM, zero-tillage rice–chickpea–mungbean; ZTRMM, zero-tillage rice–maize–mungbean.
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FIGURE 5
 Distribution of input energy in different agronomic management practices under diverse cropping production systems.




3.2 Crop and biomass yields

Rice grain yield did not differ significantly among diverse cropping systems tested under the present experimentation (Figure 6). Similarly, grain yields of ZT systems did not significantly differ among themselves. However, ZT produced wheat (4.82 Mg ha−1), which had a significantly higher grain yield than CT wheat (4.42 Mg ha−1). The ZTRWM production system yielded the highest grain yield (8.64 Mg ha−1) and biomass yield (22.97 Mg ha−1) compared to other cropping systems. However, the lowest grain yield was recorded in ZTRMM (5.92 Mg ha−1). The lowest biomass production was recorded in the CTRW production system (22.6 Mg ha−1). Conservation tillage management practices and the addition of summer mungbean to the existing cropping system increased total biomass production by 38%.


[image: Figure 6]
FIGURE 6
 System productivity and total system biomass as influenced by diverse cropping systems.




3.3 Input–output energy relationship

Total energy input was substantially higher in the ZT production system compared to the CT production system (Table 3). The lowest energy input was recorded in the CTRW production system, which was 110, 32, and 28% lower, respectively, than those of the ZTRWM, ZTRCM, and ZTRMM production systems. The maximum energy output was recorded in ZTRWM, which was 17% higher than that of the CTRW production system. Net energy returns were the highest in CTRW, which was 22, 20, 12, and 6% higher than those in mustard-, chickpea-, lentil-, and wheat-based ZT-cropping systems. The CTRWM production system registered the highest energy ratio (4.98), which was 43, 39, and 37% higher than the wheat-, mustard-, and lentil-based ZT production systems, respectively. Similarly, the energy productivity (1.15 kg MJ−1) of the CT-based system was significantly higher than that of ZT-based cropping systems. Significantly higher energy intensity was noted in the CTRW cropping sequence, while the lowest value was observed with the ZTRWC system.

TABLE 3  Input–output energy (MJ ha−1) relationship of diverse cropping production systems.


	Treatments
	Total input energy ( × 103 MJ ha−1)
	Output energy ( × 103 MJ ha−1)
	Net energy returns ( × 103 MJ ha−1)
	Energy ratio
	Energy productivity (kg MJ−1)
	Energy intensity (MJ USD−1)





	CTRW
	75.26a
	375.00c
	299.74c
	4.98d
	1.15c
	376.13c

 
	ZTRWM
	157.75c
	440.70d
	282.95c
	2.79a
	0.66a
	359.46b

 
	ZTRLM
	95.26b
	357.80b
	262.54b
	3.76c
	0.73b
	350.34b

 
	ZTRCM
	99.62b
	340.90ab
	241.28a
	3.42b
	0.74b
	323.13a

 
	ZTRMM
	96.40b
	330.80a
	234.40a
	3.43b
	0.70b
	344.58b





Means followed by similar lowercase letters within a column are not significantly different (at p < 0.05) according to Tukey's post hoc test.

CTRW, conventional-tillage rice–wheat; ZTRWM, zero-tillage rice–wheat–mungbean; ZTRLM, zero-tillage rice–lentil–mungbean; ZTRCM, zero-tillage rice–chickpea–mungbean; ZTRMM, zero-tillage rice–maize–mungbean.





3.4 Greenhouse gas emissions and carbon footprint

The data on GHG emission revealed that fertilizer was the major contributor to CO2 emissions, that is 55–65% followed by energy inputs (electricity and diesel), irrespective of treatments (Table 4). More CO2 is released from diesel burning in the CTRW cropping system, as a result of intensive tillage operations. The least herbicide application results in the lowest CO2 emission from herbicides under CT-based systems compared to ZT. Among the three GHGs, CO2 contributed a significant share (68–73%) across all treatments. In the CTRW cropping sequence, CH4 was the second-highest source (24%) of total GHG emission. While in ZT treatments, N2O comprised the second major source of GHGs (19–26%). All triple ZT production systems resulted in ~34% lower CO2 release and ~82% lower CH4 release compared to CT cropping systems. Inversely, the CT production system had ~86% lower N2O emission as compared to ZT systems. Pulse-based cropping systems (ZTRLM and ZTRCM) had the lowest CO2 and CH4 emissions, followed by the mustard-based cropping system (ZTRMM). The carbon footprint was lower (~36%) under ZT production systems with crop residue management compared to the CT-based system. Among treatments, the lowest carbon footprint was noted in the lentil production system (ZTRLM), followed by the chickpea-based cropping system (ZTRCM). The carbon input of ZT production systems was 68–89% lower compared to CT (Table 5). Similarly, ZT treatments were recorded ~39% lower in carbon input than CT. The lowest carbon input and output were recorded for the ZTRLM cropping system, followed by the ZTRCM cropping system. In all triple ZT production systems, the carbon efficiency and the ratio were considerably higher than those of the CT-based double cropping system. Similarly, the carbon sustainability index (CSI) had significantly lower values under the CT-based system compared to all ZT-based cropping systems.

TABLE 4  Estimated GHG emissions and carbon footprint under diverse cropping systems.


	Treatments
	Source-wise CO2 emission (kg CO2-eq. ha−1)
	GHG emissions (kg CO2-eq. ha−1)
	Carbon footprint (kg CO2-eq. ha−1)





	
	Diesel
	Electricity
	Fertilizer
	Herbicide
	Pesticide
	CO2
	CH4
	N2O
	

 
	CTRW
	683
	456
	1,575
	94
	38
	2,846
	991
	326
	4,163

 
	ZTRWM
	202
	321
	1,575
	278
	49
	2,425
	188
	735
	3,348

 
	ZTRLM
	177
	229
	978
	133
	23
	1,540
	149
	567
	2,256

 
	ZTRCM
	186
	245
	978
	133
	23
	1,565
	168
	596
	2,329

 
	ZTRMM
	192
	279
	1,234
	225
	34
	1,964
	197
	523
	2,684





CTRW, conventional-tillage rice–wheat; ZTRWM, zero-tillage rice–wheat–mungbean; ZTRLM, zero-tillage rice–lentil–mungbean; ZTRCM, zero-tillage rice–chickpea–mungbean; ZTRMM, zero-tillage rice-maize–mungbean; CO2-eq. ha−1, carbon dioxide equivalent per hectare.



TABLE 5  Carbon input and output, carbon efficiency, and carbon sustainability index of diverse cropping systems.


	Treatments
	Carbon input (kg CE ha−1)
	Carbon output (kg CE ha−1)
	Carbon efficiency
	Carbon sustainability index





	CTRW
	2,589a
	13,560a
	5.24e
	4.24e

 
	ZTRWM
	1,539b
	11,720b
	7.62a
	6.62a

 
	ZTRLM
	1,367de
	9,320cd
	6.82b
	5.82b

 
	ZTRCM
	1,452c
	9,495c
	6.54bc
	5.54bc

 
	ZTRMM
	1,420cd
	8,840de
	6.23cd
	5.23cd





Means followed by similar lowercase letters within a column are not significantly different (at p < 0.05) according to Tukey's post hoc test.

CTRW, conventional-tillage rice–wheat; ZTRWM, zero-tillage rice–wheat-mungbean; ZTRLM, zero-tillage rice—lentil–mungbean; ZTRCM, zero-tillage rice–chickpea–mungbean; ZTRMM, zero-tillage rice–maize–mungbean; CE, carbon dioxide equivalent.






4 Discussion


4.1 Impact on energy input usage pattern

To study the energy use dynamics (direct and indirect) under rice-based conventional and conservation agricultural (CA)-based cropping systems, two distinct tillage and residue management options were adopted, which include ZT with crop residue and CT without crop residue. The lower diesel and electricity use was the leading cause of the lower energy use under all ZT-based systems compared to CT-based cropping sequences (Figure 2). Direct-seeded rice (DSR) production systems reduce various mechanical operations, eliminating field preparation, and result in a significant decrease in fuel use compared to traditional or CT-based cropping practices. Likewise, ZT-direct seeded rice (ZTDSR) consumed lower electricity through lower irrigation water pumping than CT-transplanted puddled rice (Chaudhary et al., 2017). Retention of an adequate amount of crop residue had high-energy values and contributed the maximum share of energy inputs (>60%) as a source in all ZT production systems, regardless of crops. Residue retention elevated the total input energy consumption due to the higher energy equivalence of residue, that is, 13,400 MJ Mg−1 for rice straw and 12,500 MJ Mg−1 for wheat straw (Mishra et al., 2019). Previous studies under different cropping systems have also reported that higher energy input values, with residue contributing 60–75% contribution to the total energy input (Parihar et al., 2018). According to these studies, a significant quantity of latent energy is found in crop plant biomass that is provided from a variety of sources throughout crop growth. Crop residue was considered as an input energy source in the present energy analysis. Recycling crop residues provides several agroecosystem services, including enhancing overall soil health and resilience, lowering soil erosion, improving water penetration/retention, increasing soil fertility, and sequestering carbon. These positive changes collectively lead to higher crop and biomass productivity (Kumar et al., 2024; Pan et al., 2024). Residues also provide carbon and energy sources for soil macro-and microorganisms, thus propelling renewable energy into the ecosystem for their improved functioning (Saurabh et al., 2022; Kumar et al., 2023). The CTTPR production system has higher requirements for water and labor than ZTDSR. Thus, ZTDSR had a higher scope in water-scarce and labor-shortage regions. Irrigation was the highest energy-consuming operation in CT-transplanted puddled rice due to higher water requirement in nursery raising, puddling, and transplanting, as well as continuous flooding during crop growing periods (Samal et al., 2017; Singh et al., 2019; Saurabh et al., 2021; Naik et al., 2023). Contrastingly, in ZTDSR, maintaining aerobic soil conditions and avoiding puddling and transplanting conserve energy for irrigation. Chaudhary et al. (2017) reported that 49% higher input energy was required in manually sown transplanted puddled rice than in machine-sown direct-seeded rice. Similarly, in wheat, lentil, chickpea, and mustard, ZT production technology saved significant energy in land preparation and sowing operations over CT-based management practices, primarily due to ZT-machine seed sowing and basal fertilizer application in a single operation (Mishra et al., 2022; Jat et al., 2025). Significantly lower total energy input in ZT production system is due to an increase in energy savings in various input sources and operations of ZT-interventions. However, ZT production systems dispensed the higher energy for weed control than the CTRW cropping system due to an additional usage of non-selective herbicide used as a substitute for tillage and related mechanical operations for weed control before crop sowing and initial stages of the cropping period (Kumar et al., 2022c).



4.2 Impact on crop yield

Different tillage (CT vs. ZT) and residue management (no residue vs. residue) approaches differed in terms of soil environment, crop microclimate, and biotic and abiotic stressors (Kumar et al., 2022b). Under CA-based experimentation, triple zero-tillage system (ZTDSR, ZT wheat and mungbean along with 30% crop residue) was found to boost output energy, increase crop yields, decrease non-renewable energy inputs, and carbon footprint (CF), all of which would contribute to a more sustainable production system (Kumar et al., 2022a,c). Lower crop yields of direct-seeded rice as compared to TPR production system have been reported (Singh et al., 2020b), with several reasons being seedling mortality, higher weed pressure, and soil moisture fluctuation. Although crop yield reduction in the ZT production system was not significantly different among them (Supplementary Table S3). Growing mungbean was beneficial, providing residual fertility and organic matter addition in succeeding ZT-direct seeded rice crop (Mishra et al., 2021; Kumar et al., 2019b) and impacted the overall productivity of the rice–wheat system. The addition of summer or spring mungbean enhances significant grain and biomass yield over the conventional rice–wheat system (Table 5). The present experimentation suggested that the ZT production system could save ~7–10 days in each cropping season in each crop by eliminating unnecessary field operations, which allows the timely/early sowing of succeeding crops just after harvesting of the preceding crop. Accommodating a third crop in a conventional-tillage rice–wheat system (CTRW) is difficult, and this makes it less feasible to fit triple CT-cropping systems.



4.3 Impact on energy relationships

Effects of tillage and residue retention were significant on energy output and input–output energy relations (Table 3). Higher system rice equivalent yields and total biomass production under triple ZT-cropping systems with residue might be the main reason for higher energy output. However, with ZT production systems, more energy input was mostly attributable to residue, which resulted in lower net energy returns, energy ratios, and energy productivity. Similar results were reported in rice-based (Chaudhary et al., 2017) and cereal–mungbean cropping systems (Singh et al., 2019; Kumar et al., 2021c; Rao et al., 2021). The ZT production system would be significantly superior to CT on a number of energy fronts (net energy returns, energy ratio, energy use efficiency) if crop residue energy were not taken into account as energy input in crop production. This would result in a significantly lower total energy input requirement for ZT with residue. Since removal and sale of residue resulted in lower production costs than residue retention, the CTRW system demonstrated higher energy intensity. Jat et al. (2019) also reported that marginally higher energy intensity was observed under a permanent bed without crop residue retention in maize-based systems. Considerably more cultivation costs are required for tillage, irrigation, and labor under CTRW compared to ZT production systems, resulting in significantly lower energy intensity.



4.4 Impact on carbon footprint and efficiency

Cropping systems with conservation tillage management reduce GHG emissions significantly and improve carbon efficiency compared to the conventional rice–wheat system. Lesser field operations and irrigation in ZT production systems led to considerably lower CO2 emission than CT production system. Jat et al. (2019) also reported similar findings, indicating that higher CO2 emission (~51%) from CTTPR than DSR was due to the lesser use of farm operations. This supports the adoption of ZT from CT, which could be an effective strategy to reduce the carbon footprint of the rice–wheat system (Kumar et al., 2019a). In a similar study, Chaudhary et al. (2017) reported that fertilizer contributed the highest share in GHG emission, followed by diesel consumption, which aligns with the present findings. This showed the importance of reducing nitrogenous fertilizer use in ZT production systems through slow crop residue retention, legume addition, and precision nutrient management (Singh et al., 2019; Mondal et al., 2021; Kumar et al., 2022a). Higher N2O release from ZT production systems can be attributed to the presence of an aerobic environment and residue retention. In contrast, higher CH4 emission from the CT production system is due to the presence of an anaerobic environment under CTTPR (Mishra et al., 2021; Kumar et al., 2021a). This CH4 emission contributed to the highest carbon footprint and carbon output in the CT-based system. Thus, shifting from the CT production system to the ZT production system has the potential to reduce GHG emission and carbon footprint and make systems more ecofriendly and safer under climate change scenarios.




5 Conclusion

To address the issues of declining productivity and profitability, deteriorating soil health, water scarcity, labor shortage, and climate change, conservation agriculture (CA)-based crop management practices are being developed and popularized in the EIGP of South Asia. However, most of CA technologies are confined to ZT wheat in the rice–wheat system with partial or no residue retention in EIGP, lacking the system's approach and crop diversification. The present study aims to develop tillage and crop establishment (TCE) methods that can be more productive, profitable, and resilient to climate change in the rice–wheat cropping system in EIGP. This study clearly demonstrates that an alternative TCE methods, such as DSR during rice, zero-tillage in wheat and mungbean with residue retention on the soil surface, can reduce the cost of production with similar or higher yields, water productivity, and profitability, compared to conventional-tillage system of puddled transplanted rice and intensive tilled wheat. Our study found that sustainable intensification of mungbean cultivation not only improves system productivity significantly but also enhances net energy output and efficiency. The CA-based production system was more ecofriendly with a lower global warming potential.

• The present study evaluated an energy relationship, carbon indices, as well as crop yield performance of CA-based zero-tillage triple cropping systems against conventional tillage for rice–wheat double cropping systems.

• Zero-tillage production led to a substantial reduction in energy inputs, such as diesel and electricity (48%), water (37%), and labor (13%) in comparison to conventional tillage.

• Crop residue was the largest source of renewable energy, constituting more than 60% of total input energy, followed by irrigation and fuel in ZT production systems with crop residue retention.

• Triple ZT production system with crop residue retention and summer mungbean addition significantly improved overall system crop production and system biomass yield against the conventional-tillage rice–wheat cropping system.

• In contrast to conventional-tillage management, triple ZT production systems with crop residue retention yielded lower net energy returns, energy productivity, energy ratio, and energy intensity. Thus, shifting from traditional-and conventional-tillage to a zero-tillage production system can efficiently reduce GHG emission and carbon footprints.

• Results also indicate that these alternative practices have the potential to conserve soil moisture, improve soil health and biodiversity, and tolerance to terminal heat stress.

However, to scale out these profitable, but capital-intensive options for the smallholders, there is a need to strengthen the service providers in the EIGP. More long-term data under varying agroecologies would be beneficial to increase the impact and large-scale adoption of these technologies in EIGP.
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