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Long-term conservation agriculture improves water-nutrient-energy nexus in maize-wheat-greengram system of South Asia
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Contemporary crop management practices are labor, water, and energy inefficient. Identifying a sustainable, productive, and resource-efficient alternate crop production system to the present crop management system is crucial. A field experiment was conducted to assess the effects of conservation agriculture (CA) on crop growth, productivity, and resource use efficiency under the maize-wheat-greengram system during 9th (2018–19) and 10th (2019–20) years of the study. CA-based bed planting methods such as permanent narrow, broad and flat beds with and without retention of crops residues and 75% and 100% of the recommended dose of nitrogen (N) were compared with conventional tillage (CT) treatment. The permanent broad bed with residue with 100% recommended dose of N (PBB + R + 100N) resulted in 56.0%, 60.0% and 26.5% higher root length density in maize, wheat, and greengram crops, respectively. The PBB + R + 100N registered 31.1% higher system productivity than CT. The partial factor productivity (PFP) of N, P, and K were higher under PBB + R + 75N. The CA-based broad-bed practices registered 10.2 and 18.1% savings of irrigation water application than narrow-bed and flat-bed with residue retention, respectively. The CA-based practices without residue retention obtained significantly higher energy productivity, net energy return, and energy ratio than CT. Adopting the CA practice involving a permanent broad bed with residue using 100% N (PBB + R + 100N) in a maize-wheat-greengram system would be more productive and efficient for nutrients, water, and energy. This study focuses on the potential of CA to improve nutrient, water, and energy security in the maize-wheat-greengram system in South Asia.
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Introduction

The changes in world scenarios such as extreme weather events, urbanization, and a burgeoning population, escalating the demand for essential resources (viz., land, water, energy, and nutrients) have resulted in more conflicts within the global food–energy–water nexus (Tian et al., 2021). Rice-wheat cropping system occupying ~10.5 million hectares areas in a populous country like India to supports its food and nutritional needs (Kakraliya et al., 2022). The conventional rice-wheat cropping system is labor-, water-, and energy-intensive; water and labor scarcity will make the system less profitable for farmers (Chauhan et al., 2012; Kumar et al., 2013). The maize-wheat and maize-wheat-greengram cropping system is being promoted as an alternative to existing rice-based cropping systems of the northwestern Indo-Gangetic Plains (IGP) in order to overcome challenges such as energy and nutritional scarcity, residue burning, reduction in biomass productivity, and water table decline (Parihar et al., 2017). The maize-wheat cropping system is currently practiced on ~1.66 million hectares (m ha) (Singh et al., 2023) and contributes significantly to national food production. From 2001 to 2018, the area under maize cultivation in India increased by 36%, while productivity rose by 96% (Dutta et al., 2023). Maize is a more water- and labor-efficient crop than both rice and wheat, and maize-based cropping systems serve as a viable alternative to rice-based cropping systems across much of northern India (Aulakh and Grant, 2008). The production potential of maize-based cropping systems is higher than that of the conventional rice-wheat system. To address issues of the conventional rice-wheat system, CA-based sustainable cropland intensification encompassing no/minimum tillage, crop residue retention, and efficient crop rotation is extremely important. CA-based management techniques have shown promise in halting land degradation, increasing the efficiency of resources, enhancing diversity, soil health, and agricultural profitability, and adapting and mitigating the effects of climate change to varying degrees in a range of crop production systems (Sharma et al., 2012; Ghosh et al., 2019). Numerous studies have shown that a CA-based sustainable intensification of the maize-wheat system can increase crop productivity, profitability, use efficiency of water and energy, and the accumulation of organic carbon with more sequestration potential (Das et al., 2013; Nath et al., 2017; Das et al., 2018; Jat et al., 2018; Parihar et al., 2018; Ghosh et al., 2021, 2022a). There is an opportunity to boost cropping intensity in a double cereal-based maize-wheat rotation under CA by including a legume crop such as greengram, which will not only increase system productivity and economic returns but also improve soil health (Gathala et al., 2013; Ghosh et al., 2022b). The carbon negative high food-producing technologies must be adopted to address the multiple challenges caused by conventional agricultural practices (Babu et al., 2023). Optimum N fertilization in CA can reduce N2O emissions, minimize N leaching losses, boost crop productivity, and enhance nutrient use efficiency (Yadav et al., 2017). Retaining crop residues and incorporating legumes into crop diversification decreases N inputs and can enhance food security, irrespective of their impact on mitigating climate change (Powlson et al., 2016). In the present context, N management in cereal-based cropping systems is crucial due to its higher greenhouse gas footprint (Cheng et al., 2015). According to Schoenau and Campbell (1996), there is a higher demand for N during the initial years of certain conservation tillage systems. The requirement for N fertilizer in CA will likely decline over time due to the accumulation of organic matter (Riley et al., 1994). The higher immobilization of nutrients in reduced and zero tillage (ZT) systems can improve long-term soil and fertilizer N conservation (Xiao-Bin et al., 2006). Application of ZT in permanent beds with crop residue input would be a superior management choice for soil N enhancement, as the management technique can promote soil aggregation with larger buildup of total soil N inside macro-aggregates (Bhattacharyya et al., 2013). CA practices affect nutrient transformation and distribution in soil by increasing their concentration and availability near the soil surface, indicating the positive effects of CA on resource use efficiency, environmental quality, and system sustainability (Das et al., 2020, 2021). CA practices increase fertilizer N use efficiency and have the potential to reduce greenhouse gases (GHGs) emissions (Jat et al., 2012). Improvement in aggregate stability, combined with residue retention in CA systems, has also been shown to significantly influence soil water storage. These improvements in soil water storage are typically driven by increased infiltration rates and reduced soil water evaporation (Li et al., 2019; Page et al., 2020). Zero-tillage is said to conserve 20%−35% of the irrigation water in the wheat crop, lowering water use by roughly 10 cm ha−1 or by 1 million l ha−1 in comparison with CT (Gupta and Seth, 2007; Erenstein and Laxmi, 2008). When comparing ZT and permanent beds to CT, the water productivity of maize increased by 13%−28% and 7%−30%, respectively, while the amount of water needed for irrigation dropped by 40–65 and 60–98 ha-mm, respectively (Parihar et al., 2016). Similarly, compared to a CT system, implementing a permanent broad bed with residue in a CA-based maize-wheat cropping system may yield 57% and 19% higher water productivity in maize and wheat, respectively (Das et al., 2018). An efficient cultivation technique that uses little energy and has a low potential to cause global warming is urgently needed (Chaudhary et al., 2017; Ghosh et al., 2022c). The growing reliance of agriculture on energy, particularly in activities like tillage and pumping, is a cause for concern (Parihar et al., 2022). An energy analysis in cultivation practice is necessary to find a resource-saving, energy-efficient technology with minimal environmental impact. Several researchers have reported the effects of different tillage, residue management, and cropping sequences on the efficiency of energy use (Saad et al., 2016; Parihar et al., 2017, 2018; Jat et al., 2020; Raj et al., 2022). An average of 36 l ha−1, or 81% savings across IGP, has been reported as the seasonal savings in diesel for land preparation with ZT (Erenstein and Laxmi, 2008). Parihar et al. (2017) discovered that CA-based management combined with sustainable intensification of maize production systems (maize-wheat-greengram and maize-mustard-greengram) resulted in significant improvements in system productivity and energy use efficiency compared to CT (Saad et al., 2016) observed that ZT with a raised bed with crop residue retention in a maize-wheat-greengram cropping system used 8% lower energy than CT with a flatbed. Adoption of CA principles with recommended efficient farming techniques could result in sustainable intensification of the maize-wheat-greengram cropping system in northwestern India (Parihar et al., 2018; Raj et al., 2023; Ghosh et al., 2023).

The present study aimed to meet the rising food and nutritional demands of the Indian population while ensuring water and energy security. The cultivation of maize and wheat in the experiment was focused to address food needs, while the inclusion of greengram as a legume aimed to meet the protein requirements of malnourished people. It also sought to inform policies for sustainable agriculture by assessing the impact of CA technologies (ZT alone, ZT with residue retention, and ZT with residue retention plus bed planting with N management) on the maize-wheat-greengram system in northwestern IGP, India. The study hypothesized that CA-based permanent broad-bed planting with a judicious combination of N would enhance crop growth, productivity, and efficiency in nutrient use, water, and energy.



Materials and methods


Experimental site

The field experiment was conducted at the Division of Agronomy, ICAR-Indian Agricultural Research Institute, New Delhi (28°35′N latitude, 77°12′E longitude, and at an altitude of 228.6 m above mean sea level) during the rainy, winter, and summer seasons of 2018–19 and 2019–20. The study site had a semi-arid and subtropical climate. The mean annual precipitation was around 710 mm during the study period. The soil of the experimental site was clayey loam with a pH of 8.2, 0.60% organic C, 285 kg ha−1 available N, 18 kg ha−1 available P, and 329 kg ha−1 available K.



Experimental design and treatment details

The experiment was conducted for two consecutive years, 2018–19 and 2019–20, in a randomized complete block design (RCBD) with three replications. It was conducted in a maize-wheat-greengram system. There were 10 CA/CT treatments initiated under a long-term CA system in 2010. Different CA-based practices such as zero till (ZT) permanent narrow, broad, and flatbeds with and without retention of maize, wheat, and greengram crops residues and 75% and 100% of the recommended dose of N were compared with CT practice (Table 1). The treatments were comprised of one CT practice [conventional tillage without residue with 100% N (CT)] and nine CA practices such as permanent narrow bed without residue with 100% N (PNB), permanent narrow bed with residue with 75% N (PNB + R + 75N), permanent narrow bed with residue with 100% N (PNB + R + 100N), permanent broad bed without residue with 100% N (PBB), permanent broad bed with residue with 75% N (PBB + R + 75N), permanent broad bed with residue with 100% N (PBB + R + 100N), flatbed without residue with 100% N (FB), flatbed with residue with 75% N (FB + R + 75N) and flatbed with residue with 100% N (FB + R + 100N). The dimension of narrow bed was 40 cm bed width and 30 cm furrow, whereas, broad bed was 110 cm bed width and 30 cm furrow width (Table 1). The same treatments were followed for each maize, wheat, and greengram crop. For residue removal and CT plots, maize, wheat, and greengram crops were harvested at ~3 cm above the soil surface. About 40% of maize stover and full stover of greengram were retained as anchored residue in all the residue retention plots (PNB + R, PBB + R, and FB + R). To quantify the residue load of each plot, an area of 1.0 m2 was selected in each plot, and residue samples from that area were weighed after oven drying. This dry weight was then equated with the total biomass obtained in respective plots to quantify the amount of residue retained in every treatment. The sowing of the wheat was done in anchored maize residue plots, those having residue treatment. In a similar way, 40% of the residue of wheat was retained where the greengram crop was sown, whereas the whole greengram crop residue was retained where maize was sown. The total amount of residue added in each residue retention plot was estimated as the sum of crop residues retained above ground and root biomass added in the soil. During 2018–19 a total of 11.22, 11.30, 11.25, 11.47, 11.26 and 11.43 t ha−1 crop residue of all three crops were added in PNB + R + 75N, PNB + R + 100N, PBB + R + 75N, PBB + R + 100N, FB + R + 75N and FB + R + 100N treatment respectively. Similarly, a total of 11.31, 11.48, 11.47, 11.60, 11.44 and 11.59 t ha−1 crop residue were added in PNB + R + 75N, PNB + R + 100N, PBB + R + 75N, PBB + R + 100N, FB + R + 75N and FB + R + 100N treatment respectively during 2019–20 (Supplementary Table 1).


TABLE 1 Description of treatments adopted in the experiment.
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Agronomic management

The CT plot was prepared with two passes of tractor-drawn disc plow and thereafter two passes of cultivator followed by planking. There was no plowing in CA-based treatments (Table 1).

Maize variety “PMH 1,” wheat variety “HDCSW 18,” and greengram variety “SML 832” were sown during the rainy, winter, and summer seasons, respectively. Maize, wheat, and greengram crops were sown at a seed rate of 20, 100, and 20 kg ha−1, respectively. Row spacing of 70, 20, and 20 cm was maintained for maize, wheat, and greengram crops, respectively. In CT, the sowing of maize, wheat, and greengram crops was conducted by a tractor-drawn seed-cum-fertilizer drill. In PNB plots, sowing was done by a bed planter, whereas in PBB and FB plots, it was done by a turbo-happy seeder.

A common dose of 150 kg N, 26.2 kg P, and 33.1 kg K ha−1 was given to maize and wheat crops, whereas in greengram, 18 kg N and 20.1 kg P ha−1 was applied through 100 kg di-ammonium phosphate (DAP). The recommended dose of 150 kg N was given to maize and wheat under the 100% N treatments, irrespective of CA and CT plots. In CA-based plots with 75% N, 112.5 kg N was applied. At the time of sowing, the full doses of P and K and the half dose of N were applied to both maize and wheat. At 30 and 60 days after sowing (DAS) in maize, and following the first and second irrigations in wheat, the remaining N was top-dressed in two equal splits. Fertilizers were applied during top dressing, with caution, to leave the furrows intact, and fertilizers were applied along the crop rows on permanent narrow and broad beds. When seeding greengram, the entire amount of fertilizer was applied as basal.



Measurement of crop growth and yield
 
Root length, root mass and root volume density

Root samples were collected at 60 DAS in maize and wheat and at 45 DAS in greengram. In bed planting treatments with residue retained and residue removal plots, root samples were collected from each of the three rows on a given bed. Root samples were obtained from three consecutive rows for flatbed treatments and CT. The root samples were collected using the root auger, which had a diameter of 7 cm and a soil depth of 0–15 cm. Root samples were collected in plastic bags. Then, a preliminary separation of roots from the soil was done in a plastic bucket containing water. The root sample was soaked in water for 30 minutes, and the debris and the soil particles were washed off. Then, the liquid was poured via a bigger sieve (5 mm) and a smaller sieve (2 mm), respectively. The trapped roots collected in each sieve were washed with running tap water and then placed into containers. Then, the root samples were investigated using WinRHIZO software (Himmelbauer et al., 2004; Guan et al., 2014). This software was utilized to scan the root samples and analyze the obtained images. Total root length, surface area, volume, and average diameter were recorded. The root samples were then dried in an oven at 65°C to a constant weight for 24 hours, and the oven-dried weight was recorded using an electronic balance. Then root length density (RLD), root mass density (RMD), and root volume density (RVD) were computed by dividing the length, mass, and volume of the root by the volume of soil collected.



Grain and straw yield

To estimate grain/cob and straw/stover yield, maize and wheat crops from the net plot area of 10 m2 were harvested and sun-dried. After drying, maize grains were separated from the cobs using a maize sheller and sun-dried. The grain yield was measured at 12% moisture. Manual threshing was done to obtain grain from spikes in wheat. Similarly, in greengram, matured pods were hand-picked from the net plot of 10 m2 and sun-dried. Dried pods from each treatment plot were manually weighed and threshed to obtain the grain. The weight of the greengram grain was recorded from a net plot basis, and then it was changed into tons per hectare (t ha−1). The stover yield was measured after picking pods from plants. Grain and straw/stover yield of all the crops were obtained from each treatment and were expressed in t ha−1.



Nutrients (N, P, and K) uptake by crop

N in plant samples was determined using the Kjeldahl method, P was measured by the vanadomolybdophosphoric yellow color method, and K was estimated using flame photometry. Nutrient uptake was calculated by using the following expression:

Nutrient uptake (kg ha−1) in grain or straw = [% Nutrient content in grain or straw x grain or straw yield (kg ha−1)]/100.

Total uptake of a particular nutrient (kg ha−1) = Nutrient uptake in grain (kg ha−1) + Nutrient uptake in straw (kg ha−1).




Measurement of use efficiency of resources
 
Partial factor productivity (PFP) of nutrients

Partial factor productivity (PFP) of nutrients (N, P and K) in maize, wheat and greengram was estimated by dividing the yield (kg ha−1) with total amount of NPK applied through fertilizers (kg ha−1) in the respective crops.



Water productivity

Water productivity (kg grain ha−1 mm−1 of water) was calculated as given by Raj et al. (2017) and Das et al. (2018):

Water productivity (kg grain ha-mm−1 of water) = [Grain yield (kg ha−1)/ Total water applied (mm)].

Total water application involved both effective rainfall and irrigation water. The effective rainfall was determined using standard methods (provided by the FAO). FAO's effective rainfall estimation method calculates the portion of total rainfall available for crop use after accounting for losses like runoff, deep percolation, and evaporation, using either water balance approach (Mohammad et al., 2018). The Time Domain Reflectometer was used to measure the periodic soil moisture content before every irrigation to estimate the frequency and quantity of water. Crops were irrigated if the available soil moisture at the root zone decreased below 50%. The amount of irrigation water was measured with a star flow meter and from the wetted region of the field channel (Das et al., 2018). This method was used to measure the irrigation water depth in each treatment plot during every application period.



Energy indices

Energy-use indices were measured using the formula as suggested by Mittal and Dhawan (1988), Singh et al. (1997), Saad et al. (2016) and Parihar et al. (2018).



Input energy

Total input energy was estimated by adding energy equivalents of all inputs. Operation-wise energy was estimated based on input energy consumed in field preparation, sowing, fertilizer application, irrigation, intercultural operation, plant protection, harvesting, and threshing to determine the energy consumed in the above crop management practices under CT and CA-based treatments. Although manual harvesting of grain and straw samples from the net areas was done, mechanized harvesting and threshing were assumed to calculate energy on a per-hectare basis.



Output energy

Using the corresponding energy coefficients provided in Supplementary Table 2, the energy produced from the grain and straw/stover yields of maize, wheat, and greengram crops and their equivalent yields were converted in terms of energy (MJ ha−1). The total energy equivalents of the grain and straw/stover yields were added up to determine the output energy.



Net energy

Net energy was calculated as the difference of total output energy (Eo) and total input energy (Ei). It was expressed in MJ ha−1.

Net energy (MJ ha−1) = Output energy (MJ ha−1) – Input energy (MJ ha−1).



Energy ratio

Energy ratio was calculated by diving output energy (MJ ha−1) of total biomass to input energy (MJ ha−1).

Energy ratio = Output energy (MJ ha−1)/ Input energy (MJ ha−1).



Energy productivity

The calculation of energy productivity involved dividing the grain yield (kg ha−1) to total input energy (MJ ha−1).

Energy productivity (kg MJ−1) = Grain yield (kg ha−1)/total input energy (MJ ha−1).




Statistical analysis

The statistical significance of treatment effects on studied variables like root growth parameters, crop productivity, partial factor productivity of nutrients, water productivity, and energy use efficiencies was analyzed using analysis of variance (ANOVA) techniques for a randomized complete block design. The PROC GLM procedure was followed to analyze the data in SAS 9.3 software (SAS Institute Inc., Cary, NC, USA). The contrast analysis was carried out for system productivity and water productivity (Supplementary Table 3).

A comparison of treatment means was done employing Fisher's least significant difference test. The treatment significance was decided at p = 0.05.




Results


Root length density, root mass density and root volume density

Root growth parameters (root length density, root mass density, and root volume density) of maize, wheat, and greengram were significantly influenced by growing seasons. All growth parameters in maize, wheat, and greengram were higher in 2018–19 than in crops grown during 2019–20. CA practices had a greater influence on crop root growth than CT across the crops (Tables 2–4). Residue retention as surface mulch and the inclusion of greengram into the maize-wheat system resulted in better root growth parameters. The residue removal treatments were not found beneficial as compared to treatments with residue retention in this regard. The significantly higher root growth parameters, such as root length, mass, and volume densities in maize, wheat, and greengram crops, were observed under PBB + R + 100N. The treatment FB + R + 100N was also observed to be comparable in this regard. In maize, the CA-based practices resulted in 16.9%−56.0% higher root length density, 5.9%−27.8% higher root mass density, and 3.8%−25.7% higher root volume density than CT. The higher values of root length, mass, and volume densities of maize in CA-based practices validated better root growth conditions than CT. Residue retention, along with 100% N application, resulted in increased belowground biomass growth in maize. The treatment PBB + R + 100N was proved to be significantly superior in improving the root growth of wheat. This treatment showed significantly higher root length density (2.84 cm cm−3), root mass density (8.69 × 10−4 g cm−3), and root volume density (6.71 × 10−3 cm3 cm−3) of wheat. Similarly, the CA-based practices registered 8.9%−26.5% higher root length density, 8.8%−40.5% higher root mass density, and 2.5%−15.1% higher root volume density of greengram as compared to CT. The treatments PBB + R + 100N and FB + R + 100N showed significantly higher root length, mass density, and volume density.


TABLE 2 Root growth parameters of maize across treatments (0–15 cm soil depth).
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TABLE 3 Root growth parameters of wheat across treatments (0–15 cm soil depth).
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TABLE 4 Root growth parameters of greengram across treatments (0–15 cm soil depth).
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Maize, wheat and greengram grain yield and system productivity

The grain yield of maize, wheat, and greengram and the system productivity (wheat grain equivalent yield) were significantly influenced by growing years and CA and CT practices (Table 5). Maize grain yield and system productivity during 2018–19 were significantly higher than in 2019–20, whereas wheat and greengram grain yield were similar during both the studied years. CA-based PBB + R + 100N treatment registered significantly higher yield of maize, wheat, and greengram and system productivity than CT and other CA-based treatments, except CA-based practices with residue retention with 100% N (FB + R + 100N and PNB + R + 100N), where, this treatment resulted in a similar yield of maize, wheat and greengram and system productivity with the former treatment. Treatment PBB + R + 100N resulted in 22.0%, 27.1%, 55.6%, and 31.1% higher maize, wheat, and greengram grain yield and system productivity, respectively, than CT. It also led to 6.2 and 2.1% higher system productivity than PNB + R + 100N and FB + R + 100N, respectively. The CA-based practices with residue retention with 75% N performed better than CA-based practices with no residue application. The triple zero-till system in bed planting practices and the application of maize, wheat, and greengram residues resulted in higher system productivity and proved superior to CT practice.


TABLE 5 System productivity of maize-wheat-greengram system across treatments.

[image: Table 5]

Similarly, the contrast analysis for system productivity showed significant variation between CA vs. CT, residue vs. no-residue, PNB vs. PBB and PNB vs. FB, except 100 vs. 75 N and PBB vs. FB (Table 6). The system productivity was 18.9% higher in CA than CT, 7.5% higher in residue retained treatment over no-residue, and 4.3% higher in PBB than PNB. The contrast analysis between 100% N and 75% N applications showed that the application of 100% N resulted in similar system productivity to that of the 75% N application. Similarly, PBB resulted in similar system productivity to that obtained in FB treatment.


TABLE 6 Contrasts on system productivity (t ha−1) and total water productivity (kg ha-mm−1) between pairs of treatments.
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Nutrient uptake and partial factor productivity

The nutrients such as N, phosphorus (P), and potassium (K) uptake by maize and N uptake by wheat and greengram were not significantly varied during the crop growing season of 2018–19 and 2019–20, whereas, P and K uptake by wheat and P uptake by greengram were significantly higher during 2018–19 than 2019–20 (Figures 1–3). The N, P, and K uptake by maize, wheat, and greengram were substantially affected due to differential tillage, residue, crop establishment, and N management practices (Figures 1–3). The treatments with residue retention had significantly higher nutrient uptake than residue removal plots. Also, the residue retained plots along with 100% N application recorded higher values of nutrient uptake in comparison to treatments with 75% N application. Results showed that the treatment PBB + R + 100N led to significantly higher total N, P, and K uptake by maize grain and stover.


[image: Figure 1]
FIGURE 1
 Total nitrogen (N), phosphorus (P) and potassium (K) uptake by maize grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.



[image: Figure 2]
FIGURE 2
 Total nitrogen (N), phosphorus (P) and potassium (K) uptake by wheat grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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FIGURE 3
 Total nitrogen (N) and phosphorus (P) uptake by greengram grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.


Similarly, the total N uptake by wheat grain and straw was recorded under PBB + R + 100N. It registered an 87.0% increase in N uptake than CT. The same trend was observed in the uptake of P and K. The treatment PBB + R + 100N also resulted in a significantly higher uptake of total N (105.2 kg ha−1) by greengram grain and stover and was statistically at par with FB + R + 100N and PNB + R + 100N. It resulted in 98.5% higher N uptake than the CT system (53 kg ha−1). The highest P uptake by greengram grain and stover was also observed under PBB + R + 100N.

The nutrient use efficiencies were evaluated in terms of partial factor productivity (PFP) of N, P, and K. The PFP of nutrients in the maize-wheat-greengram system was estimated in terms of wheat grain equivalent yield per unit application of each nutrient (N, P, and K). The crop-growing seasons had a significant effect on the PFP of N, P, and K (Figure 4). The crops grown during 2018–19 observed significantly higher PFP of N, P, and K than crops growing in the season of 2019–20. The tillage, residue, crop establishment, and N management also significantly influenced the PFP of all primary nutrients in the maize-wheat-greengram system (Figure 4). All CA-based treatments led to higher PFP of N, P, and K than CT treatment. Among CA-based practices, PBB + R + 75N and FB + R + 75N showed significantly higher PFP of N over CT and other CA-based treatments. Treatment PBB + R + 75N registered 59.4%, 46.7%, 44.4%, 44.1%, 28.9%, 23.9%, 21.4%, 5.5% and 1.3% higher PFP of N than CT, PNB, FB, PBB, PNB + R + 100N, FB + R + 100N, PBB + R + 100N, PNB + R + 75N and FB + R + 75N, respectively. The CA-based residue retained treatments with 75% N application outperformed 100% N applied treatments in registering higher PFP of N. Concerning PFP of P and K, CA-based treatments, namely, PBB + R + 100N and FB + R + 100N resulted in significantly higher PFP of both the nutrients over rest of the treatments. Treatment FB + R + 100N increased PFP of P by 31.1, 20.7, 18.9, 18.4, 13.6, 9.0, 7.8, 6.2 and 2.1% than CT, PNB, FB, PBB, PNB + R + 75N, FB + R + 75N, PBB + R + 75N, PNB + R + 100N and FB + R + 100N, respectively. Similarly, the PFP of K was highest in the PBB + R + 100N, closely followed by FB + R + 100N. However, the remaining treatments were inferior in this regard.
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FIGURE 4
 Partial factor productivity of nutrients (N, P and K) in maize-wheat-greengram system across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.




Water productivity

The quantity of irrigation water and total water use varied across the years; due to that, irrigation water productivity and total water productivity were significantly influenced under the maize-wheat-greengram system (Table 7). The system's irrigation water productivity and total water productivity were 2.1 and 12.7% higher during 2018–19 than in 2019–20, respectively. The tillage, residues, crop establishment, and N management significantly influenced the amount of irrigation and total water use and irrigation, as well as the total water productivity of the system. The highest amount of irrigation water and total water consumption was observed in CT treatment. The CT observed 908 mm of irrigation water and 1,602 mm of total water consumption during the study period. Among CA-based practices, the treatments with residue retention retained more water, which resulted in less irrigation requirement than treatments with no residue application. Among CA-based practices with residue retention, the broad-bed practices resulted in more water savings than the narrow beds and flat beds with residue retention. The treatment PBB + R registered an average of 685.5 mm of irrigation water use. Broad-bed practices registered 10.2% and 18.1% of irrigation water application savings compared to narrow-bed and flat-bed practices. The treatment PBB + R + 100N registered significantly higher irrigation water productivity (24.7 kg ha-mm−1) and total water productivity (13.1 kg ha-mm−1) than the rest of the treatments. The other efficient treatments were observed to be PBB + R + 75N and PNB + R + 100N. The broad-bed practices with residue retention with 100% N (PBB + R + 100N) gained an average of 18.2% and 24.4% higher irrigation water productivity than narrow-bed with residue retention with 100% N (PNB + R + 100N) and flat-bed with residue retention with 100% N (FB + R + 100N), respectively. The results demonstrated that broad-bed practices with residue retention outperformed other CA-based practices regarding water conservation and irrigation water productivity.


TABLE 7 Water productivity in maize-wheat-greengram system across treatments.
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Similarly, the contrast analysis for total water productivity showed significant variation between CA vs. CT, residue vs. no-residue, PNB vs. PBB and PBB vs. FB, except 100N vs. 75N and PNB vs. FB (Table 6). The total water productivity was 38.2% higher in CA than CT, 9.6% higher in residue retained treatment over no-residue, 10.1% higher in PBB than PNB, and 12.4% higher in PBB than FB. The contrast analysis between 100% N and 75% N applications showed that the application of 100% N resulted in a similar total water productivity to that of 75% N applications. Similarly, PNB resulted in total water productivity similar to that obtained in FB treatment.



Input, output, net energy and energy productivity

Total output and net energy return did not differ, whereas energy productivity and energy ratio were significantly impacted due to the crop growing seasons/years (Table 8). Tillage, residue, crop establishment, and N management practices significantly influenced the energy relationship among various treatments in the maize-wheat-greengram system. The CA-based practices without residue retention had the lowest input energy compared to CT and CA-based practices with residue retention. The treatment PNB registered 18.9% lower input energy than CT. CA-based practices with residue retention incurred higher input energy due to energy involved in residue retention. However, the CA-based practices with residue retention outperformed CT as well as CA-based residue removal treatments in terms of registering higher output energy. The treatment PBB + R + 100N registered significantly higher output energy than the rest of the practices and remained at par with FB + R + 100N. It resulted in 22.5% higher output energy than CT treatment.


TABLE 8 Total input energy, output energy, net energy, energy productivity and energy ratio in maize-wheat-greengram system across treatments.
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On the contrary, the CA-based residue removal practices obtained significantly higher energy productivity, net energy return, and energy ratio than the practices with residue retention and CT due to energy savings in no residue application. Among these practices, the treatment PBB significantly registered higher energy productivity (0.333 kg/MJ), and it was found to be comparable with other CA-based residue removal practices (PNB and FB). The same trend was observed in registering net energy return as well as energy ratio. The CA-based residue retained treatments with 75% and 100% N applications were found to be comparable in terms of energy productivity and energy ratio.




Discussion


CA effect on root growth, grain yield and system productivity

In the present study, practices like crop establishment, ZT, crop residue retention, and crop rotation for an extended period (10 years) had a significant direct and indirect impact on better root growth and higher grain yield and system productivity. The root system plays a pivotal role in plant growth and development. The CA practices provide a favorable soil environment (i.e., lesser compaction and lower bulk density) and moderate soil-air-water retention and hydrothermal regimes, leading to better root growth (Kumar et al., 2018; Mondal et al., 2019). CA-based broad-bed planting practices with residue retention led to improved crop root development compared to narrow-bed and flat-bed planting practices. Furthermore, using 100% N in PBB + R might assist in decomposing previous crop residues, resulting in better soil physical conditions for crop root development. The results of root growth parameters confirmed better crop root development in CA than in CT. It corroborated the findings of Choudhary and Behera (2020). According to Blanco-Canqui and Lal (2007), the better root growth observed under CA than in CT might be linked to decreased compaction. Adopting CA-based practices, in conjunction with appropriate N management, may be beneficial for improving root growth characteristics in maize, wheat, and greengram crops grown in a maize-wheat-greengram system.

The contrast analysis on system productivity revealed that the CA-based practices caused a significant increase in system productivity compared to CT practices in both years. The increased system productivity resulted from the beneficial effects of residue retention and improved crop-establishment practices on maize, wheat, and greengram yields. There was a 31.1% increase in yield under PBB + R + 100N as compared to CT, confirming the beneficial effects of residue retention under CA-based practices. Das et al. (2018) also reported that in the maize-wheat system, PBB + R plots resulted in a 10% increase in system productivity and 12% higher net returns compared to CT plots. Among CA-based bed planting practices, PBB + R retained more residues than PNB + R due to a more uniform distribution of residues on top of the broad beds. The increased yield under PBB + R treatment might be attributed to favorable mulching effects of crop residues. Kulagowski et al. (2021) studied the effects of conservation agriculture maize-based cropping systems on crop performance and soil health in New Caledonia and documented that cropping system management had both direct and indirect effects on crop productivity leading to a 1.3-times higher maize yield under CA than under CT.

Residue retention resulted in greater infiltration, higher soil moisture conservation on beds, reduced run-off and erosion, better temperature moderation, inhibition of weed proliferation and more soil microbial activity resulting in biological tillage under PBB + R with comparison to PNB + R (Swift and Sanchez, 1984; Sayre and Hobbs, 2004; Chauhan et al., 2007; Thomas et al., 2007; Bhattacharyya et al., 2013; Das et al., 2018; Baghel et al., 2020; Jat et al., 2020). The above factors contributed to increased crop yield under PBB + R + 100N. Greengram integration and residue retention under ZT enhanced soil characteristics, resulting in increased maize and wheat yields compared to the CT system without greengram residue (Hazra et al., 2018).



CA effect on nutrients uptake and partial factor productivity

CA practices improve the soil's organic carbon and can enormously benefit plant nutrient availability and distribution in the soil. In the present investigation, the treatment PBB + R + 100N significantly improved nutrient (N, P, and K) uptake by both grain and stover/straw in maize, wheat, and greengram crops. The increased plant nutrient content in maize, wheat, greengram grain, and stover/straw under CA might be attributed to improved root growth, which raised nutrient concentration in these crops owing to growing forage area for nutrient removal under permanent beds with residue, resulting in increased nutrient absorption (Parihar et al., 2018).

The partial factor productivity (PFP) of nutrients (N, P, and K) in maize, wheat, and greengram crops differed significantly among the treatments due to different tillage, residue, crop establishment, and N management practices. Because CA-based practices produced more grain than CT practices, they had a significantly higher PFP of nutrients. Residue retention practices significantly improved the PFP of nutrients compared to residue removal practices. The treatment PBB + R + 75N significantly recorded higher PFP (N) in maize and wheat crops. The application of 75% N increased N use efficiency, and the yield gains of 100% N were found to be par. These treatments with 75% N saved 25% N and ultimately increased N use efficiency. The N fertilizer requirement under CA may be expected to decrease over time as a result of organic matter accumulation (Riley et al., 1994) and reduced erosion losses (Schoenau and Campbell, 1996). The present study revealed that significantly higher PFP of P and K were recorded under PBB + R + 100N. However, the CA-based residue retained treatments with 75% N application outperformed 100% N applied treatments in registering higher PFP of total nutrients (N, P, and K). The higher system productivity (wheat grain equivalent yield), along with 75% N application, resulted in the highest PFP of nutrients under PBB + R + 75N. N management is crucial due to its higher greenhouse gas footprint (Cheng et al., 2015). Limon-Ortega et al. (2000) and Fahong et al. (2004) reported that bed planting practices, along with appropriate management strategies, boosted N use efficiency compared with conventional planting after a few initial years. Singh et al. (2008) observed that increased agronomic efficiency of N in wheat under rice residue retention was linked with either a lower rate of fertilizer N or a rise in grain yield, which outweighed any yield gain from mulching in the absence of fertilizer.



CA effect on water saving and productivity

Crops produced using ZT with partial or complete residue retention would increase crop and cropping system yields while decreasing crop water demand and boosting crop water productivity (Islam et al., 2019). Several researchers have observed that resource-saving technologies such as ZT can be effective in increasing field-level irrigation efficiency through savings of irrigation water (Humphreys et al., 2005; Jehangir et al., 2007; Erenstein and Laxmi, 2008; Das et al., 2018). ZT can improve soil structure and enable crop residue buildup, which is associated with greater water retention, improved infiltration, and lower total water usage (Erenstein, 2003). The results of the contrast analysis on total water productivity in maize, wheat, and greengram crops of the current study showed that CA-based practices significantly increased total water productivity compared to CT practices. The highest amount of irrigation water consumption was found in CT. It recorded an average of 908 mm of irrigation water and 1,602 mm of total water consumption during the study period under the maize-wheat-greengram system. Compared to CT, the CA-based practices resulted in 4.4%−24.5% savings in irrigation water use in the maize-wheat-greengram system. Among CA-based practices, the treatments with residue retention retained more water, which resulted in less irrigation requirement than treatments with no residue application. Among CA-based practices with residue retention, the broad-bed practices resulted in more water savings than the narrow beds and flatbeds with residue retention. The broad-bed practices registered an average of 10.2% and 18.1% savings in irrigation water application compared to narrow-bed and flatbed with residue retention, respectively. The numbers of beds and furrows per plot in broad bed practices were 6 and 7, respectively, but in narrow bed practices, the numbers of beds and furrows per plot were 12 and 13, respectively.

With furrow dimensions equal, the total amount of water applied in a given plot area was greater in narrow beds than in broad beds. The treatment PBB + R + 100N registered 36.6% and 37.2% higher total water productivity in maize as compared to CT in the first and second years of study. In wheat, plots under PBB + R + 100N increased irrigation water productivity by 54.4% and 58.5% compared to CT during 2018–19 and 2019–20, respectively. In greengram, the same treatment registered significantly higher irrigation water productivity due to lesser water use and higher crop productivity. PBB + R + 100N gained an average of 18.2% and 24.4% higher irrigation water productivity than PNB + R + 100N and FB + R + 100N, respectively, during the study period under the maize-wheat-greengram system. The subsequent best treatment was found to be PNB + R + 75N for registering higher irrigation as well as total water productivity. Improved crop establishment practice combined with decreased irrigation water use resulted in considerably improved irrigation and total water productivity under PBB + R + 100N. It could be due to increased root length, mass, and volume density under this treatment, leading to more soil water extraction and less reliance on irrigation water. In addition, permanent beds move water quicker, resulting in irrigation water savings (Das et al., 2014; Mohammad et al., 2018). Economic water productivity was also estimated to be greater under PBB + R + 100N because of better soil moisture storage and decreased irrigation water consumption. Previous studies also observed similar results (Das et al., 2014, 2018; Parihar et al., 2016, 2018).



CA effect on input, output, net energy and energy productivity

Resources conservation practices such as PBB, PNB, and FB without residue had the lowest input energy among all CA and CT practices. The plots under CT registered lower input energy than the CA-based practices with residue retention. The CA-based practices with residue retention incurred higher input energy due to the energy involved in residue retention. Crop residue emitted the highest input energy in CA-based residue retention practices. However, total input energy was found to be lower in CT and PBB, PNB, and FB without residue due to input energy savings from residue application. The PBB, PNB, and FB without residue were observed to be superior in terms of generating lower input energy when compared to CT, owing to input energy savings due to field preparation as well as irrigation water savings. Among N management practices, the practices with 100%N recorded higher input energy than those with 75% N application. However, the CA-based practices with residue retention outperformed CT and CA-based residue removal treatments in terms of registering higher output energy. The treatment PBB + R + 100N registered significantly higher output energy. Under CA-based residue retention practices, grain and total biomass yield were recorded as higher than the rest. Surface retained residues had a mulching effect under ZT, resulting in improved soil physical, chemical, and biological properties, C-sequestration (Karunakaran and Behera, 2013; Bhattacharyya et al., 2015), abiotic stress moderation (Saad et al., 2015), reduced surface crust and weed population (Susha et al., 2018). As a result, increased crop or system productivity was observed (Das et al., 2016). Crop and system-wise output energy followed the trends of crop biomass yields and were significantly higher under PBB + R + 100N. The energy consumed in land preparation and sowing was much lower in PBB + R + 100N, while crop residue retention led to higher input energy in this treatment. Permanent bed planting practices were observed to be superior to flatbed planting practices owing to irrigation water savings in bed planting practices since the furrow system in permanent beds required less irrigation water (Parihar et al., 2018).

Even though CA-based residue retention practices resulted in greater output energy and net energy return, the energy ratio and energy productivity were observed to be much higher under CA-based practices without residue owing to energy savings from no residue application. Because a large quantity of energy was invested through crop residues, the net energy return, energy ratio, and energy productivity did not follow the trend of output energy in CA-based residue retention practices. Saad et al. (2016) and Parihar et al. (2018) reported similar findings. According to Saad et al. (2016), energy in-flow by residue application in crop production did not enhance much outflow energy since crop residues predominantly improved soil quality when returned to soils and were not reflected in the output energy. Erenstein and Laxmi (2008) estimated seasonal savings in diesel for land preparation using ZT in the range of 15–60 l ha−1, with an average of 36 l ha−1, or 81% savings over IGP. Crop residues, a renewable energy resource, contribute the highest energy input under CA (Saad et al., 2016). However, crop residue retention has various advantages, including increased crop yield, enhanced soil health, and improved environmental quality. Furthermore, crop residues may be used to replenish plant nutrients while having no negative impact on crop productivity (Prasad et al., 1999; Das et al., 2013; Saad et al., 2016; Bhattacharyya et al., 2013, 2019).




Policy implications of the study

The conventional maize-wheat system is highly tillage-intensive and inefficient in resource use, including water, energy, labor, and nutrients. Transitioning to a maize-wheat-greengram cropping system under conservation agriculture (CA) can significantly enhance soil health and sustainability through crop diversification. This system improves soil organic matter, boosts microbial activity, and enhances nutrient cycling. Adopting CA principles in the maize-wheat-greengram system can also improve water-use efficiency and strengthen climate resilience. Additionally, it increases farm profitability by utilizing fallow land for greengram cultivation, generating additional income, and enhancing soil fertility through nitrogen fixation. The inclusion of pulses in the cropping system contributes to dietary protein intake, addressing nutritional security concerns, while also aiding in regional self-sufficiency in pulse production.

Moreover, the long-term adoption of this CA-based system can substantially improve soil physical properties, such as aggregation, bulk density, penetration resistance, water infiltration, and saturated hydraulic conductivity, thereby mitigating land degradation in the Indo-Gangetic Plains (IGP). Findings from this study indicate that intensifying the maize-wheat system with a short-duration pulse crop like greengram under permanent broad bed with residue retention can enhance farm productivity by 31% compared to conventional farmer practices. This, in turn, supports India's food and nutritional security. Furthermore, the study's findings align with India's commitments to COP-27 and contribute to achieving multiple Sustainable Development Goals (SDGs). To facilitate widespread adoption and scaling up of this technology in the IGP, concerted efforts from farmers, researchers, and policymakers are essential, alongside targeted policy interventions and market linkages. Governments can also incentivize the transition by introducing carbon credit programs for farmers adopting CA-based diversified systems.



Conclusions

The conventional tilled maize-wheat system faces challenges for sustainability, including low economic returns, soil physical and chemical health degradation, accelerated oxidation of soil organic matter, and negative environmental impacts. Adopting CA practices, such as minimizing soil disturbance, retaining residues, and diversifying crops, can enhance soil properties, improve system productivity and profitability, and contribute to climate change mitigation. The results of current study corroborate these ideas, confirming our hypotheses. The CA-based practice involving zero-tillage permanent broad bed (PBB) + residue retention (R) + recommended dose of N (100N) led to significant improvement in root growth parameters, grain yield, system productivity, as well as nutrient, energy, and water productivity of the maize-wheat-greengram cropping system compared to CT (farmers' practice) system. The PBB + R + 100N also bring about ~31% higher system productivity and 24.5% saving in irrigation water as compared to CT. The study also included horizontal crop intensification with a summer greengram, which could benefit the farmers of IGP of India. The CA-based PBB + R + 100N system in maize-wheat-greengram rotation offers a viable alternative to the dominant rice-wheat cropping system, which faces challenges like yield stagnation and low input-use efficiency. The amalgamation of these CA technologies in the maize-wheat-greengram system can also maintain the long-term sustainability of cereal-based cropping systems in IGP. The future research should explore the long-term impacts of CA on soil health, greenhouse gas emissions, and biodiversity conservation. Additionally, the economic feasibility and adoption potential of CA-based systems across different agro-ecological zones should be evaluated.
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