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Conservation agriculture (CA)-based rice-maize cropping system (RMCS) can be the possible option for higher productivity and maintain soil health in the Indo Gangetic Plains. However, weed infestation remains the major constraint in its adoption. Hence, to adopt CA practices and at the same time manage weed population, a field experiment was carried out at Dr. Rajendra Prasad Central Agricultural University during 2019–20 and 2020–21. Treatments consisted of four main plots of different tillage practices, viz. zero- till direct seeded rice followed by zero-till maize (ZTDSR fb ZTM), direct seeded rice followed by maize on permanent raised beds with residue (PBDSR+R fb PBDSM+R), PBDSR followed by PBDSM without residue (PBDSR-R fb PBDSM-R) and conventional tilled puddled transplanted rice followed by conventional tilled maize (CTR fb CTM). On the other hand, sub-plots comprised of five weed management options, viz. unweeded control, vermicompost mulch, P-enriched vermicompost mulch, live mulch and weed-free. The two-year study revealed that the combination of PBDSR+R fb PBDSM+R emerged as the most effective tillage practice, showing a maximum reduction in bulk density (0.07 Mg m−3) and improvements in water holding capacity by 8.1%, soil organic carbon by 8.2%, soil microbial biomass carbon by 32.7%. Among weed management practices, P-enriched vermicompost mulch resulted 18.8% higher dehydrogenase activity of soil with greater nutrient availability as compared to live mulch. In contrast, CTR fb CTM significantly deteriorated soil health. The maximum maize REY (9.3 t ha−1) and system productivity (15.9 t ha−1) were also recorded under PBDSR+R fb PBDSM+R, with increases of up to 15.2 and 25.2% over conventional practices in the second year. Overall, CA practice mainly permanent bed with residue coupled with P-enriched vermicompost mulches demonstrated strong potential for improving soil health and sustainable crop productivity in RMCS.
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GRAPHICAL ABSTRACT
 Illustration depicting the impact of conservation agriculture and weed management strategies under a rice-maize cropping system. The image compares conventional tillage methods with zero tillage and various mulching strategies, such as unweeded control and vermicompost mulch. It highlights benefits like improved soil properties, increased soil organic carbon (SOC), water holding capacity (WHC), soil microbial biomass carbon (SMBC), and soil enzymatic activities. Additionally, it notes the reduced effectiveness of WHC, SOC, and rice equivalent yield (REY) under conventional tillage compared to conservation practices.




Highlights


	• Soil physical, biological, and chemical properties were improved under CA practices mainly permanent bed with residue (PBDSR+R fb PBDSM+R)

	• PBDSR+R fb PBDSM+R increased SOC by 8.2%, WHC by 8.1%, SMBC by 32.7% and system productivity by 25.2% as compared to conventional tillage under RMCS

	• P-enriched vermicompost mulch improved soil enzymatic activities and system productivity as compared to conventional hand weeding and other mulching practices

	• CTR fb CTM reduced WHC by 6.2%, SOC by 10%, and REY by up to 17.9% over CA practices (PBDSR+R fb PBDSM+R) after 2 years of study





1 Introduction

Rice is the staple food for over half of the global population and in India, rice accounts for 40% of the total food grain production (Pathak et al., 2018). A rice–rice cropping system is usually practiced by farmers where sufficient irrigation is available or in favorable lowland rainfed areas (Shankar et al., 2021). In India, the rice–rice system occupies ~6.0 Mha and is becoming the most dominant cropping practice in South Asia (ICAR-NRRI, 2019); however, due to the continuous practice and adoption of the rice–rice system, several issues related to nutrient imbalance, low nutrient-use efficiency, water stress, energy and labour crisis, high greenhouse gas emissions, and weed management threaten the sustainability of this system (Tuti et al., 2022). Out of 1.5 Mha area under rice-maize cropping system (RMCS) in South Asia, India covers around 0.53 Mha (Jat et al., 2019). Maize is rapidly gaining popularity as a component crop in rice-based systems among farmers in South Asia. These changes are primarily not only due to the increased productivity but also the lucrativeness of maize. Winter maize serves as a promising mitigation option in regions with limited water resources due to its lower water consumption than winter rice. Maize is grown throughout the dry winter months and has a deep tap root structure, therefore it requires less water. Maize uses less water for irrigation than rice, resulting in water saving and increased water efficiency. In both irrigated and rain-fed agricultural settings, maize can be a cost-effective alternative to winter rice (Ondrasek et al., 2014).

Conservation agriculture (CA) is seen as a feasible approach for crop intensification that is both sustainable and profitable. In order to maximize the benefits of CA, location specific appropriate crop rotations and system-based CA strategies must be devised. Furthermore, in order to deal with the burning issue of climate change along with deterioration of soil health, adoption of CA-based tillage practices can be the viable solution (Hailu and Teka, 2024). CA practices characterized by minimal soil disturbance (no-till or reduced tillage), permanent soil cover with crop residues or cover crops, and diversified crop rotations play a pivotal role in enhancing soil health. These practices contribute to improved soil structure, increased organic matter content, and enhanced soil microbial activity, which together promote nutrient cycling and water retention (Ding et al., 2024). Retention of crop residues on the soil surface not only reduces erosion and suppresses weed emergence but also serves as a substrate for beneficial soil microorganisms, thereby increasing microbial biomass and diversity (Hao et al., 2023). Moreover, reduced tillage minimizes soil compaction and preserves soil aggregates, leading to improved soil porosity and aeration, which are critical for healthy root development. Long-term adoption of CA has also been linked with better soil carbon sequestration, enhancing both productivity and resilience of agro-ecosystems under climate stress (Jat et al., 2022). Thus, CA offers a sustainable pathway to restore and maintain soil health while ensuring agricultural productivity. Retention of higher amount of residue along with lower tillage intensity in a cropping system over time sustains soil fertility status (Sharma et al., 2023). The combination of CA with zero tillage (ZT) or minimum tillage and residue retention is preferable for growing maize following rice. The land remains unoccupied from October to the middle of November, i.e., after the harvest of the rice crop in September–October. This is primarily due to the lack of timely sowing of succeeding crops, residual soil moisture constraints, and farmers’ traditional practices of allowing a fallow period for field preparation and weed control. As a result, alternative establishment strategies can be used to change the planting timing of rice in June–July (Tripathi et al., 2025). With the adoption of rice–maize systems, there is ample possibility to adopt CA based practices.

Moreover, apart from the various benefits that have been gained from CA systems, weed control remains a major barrier to its efficiency (Cordeau, 2022). Although surface retention of crop residue in CA-based systems suppresses weed emergence to a certain extent, residues equally restrict mechanical or manual weed control (Sepat et al., 2017). Many studies have reported that modifications in crop establishment from puddled transplanted rice (PTR) to ZT direct seeded rice (DSR) resulted in substantial variations in weed density, weed community composition, and competitiveness with the primary crops. Even though organic weed management strategies such as live mulch and the use of vermicompost are believed to be climate-resilient practice, which offers several benefits such as moisture conservation, weed suppression, improvement of soil health, and sequestration of carbon and nitrogen. However studies are insufficient to substantiate these benefits. Moreover, under the CA-based system, there is a huge application of chemical herbicides, which affects the environment and soil health. Therefore, there is a need to develop some efficient organic weed management strategies under a CA-based system that not only control the weeds but also maintain soil health. A significant amount of research has been directed at understanding the influence of weed management practices under CA-based systems on various crops. However, the integrated effects of these practices have not been thoroughly explored on an individual crop for the long-term. Furthermore, most of the studies in rice-based cropping systems are focused on DSR fb ZT in subsequent crops (Mishra et al., 2024; Shah et al., 2025). Alternative crop establishment techniques like ZTDSR, and DSR in permanent bed with or without residue retention and their comparison with conventional methods under RMCS are important to explore. This will help to understand the best crop management practices to sustain the productivity of rice-based cropping systems along with maintaining soil health.

Based on these facts, the present study investigated the effectiveness of organic weed management practices under CA technologies (ZT with either permanent bed with and without residue retention or with residue retention). The current study aimed to: (a) assess system productivity in response to organic weed management practices under contrasting tillage and residue management regimes in RMCS; (b) evaluate nutrient uptake patterns under organic weed management strategies across different tillage and residue management systems; (c) analyze soil health parameters as influenced by organic weed management practices in various tillage and residue management regimes. The hypothesis of this study was that organic weed management strategies under ZT or residue retention and permanent bed planting would result in higher system productivity and improved soil health as compared with conventional practices in RMCS.



2 Materials and methods


2.1 Experimental site

The field experiment was conducted for 2 years during the kharif (rainy) and rabi (winter) seasons of 2019–20 and 2020–21 at the Crop Research Centre of Dr. Rajendra Prasad Central Agricultural University (located 20° 58′N, 85° 40′E, at an elevation of 173 m above the mean sea level), Pusa. The climate of the experimental site is characterized by a hot sub-humid (moist) eco-region that experiences cold and dry winters, and hot and humid summers. The weather data was recorded at meteorological observatory located at RPCAU, Pusa. The mean annual rainfall is 1,344 mm and its distribution is unimodal, 70% of which is received between July and September. The quantity of rainfall received during the experimental years was inconstant and was 1,046 and 1,327 mm during 2019–20 and 2020–21, respectively. January recorded the lowest mean minimum temperature of 9.4°C in both years. During the 2019–20 cropping cycle, June had the highest maximum temperature of 37.5°C, whereas in the cropping year 2020–21, April was the hottest month with a maximum temperature of 35.8°C. Soil sampling was done from 0 to 15 cm layer using a steel auger of 5.0 cm internal diameter at the start of the experiment in May 2019. The soil was clay loam in texture and initial physico-chemical properties of the soil are mentioned in Table 1. The initial soil was medium in soil organic carbon, available N, P and K.


TABLE 1 Initial physico-chemical properties of the experimental soil.

	Parameter
	Method
	References
	Value

 

 	pH (1:2) 	pH meter 	Jackson (1973) 	8.30


 	Electrical conductivity (1:2) (dS m−1) 	EC meter 	Jackson (1973) 	0.32


 	Available N (kg ha−1) 	Alkaline permanganate method 	Subbiah and Asija (1956) 	320


 	Available P (kg ha−1) 	Olsen’s method 	Olsen et al. (1954) 	13


 	Available K (kg ha−1) 	Flame photometric method 	Jackson (1973) 	140


 	Bulk density (Mg m−3) 	Core sampler method 	Blake and Hartge (1986) 	1.31


 	Soil organic carbon (g kg−1) 	Walkley and Black method 	Walkley and Black (1934) 	7.1




 



2.2 Experimental design and treatment

The experiment was conducted in a split plot design in plot of size 6 m × 2.6 m with four main plot treatments and five sub plot treatments each replicated thrice. In the main plot there were different tillage and residue management practices and in sub-plots organic weed management practices were undertaken in a rice-maize rotation (Table 2). The recommended dose of fertilizer (N: P: K: Zn) for rice (cv. Rajendra Mahsuri) and maize (cv. DKC 9081) was 150: 26: 17.5: 10 kg ha−1 and 200: 35: 26: 10 kg ha−1, respectively.


TABLE 2 Description of organic weed, tillage and residue management practices under rice-maize rotation.

	Treatment
	Treatment details

 

 	Tillage and residue management


 	ZTR fb ZTM 	Zero-tillage laser levelled, 50% rice residue retention for maize, 25% maize residue retained for rice


 	PBDSR+R fb PBDSM+R 	Zero-tillage on permanent bed, 50% rice residue retention for maize, 25% maize residue retained for rice


 	PBDSR-R fb PBDSM-R 	Zero-tillage on the permanent bed without residue retention


 	CTR fb CTM 	Puddled transplanted rice was sown with three passes of dry tillage with harrow, two passes of cultivator in ponded water, and after 25 DAS seedlings were transplanted. Conventional till maize sown with two passes of harrow, one pass of cultivator followed by one planking


 	Organic weed management


 	Unweeded control 	No weed control


 	Vermicompost mulch 	Vermicompost mulching before sowing/transplanting at the rate of 5 t ha−1.
 The chemical properties of vermicompost used in the experiment were pH- 7.8, N- 2.21%, P- 1.11% and K- 1.25%.


 	P-enriched vermicompost mulch 	P-enriched vermicompost mulching before sowing/transplanting at the rate of 5 t ha−1.
 The chemical properties of P-enriched vermicompost used in the experiment were pH- 7.8, N- 2.30%, P- 1.23% and K- 1.37%.


 	Live mulch 	Seeds of Sesbania spp. and Pisum sativum were broadcasted with a seed rate of 40 kg ha−1. Later, at 30 DAS of live mulching, the mulched plants were turned down and left as a mulch cover.
 The nutrient content of Sesbania spp. and Pisum sativum used in the experiment were N-3.50%, P-0.60%, K-1.20% and N-0.90%, P-0.30%, K-0.40%, respectively.


 	Weed-free 	Hand weeding at 20, 40 and 60 days after sowing (DAS)




 



2.3 Soil sampling and analysis

Soil sampling was done in the experimental plot at a depth of 0–15 cm before and after completion of 2 years of the experiment (Page et al., 1982). The samples collected from the plots were air dried in shade. Later, the samples were passed through 2 mm sieve after grinding and stored in plastic bags for further analysis (Jackson, 1973). Moreover, for biological studies, soil clumps were stored in the refrigerator at 4 ± 1°C for 7 days (Alef et al., 1995). The standard methodology was followed for the laboratory analysis of the processed soil samples.


2.3.1 Soil physicochemical properties

Bulk density (BD) was determined by the core sampler followed by oven-drying at 105°C for 24 h. Oven-dried soil weight was divided by the known volume of the core to determine the BD as described by Blake and Hartge (1986). The water-holding capacity of the soil was determined using the gravimetric method. Soils were collected in the known weight, uniform volume soil–moisture boxes, and the moist–soil weight was taken; afterwards, the soils in the moisture box were oven dried at 105 ± 2°C. Then, the dry weight was taken to know the weight of the moisture kept in the soil.

Soil pH was determined from the soil: water suspension (in 1:2 ratio) as described by Jackson (1973). The soil organic carbon (SOC) was determined by the wet combustion method (Walkley and Black, 1934). The available N was determined by the alkaline permanganate method as per procedure suggested by Subbiah and Asija (1956), available P by the method given by Olsen et al. (1954), and available K was measured by the neutral normal ammonium acetate method given by as described by Jackson (1973). Cation exchange capacity (CEC) of soil was determined by Neutral normal ammonium acetate method (Jackson, 1973).



2.3.2 Soil biological properties

Soil microbial biomass carbon (SMBC) was determined by chloroform fumigation-extraction technique following the method of Vance et al. (1987). Soil respiration was estimated using the method as described by Zibilske (1994). Soil metabolic quotient (qCO2) is the ratio of soil respiration to SMBC content was as described by Anderson and Domsch (2010). Soil dehydrogenase activity (DHA) was determined by the reduction of triphenyltetrazolium chloride (TTC) to triphenylformazan (TPF) as described by Casida et al. (1964). The method of Tabatabai and Bremner (1969) was followed to estimate the alkaline phosphatase activity (APA).




2.4 System studies


2.4.1 Weed dry weight

Weed dry weight was recorded in each growing season at 30 DAS of rice and maize using a quadrat method. A 0.5 m × 0.5 m quadrat was randomly placed at two locations per plot to sample aboveground weed biomass. All weeds within the quadrat were carefully uprooted, washed to remove soil particles, and air-dried to remove surface moisture. The samples were then oven-dried at 65 ± 2°C until constant weight was achieved. The dried biomass was weighed using a digital balance, and the mean weed dry weight was expressed in g m−2 of each RMCS.



2.4.2 Rice equivalent yield

Rice equivalent yield (REY) was calculated by using following formula:

REY(tha−1)=Yield of wheat(tha−1)×Price of wheat(₹t−1)Price of rice(₹t−1)



2.4.3 System productivity

System productivity of rice-wheat cropping system was calculated by adding rice yield and rice equivalent yield of wheat and reported as kg ha−1.




2.5 Statistical analysis

All the data recorded in this study were statistically analyzed as per the protocol of split-plot design using the software package of R (R Core Team, 2022). Two-way analysis of variance (ANOVA) was used to examine the effects of the treatments on various parameters, and the treatment means were compared employing the least significant difference (LSD) tests with a 5% level of probability (p = 0.05) among the treatments (Gomez and Gomez, 1984). The principal component bi-plot analysis has been done for the post-harvest soil after 2 years of RMCS and correlation study has been done for mean of 2 years using the R 4.3.1 software. The differences among treatment means were adjudged by Duncan’s Multiple Range Test (DMRT) (Gomez and Gomez, 1984).




3 Results


3.1 Soil physico-chemical properties

Soil physical properties varied significantly due to various tillage and organic weed management practices. The maximum reduction of 0.07 Mg m−3 in BD in comparison to initial was found with PBDSR+R fb PBDSM+R (Table 3). However, adoption of CTR fb CTM increased the BD by 4.6% as compared to the initial. Application of P- enriched vermicompost mulch reduced the BD by 5.3% in comparison to the initial. On the other hand, vermicompost mulch showed a decrease in BD by 3.8% over initial BD (Table 3). Water holding capacity was found maximum under PBDSR+R fb PBDSM+R and it showed an increase of 4.3 and 8.1% as compared to the PBDSR-R fb PBDSM-R and CTR fb CTM, respectively (Table 3). Adoption of CTR fb CTM resulted in a decline of 6.2% (33.2%) in water holding capacity than ZTR fb ZTM (35.3%). Among different organic weed management practices, the minimum water holding capacity of 34.88% was found with live mulch while P-enriched vermicompost mulch resulted in 2.1% increase in water holding capacity than vermicompost mulch.


TABLE 3 Effect of CA practices and organic weed management strategies on soil physico-chemical properties after 2 years of study under RMCS.

	Treatments
	BD (Mg m−3)
	Water holding capacity (w/w %)
	Soil pH
	SOC (g kg−1)
	CEC (Meq. 100 g−1 soil)

 

 	Tillage and residue management (R)


 	ZTR fb ZTM 	1.26b 	35.29ab 	8.25a 	7.53ab 	11.34ab


 	PBDSR+R fb PBDSM+R 	1.24b 	35.94a 	8.23a 	7.68a 	11.54a


 	PBDSR-R fb PBDSM-R 	1.28b 	34.44b 	8.27a 	7.48b 	10.72b


 	CTR fb CTM 	1.37a 	33.23c 	8.35a 	6.91c 	10.04c


 	SEm (±) 	0.01 	0.49 	0.06 	0.13 	0.12


 	LSD (P = 0.05) 	0.04 	1.68 	NS 	0.45 	0.43


 	Weed management strategies (W)


 	Unweeded control 	1.34a 	32.72c 	8.32a 	6.60d 	9.64d


 	Vermicompost mulch 	1.26b 	35.57ab 	8.26a 	7.86b 	11.57b


 	P-enriched vermicompost mulch 	1.24b 	36.32a 	8.22a 	8.02a 	12.12a


 	Live mulch 	1.29b 	34.88b 	8.28a 	7.50c 	10.80c


 	Weed-free 	1.30b 	34.14b 	8.30a 	7.02e 	10.41c


 	SEm (±) 	0.01 	0.41 	0.06 	0.10 	0.12


 	LSD (P = 0.05) 	0.02 	1.17 	NS 	0.28 	0.34


 	LSD (P = 0.05) (R × W) 	NS 	NS 	NS 	NS 	NS





LSD, Least significant difference; Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s multiple range test; NS, non-significant.
 

Different tillage and organic weed management strategies did not showed a significant effect on soil chemical properties. The lowest soil pH as compared to the initial was found with PBDSR+R fb PBDSM+R. However, adoption of CTR fb CTM resulted in slight increase in soil pH than initial (Table 3). Application of P-enriched vermicompost mulch showed maximum reduction in soil pH (8.22) as compared to the initial (8.30). Adoption of PBDSR+R fb PBDSM+R resulted in maximum SOC (7.68 g kg−1) which was 8.2% higher as compared to the initial (7.10 g kg−1). On the other hand, CTR fb CTM showed a decline of 10.0 and 8.2% in SOC over PBDSR-R fb PBDSM-R and ZTR fb ZTM, respectively. Application of P-enriched vermicompost mulch recorded maximum SOC which was 2.0 and 6.9% more as compared to vermicompost mulch and live mulch, respectively (Table 3). The maximum CEC was found with PBDSR+R fb PBDSM+R which was 7.6 and 14.9% higher as compared to PBDSR-R fb PBDSM-R and CTR fb CTM, respectively. A decline in CEC by 1.8% was found with ZTR fb ZTM (11.34 Meq. 100 g−1 soil) soil over PBDSR+R fb PBDSM+R (11.54 Meq. 100 g−1 soil). Among different organic weed management practices, application of live mulch showed a decrease of 6.6 and 10.9% in CEC as compared to vermicompost mulch and P-enriched vermicompost mulch, respectively (Table 3).



3.2 Nutrient availability in soil

Soil available N was found highest under PBDSR+R fb PBDSM+R (357 kg ha−1) which was 9.5 and 2.3% higher than PBDSR-R fb PBDSM-R and ZTR fb ZTM, respectively (Table 4). The minimum available N of 272 kg ha−1 was with CTR fb CTM after 2 years of study. Among different weed management strategies, application of P-enriched vermicompost mulch resulted in an increase of 3.7 and 5.8% in available N over vermicompost mulch and live mulch, respectively. Similarly, adoption of PBDSR+R fb PBDSM+R resulted in highest available P (35.8 kg ha−1) which was 19.3 and 23.0% more in comparison to PBDSR-R fb PBDSM-R and CTR fb CTM, respectively. Furthermore, CTR fb CTM showed decline of 14.4% in available P over ZTR fb ZTM (Table 4). Among various organic weed management practices, live mulch recorded a decrease of 4.8 and 9.2% than vermicompost mulch and P-enriched vermicompost mulch, respectively. Available K was maximum under PBDSR+R fb PBDSM+R (206 kg ha−1) showing an increase of 32.1% as compared to PBDSR-R fb PBDSM-R. On the other hand, CTR fb CTM showed decrease of 22.0% (149 kg ha−1) in available K over ZTR fb ZTM (191 kg ha−1). Application of P- enriched vermicompost mulch enhanced the available K by 13.0% than live mulch (Table 4).


TABLE 4 Nutrient availability in post-harvest soil as affected by CA practices and organic weed management strategies after 2 years of study under RMCS.

	Treatments
	Available N (kg ha−1)
	Available P (kg ha−1)
	Available K (kg ha−1)

 

 	Tillage and residue management (R)


 	ZTR fb ZTM 	349ᵃ 	34.0ᵃᵇ 	191ᵃᵇ


 	PBDSR+R fb PBDSM+R 	357ᵃ 	35.8ᵃ 	206ᵃ


 	PBDSR-R fb PBDSM-R 	326ᵇ 	30.0ᶜ 	156ᶜ


 	CTR fb CTM 	272ᶜ 	29.1ᶜ 	149ᶜ


 	SEm (±) 	7 	0.4 	4


 	LSD (P = 0.05) 	24 	1.4 	12


 	Weed management strategies (W)


 	Unweeded control 	232ᶜ 	23.2ᵈ 	128ᵈ


 	Vermicompost mulch 	353ᵃ 	35.3ᵃᵇ 	203ᵃ


 	P-enriched vermicompost mulch 	366ᵃ 	37.0ᵃ 	209ᵃ


 	Live mulch 	346ᵃᵇ 	33.6ᵇ 	185ᵇ


 	Weed-free 	335ᵇ 	32.0ᵇᶜ 	154ᶜ


 	SEm (±) 	6 	0.4 	4


 	LSD (P = 0.05) 	18 	1.2 	11


 	LSD (P = 0.05) (R × W) 	NS 	2.3 	NS





LSD, Least significant difference; Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s multiple range test; NS, non-significant.
 



3.3 Soil biological properties

Different soil biological properties, i.e., SMBC, soil respiration and soil metabolic quotient varied significantly with different tillage and organic weed management practices (Table 5). Under different tillage practices, adoption of PBDSR+R fb PBDSM+R (446 mg kg−1 soil) showed an increase of 32.7 and 6.7% in SMBC as compared to CTR fb CTM and ZTR fb ZTM, respectively. Among various organic weed management practices, application of P-enriched vermicompost mulch resulted in maximum SMBC (499 mg kg−1 soil) which was 13.9% more as compared to live mulch after 2 years of the study. Furthermore, soil respiration was found maximum under PBDSR+R fb PBDSM+R (2.01 mg CO2 g−1 soil h−1) which was 4.7 and 22.5% higher in comparison to PBDSR-R fb PBDSM-R (1.97 mg CO2 g−1 soil h−1) and CTR fb CTM (1.92 mg CO2 g−1 soil h−1) respectively. In case of organic weed management strategies, similar trend has been followed like SMBC; where live mulch resulted in a decrease of 3.9% in soil respiration as compared to P-enriched vermicompost mulch (Table 5). Among various tillage practices, lowest soil metabolic quotient was found with PBDSR+R fb PBDSM+R while ZTR fb ZTM showed a decline of 4.1% in soil metabolic quotient over CTR fb CTM after 2 years of the study under RMCS. Unweeded control resulted in highest soil metabolic quotient (5.44 mg CO2 g−1 microbial C h−1) which was 27.4 and 16.0% higher as compared to P-enriched vermicompost mulch (4.27 mg CO2 g−1 microbial C h−1) and live mulch (4.69 mg CO2 g−1 microbial C h−1) respectively (Table 5).


TABLE 5 Influence of CA practices and organic weed management strategies on biological properties of post-harvest after 2 years of study under RMCS.

	Treatments
	SMBC (mg kg−1 soil)
	Soil respiration (mg CO2 g−1 soil h−1)
	Soil metabolic quotient (mg CO2 g−1 microbial C h−1)

 

 	Tillage and residue management (R)


 	ZTR fb ZTM 	418ᵇ 	1.97ᵇ 	4.81ᵇ


 	PBDSR+R fb PBDSM+R 	446ᵃ 	2.01ᵃ 	4.56ᶜ


 	PBDSR-R fb PBDSM-R 	404ᵇ 	1.92ᵇ 	4.86ᵇ


 	CTR fb CTM 	336ᶜ 	1.64ᶜ 	5.01ᵃ


 	SEm (±) 	5 	0.02 	0.04


 	LSD (P = 0.05) 	19 	0.06 	0.15


 	Weed management strategies (W)


 	Unweeded control 	276ᵉ 	1.49ᵉ 	5.44ᵃ


 	Vermicompost mulch 	479ᵇ 	2.10ᵇ 	4.39ᶜ


 	P-enriched vermicompost mulch 	498ᵃ 	2.13ᵃ 	4.27ᶜ


 	Live mulch 	438ᶜ 	2.05ᶜ 	4.69ᵇ


 	Weed-free 	315ᵈ 	1.64ᵈ 	5.25ᵃᵇ


 	SEm (±) 	4 	0.01 	0.04


 	LSD (P = 0.05) 	11 	0.04 	0.12


 	LSD (P = 0.05) (R × W) 	S 	S 	S





LSD, Least significant difference; Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s multiple range test; S, Significant.
 



3.4 Soil enzymatic activity

Soil enzymes were significantly influenced by the varied tillage and organic weed management practices (Figures 1, 2). Under different tillage practices, the adoption of PBDSR+R fb PBDSM+R resulted in an increase of 14.4% in DHA over CTR fb CTM after 2 years of study under RMCS (Figure 1). Application of P-enriched vermicompost mulch showed maximum DHA which was 3.6 and 18.8% higher than vermicompost mulch and live mulch, respectively. After 2 years of the experiment, adoption of CTR fb CTM resulted in minimum APA, i.e., 10.4% lower as compared to PBDSR+R fb PBDSM+R (Figure 2). The highest APA of 176.6 μg PNP g−1 soil h−1 was found with P-enriched vermicompost mulch under various organic weed management practices. Application of live mulch showed a decline of 7.8% in APA over P-enriched vermicompost mulch.

[image: Bar graph comparing DHA levels in different soil treatments. The bars from left to right are ZTR fb ZTM, PBDSR+R fb PBDSM+R, PBDSR-R fb PBDSM-R, CTR fb CTM, unweeded control, vermicompost mulch, P-enriched vermicompost mulch, live mulch, and weed-free. Values range from approximately 4 to 12 micrograms of TPF per gram of soil per hour, with letters indicating statistical significance differences among treatments.]

FIGURE 1
 Impact of CA practices and organic weed management strategies on dehydrogenase activity (DHA) of post-harvest soil after 2 years of study under RMCS. Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s multiple range test.


[image: Bar graph displaying alkaline phosphatase activity (APA) in micrograms PNP per gram of soil under various treatment conditions. Bars, labeled with letters for statistical significance, show highest activity in PBDSR+R fb PBDSM+R and P-enriched vermicompost mulch. Other treatments include ZTR fb ZTM, PBDSR-R fb PBDSM-R, CTR fb CTM, unweeded control, vermicompost mulch, live mulch, and weed-free. APA values range from 130 to 160 micrograms. Error bars indicate standard deviation.]

FIGURE 2
 Alkaline phosphatase activity (APA) of post-harvest soil as affected by CA practices and organic weed management strategies under RMCS. Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s multiple range test.




3.5 Weed dry weight

Weed dry weight at 30 DAS was significantly influenced by tillage and residue management practices as well as weed management strategies across both years (Table 6). Among the tillage treatments, PBDSR+R fb PBDSM+R recorded the lowest weed dry weight (5.42 and 5.13 g m−2 during 2019–20 and 2020–21, respectively), which was 17.9 and 20.0% lower than that observed in CTR fb CTM (6.61 and 6.41 g m−2, respectively). Compared to PBDSR-R fb PBDSM-R, weed dry weight under PBDSR+R fb PBDSM+R was 11.7 and 12.5% lower in 2019–20 and 2020–21, respectively. Conversely, the highest weed dry weight was recorded under CTR fb CTM, which was 13.9 and 16.1% higher than ZTR fb ZTM, respectively.


TABLE 6 Dry weight of weed at 30 DAS, REY of maize and system productivity as influenced by CA-based tillage practices and organic weed management in RMCS.

	Treatments
	Weed dry weight (g m−2) at 30 DAS
	REY (t ha−1)
	System productivity (t ha−1)



	2019–20
	2020–21
	2020
	2021
	2019–20
	2020–21

 

 	Tillage and residue management (R)


 	ZTR fb ZTM 	5.80b 	5.52b 	8.6a 	8.9a 	14.3b 	15.1b


 	PBDSR+R fb PBDSM+R 	5.42c 	5.13c 	9.2a 	9.3a 	15.4a 	15.9a


 	PBDSR-R fb PBDSM-R 	6.14a 	5.86a 	8.0b 	8.1b 	13.4c 	13.8c


 	CTR fb CTM 	6.61a 	6.41a 	7.8b 	8.0b 	12.6d 	12.7d


 	SEm (±) 	0.04 	0.07 	2.1 	1.6 	1.8 	2.3


 	LSD (P = 0.05) 	0.20 	0.22 	7.4 	5.5 	6.1 	7.9


 	Weed management strategies (W)


 	Unweeded control 	7.94a 	7.87a 	4.8c 	5.0c 	7.9c 	8.4d


 	Vermicompost mulch 	6.54b 	6.35b 	8.7b 	8.8b 	14.2b 	14.9c


 	P-enriched vermicompost mulch 	6.19c 	6.00c 	9.2a 	9.2a 	15.4a 	15.5b


 	Live mulch 	5.22d 	4.77d 	9.4a 	9.7a 	15.8a 	16.3a


 	Weed-free 	4.08e 	3.64e 	9.7a 	9.9a 	16.2a 	16.9a


 	SEm (±) 	0.06 	0.05 	1.7 	1.4 	1.8 	1.7


 	LSD (P = 0.05) 	0.17 	0.14 	6.2 	4.6 	5.1 	6.5


 	LSD (P = 0.05) (R × W) 	NS 	NS 	NS 	NS 	NS 	NS





LSD, Least significant difference; Treatment means followed by different lowercase letters differ significantly at the p ≤ 0.05 level according to Duncan’s Multiple Range Test; NS, non-significant.
 

Under weed management strategies, the weed-free treatment resulted in the minimum weed dry weight (4.08 and 3.64 g m−2), which was 48.6 and 53.7% lower than the unweeded control (7.94 and 7.87 g m−2), respectively. Among organic options, live mulch significantly reduced weed dry weight as compared to other mulches, representing a 20.2 and 24.8% reduction as compared to P-enriched vermicompost mulch, and 36.1 and 34.7% reduction compared to vermicompost mulch, respectively (Table 6). Notably, live mulch inspite of not having better soil health but showed highest system productivity and REY due to low weed biomass during the critical crop weed completion period (30 DAS).



3.6 System productivity

Different CA practices and organic weed management strategies significantly influenced the REY of maize during both the years of the study. Adoption of PBDSR+R fb PBDSM+R resulted in maximum REY of maize which was 15 and 14.8% higher than PBDSR-R fb PBDSM-R in 2019 and 2020, respectively (Table 6). Among various organic weed management practices, application of live mulch showed an enhancement of 8.0 and 10.2% in REY of maize over vermicompost mulch in first and second year of the study, respectively.

System productivity, which refers to the overall efficiency and output of a cropping system, was found to be highest in PBDSR+R fb PBDSM+R during both the years of the experiment. During the first year of the experiment, a decline of 10.2 and 17.9% in REY was found with adoption of CTR fb CTM as compared to ZTR fb ZTM and PBDSR+R fb PBDSM+R, respectively. Furthermore, PBDSR+R fb PBDSM+R resulted in an enhancement of 15.2 and 25.2% in system productivity as compared to PBDSR-R fb PBDSM-R and CTR fb CTM in 2020–21, respectively. During both the years of the experiment, live mulch showed highest system productivity but P-enriched vermicomost produced 2.6 and 4.0% more than vermicompost mulch during 2019–20 and 2020–21, respectively. However, there was no interaction effect between tillage and organic weed management on the system productivity of RMCS. The superior performance of live mulch in system productivity, despite exhibiting lower biological indicators compared to P-enriched vermicompost, can be attributed to several complementary mechanisms. Live mulch likely provided more effective weed suppression through physical ground coverage which led to lower weed biomass, reducing inter-crop competition for nutrients, water, and light. Additionally, the continuous photosynthetic activity of live mulch may have contributed to atmospheric nitrogen fixation and enhanced microclimate moderation, creating favorable conditions for crop growth.



3.7 Principal component analysis

Principal component analysis of different soil parameters with CA practices and organic weed management strategies showed that on the right side P-enriched vermicompost (PVM), PBDSR+R fb PBDSM+R (PBR), and vermicompost mulch (VM) are strongly associated with improved soil health indicators viz. higher SOC, CEC, available water content (WHC), and SMBC (Figure 3). Therefore, it is proved that these CA and weed management practices are more sustainable. Conversely, treatments on the left (unweeded, CT, weed-free) appear to have poorer soil quality indicators but higher pH and bulk density. Therefore, the princi results suggest that CA based management practices with P-enriched vermicompost mulch have a dramatic effect on soil properties, with PC1 explaining over 90% of the variation, indicating a strong, consistent pattern across the measured soil health parameters under RMCS (Figure 3).

[image: Biplot of principal component analysis showing PC1 (91.3%) and PC2 (3.4%) axes. Yellow dots represent variables like Unweeded, Wfree, PB, LM, PBR, VM, and CT. Blue vectors correspond to APA, ZWHC, CEC, and other soil-related factors.]

FIGURE 3
 Principal component analysis of different soil parameters with CA practices and organic weed management strategies under RMCS. ZT, ZTR fb ZTM; PBR, PBDSR+R fb PBDSM+R; PB, PBDSR-R fb PBDSM-R; CT, CTR fb CTM; VM, vermicompost mulch; PVM, P-enriched vermicompost mulch; LM, live mulch; Wfree, weed free; BD, bulk density; WHC, water holding capacity; SOC, soil organic carbon; CEC, cation exchange capacity; AvlN, soil available N; AvlP, soil available P; AvlK, soil available K; SMBC, soil microbial biomass carbon; SR, soil respiration; DHA, dehydrogenase activity; APA, alkaline phosphatase activity.





4 Discussion


4.1 Soil physico-chemical properties

The adoption of PBDSR+R fb PBDSM+R resulted in the lowest BD among all tillage and crop establishment practices. In contrast, the highest BD was recorded under CTR fb CTM, which may be attributed to puddling-induced compaction caused by the repeated use of machinery during tillage operations, potentially leading to increased BD (Orzech et al., 2021). However, some researchers have reported higher BD values under the ZT system, particularly in clay or silty loam soils (Ghimire et al., 2017; Das et al., 2022). Mondal et al. (2019) observed that bulk density was consistently lower under zero-tillage and residue management systems compared to conventional practices. Additionally, the incorporation of higher crop biomass and residue recycling enhances the organic matter content in the soil, contributing to greater SOC levels, which in turn promote soil aggregation and reduce BD under PBDSR+R followed by PBDSM+R (Shaukat et al., 2023). The observed reduction in BD under P-enriched vermicompost may also be associated with elevated SOC levels, likely because minerals are denser than organic matter, and the presence of organic matter enhances soil aggregation and porosity (Balík et al., 2025). CA practices maintained higher soil moisture and WHC due to increased infiltration and residue cover (Parihar et al., 2020; Mondal et al., 2019). Moreover, crop residues can influence soil temperature, reducing evaporative water loss and thereby improving soil moisture retention (Roper et al., 2021). Abdallah et al. (2021) similarly reported that the incorporation of organic matter modifies micro-porosity, decreases soil penetration resistance, and increases the water holding capacity of the soil.

Organic weed management practices significantly influenced several key soil physical and chemical properties. Among these strategies, the application of P-enriched vermicompost mulch consistently outperformed other treatments, particularly in improving soil structure and nutrient availability. A notable reduction in BD was observed with P-enriched vermicompost mulch, which showed a 5.3% decrease compared to the initial BD, whereas standard vermicompost mulch led to a 3.8% reduction. This reduction can be attributed to improved soil aggregation and porosity facilitated by the higher organic matter input from vermicompost, which enhances microbial activity and structural stability (Aksakal et al., 2016; Siedt et al., 2021). The superior performance of vermicompost-based mulches may be due to their higher capacity to retain water through improved soil texture and organic matter content, which enhances soil porosity and capillarity (Oyege and Balaji Bhaskar, 2023).

Our results showed that among the various tillage practices, the lowest pH was observed under PBDSR+R fb PBDSM+R. This may be attributed to the acidifying effect resulting from the mineralization of organic matter and root exudation. The reduction in soil pH is generally a short-term effect, primarily caused by two factors: the production of organic acids during the decomposition of crop residues and microbial respiration (Lei et al., 2023). Additionally, among the organic weed management strategies, the application of P-enriched vermicompost mulch led to the lowest soil pH. This could be due to the decomposition of vermicompost components, which release various organic acids that contribute to pH reduction, along with the emission of carbon dioxide that reacts with water to form carbonic acid (Katiyar et al., 2023). Furthermore, the combination of mineral fertilizer with vermicompost may have created favorable conditions and an energy source for microbial activity, enhancing acid secretion and further lowering the soil pH (Blouin et al., 2019). Although overall differences among tillage and weed management treatments were not statistically significant, meaningful trends emerged. The maximum reduction in soil pH (from 8.30 to 8.22) occurred under P-enriched vermicompost mulch. This slight acidification could be due to the release of organic acids during the decomposition of vermicompost, which may improve nutrient solubility and availability. P-enriched vermicompost increases soil pH by neutralizing acidity. This happens because phosphate ions displace acidic cations like H+ and Al3+ in the soil exchange complex, leading to a moderate rise in pH especially in acidic soils (Bekele et al., 2018). The buffering capacity introduced by phosphorus compounds also contributes to stabilizing soil pH, which can create a more favorable environment for nutrient availability and root growth.

CA practices had a significant effect on the concentration of organic carbon in soil. The results indicated that SOC was higher under PBDSR+R fb PBDSM+R as compared to CTR fb CTM. This could be attributed to the fact that intensive tillage operations lead to greater losses of SOM and accelerated soil degradation. Under CA tillage practices, organic matter decomposition rates are lower, which results in increased organic carbon and total SOC in the soil (Ahmad et al., 2024). Each tillage practice involves soil disturbance, which contributes to a decline in the decay rate of organic matter, subsequently reducing SOM levels. CA practices have been shown to improve the labile pools of SOC, with ZT significantly enhancing labile SOC pools more than CT practices. The elevated SOC observed in P-enriched vermicompost plots may be associated with the higher organic carbon content of vermicompost, which serves as an energy source for microorganisms responsible for decomposition (Oyege and Balaji Bhaskar, 2023). P-enriched vermicompost mulch also resulted in enhanced SOC is likely due to the high organic carbon input from enriched vermicompost, which not only adds to the soil carbon pool but also stimulates microbial decomposition processes that stabilize organic matter (Romaniuk et al., 2011; Oyege and Balaji Bhaskar, 2023).

The addition of PBDSR+R fb PBDSM+R significantly contributes to the improvement of soil health by positively influencing both pH and SOC. The retention of rice and maize residues on permanent beds leads to the gradual decomposition of organic matter, releasing organic acids that help buffer the soil pH and maintain it within an optimal range. Moreover, the continuous input of crop residues, coupled with reduced soil disturbance under permanent bed systems, contributes to the accumulation of SOC (Jat et al., 2022). This increase in SOC improves soil structure, enhances porosity, and boosts water-holding capacity. It also supports the proliferation of beneficial microorganisms and enhances enzymatic activity, which collectively improve nutrient mineralization and availability (Pramanick et al., 2024). As a result, the PBDSR+R fb PBDSM+R system promotes a biologically active, chemically balanced, and physically stable soil environment, which is crucial for sustainable crop production and long-term soil health.

Crop residue management had a strong and significant impact on the soil’s CEC. Findings indicated that PBDSR+R fb PBDSM+R, along with the application of P-enriched vermicompost mulch, resulted in the highest CEC. This is likely due to the accumulation of SOM from crop residues, which contributes negative charges that enhance CEC (Fu et al., 2021). Crop residue retention played a central role in the treatments that increased CEC over the short term. Previous studies have also reported an increase in CEC following crop residue retention (Shankar et al., 2021). These results underscore the sensitivity of CEC to changes in crop residue management. The highest CEC was recorded with P-enriched vermicompost mulch among different weed management strategies, this may be attributed to the increased negative charges contributed by humified organic matter from vermicompost, which enhances the soil’s capacity to retain and exchange essential nutrients (Pan and Huang, 2024). Furthermore, CEC of soil is significantly improved by P-enriched vermicompost. The enrichment process often involves the addition of phosphate-bearing minerals, which increase the number of negative charge sites on organic matter. These sites can adsorb more cations like NH₄+, K+, Ca2+, and Mg2+, thereby improving nutrient retention (Chakraborty et al., 2024). This contributes to better soil fertility and sustained nutrient availability over time.

The study also revealed that the highest levels of available N, P, and K were recorded under PBDSR+R fb PBDSM+R, while the lowest were observed under CTR followed by CTM. This can be explained by the lower nitrogen uptake by crops in PBDSR+R followed by PBDSM+R, leaving a greater amount of non-labile nitrogen in the soil pool compared to CTR followed by CTM. Residue retention helps to maintain optimal soil temperature and moisture conditions, facilitating organic matter decomposition and nutrient cycling, which ultimately enhance nitrogen availability (Dutta et al., 2022). The increased availability of phosphorus under permanent bed direct seeding with or without residue retention may be due to the build-up of extractable phosphorus in PBDSR+R relative to PBDSM+R (Saurabh et al., 2021). In residue-retained plots, reduced P adsorption onto mineral surfaces enhances P availability compared to CTR followed by CTM. Moreover, permanent beds with residue retention promote the formation of stable complexes between P-fixing ions (Ca2+, Fe3+, and Al3+) and soil organic matter, which increases soil P availability (Pradhan et al., 2011). The production of organic acids and the reduction in soil pH during crop residue decomposition are mechanisms that help release fixed P, making it accessible to plants. Similarly, PBDSR+R fb PBDSM+R resulted in the highest levels of available potassium. The lower K values under CTR followed by CTM may be attributed to the absence of residue return, unlike in ZTR followed by ZTM and PBDSR+R fb PBDSM+R. Furthermore, continuous K removal through crop uptake contributes to a further reduction in available K. The decomposition of crop residues retained under PBDSR+R fb PBDSM+R likely increased K availability. In addition, a significant portion of potassium remained in equilibrium and was replenished through desorption from fixed forms in soil and clay micelles into the soil solution (Awgchew et al., 2024).

Among weed management strategies, the increase in available N in P-enriched vermicompost can be linked to the slow mineralization of nitrogen-rich organic inputs, enhancing soil N reserves (Shyam et al., 2023). Similarly, available phosphorus was highest with P-enriched vermicompost mulch, with values 4.8 and 9.2% greater than those of vermicompost and live mulch, respectively. This improvement is likely due to both the direct addition of P from the enriched material and the role of organic acids in enhancing P solubility (Li et al., 2019). In the case of available potassium, the higher K levels in the same may be explained by the potassium-rich nature of the composted material and the desorption of fixed K from clay minerals enhanced by organic inputs (Belda et al., 2013; Wang et al., 2021). Overall, the findings suggest that among the evaluated organic weed management strategies, P-enriched vermicompost mulch is the most effective in enhancing soil physical and chemical properties, thus contributing to improved soil health and fertility. Soil available N is enhanced in P-enriched vermicompost because phosphorus supports microbial growth, which in turn accelerates the mineralization of organic nitrogen into plant-available forms such as ammonium (NH₄+) and nitrate (NO₃−) (Sande et al., 2024). Additionally, phosphorus enrichment helps balance the C: N: P ratio, thereby reducing nitrogen immobilization and enhancing net nitrogen release into the soil solution. On the other hand, soil available K is improved in P-enriched vermicompost not only due to microbial decomposition of organic material but also because some P sources (like rock phosphate) contain trace amounts of K (Das et al., 2022). Enhanced microbial activity further contributes to the rapid mineralization of K-bearing organic matter, making more K+ ions available for plant uptake. The increased CEC also helps reduce potassium leaching by retaining K+ on soil colloids.



4.2 Soil biological properties

SMBC is a sensitive, dependable, and well-established parameter for effectively monitoring soil biological changes in response to various soil management practices. It is considered an earlier indicator of changes in organic matter composition than other methods. The adoption of PBDSR+R fb PBDSM+R minimises the disturbance of soil microbial life and enhances soil organic carbon compared to the CTR fb CTM treatment, thereby promoting SMBC. Residues provide essential nutrients for microbial growth and multiplication, which explains the higher levels of SMBC in residue-retained plots than in others (Malobane et al., 2020).

Soil respiration is proportional to the carbon available in the biomass and is typically higher at the soil surface due to increased biological activity. Organic C serves as the primary energy source for soil microbes; therefore, soil respiration, SMBC, and microbial quotient were significantly higher in plots amended with vermicompost. Crop residues rapidly stimulate labile C and SMBC, facilitating microbial turnover and nutrient supply (Sow et al., 2025). Our results showed that PBDSR+R fb PBDSM+R increased enzyme activities (DHA and APA), which was linked to greater carbon input and root exudates containing carbon-rich substrates such as organic acids and carbohydrates (Sharma et al., 2020). This could be attributed to the immediate microbial response following the addition of fresh organic C substrates: microbes emerge from a starvation state, become active, and rapidly multiply (Kumar et al., 2024; Yao et al., 2023). The adoption of PBDSR+R fb PBDSM+R significantly influenced various soil enzymatic activities. By reducing tillage, this approach preserves soil structure, which in turn maintains microbial habitats essential for enzymatic functions. Furthermore, it enhances soil microbial activity by increasing organic matter, reducing disturbance, and retaining moisture, thus establishing a congenial environment for diverse microbial communities (Bian et al., 2022).

Among organic weed management practices, P-enriched vermicompost mulch exhibited the highest soil enzymatic activities. As an organic amendment composed of decomposed organic material, it provides a food source for soil microorganisms and supplies soluble phosphorus, which stimulates microbial growth and activity (Liu et al., 2023). Vermicompost is rich in beneficial microbes, including bacteria, fungi, and actinomycetes, which directly contribute to soil enzymatic functions (Wu et al., 2023). It also supports healthy root development by providing essential nutrients. Root exudates, in turn, attract microbes and stimulate enzymatic activity in the rhizosphere. Similarly, Parastesh et al. (2019) found that enrichment of vermicompost with effective phosphate solubilizing bacteria decreased soil pH (by 0.4–0.6 units) and enhanced soil available P, respiration rate, and enzyme activities, highlighting its potential as a natural P source for sustainable crop production in calcareous soils without additional P inputs. The PCA clearly demonstrates that CA-based practices, particularly P-enriched vermicompost mulch and PBDSR+R fb PBDSM+R, substantially enhance key soil health parameters such as SOC, CEC, WHC, and SMBC. This indicates their strong potential for long-term sustainability and soil quality improvement under RCMS.



4.3 Productivity

REY and system productivity are function yield and price of crop. Adoption of PBDSR+R fb PBDSM+R resulted in maximum REY and system productivity as crop yield were highest under this treatment. Our results showed that shifting from conventional tillage practices (CTR fb CTM) to alternate tillage practices recorded significantly higher REY in both years. The shift from the intensive tillage based conventional tillage practice to CA-based practice may result in a major shift in soil–plant production ecology (El Mekkaoui et al., 2023). In the current study, in CA-based management practices with retention of crop residue (PBDSR+R fb PBDSM+R), there was a positive and significant impact on all of the component crops, as evidenced by crop growth and productivity. Crop residue retention had a substantial effect on rice and maize crops. The yield advantage could be due to higher WHC in residue retention plots, which has a direct correlation with winter crop grain yield. The increase in maize grain yield in conservation agriculture practices was primarily due to an escalation in plant biomass and an overall enhancement in plant growth and yield attributes. The rise in the plant biomass can be directly related to the increased leaf area leading to increased photosynthesis and lower competition that helped in better production and assimilation of dry matter in form of yield attributes (Honda et al., 2021).

Among the various organic weed management practices evaluated, the application of live mulch consistently outperformed other treatments across both years of the study. Live mulch led to a marked increase in REY of maize compared to both vermicompost mulch and P-enriched vermicompost mulch, indicating its superior effectiveness in suppressing weeds and enhancing crop performance. The living root systems of mulch plants could have facilitated improved soil structure and water infiltration in the immediate rhizosphere, compensating for the lower overall soil biological activity. Furthermore, live mulch may have provided sustained nutrient release throughout the growing season through root exudates and gradual decomposition of senescent plant parts, ensuring better nutrient synchronization with crop demand compared to the more immediate but potentially less synchronized nutrient release from decomposing organic mulches. This suggests that live mulch not only aids in weed suppression but also contributes positively to overall system efficiency by improving soil moisture retention and providing a more favorable microclimate for crop growth (Yadav et al., 2021; Das et al., 2022). Although P-enriched vermicompost mulch recorded slightly higher productivity than vermicompost mulch—by 2.6% in 2019–20 and 4% in 2020–21—it still fell short of the performance achieved with live mulch. However, P-enriched produced slightly lower system productivity than live mulch but able to maintain soil health better than live mulch. Therefore, in long run, P-enriched vermicompost integrating CA practices can overcome the system productivity than live mulch under RMCS due to healthy soil system. Significant positive correlations were observed between system productivity and DHA (r = 0.616) and between APA and available N (r = 0.857), indicating strong linear relationships (Figure 4). Overall, integrating CA practices under P-enriched vermicomposting not only boosts system productivity but also enhances soil health under RMCS.
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FIGURE 4
 Correlation graph among soil physical, chemical and biological properties with system productivity (mean of 2 years). SP, system productivity; BD, bulk density; WHC, water holding capacity; SOC, soil organic carbon; CEC, cation exchange capacity; Avl-N, soil available N; Avl-P, soil available P; Avl-K, soil available K; SMBC, soil microbial biomass carbon; SR, soil respiration; DHA, dehydrogenase activity; APA, alkaline phosphatase activity. *Significant at the 0.05 level; **Significant at the 0.01 level; ***Significant at the 0.001 level.





5 Conclusion

The study demonstrated that soil physical, biological, and enzymatic properties, as well as system productivity, were significantly influenced by the integration of conservation tillage and organic weed management strategies. Adoption of PBDSR+R fb PBDSM+R, in combination with P-enriched vermicompost mulch, consistently improved BD, water holding capacity, SOC, nutrient availability, SMBC, DHA, APA, and REY, thereby enhancing overall system productivity. Conversely, conventional tillage (CTR fb CTM) had adverse effects on most soil health indicators and system yield. These findings underscore the potential of CA practices, particularly residue retention and nutrient-enriched organic mulches, in improving soil quality and sustaining productivity in RMCS. Thus, based on 2 years of experimentation, the combined adoption of PBDSR+R fb PBDSM+R with P-enriched vermicompost mulch is strongly recommended for improving soil health, optimizing nutrient dynamics, and maximizing system productivity under RMCS in subtropical agro-ecosystems.

Our study was confined to a single location in the eastern Indo-Gangetic Plains, which may limit the broader applicability of the results across different agro-climatic regions. Future research should prioritize multi-location validation studies across diverse agro-climatic zones of the Indo-Gangetic Plains to establish regional adaptation protocols for P-enriched vermicompost mulch application rates and timing. Long-term assessment (≥10 years) of soil carbon sequestration potential and greenhouse gas emissions under PBDSR+R fb PBDSM+R systems is essential to quantify climate mitigation benefits and establish comprehensive carbon footprint assessments. Additionally, optimization of organic mulch composition through investigation of different nutrient-enriched organic amendments (N-enriched, K-enriched, micronutrient-fortified) could address specific soil fertility constraints prevalent in the region. Integration with precision agriculture technologies to develop site-specific application protocols for organic mulches based on soil testing and crop nutrient requirements represents a promising avenue for enhancing resource use efficiency. Finally, participatory research with farmers to evaluate adoption barriers, develop locally appropriate organic mulch production systems, and assess socio-economic impacts on rural livelihoods in the eastern Indo-Gangetic Plains would facilitate successful technology transfer and sustainable implementation of conservation agriculture practices.
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