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Zero Tillage with Residue Retention Enhances Macroaggregate Formation and Aggregate Stability in a Rice-Based Conservation Agriculture System under Differential Weed Management Options
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ABSTRACT

	A field experiment was conducted during kharif 2014-2019 under the All India Coordinated Research Project (AICRP) on Weed Management, Rajendranagar, Hyderabad, to study the effect of conservation tillage and weed management options on soil aggregation in a rice–maize–Sesbania conservation agriculture system. The experiment was laid out in split-plot design with three replications. Five tillage treatments were assigned to main plots and three weed management treatments, viz., chemical weed management, integrated weed management (IWM), and unweeded control, to subplots. Soil aggregate size distribution, water-stable aggregate fractions, geometric mean diameter (GMD) and mean weight diameter (MWD) were determined before sowing and after harvest of the rice crop. Zero tillage with residue retention (T5: ZT+R–ZT+R) recorded the highest proportion of large macroaggregates (>4.75 mm: 34.7%; 4.75–2.00 mm: 19.2%), maximum water-stable large macroaggregates (WsLMac: 53.9%), and superior GMD (1.113 mm) and MWD (2.244 mm). Conventional tillage treatments recorded dominance of smaller, less stable aggregate fractions, indicating structural deterioration due to intensive tillage and puddling. Weed management practices did not significantly influence any aggregate parameter, and the tillage × weed management interaction was non-significant. The results conclusively indicate that adoption of zero tillage with crop residue retention significantly improves soil macroaggregate stability in rice-based conservation agriculture systems of the semi-arid tropics.
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1. INTRODUCTION 

Conservation agriculture (CA) is based on three cardinal principles, viz., minimal mechanical soil disturbance, maintenance of permanent organic soil cover through crop residues or cover crops, and adoption of diversified crop rotations (Kassam et al., 2009). It has received increasing global recognition for its potential to reclaim degraded soils and contribute to climate change mitigation through soil carbon sequestration (Lal, 2020; Kassam et al., 2022). Conventional tillage (CT) is known to disrupt soil aggregates, hasten decomposition of soil organic matter (SOM) and progressively impair soil fertility (Lal, 2020; Feller and Beare, 1997). Zero tillage (ZT), on the other hand, reduces soil disturbance and facilitates gradual build-up of SOM, while residue retention improves microbial biomass, enzyme activity, and nutrient cycling processes (Blanco-Canqui et al., 2021; Jat et al., 2021; Sainju et al., 2022; Sharma et al., 2023).

Among the soil properties influenced by CA, soil aggregation is considered to be one of the most important indicators of soil structural stability and soil quality. Stable aggregates improve soil porosity and water infiltration, and protect organic matter from rapid microbial decomposition (Six et al., 2004; Lehmann et al., 2020). Gathala et al. (2020) reported significantly higher water-stable macroaggregates under ZT with residue retention over CT in rice–wheat systems, while Kumari et al. (2021) and Bhattacharyya et al. (2021) observed improved macroaggregate formation and higher MWD under conservation tillage. Weed management practices may also influence soil aggregation through changes in microbial community composition and enzyme activities (Cycoń et al., 2020; Mishra et al., 2022; Imparato et al., 2022).
Rice-based cropping systems occupy large areas of South and Southeast Asia and are of great importance for regional food security. However, traditional puddled rice cultivation followed by intensive tillage leads to deterioration of soil structure and depletion of SOM over the years. CA-based systems with ZT maize and Sesbania green manure have been recommended as suitable alternatives for improving soil health and resource-use efficiency (Jat et al., 2021; Kassam et al., 2022). Despite increasing adoption of CA, information on the combined effects of conservation tillage and weed management on soil aggregation in rice–maize–Sesbania systems is meagre. The AICRP on Weed Management at PJTSAU has been conducting systematic CA experiments since 2014 at Rajendranagar, Hyderabad. The present investigation was, therefore, undertaken to study the effect of conservation tillage and weed management options on soil aggregation in a rice–maize–Sesbania conservation agriculture system.
2. material and methods 

2.1. Experimental Site and Design
The field experiment was conducted under the AICRP on Weed Management at the College Farm of PJTSAU, Rajendranagar, Hyderabad (17°19′23″ N; 78°24′29″ E). The experimental site falls in the Southern Telangana Agro-climatic Zone and experiences semi-arid tropical climate. The CA experiment at this site has been under continuous operation since 2014 in a rice–maize–Sesbania cropping system. The soil of the experimental field was sandy clay loam in texture as determined by the hydrometer method (Bouyoucos, 1962). The experiment was laid out in split-plot design with three replications. Gross plot size was 12.0 m × 4.1 m and net plot size was 11.4 m × 3.7 m. Tillage treatments were assigned to main plots and weed management treatments to subplots.
2.2. Treatments
2.2.1. Tillage Treatments (Main Plots)
1. T1: CT transplanted rice – CT maize – fallow
1. T2: CT transplanted rice – ZT maize – ZT Sesbania
1. T3: CT direct-seeded rice – CT maize – ZT Sesbania
1. T4: ZT direct-seeded rice – ZT maize + residue retention – ZT Sesbania
1. T5: ZT direct-seeded rice + residue retention – ZT maize + residue retention – ZT Sesbania
Under CT, the field was subjected to ploughing, puddling (in transplanted rice), levelling, and conventional sowing or transplanting. Under ZT treatments, no mechanical soil disturbance was done and the crop was established directly into the residues of the previous crop. In treatments where residue retention was specified, Sesbania biomass cut at the flowering stage was retained on the soil surface as mulch.
2.2.2. Weed Management Treatments (Subplots)
1. W1: Chemical weed management (recommended herbicides)
1. W2: Integrated weed management (IWM) – herbicide + manual weeding
1. W3: Unweeded control
In transplanted rice, W1 constituted application of bensulfuron methyl + pretilachlor (0.66 kg ha⁻¹) at 3–5 DAT as pre-emergence followed by bispyribac sodium (25 g ha⁻¹) at 20–25 DAT as post-emergence application. In direct-seeded rice, pendimethalin (1000 g ha⁻¹) was applied as pre-emergence, bispyribac sodium (25 g ha⁻¹) as post-emergence, and 2,4-D sodium salt (1000 g ha⁻¹) at 60 DAS. Under W2, bispyribac sodium was applied as early post-emergence followed by manual weeding at 40 DAS. Weeds were allowed to grow unchecked throughout the crop period under W3. 
2.3. Soil Analysis
Representative composite soil samples were collected from each plot after harvest and analysed for selected physico-chemical properties by standard methods. Soil pH and EC were determined in 1:2.5 soil–water suspension (Jackson, 1973). CEC was estimated by sodium acetate saturation method and the displaced sodium was quantified by flame photometry. SOC was determined by the Walkley and Black (1965) wet oxidation method. Soil aggregation was assessed by the wet sieving method using Yoder's apparatus (Yoder, 1936). The 50 g soil fraction retained on the 4.75 mm sieve was placed on a nest of six sieves (4.75, 2.0, 1.0, 0.5, 0.25 and 0.106 mm) and oscillated vertically in water for 20 minutes at 30–35 cycles min⁻¹. Mean weight diameter (MWD) was calculated as described by Van Bavel (1949):
MWD = Σ (Xi × Wi)
where Xi is the mean diameter (mm) and Wi is the proportional weight of each aggregate size fraction. Water-stable aggregate fractions were classified as water-stable microaggregates (WsMic: <0.25 mm), water-stable small macroaggregates (WsSMac: 0.25–2.00 mm) and water-stable large macroaggregates (WsLMac: >2.00 mm).
3. results and discussion
4.1. Soil Aggregate Size Distribution
Tillage practices significantly influenced the distribution of all aggregate size classes (>4.75, 4.75–2.00, 2.00–0.50, 0.50–0.25 and <0.25 mm) both before sowing and after harvest of the crop (Table 1). ZT treatments recorded higher proportions of larger aggregate size classes (>4.75 mm and 4.75–2.00 mm), while CT treatments showed dominance of smaller fractions (2.00–0.50 mm and 0.50–0.25 mm), indicating structural deterioration due to intensive mechanical disturbance.
The >4.75 mm aggregate class was highest under T5 (ZT+R–ZT+R) (34.7% before sowing; 35.1% after harvest) followed by T4 (ZT–ZT) (31.1% and 31.5%, respectively). Among CT treatments, T3 (CT(DSR)–CT) recorded higher proportion (12.8%) in this size class and was on par with T2 (CT–ZT) (10.2%), while T1 (CT–CT) recorded the lowest (9.3%). The 2.00–0.50 mm fraction was highest under T1 (CT–CT) (45.7%) and lowest under T4 (ZT–ZT) (24.8%). The <0.25 mm size class was highest under T2 (CT–ZT) (13.8%) and lowest under T5 (ZT+R–ZT+R) (4.0%). Weed management practices recorded non-significant differences in all aggregate size classes, and T×W interaction was also non-significant.
Intensive tillage is known to disrupt macroaggregates physically and expose the occluded SOM to accelerated microbial decomposition (Six et al., 2000; Zotarelli et al., 2007). Puddling in the rice season causes soil compaction which restricts root growth of the succeeding crop, thereby adversely affecting rhizosphere-mediated aggregation processes. This is well reflected in the consistently lower aggregate stability recorded under T1 (CT–CT) as compared to T3 (CT(DSR)–CT), where the field was never puddled. A more careful examination of the treatment histories of this long-term experiment, which has been under continuous operation since 2014, is necessary to fully understand the differences in aggregate stability observed among the five tillage treatments. Treatments T1 (CT–CT) and T2 (CT–ZT) were subjected to annual puddling in the rice season in all six years of the experiment (2014–2019). It is well established that puddling does not merely compact the soil; it completely destroys the pre-existing macroaggregate architecture by dispersing soil particles in standing water, obliterating structural pores and clay domains, and reducing the soil to a nearly structureless puddled mass. The cumulative effect of six successive seasons of puddling-induced aggregate destruction is clearly reflected in the very low WsLMac and MWD values under T1 and T2. The highest WsMic recorded under T2 (13.8%) could be due to annual puddling which breaks down macroaggregates into microaggregates each kharif season, and the partial structural recovery that occurs during the ZT maize and Sesbania phases is largely undone by the next puddling event. T3 (CT(DSR)–CT) received dry ploughing in every season but was never puddled. Dry ploughing, though mechanically disruptive, is far less damaging to soil aggregates than wet puddling because soil particles are not dispersed in water. This explains the clearly better aggregate stability of T3 over T1 and T2. Treatments T4 (ZT–ZT) and T5 (ZT+R–ZT+R), on the other hand, were tilled only in the initial year of establishment (2014) and received no mechanical soil disturbance whatsoever for five consecutive years thereafter. By 2019, these soils had benefited from five uninterrupted seasons of macroaggregate formation through undisturbed root activity, microbial and fungal hyphal proliferation, and continuous SOM build-up. The significantly high MWD values under T4 (2.208 mm) and T5 (2.244 mm) are due to five years of cumulative, undisturbed aggregate recovery a long-term benefit of conservation agriculture and which strongly recommends the need for sustained adoption of ZT for meaningful and lasting soil structural improvement.
Table 1. Effect of tillage and weed management on soil aggregate size distribution (%) before sowing (BS) and after harvest (AH)
	

Treatments
	

Before Sowing
>4.75 (%) BS
	

After Harvest
4.75–2.00 (%) BS
	2.00–0.50 (%) BS
	0.50–0.25 (%) BS
	<0.25 (%) BS
	>4.75 (%) AH
	4.75–2.00 (%) AH
	2.00–0.50 (%) AH
	0.50–0.25 (%) AH
	<0.25 (%) AH

	Tillage practices

	T1 (CT–CT)
	9.3
	10.3
	45.7
	22.3
	12.4
	9.7
	10.3
	45.3
	21.9
	12.8

	T2 (CT–ZT)
	10.2
	11.6
	41.7
	22.7
	13.8
	10.6
	11.6
	41.2
	22.3
	14.2

	T3 (CT(DSR)–CT)
	12.8
	10.6
	35.3
	29.1
	12.2
	13.2
	10.6
	34.9
	28.7
	12.6

	T4 (ZT–ZT)
	31.1
	27.1
	24.8
	10.6
	6.3
	31.5
	27.1
	24.4
	10.2
	6.7

	T5 (ZT+R–ZT+R)
	34.7
	19.2
	32.9
	9.2
	4.0
	35.1
	19.3
	32.5
	8.8
	4.3

	CD (P=0.05)
	2.729
	2.343
	2.810
	2.015
	1.995
	2.215
	1.885
	3.990
	3.331
	1.355

	SEm±
	0.824
	0.707
	0.848
	0.608
	0.602
	0.669
	0.648
	1.205
	1.006
	0.409

	Weed management

	W1 – Chemical
	18.9
	15.9
	36.1
	19.0
	10.0
	19.3
	15.9
	35.7
	18.6
	10.4

	W2 – IWM
	20.3
	15.5
	35.8
	19.2
	9.2
	20.7
	15.6
	35.4
	18.8
	9.5

	W3 – Unweeded
	19.7
	15.9
	36.2
	18.1
	10.0
	20.1
	15.9
	35.8
	17.7
	10.4

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	SEm±
	0.580
	0.480
	0.641
	0.482
	0.509
	0.550
	0.502
	0.774
	0.512
	0.493

	T×W
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



4.2. Water-Stable Aggregates, GMD, and MWD
Tillage practices significantly influenced WsMic, WsLMac, WsSMac, GMD and MWD both before sowing and after harvest of the crop (Table 2; Fig. 1). ZT treatments recorded significantly higher WsLMac, GMD and MWD, while WsMic and WsSMac were significantly higher under CT treatments.
WsMic was highest under T2 (CT–ZT) (13.8%) and was on par with T1 (CT–CT) (12.4%) and T3 (CT(DSR)–CT) (12.2%). The lowest WsMic was recorded under T5 (ZT+R–ZT+R) (4.0%). WsLMac was highest under T4 (ZT–ZT) (58.3%) followed by T5 (ZT+R–ZT+R) (53.9%). Among CT treatments, T3 (CT(DSR)–CT) recorded the highest WsLMac (23.4%) while T1 (CT–CT) recorded the lowest (19.6%). WsSMac was highest under T1 (CT–CT) (68.0%) and lowest under T4 (ZT–ZT) (35.4%). GMD and MWD were highest under T5 (ZT+R–ZT+R) (1.113 mm and 2.244 mm, respectively) and were statistically on par with T4 (ZT–ZT) (1.112 mm and 2.208 mm, respectively). Among CT treatments, T3 (CT(DSR)–CT) recorded higher GMD (0.767 mm) and MWD (1.102 mm) while T1 (CT–CT) recorded the lowest values (0.742 mm and 0.849 mm, respectively). Similar trends were observed after harvest of the crop, confirming the consistency of treatment effects.
Table 2. Effect of tillage and weed management on water-stable aggregates, GMD and MWD before sowing (BS) and after harvest (AH)
	Treatments
	Before Sowing WsMic (%)
	After Harvest WsLMac (%)
	WsSMac (%)
	GMD (mm)
	MWD (mm)
	WsMic (%)
	WsLMac (%)
	WsSMac (%)
	GMD (mm)
	MWD (mm)

	Tillage practices

	T1 (CT–CT)
	12.4
	19.6
	68.0
	0.742
	0.849
	12.8
	20.0
	67.2
	0.751
	0.974

	T2 (CT–ZT)
	13.8
	21.8
	64.4
	0.756
	0.990
	14.2
	22.3
	63.6
	0.760
	0.923

	T3 (CT(DSR)–CT)
	12.2
	23.4
	64.4
	0.767
	1.102
	12.6
	23.8
	63.6
	0.769
	1.123

	T4 (ZT–ZT)
	6.3
	58.3
	35.4
	1.112
	2.208
	6.7
	58.7
	34.6
	1.122
	2.236

	T5 (ZT+R–ZT+R)
	4.0
	53.9
	42.1
	1.113
	2.244
	4.3
	54.5
	41.3
	1.123
	2.268

	CD (P=0.05)
	1.871
	2.847
	2.514
	0.046
	0.142
	1.878
	3.118
	2.619
	0.072
	0.111

	SEm±
	0.565
	0.860
	0.759
	0.014
	0.043
	0.567
	0.942
	0.791
	0.022
	0.034

	Weed management

	W1 – Chemical
	10.0
	34.8
	55.2
	0.893
	1.458
	10.4
	35.2
	54.4
	0.899
	1.495

	W2 – IWM
	9.2
	35.8
	55.0
	0.902
	1.463
	9.5
	36.3
	54.2
	0.909
	1.482

	W3 – Unweeded
	10.0
	35.6
	54.4
	0.899
	1.515
	10.4
	36.1
	53.6
	0.908
	1.538

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	SEm±
	0.469
	0.467
	0.428
	0.006
	0.035
	0.460
	0.403
	0.336
	0.013
	0.035

	T×W
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS


BS: before sowing; AH: after harvest; WsMic: water-stable microaggregates (<0.25 mm); WsLMac: water-stable large macroaggregates (>2.00 mm); WsSMac: water-stable small macroaggregates (0.25–2.00 mm); GMD: geometric mean diameter; MWD: mean weight diameter; NS: non-significant; CD: critical difference at P=0.05
The higher WsLMac, GMD and MWD under ZT treatments may be attributed to the preservation of soil structural continuity in the absence of mechanical disturbance. Plant roots serve as the principal binding units in macroaggregate (>250 μm) formation (Six et al., 2000) and are better protected under ZT owing to the absence of physical soil disturbance. The marginal but consistent superiority of T5 over T4 in aggregate stability indices is attributable to the additional protective role of retained Sesbania residues. Surface residue retention reduces aggregate breakdown by intercepting raindrop energy and preventing splash erosion; however, it may not necessarily bring about a proportionate increase in aggregate formation as such, but mainly prevents the breakdown of existing aggregates (Blanco-Canqui et al., 2021). The release of polysaccharide compounds during decomposition of the retained residues acts as cementing agents and contributes to macroaggregate stabilisation (Bandyopadhyay et al., 2010; Choudhury et al., 2014). This distinction adequately explains the statistically comparable GMD and MWD values recorded under T5 and T4 despite the difference in residue cover.
Weed management practices did not significantly influence WsMic, WsLMac, WsSMac, GMD or MWD, and the T×W interaction was also non-significant (Table 2; Fig. 2). This indicates that the beneficial effects of conservation tillage on soil aggregation were consistent and were not influenced by the weed management practice followed. The herbicide application and manual weeding operations imposed in the present study apparently did not alter the soil biological and physical processes governing aggregate formation to any significant extent during the period of study.
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Fig. 1. Effect of tillage treatments on WsLMac, GMD and MWD before sowing (a) and after harvest (b)
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Fig. 2. Effect of weed management treatments on WsLMac, GMD and MWD before sowing (a) and after harvest (b)

4. Conclusion

The results of the present investigation showed that zero tillage with residue retention significantly improved soil macroaggregate formation, aggregate stability indices, GMD and MWD in the rice–maize–Sesbania conservation agriculture system of Southern Telangana as compared to all CT treatments. ZT treatments recorded significantly higher proportions of large macroaggregates, higher WsLMac, and superior GMD and MWD values. CT treatments, on the other hand, recorded dominance of smaller, less stable aggregate fractions due to repeated intensive tillage and annual puddling operations. Elimination of puddling under resulted in strong improvement in aggregate stability over puddled transplanted rice systems. Weed management practices did not significantly influence any of the aggregate parameters studied, indicating that the aggregation benefits of conservation tillage hold good irrespective of the weed management strategy followed. 
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Fig. 1: Effect of Tillage Treatments on Key Aggregate Stability Indices
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Fig. 2: Effect of Weed Management on Key Aggregate Stability Indices
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