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Introduction: Conservation agriculture (CA) is promoted as a sustainable intensification strategy for improving soil structure and enhancing carbon sequestration. However, the influence of short-term CA interventions on soil aggregation and aggregate-associated carbon dynamics in heavy clayey soils remains inadequately understood.

Methods: A field experiment was conducted over three years (2018–2021) on a Vertic Epiaquept soil (~60% clay) in West Bengal, India, using a split–split plot experimental design with three rice-based cropping systems [rice–mustard–black gram (RMuB), rice–wheat–green gram (RWG) and rice–lentil–fallow (RLF)] in main plots, three tillage systems [conventional tillage (CT), zero tillage (ZT), and reduced tillage (RT)] in sub-plots and three combinations of residue and nutrient treatments [0% rice residue+100% recommended dose of fertilizer (RDF) (R1), 100% residue+75% RDF fertilization (R2) and 50% residue + 75% RDF fertilization (R3)] in sub-sub plots.

Results and discussion: After eight cropping seasons, ZT showed the highest values of geometric mean diameter (GMD) and aggregate ratio (AR), which were 13.0 and 22.6% higher than the corresponding values of CT, and 7 and 20% higher than those of RT. R2 resulted in a 3 and 13% hike in GMD and AR, respectively, over R1. RWG showed a hike in soil organic carbon (SOC) over other cropping systems which further reduced the tensile strength of soil aggregates. Although significantly higher SOC is recorded in the silt + clay (S+C) fraction, the carbon (C) mass associated with coarse macroaggregates (CMac) demonstrated an increase of up to 1.70 times compared to the C mass of the rest of the fractions.

Conclusion: Conjoint adoption of ZT and 100% rice residue was the best management practice for maintaining the structural attributes of the experimental soil. Further, the inclusion of a cereal along with a leguminous crop in a rice-based cropping system demonstrated the best outcome in terms of structural indices, SOC, and aggregate-associated C mass. The study underscores the importance of context-specific CA strategies tailored to cropping system diversity and edaphic conditions for improving soil quality and mitigating carbon loss in fine-textured soils of the eastern Indo-Gangetic Plains.
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1 Introduction

In the post-green revolution epoch, the global agricultural community has experienced a remarkable escalation in food productivity, despite rising land values and increasing land scarcity. To achieve a higher return in a shorter span, agricultural intensification features within arable fields and as a “bonus”, it costs elevated environmental menaces, namely, groundwater depletion, increased greenhouse gas emissions, water pollution, and a decline in soil organic carbon (C) and microbial diversity. Agricultural intensification leads to multiple adverse consequences for natural resources, and farmers ace varying degrees of climatic risk, biotic invasion, and economic uncertainty. Thus, a paradigm shift in farming practices is urgent, by expelling unsustainable limbs, that is, conventional agriculture (too much plowing/tilling, exonerating all organic material, and monoculture), for future productivity gain, along with conserving natural resources. Adoption of conservation agricultural (CA) practices (comprising three key principles, that is, minimal mechanical disturbance of soil, permanent soil cover, and diversified crops) (FAO, 2008) has been recognized as a major strategy for sustainable intensification of agricultural production systems.

Aggregate stability is the most frequently used indicator of soil structure. Higher aggregate stability signifies improved soil productivity (Rieke et al., 2022) and sustainability, due to congenial structural arrangement and resistance against external disruptive forces. Furthermore, soil organic carbon (SOC) is considered an imperative aggregate binding agent, as it has a proximal relationship with aggregate formation and stabilization processes in association with soil biota (Six et al., 2002). Principally, macroaggregates protect the SOC, but disruption via tillage exposes the microaggregate C pool to decomposers and thereby amplifies subsequent mineralization. Thus, different aggregate size classes exhibit differential means of physical protection of associated C against microbial decomposition (Xie et al., 2017). Furthermore, the three principles of CA, applied in tandem, could alter the aggregation status of soil and its corresponding C dynamics. However, the amplitude of change varies with the nature of the soil (parent material, texture, depth, etc.) (Palm et al., 2014), prevailing climatic conditions (Li et al., 2020), and cultivation and crop management practices (Huang et al., 2018) as CA impacts are highly site-specific. Moreover, zero-tillage (ZT) with residue cover moderates soil temperature, conserves soil moisture (Six et al., 2000), increases mean weight diameter, water stable aggregate content, improves pore-size distribution (He et al., 2009), enhances macroaggregate-occluded microaggregates, and protects SOC better than those under CT (Barreto et al., 2009). Continuous inputs of organic materials form heterogeneous component crop species, and their divergent rhizospheric zones generate a diverse group of aggregating agents, such as fungal hyphae, microbial bioproducts (Haynes and Francis, 1993), and root exudates (Guggenberger et al., 1999).

Rice-based cropping systems are predominant in the lower Indo-Gangetic Plains of India, and conventional management (puddling) hastens issues like depletion of soil moisture and SOC, ultimately deteriorating the physical health of the soil (Hobbs, 2021). Recent research across South Asia has emphasized that the impact of CA on aggregate carbon distribution is strongly influenced by the type of rice-based cropping system employed. For instance, the inclusion of oilseed crops, such as mustard, contributes residues with faster decomposition rates and lower quality carbon inputs, which often lead to reduced macroaggregation and weaker carbon stabilization in soil aggregates (Amin et al., 2020). Although legumes contribute to nitrogen cycling, their influence on soil physical properties and carbon stabilization may not be as significant as cereal-based sequences (Islam et al., 2022; Mishra et al., 2024). Tillage intensity critically influences these dynamics, as Modak et al. (2020) observed that SOC within macroaggregates was approximately 30 and 25% higher under ZT than CT at 0–5 and 5–15 cm soil depths, respectively. Similarly, Nisar and Benbi (2024) reported that, at 0–7.5 cm depth, no-tillage without mulch increased macroaggregate-associated carbon by 45.5% compared to CT without mulch, while no-tillage with mulch led to a 67.9% increase over conventional tillage with mulch. There is an enduring debate about the impact of CA practices on soil structure and the ecosystem properties mediated by this structure. However, there is scarce reporting on the impact of CA on soil structural attributes of the lower Indo-Gangetic Plains, especially in soils with very high clay content during the initial years of adoption. The majority of previous research works on the lower Indo-Gangetic Plains have been predominantly focused on coarse-to-medium-textured soils, often overlooking the unique physical dynamics of very fine-textured soils, where movement of water, aeration, and microbial activity differ significantly. More often, those studies lack robust integration of region-specific cropping system diversity and residue management interactions within the CA framework. By identifying the range to which CA can influence the aggregation and SOC dynamics in the earlier stages of adaptation, it will facilitate our ability to determine its collective impact. Therefore, we hypothesized that three components of CA—minimum soil disturbance, residue retention, and crop diversification—along with their interactions with soil type and crop rhizosphere dynamics, may significantly modify the soil aggregation status and structural stability, and influence the physical environment of the soil rhizosphere. Furthermore, we anticipated that the maximum retention of rice residues under conservation tillage would result in higher levels of stable aggregates, along with an array of associated carbon, in the heavy clayey soils of the lower Indo-Gangetic Plains. We further hypothesized that the magnitudes of these effects would vary across cropping systems and that the inclusion of legumes and cereals in rotation would enhance soil structural indices and partitioning of SOC compared to less diverse systems.

To address these hypotheses, an experiment was conducted in a heavy clayey soil of the lower Gangetic plains, by cultivating different rice-based cropping systems along with different combinations of tillage and residue management, with the following objectives, (i) to access the impact of short-term CA practices on structural attributes of soil, (ii) to examine the impact of such management practices on C associated with different aggregate fractions. Accordingly, we can quantify the aggregate-size-specific carbon content and mass, offering a detailed picture of the carbon stabilization pathway of very fine-textured (clayey) soils in the under-researched lower Indo-Gangetic Plains. Further, this could identify the best-fit combination of tillage, residue, and region-specific cropping systems under CA.



2 Materials and methods


2.1 Description of the experimental site

The field experiment was conducted from 2018 to 2021 at Balindi Research Complex (22°58′N, 88°32′E) of Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal, India (Supplementary Figure 1). This region is located in the humid subtropics, with an annual rainfall of 1,470 mm, and mean annual minimum and maximum temperatures of 18 and 35°C, respectively (Supplementary Figure 2). The experimental soil represents an inceptisol (Vertic Epiaquept, US Soil Taxonomy, Soil Survey Staff, 2003) and falls under the clayey textural class (sand, 7.1%; silt, 30.1%; and clay, 63.8%) with a hyperthermic temperature regime. The soil had a neutral soil reaction [pH, 7.39 (1:2.5)], 0.29 dS m−1 electrical conductivity, high SOC content of 9.1 g kg−1, 1.42 Mg m−3 bulk density, low available nitrogen (222 kg ha−1), high available phosphorus (25 kg ha−1) and high available potassium (298 kg ha−1) content. The experimental field was mainly used for rice cultivation during kharif and for rice or mustard during the rabi season for the last 8 years, before the inception of the current experiment.



2.2 Experimental details and crop management

The experiment was carried out by following a split–split plot design (replicated thrice) with three cropping systems (RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram and RLF, rice–lentil–fallow) in the main plot, three tillage systems (CT, conventional tillage; ZT, zero tillage, and RT, reduced tillage) in sub-plots and three regimes of residue and nutrient management (R1, 0% rice residue retention + 100% recommended dose of fertilizer (RDF)s fertilization; R2, 100% rice residue retention + 75% RDF fertilization; and R3, 50% rice residue retention + 75% RDF fertilization) in sub–sub plots. This resulted in a total of (3 × 3 × 3 = 27) twenty-seven treatments, each with three replicates. Treatment details are described in Supplementary Table 1. The size of each sub–sub plot was 20 × 6.3 m2.

A description of tillage operations is provided in Table 1. Sub–sub-plot treatments were assigned depending upon doses of residue and NPK fertilizers for the cultivation of rabi and pre-kharif crops. After harvesting rice, rice straws were used as mulch as a conservation technique in mustard, wheat, and lentil (for RMuB, RWG, and RLF cropping systems, respectively), and sowing of the aforementioned crops was conducted using a multicrop planter. The total straw yield of rice was considered as 100% and among which half (50%) and the entire (100%) amount of rice straw were retained in the field for respective sub–sub plot treatments. However, in pre-kharif season (black gram and green gram cultivation), only differential fertilizer treatments were used based on their RDF, and no crop residue was retained. Sub–sub-plots during rice cultivation had no variation in inputs as there was no addition of residues, and 100% RDF was followed. The description of the package of practices for the cultivation of individual crops is provided in Supplementary Table 2. During fertilization, nitrogen (N) was applied in three splits, that is, 12 at basal and two 14 doses based on the duration of component crops (rice, mustard, and wheat), and a full dose of phosphorus and potassium was applied as basal. Whereas, a full dose of N, P, and K was used as a starter dose at the time of sowing for lentil, black gram, and green gram. The complex NPK fertilizer (10-26-26) and urea were applied to supply nitrogen, phosphorus, and potassium. The plot-wise irrigation was used on the field depending on their water requirement (except lentil, which was cultivated as a rainfed crop).

TABLE 1  Description of tillage practices deployed in the sub-plot.


	CT
	Two passes of cultivator + two passes of rotavator for puddling
	Rice



	
	Two passes of cultivator + single pass of rotavator
	Other crops

 
	RT
	Single pass of cultivator + planking by power tiller with ladder
	Rice


 
	
	Single pass of cultivator + single pass of rotavator
	Other crops

 
	ZT
	The field was kept undisturbed, and direct seeding of rice was conducted
	Rice


 
	
	The field was kept undisturbed, and seeding was done by zero-till drill
	Other crops









2.3 Sampling and processing of soil

Collection of soil samples was carried out in 2021 (after eight cropping seasons) after harvesting of rabi crops, that is, mustard for RMuB, wheat for RWG, and lentil for RLF, from two soil depths, namely, 0–10 and 10–20 cm, with a bucket auger from each replication (6 representative samples) of the sub–sub-plots. For aggregate tensile strength analysis, a portion of the field-moist samples was gently crushed and passed through an 8.0 mm sieve and retained in a 5.0 mm sieve. For wet-sieving, a portion of the soil aggregates was passed through a 5.0 mm sieve and retained in a 2.0 mm sieve. After hand crushing, the remaining samples were air-dried in the shade, processed, and passed through the 2.0 mm sieve. Processed bulk soil samples were kept in air-tight containers for further laboratory analysis.



2.4 Observation recorded
 
2.4.1 Wet sieving and structural indices of soil

Six nested sieves (2.0, 1.0, 0.5, 0.25, 0.1, and 0.05 mm size classes) in two sets were used for wet-sieving of soil aggregates in Yoder's apparatus (Kemper and Rosenau, 1986). First, 25 g samples (2.0–5.0 mm) were slaked in duplicate by submerging for 10 min at room temperature. One of the samples was used for sand correction, and the other was kept for wet-sieving. The nests of sieves were vertically shaken for 30 min (30–35 cycles min−1 through a stroke length of 3.8 cm using an electric motor), and the retained aggregates on individual sieves were backwashed into filter paper. After wet-sieving, the “silt + clay” (S+C) sized fraction was collected from soil suspension in Yoder's apparatus and passed through a 0.05 mm sieve. Retained aggregates on individual sieves were transferred into a pre-weighed container, dried at 60°C, and weighed. The weights of primary particles were also recorded during sand correction. In this way, aggregates were fractioned into coarse macroaggregates (CMac, > 2.0 mm), mesoaggregates (Meso, 0.25–2.0 mm), coarse microaggregates (CMic, 0.10–0.25 mm), and silt+clay (S + C, < 0.05 mm).

The geometric mean diameter (GMD) and aggregate ratio (AR) were determined using the following equations:

GMD (mm)=exp[∑i=1nWilogXi]      (1)

where n is the number of size-fractions (> 2.0, 1.0–2.0, 0.50–1.0, 0.25–0.50, and 0.1–0.25 mm), Xi is the mean diameter of each size-fractions (3.5, 1.5, 0.75, 0.375, and 0.175 mm), and Wi is the proportion of the total water-stable aggregates after sand correction.

AR= [Percentage of water stable macroaggregates (> 0.25 mm)Percentage of water stable microaggregates (< 0.25mm)]      (2)
 

2.4.2 Aggregate-associated carbon and bulk soil organic carbon

Aggregate-associated oxidizable C of each size fraction was estimated (Walkley and Black, 1934) as grams C per kilogram of sand-free water-stable aggregate and expressed as coarse macroaggregate-associated C (CMacAC, >2.0 mm), mesoaggregated C (MesAC, 0.25–2.0 mm), coarse microaggregated C (CMicAC, 0.05–0.25 mm), and “silt + clay” associated C (S + CAC, < 0.05 mm. Further, the mass of aggregate-associated C was calculated as the amount of C contained in each of the total mass of soil aggregates per kilogram of soil. The soil organic carbon of bulk soil was also estimated by the Walkley and Black (1934) method.



2.4.3 Tensile strength of soil aggregates

Individual aggregates (5–8 mm diameter) were placed in tensile-strength apparatus, and the force (P) required to crush them was recorded. Ten aggregate samples from each replication were used. Then the aggregate tensile strength (TS) was computed (Dexter and Kroesbergen, 1985) using the formula

TS (kPa)=0.576×PD2      (3)

where D is the mean diameter of the aggregate.

The longest (d1), intermediate (d2), and smallest (d3) diameters of individual aggregates were measured by using a Vernier caliper, and the effective diameter (D) was computed by the following equation:

D (mm)= (d1×d2×d3)3      (4)
 


2.5 Carbon input calculations

The cumulative carbon input across all three cropping systems was quantified based on crop yield data (both grain and straw/stover yield) and residue retention measurements obtained during the experimental period. Below-ground and plant-derived carbon inputs, encompassing rhizodeposition, root biomass carbon, and carbon from crop residues (stubble and straw), were calculated using well-established empirical relationships documented in previous studies. For rice cultivation, rhizodeposition and root biomass contributions were calculated as 15% each of the total above-ground biomass (combined grain and straw yield), while for wheat, these parameters were estimated at 12.6 and 10% of above-ground biomass at harvest, respectively (Bronson et al., 1997; Majumder et al., 2007). Carbon concentrations in stubble, root, and rhizodeposition components were set at 38.1, 41.2, and 74 for rice, and 35.2% 39.1, and 74% for wheat, respectively (Roy et al., 2024). For green gram, the root biomass carbon input was estimated as 16% of the above-ground biomass carbon, based on the study by Matsumoto et al. (2021). The rhizodeposition carbon was calculated as 10% of the total root biomass (Roy et al., 2024). Mustard crop root biomass was estimated at 20% of above-ground biomass, with root carbon content of 42.3% and rhizodeposition carbon equivalent to 65% of root carbon (Gan et al., 2009). Regarding black gram, root biomass was calculated as 18% of the above-ground biomass, with root carbon comprising 34.2% of root biomass and rhizodeposition carbon estimated at 1.4 times the root carbon content (Shamoot et al., 1968; Srinivasarao et al., 2019). For lentil, the root biomass was determined to be 14% of the stover yield, containing 34.8% carbon, with rhizodeposition carbon calculated as 1.33 times the root carbon (Srinivasarao et al., 2012; Slater, 2015).



2.6 Statistical analysis

The analysis of variance (ANOVA) was executed to determine the effects of each factor and their interaction in a split–split plot design, by using GenStat software (Version 16.0). Duncan's multiple range test (p ≤ 0.05) was performed for mean comparison. Correlation matrices were computed and visualized via the R programme (Version 4.2.1). Principal component analysis (PCA) was conducted in the R programme (Version 4.2.1) and Past (Version 4.03). PCA was conducted using a set of structural indices (e.g., GMD, AR, and TS), as well as organic carbon metrics (SOC, CMacAC, MesoAC, CMicAC, and S+CAC) to delineate the orthogonal linear combinations of a set of management factors that maximize the variation contained within them. Each treatment combination (e.g., ZT-R1, RT-R2, CT-R3) was assigned a principal component score for the first two principal components (PCs). Treatments with the highest PC1 scores were considered the most effective, and higher positive loading on PC1 was interpreted as a superior indicator for improving soil physical health under conservation agriculture. Similarly, a separate PCA was conducted to identify the suitable cropping system for maintaining structural stability and C dynamics of the soil.




3 Results


3.1 Aggregate size distribution

Irrespective of the different treatments involved, the experimental soil was predominantly composed of CMac, ranging from 46.0 to 72.9%. Intermediate abundance was noticed for Meso (17.1–36.4%), followed by S+C (6.0–11.2%), and CMic was present in the least amount (1.98–4.38%) (Figure 1). Among the tillage treatments, ZT resulted in the highest amount of CMac in each of the cropping systems. Overall, it was 1.27 and 1.15 times higher than CT atsoil depths of 0–10 cm and 10–20 cm, respectively. In contrast, CT plots recorded higher proportions of Meso, CMic, and S + C fractions. Furthermore, residue retained plots (R2 and R3) caused significantly higher amounts of CMac than residue removed plots. Overall, R2 and R3 had 1.06 and 1.04 times higher CMac at depths of 0–10 cm. Conversely, smaller aggregate fractions were abundant under R1. After 3 years of CA management, RWG demonstrated 1.27 and 1.08 times higher amounts of CMac than RMuB and RLF, respectively. However, RMuB recorded higher contents of Meso, CMic, and S + C fractions.


[image: Six bar graphs labeled a to f show the proportion of soil aggregates at two depths, 0-10 cm and 10-20 cm. Different management practices are represented by colored bars: RMulB, RWG, RLF, CT, ZT, RT, R1, R2, and R3. Categories on the x-axis include CMac, Meso, CMic, and S+C. Each graph compares the practices and labels significant differences with letters above the bars.]
FIGURE 1
 Size distribution of water-stable aggregates (%) under conservation agriculture practices; Impact of cropping systems in (a) 0–10 cm soil depth, (b) 10–20 cm soil depth, impact of tillage in (c) 0–10 cm soil depth, (d) 10–20 cm soil depth, impact of residue management in (e) 0–10 cm soil depth, (f) 10–20 cm soil depth. CMac, coarse macroaggregates; Meso, meso aggregates; CMic, coarse microaggregates; S + C, silt + clay fraction; RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil–fallow cropping system; CT, conventional tillage; ZT, zero tillage; RT, reduced tillage; R1, 0% residue + 100% recommended dose of fertilizer (RDF); R2, 100% residue+75% RDF; R3, 50% residue+75% RDF fertilization; ns, non-significant. Vertical bars with different lowercase letters are significantly different at p < 0.05 according to Duncan's multiple range test. Error bars represent the standard error of the mean.




3.2 Aggregation indices

The CA practices had a significant impact on both GMD and AR of soil aggregates (Table 2). RWG demonstrated significantly larger GMD, which was 11 and 3% higher than RMuB and RLF, for overall soil depths. ZT demonstrated a 12 and 8% hike in GMD over CT at surface and subsurface soil, respectively. Similarly, residue management played a key role as R2 showed up to 4% increase over R1. In the case of AR of soil aggregates, RLF resulted in a significantly larger value, which was statistically at par with RWG and 19% higher than RMuB. ZT demonstrated the largest AR (12.56 and 11.91), which was 44 and 18% higher than CT at the surface and subsurface soil, respectively.

TABLE 2  Effect of conservation agriculture management on geometric mean diameter (GMD), aggregate ratio (AR), soil organic carbon (SOC), and tensile strength (TS) of soil aggregates across three cropping systems.


	Treatments
	GMD (mm)
	AR
	SOC (g kg−1 soil)
	TS (kPa)





	
	Soil depth (cm)
	Mean
	Soil depth (cm)
	Mean
	Soil depth (cm)
	Mean
	Soil depth (cm)
	Mean



	
	0–10
	10−20
	
	0–10
	10–20
	
	0–10
	10–20
	
	0–10
	10–20
	

 
	Cropping system
												

 
	RMuB
	1.39cA
	1.31cA
	1.35c
	10.3abA
	8.42b
	9.36b
	10.3bA
	9.3bB
	9.8b
	851aA
	762aA
	806a

 
	RWG
	1.49aA
	1.52aA
	1.50a
	9.71bB
	12.05aA
	10.88a
	11.2aA
	10.0aB
	10.6a
	706cA
	785aA
	746b

 
	RLF
	1.43bA
	1.47bA
	1.45b
	10.54aB
	11.76aA
	11.15a
	9.4cA
	9.2bB
	9.3c
	765bA
	745aA
	755b

 
	Tillage
												

 
	CT
	1.36cA
	1.40bA
	1.38c
	8.73bB
	10.07bA
	9.4b
	10.1bA
	9.2aB
	9.7b
	769bA
	785aA
	777a

 
	ZT
	1.52aA
	1.51aA
	1.52a
	12.56aB
	11.91aA
	12.24a
	10.6aA
	9.7aB
	10.2a
	727bA
	713bA
	720b

 
	RT
	1.43bA
	1.38cA
	1.40b
	9.25bB
	10.25bA
	9.75b
	10.3abA
	9.6aB
	9.9ab
	825aA
	794aA
	810a

 
	Residue management
	
	
										

 
	R1
	1.42bA
	1.40bA
	1.41c
	9.77aA
	9.46bA
	9.62b
	10.2aA
	9.4aB
	9.8a
	816aA
	781aA
	799a

 
	R2
	1.46aA
	1.45aA
	1.45a
	10.45aB
	11.38aA
	10.92a
	10.4aA
	9.5aB
	10.0a
	741bA
	774aA
	757b

 
	R3
	1.43abA
	1.44aA
	1.43b
	10.33aB
	11.39aA
	10.86a
	10.3aA
	9.6aB
	9.9a
	764abA
	738aA
	751b

 
	Level of significance
												

 
	CS
	< 0.001
	< 0.001
	< 0.001
	0.041
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	ns
	0.003

 
	T
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.002
	< 0.001
	0.032
	ns
	0.004
	0.002
	0.004
	< 0.001

 
	R
	0.022
	< 0.001
	< 0.001
	ns
	< 0.001
	< 0.001
	ns
	ns
	ns
	0.019
	ns
	< 0.025

 
	D
	-
	-
	ns
	-
	-
	0.036
	-
	-
	< 0.001
	-
	-
	ns

 
	T × R
	0.003
	0.012
	ns
	< 0.048
	< 0.001
	< 0.002
	ns
	ns
	ns
	0.023
	< 0.001
	ns







RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil–fallow cropping system; CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue + 100% RDF; R2, 100% residue + 75% RDF; R3, 50% residue + 75% RDF fertilization. CS, cropping system; T, tillage, R, residue management, D, depth of soil, T × R, interaction between tillage and residue management; ns, non-significant. Different letters are significantly different at p < 0.05 according to the Duncan's multiple range test. Different lowercase letters in vertical line denote the effect of cropping system, tillage, and residue management, and different uppercase letters in horizontal line denote the effect of soil depth.





3.3 Soil organic carbon

The SOC ranged between 9.2 and 11.7 g kg−1 soil (Table 2). Tillage significantly influenced the SOC of surface soil, and the observed trend was ZT > RT > CT. However, this effect was not significant at the subsurface layer (10–20 cm). Although the effect of residue addition did not exert a statistically significant effect on SOC, R2 revealed the highest corresponding values at both soil depths. Considering the impact of cropping systems, RWG resulted in the highest SOC at each of the soil depths, which was 19 and 9% higher than RLF and RMuB at surface soil and 9% higher than both RLF and RMuB at subsurface soil, respectively.



3.4 Tensile strength of aggregates

ZT resulted in the lowest TS (Table 2) at each of the soil depths, and overall ZT showed 13% and 8% lower TS than RT and CT, respectively. The impact of residue management was only found to be significant at the surface soil layer, and R2 had 10% lower TS than residue-removed plots. Cropping systems demonstrated a significant impact on TS at the surface soil layer, as RWG had the lowest TS (746 kPa), which was 20% and 8% lower than RMuB and RLF, respectively.



3.5 Aggregate-associated carbon content

The perusal of data showed that the highest concentration of organic carbon was associated with the silt + clay fraction (S + CAC) (Figure 2). Across three cropping systems, ZT had significantly higher C in each of the four fractions, with noticeable relative increments of 28, 26, 48, and 31% for CMac, Meso, CMic, and S + C over CT at the surface soil layer, respectively. R2 accumulated the highest concentration of aggregate-associated carbon in each of the four fractions. Considering the impact of cropping systems (Figure 3), RWG showed 43 and 39% higher CMacAC, 22 and 19% higher MesoAC, and 55 and 34% higher CMicAC than RMuB and RLF, respectively, for the soil depth of 0–20 cm.


[image: Bar charts labeled (a) and (b) show aggregate associated carbon content in grams per kilogram of soil across different treatments and conditions. Chart (a) compares CT, ZT, and RT treatments, while (b) compares R1, R2, and R3 treatments. Categories include CMacAC, MesoAC, CMicAC, and S+CAC, further divided into D1 and D2. Statistical significance is indicated by letters a, b, c, and symbols α, β, B, C, and A above the bars. Both charts display color-coded bars for easy comparison of data.]
FIGURE 2
 Impact of (a) tillage and (b) residue management on soil aggregate-associated carbon (g C kg−1 soil). CMacAC, coarse macroaggregate-associated carbon; MesoAC, meso aggregate-associated carbon; CMicAC, coarse microaggregate-associated carbon; S + CAC, silt + clay associated carbon; D1, 0–10 cm soil layer; D2, 10–20 cm soil layer; CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue + 100% recommended dose of fertilizer (RDF); R2, 100% residue + 75% RDF; R3, 50% residue + 75% RDF fertilization. Vertical bars with different lowercase English letters denote that the different tillage/residue management treatments are significantly different; different lowercase Greek letters denote that the different soil depths are significantly different; different uppercase English letters denote that the different aggregate fractions are significantly different at p < 0.05 according to Duncan's multiple range test. Error bars represent the standard error of the mean.



[image: Bar charts show aggregate associated carbon content in grams per kilogram of soil for three treatments: RLF, RWG, and RMuB. Chart (a) and (b) compare the proportions of CMacAC, MesoAC, CMicAC, and S+CAC. Each treatment has different letter labels indicating statistical groups. Chart (a) shows RWG with the highest S+CAC and RLF with the highest CMacAC. Chart (b) shows altered proportions: RLF has increased S+CAC and RMuB has higher CMicAC. Statistical differences are marked by letters within the bars.]
FIGURE 3
 Impact of cropping systems on soil aggregate-associated carbon (g C kg−1 soil) (a) in 0–10 cm soil layer and (b) 10–20 cm soil layer. CMacAC, coarse macroaggregate-associated carbon; MesoAC, meso aggregate-associated carbon; CMicAC, coarse microaggregate-associated carbon; S + CAC, silt+clay associated carbon; RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil–fallow cropping system. Horizontal bars with different lowercase letters are significantly different at p < 0.05 according to Duncan's multiple range test. Error bars represent the standard error of the mean.




3.6 Aggregate-associated carbon mass

The mass of aggregate-associated C per kilogram of soil at each soil depth was significantly influenced by short-term CA practices (Figures 4, 5). The ZT led to the highest CMacAC mass, which was 1.67 and 1.70 times higher than CT at the surface and subsurface soil, respectively. In contrast, CT showed the highest mass of MesoAC and CMicAC at surface soil, and RT accumulated the highest S + CAC mass at each of the soil depths. Residue retention also had a notable effect, as R2 exhibited the highest mass of aggregate-associated C in each of the aggregate-size fractions. Regarding the interaction between tillage and residue management, ZT-R2 accumulated the highest mass of CMacAC at each of the soil depths. RT–R3 resulted in the highest MesoAC and CMicAC mass, and RT-R2 had the highest S+CAC mass. Moreover, RWG demonstrated 1.53 and 1.42 times greater CMacAC mass than RLF and RMuB, respectively. Additionally, RMuB resulted in the highest MesoAC and CMicAC mass over other cropping systems. However, the observed trend of accumulated C mass among the different aggregate-size classes was CMacAC > MesoAC > S + CAC > CMicAC and CMacAC > MesoAC = S + CAC > CMicAC.


[image: Bar graphs illustrating aggregate-associated carbon mass (g C whole aggregate?1 recovered from kg soil) for various soil treatments across different soil fractions (CMac, Meso, Cmic, S+C). Graph (a) and graph (b) both show data for CT, ZT, and RT treatments with three replicates (R1, R2, R3). The y-axis ranges from zero to fifteen. Statistical significance is indicated with letters above the bars, showing variability among treatments and replicates. Legends and labels clarify the treatments.]
FIGURE 4
 Aggregate-associated C mass (g C whole aggregates recovered from kg−1 of soil; normalized to sand-free water stable aggregates) at (a) 0–10 cm and (b) 10–20 cm depths as affected by tillage and residue management. CMac, coarse macroaggregates, Meso, meso aggregates; CMic, coarse microaggregates; S + C, silt + clay fraction; CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue + 100% recommended dose of fertilizer (RDF); R2, 100% residue+75% RDF; R3, 50% residue+75% RDF fertilization. Vertical bars with different lowercase English letters denote that the interaction of tillage-residue management treatments is significantly different; different uppercase English letters denote that the different aggregate fractions are significantly different at p < 0.05 according to Duncan's multiple range test. Error bars represent the standard error of the mean.



[image: Bar graphs labeled “a” and “b” depict aggregate-associated carbon mass (g C per kg soil) for different treatments: RMuB, RWG, RLF. Categories include CMac, Meso, Cmic, S+C. Graph “a” shows higher values for CMac, with RLF leading. Graph “b” shows similar patterns but with CMac having the highest values. Different letters above bars indicate statistical differences. RMuB is red, RWG is green, RLF is yellow.]
FIGURE 5
 Aggregate-associated carbon (C) mass (g C whole aggregates recovered from kg−1 of soil; normalized to sand-free water stable aggregates) at (a) 0–10 cm, (b) 10–20 cm depths as affected by different cropping systems. CMac, coarse macroaggregates' Meso, meso aggregates; CMic, coarse microaggregates; S + C, silt + clay fraction; RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil–fallow cropping system. Vertical bars with different lowercase English letters denote that the different cropping systems are significantly different; different uppercase English letters denote that the different aggregate fractions are significantly different at p < 0.05 according to Duncan's multiple range test. Error bars represent the standard error of the mean.




3.7 Correlation analysis

Pearson's correlation analysis (Figure 6) showed a strong and significant negative relationship between CMac and Meso (r = −0.99, p ≤ 0.001), CMic (r = −0.90, p ≤ 0.001), and S + C (r = −0.67, p ≤ 0.001) fractions of soil aggregates. In contrast, strong positive relationships were observed between CMac and the aggregation indices of soil, that is, GMD (r = 0.98, p ≤ 0.001) and AR (r = 0.75, p ≤ 0.001). Bulk SOC showed a significant positive correlation with CMac (r = 0.49, p ≤ 0.01), a significant negative correlation was found with Meso (r = −0.51, p ≤ 0.01) and CMic (r = −0.35, p ≤ 0.01). The correlation between SOC and S + C was negative but non-significant (r = −0.16, p > 0.05). Furthermore, CMac possessed a significant positive correlation with CMacAC (r = 0.69, p ≤ 0.001), MesoAC (r = 0.74, p ≤ 0.001), CMicAC (r = 0.80, p ≤ 0.001), and S + CAC (r = 0.53, p ≤ 0.01). Although SOC had a non-significant correlation with CMacAC (r = 0.23, p > 0.05), it showed significant positive correlation with MesoAC (r = 0.41, p ≤ 0.05), CMicAC (r = 0.47, p ≤ 0.01), and S + CAC (r = 0.42, p ≤ 0.01). Additionally, TS showed a non-significant negative correlation with SOC (r = −0.28, p > 0.05), but possessed significant negative correlations with CMacAC (r = −0.47, p ≤ 0.01), MesoAC (r = −0.49, p ≤ 0.01), and CMicAC (r = −0.49, p ≤ 0.01).


[image: Correlation matrix heatmap showing relationships between variables labeled along the top and side. Values range from -0.8 to 1, with a green to pink color gradient indicating positive to negative correlations. Significant correlations are marked with asterisks, and a color bar on the side provides a reference for the color values.]
FIGURE 6
 Impact of conservation agriculture practices on Pearson correlations between soil aggregate fractions, structural indices, aggregate-associated carbon content, bulk soil organic carbon content, and tensile strength of soil aggregates. *, **, and *** denote significance at 0.05, 0.01 and 0.001% levels, respectively. CMac, coarse macroaggregates; Meso, meso aggregates; CMic, coarse microaggregates; S + C, silt + clay fraction; GMD, geometric mean diameter; AR, aggregate ratio; CMacAC, coarse macroaggregate-associated carbon; MesoAC, meso aggregate-associated carbon; CMicAC, coarse microaggregate-associated carbon; S+CAC, silt+clay associated carbon; SOC, bulk soil organic carbon content; TS, tensile strength of soil aggregates.




3.8 Principal component analysis

Principal component analyses (Figure 7) were conducted for each of the cropping systems to identify suitable conservation management practices for individual cropping systems. Two principal components (PC) explained ~85.7, 84.6, and 91.6% of the total variance within the variables in RMuB, RWG, and RLF, respectively (Table 3). PCA further revealed that ZT-R2 performed better for each of the three cropping systems, as the majority of the variables were loaded significantly higher on ZT-R2 for each of the three cropping systems (Supplementary Figures 3–5), resulting in the highest corresponding score at PC1 in each case (Table 3). The RT–R2 showed the highest corresponding PCA score at PC2 for each cropping system.


[image: Three Principal Component Analysis (PCA) biplots labeled a, b, and c. Each plot displays data points and vectors on a two-dimensional plane, with PC1 and PC2 axes. Plot (a) shows data distribution with PC1 explaining 69.7% and PC2 explaining 16.0% of variance. Plot (b) indicates PC1 at 67.4% and PC2 at 17.2%. Plot (c) has PC1 at 72.9% and PC2 at 18.7%. Colored markers represent different groups or treatments, and vectors indicate variable loadings and directions.]
FIGURE 7
 Biplot of principal component analysis of structural attributes of soil and carbon content of soil under (a) rice–mustard–black gram, (b) rice–wheat–green gram, and (c) rice–lentil–fallow cropping systems.


TABLE 3  Description of principal components and principal component scores from the correlation matrix under different treatments of tillage and residue management for three cropping systems (RMuB, RWG, and RLF).


	Particulars
	RMuB
	RWG
	RLF





	
	PC1
	PC2
	PC1
	PC2
	PC1
	PC2

 
	Eigenvalue
	8.4
	1.9
	8.1
	2.1
	8.8
	2.2

 
	Variance (%)
	69.7
	16.0
	67.4
	17.2
	72.9
	18.7

 
	Principal component scores and their ranking

 
	CT-R1
	−3.21 (8)
	−1.21 (8)
	−4.86 (9)
	1.24 (3)
	−3.94 (9)
	−1.01 (7)

 
	CT-R2
	−1.19 (7)
	−0.73 (6)
	−1.48 (6)
	−0.71 (6)
	−0.37 (4)
	−1.23 (8)

 
	CT-R3
	−3.60 (9)
	0.23 (4)
	−1.65 (8)
	−1.52 (9)
	−2.57 (8)
	−0.66 (5)

 
	ZT-R1
	0.42 (3)
	0.47 (3)
	0.56 (4)
	−1.44 (7)
	1.91 (3)
	−1.29 (9)

 
	ZT-R2
	4.83 (1)
	0.01 (5)
	5.12 (1)
	1.26 (2)
	4.46 (1)
	0.72 (2)

 
	ZT-R3
	4.18 (2)
	−1.08 (7)
	2.23 (2)
	−0.28 (5)
	4.14 (2)
	−0.88 (6)

 
	RT-R1
	−0.93 (5)
	−1.78 (9)
	−1.56 (7)
	0.46 (4)
	−2.54 (7)
	0.69 (3)

 
	RT-R2
	−0.60 (4)
	2.48 (1)
	1.49 (3)
	−1.47 (8)
	−0.38 (5)
	3.38 (1)

 
	RT-R3
	0.11 (2)
	1.63 (2)
	0.16 (5)
	2.46 (1)
	−0.71 (6)
	0.28 (4)







Values in parentheses represent the ranking of treatments within individual principal components. PC1, principal component 1; PC2, principal component 2. RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil–fallow cropping system. CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue+100% RDF; R2, 100% residue+75% RDF; R3, 50% residue+75% RDF fertilization.



Moreover, another PCA was conducted to identify the suitability of cropping systems (Figure 8), and visual observation of the PCA biplot indicated that SOC and other aggregate-associated organic carbon contents were highly correlated with RWG, whereas AR and CMac had higher loading in RLF.


[image: Biplot of Principal Component Analysis (PCA) showing three groups: RLF (blue circles), RMuB (yellow triangles), and RWG (orange squares). The plot displays two axes, PC1 (68.3%) and PC2 (8.5%), with vectors such as SOC, MesAC, and CMic pointing from the center, indicating variable contributions. Ellipses enclose data points for each group.]
FIGURE 8
 Biplot of principal component analysis describing the impact of cropping systems on structural attributes of soil and carbon content of soil.





4 Discussion

The amount and quality of water-stable soil aggregates pithily regulate soil productivity plus quality, being the pavement of soil structure, energy conservation, metabolism, and resilience (Zheng et al., 2018; Kundu et al., 2021). Our findings suggested that conservation agriculture practices (CA), even within a relatively short span of 3 years, promoted greater aggregate stability by retaining C mainly in the macroaggregate fractions of the surface soil. This experiment will provide knowledge for the better adoption of conservation agriculture practices at the regional level for achieving sustainability of rice-based cropping systems in heavy clayey soils of the lower Indo-Gangetic plains.

Our results demonstrated that, irrespective of the cropping system, an increased proportion of CMac was observed under CA practices, which was positively associated with enhanced aggregation indices such as geometric mean diameter (GMD) and aggregate ratio (AR) (Mondal et al., 2021). Other relatively smaller aggregate fractions (Meso, CMic, and S + C) were dominated under CT due to mechanical jeopardization of the soil. Our findings were consistent with earlier work by Nandan et al. (2019), who observed a 1.1 and 1.28 times hike in MWD, and a 1.4 times and 1.7 times hike in AR, due to residue retention and ZT over residue removal and CT plots, respectively, after 6 years of practice. Under CA practices, aggregate stability increases with increasing SOC as it acts as an aggregate binding agent. Retention of 100% rice residue resulted in the most impressive effect on the distribution of water-stable aggregates and aggregation indices (Li et al., 2019; Sharma et al., 2022). Addition of crop residue improves the aggregate stability in two separate ways, one by supplying carbon, which acts as an aggregate binding agents (namely, polysaccharides, humic substances, etc.) or acts as a hotspot of microbial activity, which impart beneficial consequences on soil structure (Choudhury et al., 2014). Literature suggests that biogenic agents are critical drivers of aggregate stabilization, especially in the early years of CA, as microbial exudates, fungal hyphae, and root-derived polysaccharides foster aggregate formation and stability (Baumert et al., 2021). Second, by providing protection against various disruptive forces (namely, rain splash, wind force, machinery, surface runoff, etc.) (Schmidt et al., 2018), moderated temperature-moisture fluctuations create favorable conditions for microbial binding agents. In our experiment, the second explanation holds good as a significant enhancement in structural indices was noticed without significant enrichment of SOC after residue retention. The non-significant impact of residue management on SOC might be due to (i) short-term (3 years) CA practice which did not provide the necessary time for decomposition of crop residues, (ii) residues retention of residues rather incorporation, (iii) heavy textural class of the experimental soil might subdue the effects of residue addition, (iv) reduced fertilization under residue retained plots. However, Oicha et al. (2010) observed that plant residue incorporation resulted in a significant hike in SOC under CA management in a short-term study (1 year) which leads to a greater (but non-significant) degree of soil aggregation in a heavy clayey soil (73% clay, 24% silt, and 3% sand).

Among the different cropping systems, cereal–cereal–legume-based RWG was reported to have better GMD and AR which was mainly due to higher SOC (Pi et al., 2019; Nandi et al., 2020). Zuber et al. (2015) reported significantly lower levels of water-stable aggregates due to the inclusion of oilseed in cereal-based crop rotation. The significant influence of crop rotation on SOC was most probably from the differences in underground biomass and contribution from leaf litter in short-term rotations (Dube et al., 2012). Cumulative carbon inputs (CCI) based on actual residue retention rates (100% in R2 and 50% in R3), root C, and rhizodeposition are provided in Table 4 and Supplementary Table 3. These added C inputs (up to 16.14 Mg ha−1) served as the primary organic input, and in conjunction with minimal soil disturbance under CA, enhanced macroaggregate formation and increased aggregate-associated carbon. This supports early-stage SOC stabilization via physical encapsulation and reduced decomposition, as reflected by improvements in GMD, AR, and PCA analysis, favoring ZT-R2 treatments. Notably, the RWC system recorded significantly the highest CCI (13.62 Mg ha−1), which was 1.3 times greater than RLF (10.6 Mg ha−1), primarily due to greater root biomass and rhizodeposition contributions (Table 4). Higher fibrous root biomass of cereal crops accounted for significantly higher rhizodeposition which possibly acted as temporary and transient binding agents (Tisdall and Oades, 1982), and ultimately triggered stable aggregate formation. Rasse et al. (2005) emphasized the relevance of C input from roots of component crops. They estimated that the root-derived C has 2.4 times the mean residence time of shoot-derived C. Thus, differences in component crop in rotation under CA also have the potential to impact SOC values over conventional practices and trigger stable aggregate formation. A significant positive correlation was also observed between SOC and CCI at each soil layer (Figures 9a, b), implying that enhanced C input contributes to SOC accumulation which improves aggregate stability. However, a relatively weaker positive correlation existed between SOC and geometric mean diameter (GMD) (significant only at the surface layer). This might be due to the short duration of the study, and stronger associations may emerge over a longer timescale (Parihar et al., 2020). Jahangir et al. (2021) reported significantly higher values of GMD due to the inclusion of wheat in the rice–rice cropping system over the inclusion of legume and mustard in rotation at the sub-tropical rice ecosystem of Bangladesh in a short-term study.

TABLE 4  Rice equivalent yield, cumulative crop residues recycled, and estimated carbon input from various sources.


	Treatments
	Rice residue added (Mg ha−1)
	Cumulative C input (Mg ha−1)





	
	
	Root carbon
	Rhizodeposition carbon
	Residue carbon
	Total

 
	Cropping systems

 
	RMuB
	2.99c
	3.28b
	4.62b
	3.42c
	11.31b

 
	RWG
	3.28a
	4.36a
	5.52a
	3.75a
	13.62a

 
	RLF
	3.10b
	2.61c
	4.45c
	3.54b
	10.60c

 
	Tillage

 
	CT
	3.06c
	3.31c
	4.86b
	3.50c
	11.67b

 
	ZT
	3.12b
	3.40b
	4.66c
	3.65a
	11.64c

 
	RT
	3.19a
	3.53a
	5.05a
	3.56b
	12.23a

 
	Residue management

 
	R1
	0
	3.22c
	4.57c
	0
	7.79c

 
	R2
	6.37a
	3.66a
	5.19a
	7.28a
	16.13a

 
	R3
	2.98b
	3.36b
	4.82b
	3.43b
	11.61b







RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram, RLF, rice–lentil–fallow cropping system. CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue+100% RDF; R2, 100% residue + 75% RDF; R3, 50% residue+75% RDF fertilization. Different letters are significantly different at p < s0.05 according to the Duncan's multiple range test. Different lowercase letters in a vertical line denote the effect of cropping system, tillage, and residue management.

Cumulative carbon input calculated based on carbon inputs added from different sources (residue, root biomass, and rhizodeposition) after eight cropping seasons.




[image: Two scatter plot graphs labeled (a) and (b) show the relationship between soil organic carbon (SOC) and cumulative carbon input (CCI) in green squares, and SOC and geometric mean diameter (GMD) in yellow diamonds. Graph (a) displays positive correlation lines with R-squared values of 0.16 and 0.24. Graph (b) shows weaker correlations with R-squared values of 0.03 (not significant) and 0.18. Both graphs include regression equations.]
FIGURE 9
 Relationship between oxidizable soil organic carbon, cumulative carbon inputs, and geometric mean diameter (a) at 0–10 cm and (b) 10–20 cm soil layer. * and ** denote significance at 0.05 and 0.01% levels, respectively. SOC, bulk soil organic carbon content; CCI, cumulative carbon inputs; GMD, geometric mean diameter; ns, non-significant.


TS, being a fundamental property of soil aggregates, is very sensitive to soil management, and we observed a trend under tillage systems of RT > CT > ZT (Abid and Lal, 2009). Jeopardization of soil leads to loss of SOC which hampers the stability of aggregates and as a result, higher TS was experienced. In clayey soils, high TS often translates to poor friability and restricted root penetration from an agronomic standpoint. Our results show that ZT, combined with residue retention, significantly reduced TS (up to 13% compared to CT), which implies improved soil workability and better seedling emergence. This is especially beneficial for intensive cropping in heavy clayey soils, where physical constraints often hinder crop establishment. The inverse correlation between CMacAC and TS further supports the role of SOC in improving aggregate friability under CA systems (Blanco-Canqui et al., 2005).

The concentrations of aggregate-associated C followed the order of S + CAC > CMicAC > MesoAC = CMacAC. The smallest particle size of “silt+ clay” fraction offers copious reactive sites within which C could be riveted through strong ligand exchange or polyvalent cation bridges (Majumder et al., 2007). Thus, greater surface area for S + C and their intimacy with decomposed C were accountable for sustaining a good amount of C. Accumulation of C in silt-clay fractions highlighted the importance of clay and aggregation in C sequestration and stabilization (Singh et al., 2018). However, the highest aggregate-associated C mass within coarse macroaggregates was encountered mainly due to two reasons. First, CA practices enhanced proportion of CMac from breaking down, and C was kept well protected within it. Second, the clay fraction itself acts as an aggregating agent, and heavy clayey soil accounts for a very high level of macroaggregates (Pinheiro et al., 2004). Transfer of C into the CMac mass was highest under ZT and lowest for CT, as CT hastens the oxidation of C by destroying the macroaggregates (Guo et al., 2013). Higher concentration of aggregated associated C under straw-retained plots of ZT/RT treatments in the surface layer may be related to the interactive effect of tillage and straw returning (Gathala et al., 2015). The relationship between CCI and aggregate-associated C across different aggregate size fractions of the 0–10 cm soil layer revealed a significant positive linear trend at each aggregate size class (Figure 10a). In contrast, the trend was weaker in the 10–20 cm layer (Figure 10b), indicating reduced sensitivity at the subsurface soil. Principal component analysis revealed that practicing ZT with 100% rice-residue retention was conducive to stable aggregate formation, as the majority of the structural attributes of experimental soil were positively influenced, irrespective of the cropping systems. Further, PCA demonstrated the importance of the inclusion of another cereal (wheat) into rice-based cropping systems which triggers the formation of water-stable aggregates in heavy clayey soils of the lower Indo-Gangetic plains.


[image: Two scatter plots, labeled (a) and (b), show the relationship between cumulative carbon input (Mg per hectare) and aggregate associated carbon (g per kg soil). Both plots include data points represented by different symbols and colors for soil treatment types: RMuB, RWG, RLF, CMacAC, MesoAC, CMicAC, and S+CAC. Trend lines and equations with R-squared values are provided for each treatment type, indicating correlations. The vertical scale ranges from 5.0 to 55.0 g/kg for plot (a) and up to 40.0 g/kg for plot (b), while the horizontal scale ranges from 5.0 to 20.0 Mg/ha for both plots.]
FIGURE 10
 Relationship between aggregate-associated carbon of different-sized aggregates and cumulative carbon inputs across three cropping systems (a) at 0–10 cm and (b) 10–20 cm soil layer. *, ** and *** denote significance at 0.05, 0.01, and 0.001% levels, respectively. CMac, coarse macroaggregates, Meso, meso aggregates; CMic, coarse microaggregates; S + C, silt + clay fraction; GMD, geometric mean diameter; AR, aggregate ratio; CMacAC, coarse macroaggregate-associated carbon; MesoAC, meso aggregate-associated carbon; CMicAC, coarse microaggregate-associated carbon; S + CAC, silt+clay-associated carbon; RMuB, rice–mustard–black gram; RWG, rice–wheat–green gram; RLF, rice–lentil—fallow cropping system.




5 Conclusion

The results clearly indicated that conservation agriculture practices exerted a net positive influence on soil aggregation and aggregate stability, thereby contributing to an increase in soil organic carbon content in the clay-rich soils of the lower Indo-Gangetic Plains. Minimum soil disturbance combined with residue retention increased the amount of C retained within the macro- and microaggregates of surface soil and thereby offered a higher level of structural stability. Although the concentration of aggregate-associated carbon was highest for the silt + clay fraction, the highest mass of aggregate-associated C was noticed in the case of the coarse macroaggregate-associated fraction. Zero tillage with 100% rice residue retention and 75% RDF fertilization has been proven to be the best conservation practice for maintaining structural attributes of soil. Moreover, the inclusion of wheat in a rice–legume cropping sequence provided better aggregate stability and associated carbon due to higher underground biomass and rhizodeposition. However, these short-term (3-year) findings may not fully capture long-term trends in soil carbon dynamics and aggregate stability. Furthermore, only rice residue was retained, and that was also limited to the surface, which may have limited the potential carbon enrichment in deeper layers of soil. Integrating both reduced RDF and residue retention as sub–sub plot treatment made it difficult to explicitly identify the individual effects of these two factors. Despite these constraints, current study will contribute practical insights for global agricultural community and encourage the adoption of conservation agriculture in rice-based cropping systems of this region. Future research should focus on a long-term monitoring involving diverse agroecological zones, deeper soil layers, and alternative residue incorporation strategies to capture the whole trajectory of organic carbon stabilization in very fine-textured soil to further validate the scalability and robustness of these findings.
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Values in parentheses represent the ranking of treatments within individual principal components. PC1, principal component 1; PC2, principal component 2. RMuB, rice-mustard-black gram;
RWG, rice-wheat-green gram; RLE rice-lentil-fallow cropping system. CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue-+100% RDF; R2, 100% residue-+75% RDF;
R3, 50% residue+75% RDF fertilization.
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Treatments GMD (mm) AR SOC (g kg‘l soil) TS (kPa)

Soil depth (cm) Soil depth (cm) Soil depth (cm) Mean Soil depth (cm)

0-10 10-20 0-10 10-20 0-10 10-20 0-10 10-20
Cropping system
RMuB 1.39cA 1.31cA 1.35¢ 10.3abA 8.42b 9.36b 103bA 9.3bB 9.8b 851aA 762aA 806a
RWG 1.49A 1.52aA 1.50a 9.71bB 12.052A 10.88a 11 2aA. 10.0aB 10.6a 706cA 785aA 746b
RLF 1.43bA 1.47bA 1.45b 10.542B 11.76aA 1115 9.4cA 9.2bB 93¢ 765bA 7450A 755b
Tillage
ey 1.36cA 1.40bA 1.38¢ 8.73bB 10.07bA. 9.4b 10.1bA 9.2aB 9.7b 769bA 785aA 777a
zr 1.52aA 1.51aA 1.52a 12.56aB 1191aA 1224a 10.6aA 9.7aB 10.2a 727bA 713bA 720b
RT 1.43bA 1.38cA 1.40b 9.25bB 10.25bA. 9.75b 10.3abA 9.6aB 9.9ab 8250A 794aA 810a

Residue management

R1 1.42bA 1.40bA l4lc 9.77aA 9.46bA 9.62b 10.2aA 9.4aB 9.8a 816aA 781aA 799a
R2 1.46aA 1.45aA 1.45a 10.45aB 11.38aA 10.92a 10.4aA 9.5aB 10.0a 741bA 774aA 757b
R3 1.43abA 1.44aA 1.43b 10.33aB 11.39aA 10.86a 10.3aA 9.6aB 9.9a 764abA 738aA 751b.

Level of significance

cs <0.001 <0.001 <0.001 0.041 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns 0.003
T <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.032 ns 0.004 0.002 0.004 <0.001
R 0.022 <0.001 <0.001 ns <0.001 <0.001 ns ns ns 0.019 ns <0.025
D e - ns - = 0.036 - = <0.001 = = ns
TxR 0.003 0.012 ns <0.048 <0.001 <0.002 ns ns ns 0.023 <0.001 ns

RMuB, rice-mustard-black gram; RWG, rice-wheat-green gram; RLE, rice-lentil-fallow cropping system; CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue + 100% RDF; R2, 100% residue + 75% RDF; R3, 50% residue + 75% RDF
fertilization. CS, cropping system; T, tillage, R, residue management, D, depth of soil, T x R, interaction between tillage and residue management; ns, non-significant. Different letters are significantly different at p < 0.05 according to the Duncan’s multiple range test.
Different lowercase letters in vertical line denote the effect of cropping system, tillage, and residue management, and different uppercase letters in horizontal line denote the effect of soil depth.
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Treatments Rice residue added Cumulative C input (Mg ha—1)

(Mg ha~1)
Root carbon Rhizodeposition Residue carbon
carbon
Cropping systems
RMuB 2.99¢ 3.28b 4.62b 3.42¢ 11.31b
RWG 3.28a 4.36a 5.52a 3.75a 13.62a
RLF 3.10b 261c 4.45¢ 3.54b 10.60c
Tillage
cT 3.06¢ 331c 4.86b 3.50¢ 11.67b
zr 3.12b 3.40b 4.66¢ 3.65 11.64¢
RT 3.19 353 5.05a 3.56b 1223
Residue management
RI 0 322¢ 4.57¢ 0 7.79¢
R2 6.37a 3.66a 5.19a 7.28a 16.13a
R3 2.98b 336b 4.82b 3.43b 11.61b

RMuB, rice-mustard-black gram; RWG, rice-wheat-green gram, RLE, rice-lentil-fallow cropping system. CT, conventional tillage; ZT, zero tillage; RT, reduced tillage. R1, 0% residue-+100%
RDF; R2, 100% residue + 75% RDF; R3, 50% residue-+75% RDF fertilization. Different letters are significantly different at p < s0.05 according to the Duncan’s multiple range test. Different
lowercase letters in a vertical line denote the effect of cropping system, tillage, and residue management.

Cumulative carbon input calculated based on carbon inputs added from different sources (residue, root biomass, and rhizodeposition) after eight cropping seasons.
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CT | Two passes of cultivator + two passes of rotavator for Rice

puddling

Two passes of cultivator + single pass of rotavator Other crops
RT | Single pass of cultivator + planking by power tiller with Rice

ladder

Single pass of cultivator + single pass of rotavator Other crops
ZT | The field was kept undisturbed, and direct seeding of rice | Rice

was conducted

The field was kept undisturbed, and seeding was done by | Other crops

zero-till drill
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