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Sustainability of contemporary crop establishment and management practices is questioned due to soil degradation, higher carbon emission and declining soil productivity. Hence, this study was conducted to address the impacts of conservation agriculture (CA) practices like permanent broad beds (PBB), permanent narrow beds (PNB) and zero tilled flat beds (ZT) with residue retention on soil organic carbon (SOC) protection within aggregates in the Indo-Gangetic Plains (IGP). Compared to conventionally tilled (CT) plots, the total SOC content was ∼27%–33% higher in the CA plots on equivalent mass basis. The soil physical properties, such as soil aggregation and mean weight diameter were considerably improved under the CA practices. The macroaggregates were ∼41, 37% and 27% higher in the PBB with residue (PBB + R), PNB with residue (PNB + R) and ZT with residue (ZT + R) plots (CA plots), respectively, than the CT plots in the surface soil (0–15 cm). The plots under PBB + R had ∼31% higher microaggregates within macroaggregates than the CT plots (24.4 g 100 g−1) soil. An increase in SOC content by ∼72, 55% and 69% was observed in the PBB + R, PNB + R and ZT + R plots over the CT plots in microaggregates within macroaggregates (3.02 Mg ha−1). However, plots under PBB + R, PNB + R and ZT + R had only ∼11, 3% and 23% more SOC within silt + clay fraction, respectively, than CT plots (5.85 Mg ha−1). Thus, SOC stabilization within microaggregates inside macroaggregates was the major mechanism, and not the chemical stabilization within silt + clay, of C sequestration under CA. As aggregate-associated carbon is an ecosystem property that strongly affects organic carbon stabilization, water holding capacity and resistance to erosion, growing maize/cotton–wheat system under PBB + R practice is a viable option for carbon sequestration in the IGP and similar agro-ecologies.
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1 INTRODUCTION
Enhancing soil physical qualities, recycling nutrients, and building and stabilizing soil structure are all made possible by increasing soil organic carbon (SOC) in agro-ecosystems (Lehmann et al., 2017). In addition to supporting soil fertility by reducing soil erosion, regulating air permeability, infiltration, and nutrient cycling, soil aggregation is crucial for soil structure and the stabilization of organic matter (Zhang et al., 2017). Moreover, it physically inhibits the accessibility of organic molecules for microorganisms, enzymes, and oxygen, thus soil aggregate stability can protect SOC from mineralization. One of the largest environmental issues and challenges on a worldwide basis is carbon loss from arable lands (Farahani et al., 2022). Several soil aggregate fractions are reported to be essential for nutrient availability, preservation, and inherent C storage (Zhang et al., 2022). In light of this, understanding the dynamics of soil organic matter (SOM) and its physical stabilization within soil aggregates under different crop management practices, such as conservation agriculture (CA), is needed (Bhattacharyya et al., 2008; Wang et al., 2013).
It is heavily emphasized that the conventional agricultural practices, such as tillage, disturbs and reduces the fraction of macroaggregates, increasing soil C losses by runoff, production of greenhouse gases, loss in fertility and loss of diversity (Babu et al., 2020). It has been demonstrated that the two most prevalent conservation management strategies viz., long-term crop residue retention and zero tillage (ZT)-improve SOC accumulation throughout various agro-eco regions in the world (Blanco-Canqui and Lal, 2008; Chalise et al., 2019; Singh et al., 2020). Numerous studies have suggested that ZT is a good way to increase SOC storage due to little or no soil disturbance, which promotes soil aggregation and shields SOC from microbial decomposition, lowers residue decomposition in comparison to regular and intensive tillage (Corbeels et al., 2016; Francaviglia et al., 2017; Virto et al., 2012; Bhattacharyya et al., 2012a; Bhattacharyya et al., 2012b). However, the benefit of CA (ZT with residue retention) is only felt over long-term (Six et al., 2004; Bhattacharyya et al., 2012a).
The primary mechanism for long-term C sequestration in agricultural soils is occluded intraaggregate particulate organic matter (iPOM-C) in soil microaggregates (Six et al., 2004). Compared to microaggregate outer surfaces or macroaggregates as a whole, microaggregates-within-macroaggregates serve as comparatively stable and segregated habitat for microorganisms (Six et al., 2002a; Mummey and Stahl, 2004). Numerous studies have demonstrated that ZT raises particulate organic matter, also known as light fraction organic matter, an unstable and transient C pool (Fabrizzi et al., 2003; Liebig et al., 2004). According to many researchers, this pool of C serves as the nucleus for the development of aggregates and is essential to aggregate stability (Cambardella and Elliott, 1993; Rees et al., 2001). It is well evidenced that soil aggregates give extra variable capacity through additive physical protection that may be altered by soil management, but soil clay plus silt fraction controls the soils’ capacity to maintain SOC (Six et al., 2002a; Denef et al., 2004). Thus, understanding C stabilization within silt + clay fraction inside aggregates as affected by CA is addressed and focused in this study.
Long-term traditional rice cultivation in the Indo-Gangetic plains (IGP) region has been linked to severe depletion of natural resources, declining factor productivity, multiple nutrient deficiencies, drying up of the groundwater supply, labor shortages, and higher cultivation costs, raising concerns about the sustainability of agriculture (Kumar et al., 2021). Rice should be replaced with crops that require less water and are grown on light-textured soil with rainwater. In this situation, maize and cotton have shown promise as viable alternative to rice during the Kharif (rainy) season. Conventional tillage with one disc ploughing and 2 ploughings in the 0–30 cm soil layer before growing each crop is a common practice in the IGP under a non-rice based cropping system. Although many reports highlighted benefits of soil conservation practices like conservation tillage in wheat and direct seeded rice, the area under such conservation tillage is less than 3 Mha (Das et al., 2014). Hence, there is a need to increase the area under CA in the IGP.
By strengthening the physical protection of C, CA slows the process of SOM breakdown and raised beds enhance the C stabilization by better aggregate distribution. Information on the long-term effects of CA on soil aggregation and carbon pools of the IGP is available (Bhattacharyya et al., 2015; Parihar et al., 2016). However, there is a lack of information regarding the long-term effects of bed planting and residue retention (a novel CA practice for non-rice based cropping system of the IGP) on SOC stabilization within aggregates, specifically within microaggregates inside macroaggregates. This research was designed to highlight the novel issue of physical and chemical stabilization of SOC as affected by long-term CA in the IGP by measuring C protection within silt + clay fractions and within microaggregates inside macroaggregates. Hence, it was hypothesized that both bed planting and residue retention alone or in combination would positively affect the C stabilization within microaggregates inside macroaggregates after 10 years of maize/cotton-wheat system in the IGP. To address this hypothesis, this study was undertaken with two objectives: i) to assess the impacts of long-term bed planting and residue management alone or in combination (CA) on soil aggregation and aggregate-associated C and ii) to evaluate the effect of long-term raised bed planting with residue retention on SOC stabilization within aggregates, specifically within microaggregates inside macroaggregates under a maize/cotton wheat system.
2 MATERIALS AND METHODS
2.1 Site details
A conservation agriculture (CA) experiment was started in May 2010 on an alluvial sandy clay loam soil (fine loamy, illitic, Typic Haplustept) at the research farm of the ICAR-Indian Agricultural Research Institute (IARI), New Delhi, India, with maize (Zea mays)) and wheat (Triticum aestivum) as consecutive crops in a year. In 2017, maize was replaced by cotton (Gossypium hirsutum).
The climate in this region is semi-arid, with hot summer temperatures, strong winds, and irregular rainfall patterns. The soil at the experimental site’s surface (0–15 cm) had a pH of 7.7, Walkley-Black organic C of 5.2 g kg−1, KMnO4 oxidizable N of 182.3 kg ha−1, 0.5 M NaHCO3 extractable P of 23.3 kg ha−1, and 1 N NH4OAc extractable K of 250.5 kg ha−1. The 0–15 cm soil layer contained 49.6, 23.2, and 27.2 percent sand, silt, and clay, respectively. For the 15–30 cm layer, the equivalent values were 40.4, 24.5, and 35.1 percent sand, silt, and clay, respectively; for the 30–45 cm layer, those were 42.1, 26.5, and 31.4 percent sand, silt, and clay, respectively. As a result, the 0–15, 15–30, and 30–45 cm layers of soil had sandy clay loam, clay loam, and clay loam, respectively, as their soil texture.
2.2 Experiment details
 | 
[image: ]The experiment was set up in three times replicated randomized block design (size: 10.0 m × 8.4 m). For the first 6 years, the cropping system was maize-wheat. It was then changed to cotton-wheat. Residue of the entire crop was completely removed in residue removal plot. Further details about the experiment can be seen in Das et al. (2014) for the cotton-wheat system and Das et al. (2018) for the maize-wheat system. Treatment details are provided in Table 1. A depiction of permanent bed is provided in the Figure 1.
TABLE 1 | Distribution (%) of density fractions of soil aggregates in the 0–15 cm layer as affected by bed planting and residue management under a maize/cotton-wheat system.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) Schematic diagram of permanent narrow bed (PNB). (B) Schematic diagram of permanent broad bed (PBB).
Bt cotton (cultivar MRC-7017) was manually sowed at the end of May at a spacing of 70 cm, and it was harvested in the second week of November each year. Cotton was given a common dosage of 150 kg N, 60 kg P2O5, and 40 kg K2O ha−1, of which P and K were treated as basal along with half of the N. The remaining N was added to the cotton crop in two equal applications at 30 and 60 days after sowing (DAS). In the ZT plots, glyphosate herbicide was treated at 1.0 kg ha−1 about 1 week before to the planting of both crops. At 2-3 DAS, 0.75 kg of pendimethalin was applied as a pre-emergence herbicide. Prior to this when the field was under maize-wheat cultivation, in both CT and ZT conditions, maize “HQPM 1”seeds were sowed at a spacing of 70 × 30 cm. The crop was cultivated throughout the wet season (July to October) and was harvested at the end of October each year. Both maize and wheat crops received the same application of 120 kg N, 60 kg P2O5, and 40 kg K2O ha−1. Using a turbo seeder/bed planter (in PNB, PBB, and ZT) and broadcasting (in CT), the full doses of P and K and half of the amount of N were applied as basal at the time of sowing to both crops. The rest of the dosage was top-dressed and special attention was paid to applying fertilizers along the crop rows and on the beds while leaving the furrows untouched.
2.3 Soil sampling and processing
After the cotton harvest in November 2020, triplicate soil samples were taken from soil layers at two different depths: 0–5 and 5–15 cm. Gravels and observable crop residue particles were removed during soil sampling and sample preparation. Each sample was a composite sample of seven locations for all plots. In the PNB plots, seven soil samples were collected from each replicate, 4 from beds and 3 from furrows, as the ratio of bed to furrow area was 4:3. Similarly, in the PBB plots, seven soil samples were collected from each replicate, 5 from beds and 2 from furrows, as the ratio of bed to furrow area was 5:2. The visible pieces of crop residues and gravels were removed during the time of soil sampling and at the time of sample preparation. The soil samples of 0–5 and 5–15 cm soil layers were sieved through an 8-mm sieve after air-drying and ground in a wooden pestle and mortar.
2.4 Soil bulk density
Soil bulk density (BD) was measured using a cylindrical core sampler of 5 cm internal diameter and 6 cm height (Veihmeyer and Hendrickson, 1948). The core sampler was driven into the undisturbed soil to desired depth and the soil was collected into the core. Then the edges of cores with soil samples were trimmed and kept in oven at 105°C till constant weight was achieved. Bulk density (Mg m−3) of the soil was determined as given below:
[image: image]
2.5 Soil aggregate separation
In order to separate soil samples’ aggregate sizes, Cambardella and Elliott’s. (1993) approach was used. In a nutshell, a 2 mm sieve was kept on top of a 100 g air-dried bulk soil sample that had been put through an 8 mm sieve. To accomplish aggregate separation, the sieving was carried out by moving the sieve up and down 3 cm in deionized water at a frequency of 25 times per minute. Four aggregate size fractions, including large macroaggregates (>2000 µm), small macroaggregates (250–2000 µm), microaggregates (53–250 µm), and silt + clay related particle (53 µm) were obtained using three sieves. At 40°C, all aggregate fractions were oven-dried to achieve consistent weight. The large and small macroaggregates were combined, since the proportions of large macroaggregates (>2 mm) recovered after the wet sieving were too small in weight. Mean weight diameter (MWD) of aggregates was estimated (Kemper and Rosenau, 1986) using the following formula:
[image: image]
Where, Wi, is the proportion of aggregates retained on each sieves in relation to the whole, Xi is the mean diameter of the sieve (mm).
2.6 Density fractionation
The large and small macroaggregates that were obtained through wet sieving were combined, and a 20 g sample of macroaggregates (M) was placed on a 250 µm sieve and wet sieved again. To obtain density fractions of soil aggregates, the sieving was carried out by moving the sieve up and down 3 cm in deionized water at a frequency of 30 times per minute. Coarse particulate organic matter (cPOM_M, >250 µm), microaggregates inside macroaggregates (mM; macro-aggregates passed through a 250 μm sieve and retained in a 53 μm sieve during aggregate separation, 53–250 µm), and silt + clay inside macroaggregates (s + c_M, <53 µm) were obtained.
Using modified technique of Sohi et al. (2001), the SOC of mM was separated into light fraction (LF_mM) and heavy fraction (HF) (intra-aggregate particulate organic matter within microaggregates inside macroaggregates (iPOM_mM) and silt + clay within microaggregates inside macroaggregates (s + c_mM)). Soil sample (5 g mM) was taken in 50 mL plastic centrifuge tubes and 1.85 g cm−3 solution of NaI was added to it in 1:5 ratio. The mixture was hand shaken for 30 s and centrifuged for 1 h at 4,000 rpm. Then, the tubes were taken out and the solution was decanted and filtered on a 47 mm diameter glass microfiber filter paper (1.6 μm retention) to separate the light fraction within microaggregate inside macroaggregates (LF_mM). The weight of the LF_mM was taken after drying the previously weighed filter paper in 40°C. The heavy fraction (HF) was washed (3-4 times) with distilled water to remove the excess NaI solution. Sodium hexa-metaphosphate (SHMP) (5%) was added to HF in 1:5 ratio and shaken for 18 h. The solution was then decanted in a 53 μm sieve to separate out the intra-particulate organic matter (iPOM_mM, >53 μm) and silt + clay fraction (s + c_mM, <53 μm) of microaggregates inside macroaggregates. Similarly, for free microaggregates (m), 5 g subsample was taken in a 50 mL plastic centrifuge tubes and 1.85 g cm−3 solution of NaI was added to it in 1:5 ratio and centrifuged for 1 h at 4,000 rpm. The fractions obtained from this free microaggregate were LF_m, and HF_m (iPOM_m and s + c_m). The latter was then separated into iPOM_m and s + c_m by 5% SHMP solution. The weights of all these fractions were taken separately after drying at 40°C. The schematic representation of the whole procedure is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Fractionation scheme of macro and microaggregates.
cPOM_M-Coarse particulate organic matter within macroaggregates, s + c_M-silt + clay within macroaggregates, LF_mM-light fraction within microaggregates inside macroaggregates, iPOM_mM-intra-aggregate particulate organic matter within microaggregates inside macroaggregates, s + c_mM-silt + clay within microaggregates inside macroaggregates, LF_m-light fraction inside microaggregates, iPOM_m-intra-aggregate particulate organic matter within microaggregates and s + c_m-silt + clay within microaggregates.
2.7 Total soil organic carbon analysis
Using a total organic carbon (TOC) analyzer, the total soil C of all fractions was analyzed. The aggregate fractions were pulverized and passed through a 0.2 mm filter for this purpose. Soil organic carbon content was calculated using the following formula (Lal et al., 1998):
[image: image]
The SOC content of each fraction was estimated in a similar manner using the proportions of each fraction.
Because these techniques frequently result in considerable changes in soil BD, which modify the amount of soil present, it is frequently argued that the above total SOC calculation is insufficient when comparing the impacts of CT and CA. We designated the initial soil mass as the equivalent soil mass (ESM) and calculated soil C stocks on an ESM basis in order to account for the soil with greater BD overestimation of the overall SOC stock relative to the soil with lesser BD (Ellert and Bettany, 1995). The ESM calculated on the basis of initial BD was 2,360 Mg ha−1 for the 0–15 cm layer.
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where, Msoil is the soil mass and ESM is the equivalent soil mass.
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The SOC sequestration rate was computed as
[image: image]
2.8 Statistical analyses
In order to test for differences between the treatment means, the data collected from the study of the soil were prepared for an analysis of variance (ANOVA).using the Gomez and Gomez and Gomez. (1984). As a post hoc mean separation test, SAS 9.3 (SAS Institute, Cary, North Carolina, United States) was employed with Tukey’s honestly significant difference test (HSD; p < 0.05). The Tukey’s technique was applied in cases where the ANOVA showed a significant difference. Microsoft Office Excel 2013 was used to create all the figures.
3 RESULTS
3.1 Total soil organic carbon content
The different treatments had no impact on soil bulk density values in the 0–15 cm soil layer (Supplementary Figure S1). The effect of long-term CA practices was evident on the total SOC content on an equivalent mass basis. The plots under PBB + R, PNB + R and ZT + R had ∼33, 27% and 29% higher total SOC stock than CT plots, respectively, in the 0–15 cm layer (Figure 3). The residue retained plots (PBB + R, PNB + R and ZT + R) had ∼15, 11% and 10% higher total SOC content on equivalent mass basis than the respective residue removed plots (Figure 3). Interestingly, adoption of ZT also increased the total SOC content by ∼17% over the farmers’ practice (CT). Total SOC sequestration in the plots under PBB + R over CT plots was 0.42 Mg ha−1 year−1 in the 0–15 cm layer after 10 years.
[image: Figure 3]FIGURE 3 | Total soil organic carbon (SOC) content (Mg C ha−1) of bulk soil in the 0–15 cm layer as affected by bed planting and residue management under a maize/cotton-wheat system CT = conventional tillage, PNB = permanent narrow bed, PNB + R = PNB with residue retention, PBB = permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage with residue retention, ZT = zero tillage. Bars with different lowercase letters are significantly different according to Tukey’s HSD test at p < 0.05. The error bars are the standard deviation of the mean.
3.2 Soil aggregate distribution and mean weight diameter
As there was no huge variations in all parameters for 0–5 and 5–15 cm soil layers as affected by different CA treatments, we presented whole data for 0–15 cm soil layer (combined all results of 0–5 and 5–15 cm layers). Retention of residues enhanced the percentage of macroaggregates in the PBB + R, PNB + R, and ZT + R plots over the CT plots by ∼41, 37% and 27%, respectively (Figure 4). Due to residue retention, the proportion of macroaggregates increased by ∼21, 15, and 11% under PBB + R, PNB + R and ZT over the PBB, PNB, and ZT plots, respectively (Figure 4). The adoption of raised beds with residue retention (PBB + R and PNB + R) had ∼12% and 8% more macroaggregates in the 0–15 cm layer than ZT + R plots. Also, the adoption of long-term ZT alone improved the macroaggregate proportion compared to the CT plots by ∼14% (Figure 4). Residue retained plots had lesser microaggregates than the residue removal plots (Figure 4). Also, tillage had profound influence on microaggregate proportion as the plots under CT had ∼9% more microaggregates than ZT. Similarly the silt plus clay content in soil was significantly affected by long-term CA practice, where the higher proportion was observed in the CT plots (Figure 4).
[image: Figure 4]FIGURE 4 | Distribution (%) of macroaggregates, microaggregates and silt + clay of bulk soil in the 0–15 cm layer as affected by long-term conservation agriculture in a maize/cotton-wheat cropping system. CT = conventional tillage, PNB = permanent narrow bed, PNB + R = PNB with residue retention, PBB = permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage with residue retention, ZT = zero tillage. Bars with different lowercase letters are significantly different according to Tukey’s HSD test at p < 0.05. The error bars are the standard deviation of the mean.
The results revealed that the tillage and residue retention had major impacts on mean weight diameter (MWD) in the 0–15 cm of soil depth. An increase in MWD by ∼50, 33% and 28% was observed in the PBB + R, PNB + R and ZT + R plots over the CT plots, respectively (Figure 5). Also, plots under PBB + R, PNB + R and ZT + R plots had ∼26, 15% and 19% higher MWD than the PBB, PNB and ZT plots, respectively (Figure 5).
[image: Figure 5]FIGURE 5 | Mean weight diameter (MWD) soil in the 0–15 cm layer as affected by long-term conservation agriculture in a maize/cotton-wheat cropping system. CT = conventional tillage, PNB = permanent narrow bed, PNB + R = PNB with residue retention, PBB = permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage with residue retention, ZT = zero tillage. Bars with different lowercase letters are significantly different according to Tukey’s HSD test at p < 0.05. The error bars are the standard deviation of the mean.
3.3 Distribution of total soil organic C in aggregates
Regardless of crop residue retention in the surface layer (0–15 cm), the ZT plots had higher SOC concentration in the macroaggregates than CT after 10 years of CA practices. Maximum SOC concentration was found in the bed planted plots with residue treatments, while minimal SOC concentration was observed in the CT plots. In comparison to the CT plots, the increase in SOC concentration in the macroaggregates were ∼40, 33, and 37% in the PBB + R, PNB + R and ZT + R plots, respectively (Figure 6). Also, the plots under residue retention had ∼15, 12% and 17% more C concentrations in the macroaggregates than PBB, PNB and ZT plots (Figure 6). The adoption of ZT practice alone had also considerably improved the SOC concentration in the macroaggregates.
[image: Figure 6]FIGURE 6 | Total soil organic carbon (TSOC) concentration (g kg−1) within macroaggregates, microaggregates and silt + clay in the 0–15 cm layer as affected by long-term conservation agriculture in a maize/cotton-wheat cropping system. CT = conventional tillage, PNB = permanent narrow bed, PNB + R = PNB with residue retention, PBB = permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage with residue retention, ZT = zero tillage. Bars with different lowercase letters are significantly different according to Tukey’s HSD test at p < 0.05. The error bars are the standard deviation of the mean.
Zero tillage had influence on SOC concentration, but long-term residue retention considerably increased the C concentrations in the microaggregates. In PBB + R and ZT + R plots, the SOC concentrations inside microaggregates were comparable, but were much greater than CT plots (Figure 6). Also, the residue added plots had ∼15, 13% and 13% more SOC concentrations than the respective residue removal plots and the ZT plot had ∼18% more SOC in the microaggregates than the CT plots. The SOC concentrations within silt plus clay in both soil layers were significantly impacted by the tillage and residue management. The PBB + R plots had 35% higher silt + clay associated-C concentration than that of CT plots. Significant changes in silt + clay associated-C concentration between residue retained and residue removal plots were observed (Figure 6).
3.4 Distribution of density fractions
The overall impact of tillage and residue management had a significant influence on the coarse particulate organic matter within macroaggregates (cPOM_M) proportion. On comparing to the CA plots (PBB + R, PNB + R, and ZT + R), CT plots had ∼64, 59% and 64% lesser cPOM_M fraction, respectively (Table 1). Tillage operation had noticeable impact on the light fraction inside microaggregates within macroaggregates (LF_mM). Among the residue removed plots, the raised bed (PBB and PNB) plots had higher concentration of LF_mM than ZT (flat bed plots) (Table 1). The long-term adoption of CA had significant effect on intra-aggregate particulate organic matter within microaggregates inside macroaggregates (iPOM_mM) fraction in the 0–15 cm soil depth (Table 1). The quantities of the iPOM_mM fraction in the plots under PBB + R, PNB + R and ZT + R were comparable and were ∼31, 31% and 23% higher than CT plots, respectively (Table 1). The residue removal plots had similar quantities of iPOM_mM fraction and ZT plots had ∼9% higher iPOM_mM fraction than CT plots. Interestingly, ZT plots had ∼30% higher proportion of silt plus clay within microaggregates inside macroaggregates (s + c_mM) in the 0–15 cm soil layer than CT plots (Table 1) and the ZT plots had ∼18% and 26% more s + c_mM fractions than PBB and PNB plots in the surface layer (Table 1).
The tillage management had no effect on the light fraction inside microaggregates (LF_m) fraction (Table 1). The plots under PNB + R had the highest proportion of LF_m and the value was ∼32% higher than ZT plots. The intra-aggregate particulate organic matter inside microaggregates (iPOM_m) fraction was higher by ∼12% in the CT than the ZT plots in the 0–15 cm soil layer (Table 1). The CT and ZT plots had significantly higher amount of silt plus clay within microaggregates (s + c_m) fraction in the 0–15 cm soil layer (Table 1).
3.5 SOC concentration within different density fractions
The SOC concentration within cPOM_M in the 0–15 cm soil layer was influenced by tillage operation. The adoption of ZT increased the C concentration of cPOM_M by ∼18% compared to farmers’ practice (CT plots) (Table 2). The CA plots (PBB + R, PNB + R and ZT + R) had similar C concentrations within cPOM_M. The cPOM_M concentration of PBB + R plots was ∼23% higher than PBB, of PNB + R plots was 32% higher than PNB and of ZT + R plots was 26% higher than ZT plots (Table 2). The ZT + R plots had higher s + c_M associated C in the 0–15 cm soil depth than all other treatments (Table 2). Residue retention increased the s + c_M associated C by ∼20, 9% and 29% than the respective residue removal plots (PBB + R versus PBB, PNB + R versus PNB and ZT + R versus ZT) (Table 2). Tillage management had no noticeable effect on the LF_mM associated C concentration on the surface soil, but residue management increased LF_mM associated C concentration. The PBB + R plots had highest LF_mM associated C concentration and were ∼9% higher than PNB + R plots (Table 2). The PBB + R, PNB + R and ZT + R plots had ∼19, 9% and 11% higher C concentrations in the LF_mM fraction than the corresponding residue removal plots. Long-term adoption of PBB + R increased the iPOM_mM associated C by ∼37, 28% and 40% compared to the CT treatment in the surface layer (Table 2).
TABLE 2 | Distribution (g kg−1) of SOC in density fractions of soil aggregates in the 0–15 cm layer as affected by bed planting and residue management under a maize/cotton-wheat system.
[image: Table 2]The plots under PBB + R, PNB + R and ZT + R had higher microaggregate-associated C concentrations than PBB, PNB and ZT plots, respectively (Table 2). The CA plots had ∼16, 11% and 23% higher LF_m associated C than CT plots. Also, these plots had ∼34, 21% and 34% higher C inside LF_m than the respective residue removal plots (Table 2). Similarly, PBB + R treatment had ∼26% and 53% higher C concentrations within iPOM_m and s + c _m than the CT plots (Table 2). The residue retention (PBB + R, PNB + R and ZT + R) significantly improved the C inside iPOM_m fraction by ∼22, 27% and 11% compared to the corresponding residue removal plots (Table 2). The s + c_m associated SOC concentrations were significantly higher in the CA plots than CT and the residue removal plots (Table 2).
3.6 SOC content within different density fractions
The long-term adoption of CA practices had a positive impact on total SOC content within aggregates. In the surface soil (0–15 cm), the CT plots had ∼74, 70% and 76% lesser cPOM_M associated C than PBB + R, PNB + R and ZT + R plots, respectively (Table 3). In case of C content of microaggregates within macroaggregates (mM), CA practices had a significant impact on improving it. The C content of LF_mM was increased by ∼101 and 97% in PBB + R and ZT + R and plots compared to farmers’ practice (CT). Also residue retained plots (ZT + R, PBB + R and PNB + R plots) had ∼43, 39% and 63% more SOC within in the LF_mM fraction compared with the respective residue removal plots (Table 3). The SOC content within iPOM_mM was ∼83, 70% and 75% higher in CA than the CT plots. Also residue retention significantly improved the SOC content and was ∼43, 40% and 24% higher than residue removal plots under ZT within iPOM_mM fraction (Table 3). The s + c_mM associated C content was ∼42% higher under ZT than CT plots (Table 3).
TABLE 3 | Total SOC content (Mg C ha-1) in density fractions of soil aggregates in the 0–15 cm layer as affected by bed planting and residue management under a maize/cotton-wheat system.
[image: Table 3]The ZT + R, PBB + R and PNB + R treatments had ∼71, 40% and 29% more LF_m associated C contents in 0–15 cm soil layer than ZT, PBB and PNB plots, respectively (Table 3). But the effect was not significant for the iPOM_m associated C content (Table 3). Similarly tillage alone had no significant impact on SOC content in the s + c_m fraction. But, the PBB + R and PNB + R plots had ∼10 and 16% higher SOC contents than PBB and PNB plots, respectively (Table 3).
3.7 Soil organic carbon stabilization under silt + clay fraction and under microaggregate within macroaggregates
The long-term adoption of CA practices had a significant impact on total SOC content of microaggregate within macroaggregates. An increase in SOC stabilization by ∼72, 55% and 69% was observed in the PBB + R, PNB + R and ZT + R plots over the CT plots, respectively (Figure 7). Also, PBB + R, PNB + R and ZT + R plots had ∼36, 31% and 23% higher SOC stabilization than PBB, PNB and ZT plots respectively (Figure 7). Interestingly, SOC stabilization was ∼27, 19% and 38% higher in the PBB, PNB and ZT plots respectively when compared to the CT plots. The combined SOC content within the silt + clay fractions of the soil was significantly higher in the ZT + R plots among all the treatments (Figure 7). SOC stabilization was ∼23% and 20% higher under the ZT + R and PBB + R plots than CT plots (Figure 7).
[image: Figure 7]FIGURE 7 | Total SOC content (Mg C ha−1) in microaggregate within macroaggregates (mM) and silt + clay fractions in the 0–15 cm layer as affected by bed planting and residue management under a maize/cotton-wheat system *Means with different lowercase letters within a column are significantly different at p < 0.05 according to Tukey’s HSD test. CT = conventional tillage, PNB = permanent narrow bed, PNB + R = PNB with residue retention, PBB = permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage with residue retention, ZT = zero tillage.
4 DISCUSSION
4.1 Total soil organic carbon content
Ten years of CA under a maize/cotton-wheat system significantly increased total SOC concentration and content on equivalent mass basis in the surface layer. By accelerating organic matter oxidation, soil tilling decreases carbon content and speeds up organic matter breakdown. Also, the crop roots stay undisturbed in the root zone as a result of CA, which may help increase the accumulation of organic carbon in root zones through the decomposition of the crop roots under the CA plots (Parihar et al., 2016). Additionally, the microclimate brought about by residue retention favors greater aggregate stability in ZT, PBB and PNB plots than CT, which also lessens the susceptibility to erosion, and this may possibly increase the rates of C sequestration in CA plots (Lal, 2015).
4.2 Soil aggregation and aggregate-associated SOC
Numerous soil particles are bound together to form secondary units during soil aggregation (Six et al., 2004). Ten years after adoption of different treatments, permanent raised beds with full residue retention were found to have more macroaggregates than traditionally tilled soils, but the conventional method had significantly more free microaggregates. Higher proportion of macroaggregates was found in CA plots than CT as macroaggregates are physically disrupted by intensive tillage methods under CT (Bhattacharyya et al., 2012b). Contrarily, the residues retained on the surface under CA plots protect the soil from raindrop impact (Six et al., 2000; Zotarelli et al., 2007). No-tillage encourages fungal growths, which aid in the production and stabilization of macroaggregates (Modak et al., 2019; Modak et al., 2020). The binding effect of root exudates and the tangling of root networks constitute the role of vegetation in sustaining soil structure (Six et al., 2004; Xiao et al., 2020). Also the results were in line with the findings of Gupta Choudhury et al. (2014) and Modak et al. (2020) who observed an increase in the quantity of macroaggregates with residue retention. By boosting microbial activity, fresh residue serves as a nucleation site for the production of new aggregates. Apart from this, the added residues upon degradation release polysaccharides, organic acids, glomalin etc. that considerably increase the aggregate proportion and stability in soil (Singh et al., 2018). The proportion of silt + clay was comparatively higher in CT plots in both soil layers and can be due to the increased tillage intensity which caused the breakdown of macroaggregates into smaller fractions and component primary particles (silt- and clay-sized fractions), as stated by Six et al. (2000) and Grandy and Robertson (2007). The more aggregate fraction in the raised bed plots than that of flat-bed plots indicates a good sign of soil binding and protection under the raised bed system. Higher MWD values under CA plots may be attributed to the higher total SOC content of the treatments. The percentage of large macroaggregates is the most crucial component to consider when assessing how management approaches affect soil aggregation, since it has a significant impact on the MWD. The results revealed that raised broad bed plots had higher macroaggregates and thus higher MWD than CT plots and the trend was in line with the previous findings (Litcher et al., 2008; Parihar et al., 2016).
Regardless of tillage practices, residue retained plots had greater total SOC concentration than CT plots. The C concentration in macroaggregates (>0.25 mm) was greater than that in microaggregates (0.25–0.053 mm), which is consistent with the hypothesis of aggregate hierarchy, according to which macroaggregates are formed from microaggregates by cementing polysaccharides generated from microorganisms and plants (Six et al., 2004). Higher macroaggregate-associated SOC concentration may be attributed to slower macroaggregate turnover rates, physical soil protection by mulching with crop residues and ZT (Bhattacharyya et al., 2012a; Modak et al., 2020). Aggregates can physically prevent SOC from decomposing by encasing it in narrower pores and thus can stabilize SOC (Six et al., 2002b). Also, ZT lessens soil disturbance and mixing, allowing SOM to accumulate (Lützow et al., 2002). The surface layers under no-tillage have considerably more microaggregate- and macroaggregate-protected C than under conventional tillage and the findings were similar to others (Liebig et al., 2004; Pinheiro et al., 2004).
4.3 Distribution of density fractions present in the soil
The addition of crop residue and below ground biomass often resulted in an increased cPOM_M fractions, as seen by the higher proportion of cPOM_M in the residue-retained plots. The cPOM_M is reportedly vulnerable to microbial attack, and as it degrades, it releases a sticky, cement-like polysaccharide that aids in the production of microaggregates inside of macroaggregates (Six et al., 1999). As a result, the percentage of microaggregates within macroaggregates (mM) fraction increased. Increased SOM under no-tillage is partially determined by the relationship between macroaggregate turnover, microaggregate formation, and C stability within microaggregates (Six et al., 2000).
The volume, stability, and turnover of the microaggregates within macroaggregates can be used to explain differences in C concentrations within the fraction of microaggregates occluded in the macroaggregates under different management systems (Denef et al., 2007). The LF is the most labile form of C and is made up of root biomass pieces that have partially decomposed (Six et al., 2000). Although the light fraction is primarily composed of plant leftovers, it also contains significant amounts of microbial and micro faunal waste, such as fungal hyphae and spores (Modak et al., 2020). The PBB + R, ZT + R and PNB + R plots had greater iPOM_mM fractions on average across the treatments, which may be attributable to better protection of these fractions within microaggregates concealed by macroaggregates and this fraction is important with respect to physical stabilization of C (Six et al., 2001). The protective environment within the macroaggregates causes the turnover of the macroaggregate-occluded-microaggregates to be slower in permanent elevated beds. Its slower turnover enables better mineral-bound C breakdown product stabilization and cPOM protection in the macroaggregate-occluded-microaggregates (Denef et al., 2007). The enhanced stability of microaggregates is likely owing to silt and clay (Bandyopadhyay et al., 2010), whereas residue-derived C significantly influenced macroaggregation in all the residue-added plots.
Tillage showed little effect on LF_m similar to LF_mM. However residue retention had significant effect on this fraction. Whether they are free or occluded within microaggregates, the iPOM m and s + c m fractions are regarded as the principal building blocks of microaggregates (Six et al., 1999). But the proportion of iPOM_m and s + c_m was not influenced by CA practices and may be due to soil texture (sandy loam) or it might take more years to show a significant effect (Modak et al., 2020).
4.4 SOC content within the density fractions
Retaining crop residues in ZT plots increased SOC content and this was in conformity with the results of Samson et al. (2020a) and Modak et al. (2020), who found that crop residue retention enhanced SOC content in the bulk soils and in macroaggregate pool. It is anticipated that increased macroaggregate associated C under CA will boost plant-derived carbohydrates, which aid in soil macroaggregation (Samson et al., 2020b). The SOC contents of LF_mM and LF_m fractions were higher in residue retained plots than CT or residue removed plots as this particular fraction is highly influenced by management practices. A sensitive indication of the effects of farming methods on soil organic matter may be found in the light fraction carbon (LFC), which is primarily made up of partially degraded organic residues (Six et al., 2002a). In contrast to other C fractions, light fraction carbon is linked to non-aggregated soil, is not easily lost during any ploughing operations, and accumulates more quickly in microbial biomass (David et al., 2006). The SOC content of iPOM_mM and iPOM_m were higher in our study under CA plots than CT plots and is in line with the findings of Six et al. (1999) where the ZT had a much greater C concentration in iPOM fractions than the CT. This was because there was less POM-C degradation, less tillage disturbance, less raindrop effect, and more microaggregates inside macroaggregates under ZT than CT.
4.5 Soil organic carbon stabilization under silt + clay fraction and under microaggregate within macroaggregates
A significant proportion of total SOC content in the density fractions was seen in silt + clay fraction which is positively correlated to stability of SOC in soils (Trigalet et al., 2014). These findings imply that during ZT and crop residue retention, the accumulation of organic C in silt + clay may help to stabilize the more labile organic C in soil, which may encourage soil macroaggregation and organic C content. Higher carbon input through residues as well as increased silt and clay specific surface area acting as sorption sites through cation bridges and ligand exchange could be the causes of the higher C associated with the “silt + clay” sized fraction in soil under CA-based management systems (Bandyopadhyay et al., 2010; Gupta Choudhury et al., 2014). As a result, the slow carbon pool is connected to SOC associated with clay and silt particles via a process of stabilizing SOC against microbial mineralization. Also the higher content among the CA plots was seen in the ZT + R plots although the total SOC content was higher in the PBB + R plots can be due to the annual disturbances caused to the beds during periodical reshaping that led to more SOC oxidation and loss to the atmosphere (Dey et al., 2020).
5 CONCLUSION
Total SOC sequestration in the plots under PBB + R over CT plots was 0.42 Mg ha−1 year−1 in the 0–15 cm layer after 10 years. Thus, our findings support the idea that agricultural residue retention during planting on zero tilled permanent beds (PBB) is a robust alternative to the conventional practice for maintaining SOC levels particularly under tropical conditions in Inceptisols. CA practices had improved the aggregate stability and retention of residues enhanced the percentage of macroaggregates in the PBB + R, PNB + R, and ZT + R plots over the CT plots by ∼41, 37% and 27%, respectively. This study computed SOC stabilization within physical and chemical fractions. The PBB + R plots had ∼72% and 36% more SOC stabilization inside microaggregates within macroaggregates (physical stabilization) than CT and PBB plots. Thus, residue retention is a crucial factor for physical protection of SOC. The chemical stabilization of SOC within silt + clay was lesser affected by CA than the physical protection. The difference in SOC stabilization inside microaggregates within macroaggregates (mM) under PBB + R and CT plots was 2.19 Mg ha−1 against only 0.67 Mg ha−1 for the same difference of C stabilization within silt + clay fractions. This study explicitly demonstrated that under long-term CA, the physical stabilization of SOC inside mM was the major mechanism of C sequestration in an Inceptisol of the IGP. An increase in SOC stabilization within mM and silt + clay fractions as a result of CA indicated that these soils are not C saturated. Thus PBB + R can indeed be a viable option for maize/cotton-wheat cultivation in the IGP without any impairment to the environment and enhancing carbon levels in the soil. Future studies should investigate whether PBB + R raises subsurface SOC in the IGP and similar agro-ecosystems.
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Means with different lowercase letters within a column are significantly different at p < 0.05 according to Tukey's HSD, test.

Coarse particulate organic matter within macroaggregates (cPOM_M), silt + clay within macroaggregates (s + c_M), light fraction within microaggregates inside macroaggregates (LF_mM),
intra-aggregate particulate organic matter within microaggregates inside macroaggregates (iPOM_mM), silt + clay within microaggregates inside macroaggregates (s + c_mM), light fraction
inside microaggregates (LF_m), intra-aggregate particulate organic matter within microaggregates (iPOM_m), silt + clay within microaggregates (s + c_m) and silt + clay within bulk soils (s +
c_B). CT, conventional tllage; PNB, permanent narrow bed, PNB + R = PNB with residue retention; PBB, permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage
with residue retention, ZT , zero tillage.
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“Means with different lowercase letters within a column are significantly different at p < 005 according to Tukey's HSD, test.

Coarse particulate organic matter within macroaggregates (cPOM_M), silt + clay within macroaggregates (s + c_M), light fraction within microaggregates inside macroaggregates (LF_mM),
intra-aggregate particulate organic matter within microaggregates inside macroaggregates (iPOM_mM), silt + clay within microaggregates inside macroaggregates (s + c_mM), light fraction
inside microaggregates (LF_m), intra-aggregate particulate organic matter within microaggregates (iPOM_m), silt + clay within microaggregates (s + c_m) and silt + clay within bulk soils (s +
c_B). CT, conventional tllage; PNB, permanent narrow bed, PNB + R = PNB with residue retention; PBB, permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage
with residue retention, ZT , zero tillage.
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Means with different lowercase letters within a column are significantly different at p < 0.05 according to Tukey's HSD, test.

Coarse particulate organic matter within macroaggregates (cPOM_M), silt + clay within macroaggregates (s + c_M), light fraction within microaggregates inside macroaggregates (LF_mM),
intra-aggregate particulate organic matter within microaggregates inside macroaggregates (iPOM_mM), silt + clay within microaggregates inside macroaggregates (s + c_mM), light fraction
inside microaggregates (LF_m), intra-aggregate particulate organic matter within microaggregates (iPOM_m), silt + clay within microaggregates (s + c_m) and silt + clay within bulk soils (s +
c_B). CT, conventional tllage; PNB, permanent narrow bed, PNB + R = PNB with residue retention; PBB, permanent broad bed, PBB + R = PBB with residue retention, ZT + R = zero tillage
with residue retention, ZT , zero tillage.
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Treatments Descri

Conventional tillage One deep (30 cm) disc ploughing, followed by two ploughings cach with a disc harrow and cultivator

Permanent narrow bed One row of cotton per 40 cm wide bed and 30 cm wide furrow

Permanent narrow bed + R One row of cotton per 40 cm wide bed and 30 cm wide furrow, 20% of the maize/cotton residues and 40% of the wheat residues were
retained

Permanent broad bed ‘Two rows of cotton per 100 cm wide bed and 40 cm wide furrow

Permanent broad bed + R “Two rows of cotton per 100 cm wide bed and 40 cm wide furrow, 20% of the maize/cotton residues and 40% of the wheat residues were
retained

Zero tilled flat bed + R One row of cotton per 40 cm wide bed and 30 cm wide furrow, 20% of the maize/cotton residues and 40% of the wheat residues were
retained

Zero tilled flat bed One row of cotton per 40 cm wide bed and 30 cm wide furrow
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