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Effect of organic manures on soil aggregate stability and aggregate-associated organic carbon under long-term experiments in subtropical India
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ABSTRACT
 Inorganic fertilizers, biofertilizers and farm yard manure (FYM) application can tailor the aggregate distribution as well as aggregate associated organic carbon. We evaluated the effect of dissimilar treatments on soil aggregate stability and soil organic carbon (SOC) distribution within soil aggregates in surface (0-15 cm) and subsurface (15-30 cm) soils in a long-term fertility experiment of a rice-mustard-sesame cropping system in India. For the experiment soil samples were collected from four plots including no NPK fertilizers or organic amendments was set as a control or T1, fertilizer nutrients (NPK) as T2, NPK with biofertilizers (Azospirillum   and Phosphobacteria) as T3, and biofertilizers (Azospirillum   and Phosphobacteria) with farm yard manure (FYM) as T4. Structural indices were higher in the soil receiving organic amendments than in the soil receiving inorganic fertilizer alone. The lowest and highest aggregate stability was in the T1 and T4 in both surface and subsurface soil depths. This is due to soil disturbance from prolonged history of tillage (22 years) mainly, puddling is practiced in rice cultivation. In both surface and subsurface soils, T4 had a higher proportion of water-stable macroaggregates (> 0.25 mm) than the control and the soil receiving inorganic fertilizer alone, which were rich in water-stable microaggregates ( 0.25 mm). Mean weight diameter (MWD), varied from 0.63 to 0.94 mm in 0–15 cm and from 0.66 to 1.01 mm in 15–30 cm soil layer. In both surface and subsurface the highest and lowest MWDs were in T4 and the control, respectively. Organic carbon (OC), aggregate stability (AS), MWD, geometric mean diameter (GMW) increased with increasing depth irrespective of treatment. Correlation studies showed that there was a positive relationship between water stable macroaggregate, aggregate stability, MWD, GMW with OC content of soil.  Hence it may be concluded that cultivation without organic amendments and biofertilizers results in more microaggregates (malignant to soil tilth) that could be checked by the application of organic amendments such as FYM and biofertilizers such as Azospirillum and Phosphobacteria, which increased the proportion of water-stable macroaggregates by consolidating microaggregates into macroaggregates. Hence, we should suggest conjoint application of biofertilizer and FYM in agricultural soils.
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1 INTRODUCTION
Soil organic carbon (SOC) is important for the long-term sustainability of agro-ecosystems and the environment, because it promotes aggregation, improves soil physical properties and water retention, and increases productivity and the activity of soil organisms (Paradelo, Virto & Chenu, 2015). Soil organic carbon is the single largest pool in the global terrestrial carbon cycle (Abdalla et al., 2018). It contains about 1500 Pg carbon, which exceeds the amount of total carbon present in vegetation and atmospheric reserves (Zheng et al., 2018). Due to its large share, even a small fluctuation in its concentration may cause a dramatic increase in atmospheric carbon dioxide (CO2) emissions, which, as a result, would impact global warming (Kabir et al., 2023).  Restoration of SOC content in agricultural soil represents a sink for atmospheric CO2, which has the potential to mitigate the effects of global emissions of greenhouse gases (Yang et al., 2003). It is well established that total SOC is a complex integrating a variety of components, and that increasing the amount of carbon sequestrated into these components is essential to mitigate its conversion to greenhouse gases and subsequent climate change (Wei et al., 2016). In this regard, soil aggregation is one of the key processes that facilitate preservation of SOC and carbon sequestration (Abrar et al., 2020).
[bookmark: bbib42][bookmark: bbib5]Soil aggregate stability is an important indicator of good soil structure which depends on environmental factors (parent material, topography and climate), biological factors (soil fauna, plant roots and microbial activity) and anthropogenic factors (tillage and fertilization) (Six et al., 2000; Bronick and Lal 2005).  
[bookmark: bbib27][bookmark: bbib26][bookmark: bbib43]In the last decades, the amounts of inorganic and organic fertilizers used in agricultural production have increased the risks for soil structural degradation, associated with low resource use efficiency (Bronick and Lal, 2005; Guo et al., 2018). Therefore, the adoption of best fertilization practices to improve soil quality, enhance soil C sequesration and agronomic performance is highly advocated (Guo et al., 2018). The long-term application of organic fertiliser often increases SOC content and the proportion of macroaggregates (Cao et al., 2021). Many studies have shown that increases in SOC level are directly linked to the addition of adequate amounts of organic amendments in the form of manure, crop residues or straw returns, while loss of SOC in a given soil has also a relation with SOC content and soil aggregation (Mustafa et al., 2020). In other words, appropriate management of agricultural soils, as could be the application of organic manures and keeping residue crops, can increase carbon sequestration (Kalaiselvi et al., 2023). Dai et al. (2019) demonstrated that the application of organic fertilizer along with inorganic fertilizer positively affected the formation and stability of soil aggregates. However, Li et al. (2015), found that organic fertilizer application did not significantly affect the SOC content, especially in >2 mm and <0.053 mm aggregates. These contradictory results are attributed to differences in soil types and fertilization management strategies in the experiments (Li et al., 2007; Sodhi et al., 2008).   
Biofertilizers have been suggested as a replacement for mineral fertilizers. For instance, nitrogen- and/or sulfur-fixing microorganisms have been used in biofertilizers (Mohamed et al., 2021). The use of biofertilizers elevates soil organic carbon levels within aggregates, partly through accelerated organic matter decomposition and humus formation. These practices boost carbon sequestration in the soil, improving nutrient retention and fertility while supporting sustainable agricultural productivity (Ammar et al., 2022). Different results have been obtained in many different studies concerning the effects of bio–fertilizer applications on soil aggregates Bio–fertilizer have significant and positive effects on the soil’s physical (aggregate stability) and chemical (organic carbon content of aggregates) properties. It was observed that the effects of bio–fertilizer application on aggregate stability and organic carbon content of soil was more effective when applied in combination with organic materials than individual applications. Thus, bio–fertilizers applied with vermicompost, FYM or organic materials of different origin are considered to be more effective in ensuring soil fertility (Yilmaz et al., 2017).
                 It is not fully understood how the long-term applications of organic manure and inorganic fertilizers impact the accumulation and distribution of SOC especially in soil aggregates of subtropical Indian soil We hypothesized that long-term rice-mustard-sesame cropping systems with balanced fertilization in combination with or without different organic amendments, regenerate and rejuvenate the soil structure, and stabilization in different aggregate size fractions. Knowledge of aggregate stability is required to evaluate soil properties with regard to organic amendments, and the distribution of soil aggregates. Long-term fertility experiments (LTFEs) using organic amendments rejuvenate the soil structure.
2 MATERIALS AND METHODS
2.1 Filed sites 
The present study under long term fertility experiment was conducted at Gayeshpur (23N, 89E; 9.75 m above mean sea level) Nadia, on a silty-clay soil (Typic Haplustept). The experiment site has hot sub humid tropical climate with an average annual maximum and minimum temperature of 36.5 C and 12.5 C, respectively, and rainfall of 1500 mm, 90% of which falls during June to September. The cropping system that is followed for the experiment is kharif rice followed by mustard cultivated on rabi season and sesame on pre-kharif season. The soil was silty-clay in texture with 15%, 63% and 22% sand, silt and clay content, respectively. It had pH 7.2 (1:2 soil: water paste), CEC 19 cmol(p+) kg-1, oxidizable organic C 15.9 g kg -1 soil respectively. The soil had an average bulk density of 1.18 Mg m-3. 
2.2 Treatments details and cropping management 
The experiment was laid out in randomized block design (RBD) with three replications in 8 m × 9 m plots for kharif rice (Oryza sativa L.; cv., IET 4787) followed by mustard (Brassica juncea L.; cv., B-9) and sesame (Sesamum indicum L.; cv., Roma) in rabi and pre-kharif season (Table 1).
                    There were, however, four treatment combinations viz. T1= control, T2 = Soil test-based fertilizer (N:P:K) dose-121:33:56, T3= [ 1/2 N + P + K] of T2 + Azospirillum + Phosphobacteria, T4 = Azospirillum + Phosphobacteria + FYM @ 7.5 tons ha-1. Control plots did not receive any fertilizer or organics. While the others treatments received recommended doses of chemical and organic fertilizer.  NPK fertilizers were applied in the form of urea, single super phosphate and muriate of potash.
                  Kharif rice was transplanted in the 1st week of August and irrigation was given after one week of transplanting. Three irrigations were provided each week to maintain the desired depth of water for proper growth of the paddy. Two hand weeding were done at 30 and 45 days after sowing (DAS). Rice was harvested in the 1st week of November. Mustard seeds were sown in the 2nd week of November just after the harvesting of rice. One weeding is sufficient after sowing at 30 DAS. Three to four irrigations were sufficient for cultivation of mustard. Mustard was harvested in the 1st or 2nd week of February. Sesame was planted in the 3rd week of February by ploughing of the land properly. If required one to two hand weeding was provided one at 20-25 DAS and another at 40-45 DAS. Generally, four to five irrigations were provided, but depending on the onset of the pre-monsoon rainfall the irrigation can be adjusted. The plants were harvested in the 3rd week of May.
Table 1: Some important characteristics of the experimental site.
	Location
	Gayeshpur (23˚ N, 89˚ E)

	Climate
	Sub-humid tropic

	Temperature (ºC)
	Max: 36.5., Min: 12.5

	Mean annual rainfall (mm)
	1500

	Soil type
	Inceptisol

	Experimental design
	Randomized Block Design


	Cropping systems followed
	Rice-Mustard-Sesame


	Varieties used
	Rice- IET 4787
Mustard- B-9
Sesame- Roma

	Number of replications
	3

	Fertilizer (N-P2O5-K2O, kg ha-1) and manurial doses (FYM)
	Rice: 80:40:40,
Mustard: 86:64:53,
Sesame: 37:36:15 &
FYM @ 7.5 t ha-1 and @12 t ha-1

	Plot size
	8 m X 9 m



2.3 Soil sampling 
Soil samples were collected from two soil depth 0-15 cm and 15-30 cm in the month of February, 2020 after mustard harvesting. In each depth two types of soil collected. Three representative soil samples were collected from each of the plots (48 numbers, four treatments × three replications × two depths × two types) from each depth with a bucket auger in an S pattern.  They were pooled together to make a composite sample for each of the three replications of the four treatments. The first type samples (12 samples from each depths) were air-dried, powdered passed through a 2.0 mm nylon sieve and analyzed for pH (soil :water :: 1 : 2.5), sand, silt and clay (international pipette method), Organic carbon (OC) .Second undisturbed soil samples were collected with a hard-plastic packet transported to the laboratory where they were air-dried. Gravel and plant residues were removed for soil aggregate   analysis.
2.4 Estimation of watert-stable aggregates
 Aggregate analysis was conducted using Yoder wet sieving apparatus (Kemper and Rosenau, 1986). Undisturbed soil clods were broken by hands and 50 gm from the soil passed through 5.0 mm sieve but retained on 2.0 mm sieve were taken. The nest of sieves was arranged in descending order. One air dried soil sample was distributed evenly over the top sieve. The nest of sieves was suspended in the Yoder’s tank.  The tank was filled with salt free water to a level slightly below that of the top screen.  The water level height was adjusted by lowering down the nest in a way that the top sieve just immersed. After 5 minutes of wetting of the sample (called slaking), the shaking or wet sieving was started for 30 minutes (1000 strokes).   By this time, another air-dried soil sample was used for dispersion by mechanical stirrer using 0.5% NaHMP (1: 3:: soil : solution) for 30 minutes. After shaking, the nest of sieves was removed from the water tank, drained in an   inclined position.  The contents of each sieve were collected in a per-weighed alluminium cans after washing and filtrating through buckner funnel. The cans were oven dried to a constant weight at 105°C and the weights of aggregates were determined. WSAs, mean weight diameter (MWD) and geometric mean diameter (GWD) were estimated following the Van Bavel (1950) method, as given below.
WSA=[(Wr+s,i –Ws,i)/Wsample] × 100                                                                                                      

where Wsample is the soil sample weight Wr+s, i is the weight of the remaining aggregates plus sand fraction in a particular sieve i and Ws, i the weight of sand fraction in a particular sieve i.                                                                                                                                                                                                                                                                         MWD=                                                                                                                                                                                

GWD=                                                                                                       
Where n is the number of fractions, Xi is the mean diameter (mm) of the sieve size class and Wi is the weight (g) of soil retained on each sieve. 
Aggregate stability (AS) of soil (%) =  
3 RESULTS AND DISCUSSIONS 
3.1 Soil physical and physico-chemical properties
The soils of the long-term experiment at Gayeshpur were near neutral to slightly alkaline in reaction with pH values varied from 7.45 to 7.58 at the surface layer (0-15 cm) (Table 2) and 7.47 to 7.63 at the sub surface soil (15-30 cm) (Table 3) under the treatments compared. On an average, irrespective of soil depth, the pH was highest under T1; while lowest value was associated with the T2 treatment. On average, T2 treated soil had slightly lower pH values as compared to control treatment pH as well as organically amended soils. This is due to the fact that organic matter buffers the soils against major swings in pH by either taking up or releasing H+ ion into the soil solution, making the concentration of soil solution H+ ion more constant resulting into a stable pH, close to neutral or suitable for the specific crop to be grown. Similar results were also observed by Kansotia et al. (2015). 
                   The soil was silty clay in nature. The results showed that on average, the bulk density of soil varied from 1.27 to 1.37 Mg m-3 (Table 2 and 3) under different treatments. Balanced application of T2 decreased the bulk density in both soil depths as compared to control. The decrease in bulk density due to the addition of organics along with NPK was also reported by others (Chaudhary et al., 2017). The magnitude of its values in surface layer (0-15 cm) were 1.31, 1.28, 1.27 Mg m-3 under T2, T3, T4 respectively compared to 1.33 Mg m-3 in the control (Table 2). Similar results were also reported by Gao et al. (2016). 
From the experiment we found that sand content highest in T1 (control) (547.5 g kg-1) followed by T2 (515.6 g kg-1), and T3 (499.3 g kg-1) and T4 (454.39 g kg-1) in surface layer (0-15 cm) (Table 2). Similarly, in subsurface (15-30 cm) sand content highest in T1 (520.89 g kg-1) followed by T2 (509.89 g kg-1), T3 (485.01 g kg-1) and T4 (454.39 g kg-1) (Table 3).  The highest and lowest clay content were in T2 (245.1 g kg-1) and T3 (200 g kg-1) respectively. 
The silt + clay content varied slightly, possibly due to the soils’ origin, the turning effect during cultivation, and soil variability.  The magnitude of silt + clay varies from 452.49 g kg‑1 in control (T1) to 520.9 g kg-1 in biofertilizer with FYM treated plot (T4) in surface layer (0-15 cm) (Table 2). Silt + clay content increased in sub-surface (15-30 cm) layer due to illuviation from surface layers and prolonged cultivation for 22 years, the highest increase found in T4.
	Properties
	T1
	T2
	T3
	T4

	pH
	7.58
	7.45
	7.48
	7.50

	BD (Mg m-3)
	1.33
	1.31
	1.28
	1.27

	WSMacA (%)
	36.08
	54.66
	64.21
	70.09

	WSMicA (%)
	63.92
	45.34
	35.79
	29.91

	GMD (mm)
	0.71
	0.8
	0.96
	1.11

	MWD (mm)
	0.63
	0.78
	0.91
	0.94

	AS (%)
	37.9
	76.7
	78
	80.8

	SC
	0.37
	0.76
	0.78
	0.8

	Sand (g/kg)
	547.5
	515.6
	499.3
	479.09

	Silt+clay (g/kg)
	452.49
	484.39
	500.69
	520.9

	OC (g/kg)
	3.5
	4.2
	5.1
	5.8


[bookmark: _Hlk215050832]  Table 2: Physical and structural soil indices under diﬀerent fertilization treatments in a rice-mustard-sesame cropping system at 0-15 cm depth.









	Properties
	T1
	T2
	T3
	T4

	pH
	7.63
	7.47
	7.52
	7.58

	BD (Mg m-3)
	1.37
	1.34
	1.30
	1.28

	WSMacA (%)
	38.6
	55.9
	66.3
	72.7

	WSMicA (%)
	61.4
	43.9
	35.1
	28.6

	GMD (mm)
	0.76
	0.87
	1.05
	1.23

	MWD (mm)
	0.66
	0.81
	0.97
	1.01

	AS (%)
	38.2
	77.1
	79.2
	82.3

	SC
	0.38
	0.77
	0.79
	0.82

	Sand (g/kg)
	520.89
	509.89
	485.01
	454.39

	Silt + Clay (g/kg)
	479.1
	490.1
	514.98
	545.6

	OC (g/kg)
	3.9
	4.56
	5.6
	6.1


Table 3: Physical and structural soil indices under diﬀerent fertilization treatments in a rice-mustard-sesame cropping system at 15-30 cm depth. 










BD= Bulk Density; WSMacA=water-stable macroaggregate(0.25); WSMicA= water-stable microaggregate(0.25); MWD= mean weight diameter; GMD= geometric mean diameter; AS= aggregate stability; SC= structural coefficient; OC= organic carbon
3.2 Aggregation Indices
3.2.1 Aggregate stability
[bookmark: _Hlk46932300]It is quite clear that the aggregate stability of the experimental soil varied from 37.9% to 80.8% under the different treatments, with a mean value of 68.35% (Table 2) at 0-15 cm depth, probably because organic matter acts as a chelating agent and releases polysaccharide and other intermediate reaction products during its decomposition to bind soil particles, thus facilitating soil aggregation (Halder et al., 2022). The lowest and highest aggregate stability was in the control (T1) and biofertilizer with FYM (T4), respectively.
[bookmark: _Hlk46932402] In subsurface soil (15-30 cm) lowest and highest aggregate stability was in T1 (38.2%) and T4 (82.3%) (Table 3).  The lower aggregate stability in the control was due to soil disturbance from tillage, which breaks down soil structure and reduces the number and stability of soil aggregates during the conversion from natural ecosystems to agriculture (Weidhuner et al., 2021). The application of FYM in conjunction with Azospirillum and Phosphobacteria was better than other treatment in enhancing aggregate stability. The application of inorganic fertilizer alone increased aggregate stability compared to the control due to proliferation of root biomass, as roots can affect aggregation directly by turning soil particles into aggregates, or indirectly by altering C inputs during wet-dry cycles (Rezacova et al., 2021). Root exudates also help aggregation by releasing organic substances like polysaccharides and mucilage that serve as binding agents to hold soil particles together and encourage the development and stability of soil aggregates. Additionally, these exudates promote microbial activity, which results in the generation of microbial compounds that improve aggregate stability even more.
 Surface soil had little bit lower aggregate stability than the subsurface due to some external forces such as water erosion and wind erosion, shrinking and swelling process, and tillage (Ma et al., 2022)
     Soil aggregate stability and organic carbon are regarded as effective indicators of soil structure and quality. Organic C levels increases aggregate stability. The results of the regression analysis confirmed this (R² = 0.6427) (Fig. 1). Structural coefficient highest in T4 and lowest in T1 in surface layer (0-15 cm) (Table 2). With increasing depth, it is also increasing.
3.2.2 Mean weight diameter (MWD) and geometric mean weight (GMW) 
[bookmark: _Hlk46932068][bookmark: _Hlk46932107][bookmark: _Hlk46932167]                     Results indicated that the MWD varied from 0.63 to 0.94 mm, at 0-15 cm depth (Table 2) and varied from 0.66 to 1.01 mm at 15-30 cm depth (Table 3). In both surface and subsurface the highest and lowest MWDs were in T4 and the control, respectively. Biofertilizer and FYM increased MWD in the order of T4 > T3 by 49.20%, 44.44% at 0-15 cm depth and by 53.03% and 46.97% at 15-30 cm depth over T1 respectively. The increase in MWD could be attributed to the addition of fresh organic residues, biofertilizers and available C to the soil, resulting in enhanced microbial activity and thus binding of aggregates. Various authors have also observed the positive effects of long-term manure application on MWD (Zhou et al., 2020) and better physical condition of soil. Aggregates MWD was increased significantly with increase in OC (R2 = 0.9546) (Figure 2). The aggregates MWD was significantly increased due to different fertilizer applications compared to non-treated control (Benbi et al., 2010).
        The data depicted in Table 2 revealed that the magnitude of GMD values in surface layer (0-15 cm) were 0.8, 0.96 and 1.11 mm under T2, T3, T4 respectively compared to 0.71 mm in the T1 (Table 2). With depth, its content was lowest at the surface layer and increased along the depth, irrespective of the treatments compared. The highest and lowest GMD values were in T4 (1.23mm) and T1 (0.76 mm) respectively. Biofertilizer and FYM increased GMD in the order of T4 > T3 by 56.33% and 35.21% over control and by 38.75% and 20% over T2 at 0-15 cm depth respectively.
                                   Biofertilizer and FYM increased GMD in the order of T4 > T3 by 56.33% and 35.21% over control and by 38.75% and 20% over T2 at 0-15 cm depth respectively. Similarly, biofertilizer and FYM increased GMD in the order of T4 > T3 by 61.84% and 38.15% over control and by 41.37% and 20.60% over T2 at 0-15 cm depth respectively. The geometric mean diameter (GMD) of soil is increased by biofertilizers and organic amendments because they give soil organisms nourishment and energy, which increases microbial activity. This increased microbial activity encourages the synthesis of organic substances like glomalins and polysaccharides, which function as binding agents to improve the stability and binding of soil aggregates. Consequently, biofertilizer and organic amendment-treated soils exhibit increased levels of organic carbon, enhanced aggregate stability, and improved soil structure (Ren et al., 2024)
GMD increased with increasing organic carbon across treatments. There was a significant positive correlation between soil OC concentration and GMD (R2=0.9753) (Fig. 3).
3.2.3 Water-stable macroaggregate (WSMacA) and water-stable microaggregate (WSMicA)                                                         
Water-stable macroaggregates are the most important fractions in assessing the effects of manuring and fertilization on soil aggregation. This is because they exert a strong influence on the MWD of the soil, which is a comprehensive index for evaluating soil structure (He et al., 2018). The results of the present study (Table 2) indicated that the treatments T4 (70.09%) and T3 (64.21%) had higher proportions of water-stable macroaggregates (> 0.25 mm) than T1 and T2 and opposite result found in water-stable microaggregates (< 0.25 mm) at 0-15 cm depth. Similar results found at subsurface. Consequently, the MWD was higher in the treatments with organic amendments than in those without.
The results showed that long-term manuring and biofertilizers application improved soil structure as well as MWD, but the application of chemical fertilizers alone had little effect. These results corroborated the findings of Iqbal et al. (2022) and Wang et al. (2011). After manure application, the number of large aggregates increased while the number of small aggregates decreased, probably due to the increased consolidation of microaggregates into macroaggregates (Six et al., 2004).  Long-term fertilization especially combined with organic fertilizer and biofertilizers played an important role in increasing the amount of WSAs on both surface and subsurface soil. This increase may be attributed to increased microbial biomass that releases extracellular polysaccharides, which are good binding/cementing agents for soil aggregates. The microbial decomposition of fresh organic matter releases unstable products that bind small aggregates into large ones (2–5 mm). These large aggregates are more sensitive to organic matter management effects, and are better indicators of variations in soil physical quality. With depth, water-stable macroaggregate content was lowest at the surface layer and increased along the depth, irrespective of the treatments compared. This was occurred due to mainly soil tillage (Rezacova et al., 2021). The conventional soil tillage performed in this experiment can affect the stability and formation of macroaggregates by disrupting soil structure making surface soil more prone to erosion causing nutrient loss. Frequent conventional tillage deteriorates soil structure and weakens soil macroaggregates, causing them susceptible to decay. It may be noted that rice crop in this long-term fertility experiment is grown in puddled condition, which is associated with destruction of macroaggregates with subsequent increase in the proportion of microaggregates (Song et al., 2019)
From the experiment we found that (Fig. 4) water-stable macro aggregates increased with increasing organic carbon content across treatments. The results of the regression analysis confirmed this (R² = 0.9239). But results also indicated that waters stable microaggregates content decreased with increasing OC (Fig. 5), whereas the water stable macroaggregates followed opposite trend. Macroaggregates are more transient than microaggregates because their organic binding agents, roots and fungal hyphae, are more rapidly degradable than older humified material making up some of the mineral organic complexes binding the microaggregates. Larger aggregates contain more organic matter that is younger, less aromatic, more aliphatic, and more polar material than that associated with smaller aggregates. Macroaggregates are far more susceptible to disruption by cultivation and environmental perturbation (e.g. wet-dry cycle) than microaggregates (Devine et al., 2014)
3.3 soil organic carbon in bulk soil: 
             Rice-mustard-sesame system in for 22 years without application of biofertilizer, FYM and inorganic fertilizer resulted in less accumulation of OC in soil compared to control plot. soil organic carbon in surface soil (0-15 cm) was highest under T4 (5.8 g kg-1) followed by T3 (5.1 g kg-1) T2 (4.2 g kg-1), and was least under T1 (0.35 g kg-1) (Table 2). The application of FYM and biofertilizers significantly improved soil organic carbon content as compared to unfertilized control and the treatments where inorganic fertilizer was applied alone. SOC was 65.71% higher in T4 treatment compared to T1 treatment.
SOC ranged from 3.9 g kg-1 under unfertilized control to 6.1 g kg-1 under T4 treated plots in subsurface soil (15-30 cm) (Table 3). Chang et al., (2025) reported that materials with higher lignin content (FYM) result in a greater accumulation per unit of C input. Increased SOC under the FYM, biofertilizers and inorganic treatments might be due to the addition of organic materials for several years from external sources as well as due to the continuous return of large amount of crop residues in the form of roots and stubbles to the soil.




















3.4 Aggregate associated organic carbon
            Results indicated that aggregate associated organic carbon varied from 1.14 g kg-1 to 5.43 g kg-1 under T1, varied from 1.98 g kg-1 to 6.25 g kg-1 under T2, varied from 2.45 g kg-1 to 7.29 g kg-1 under T3 varied from 3.09 g kg-1 to 8.09 g kg-1 under T4 (Table 4). Similarly, in subsurface the highest aggregate associated organic carbon at T4  and lowest at T1 irrespective of the sieve size (Table 5). Its content was lowest at the surface layer and increased along the depth, irrespective of the treatments compared. Consequently, aggregate associated organic carbon is higher in the 0.1-0.05 mm sieve size followed by 0.25-0.1 mm, 0.5-0.25 mm, 1-0.5 mm, 2 to 1 mm and lowest in 5 to 2 mm sieve size irrespective of the treatments and depths compared.
Organic matter associated with smaller aggregates being more humified, long chain, complex, having more percentage aromatic structure, are bound much strongly with primary particles. The microaggregates that arise from clay-humus domains (composed of those very stable organic matter) are protected from microbial attack and also from environmental perturbations. Organic matter of simpler, short chain, more aliphatic component and less humified nature are found in large aggregates, are prone to decomposition of all sorts (Devine et al., 2014 and Hasanah et al., 2025)
Table 4: Aggregate associated organic carbon (g kg-1) under different sieve size at 0-15 cm depth.             
	Sieve size (mm)
	T1
	T2
	T3
	T4

	5 - 2
	1.14
	1.98
	2.45
	3.09

	2 - 1
	1.96
	2.47
	3.31
	3.69

	1 - 0.5
	2.83
	3.51
	4.28
	5.19

	0.5 - 0.25
	4.25
	5.01
	6.12
	6.65

	0.25 - 0.1
	4.99
	5.97
	6.86
	7.75

	0.1 - 0.05
	5.43
	6.25
	7.29
	8.09







	Sieve size (mm)

	T1
	T2
	T3
	T4

	5 - 2
	1.56
	2.29
	2.66
	3.19

	2 - 1
	2.24
	3.01
	3.56
	4.16

	1 - 0.5
	3.24
	3.72
	4.69
	6.01

	0.5 - 0.25
	4.93
	5.49
	6.62
	7.02

	0.25 - 0.1
	5.37
	6.13
	7.25
	7.84

	0.1 - 0.05
	5.84
	6.88
	7.89
	8.17


Table 5: Aggregate associated organic carbon (g kg-1) under different sieve size at 15-30 cm depth.





4 CONCLUSIONS
             The long-term application of fertilizers either alone or in combination with farm yard manure or biofertilizers in a subtropical rice-mustard-sesame system significantly tailored aggregation. Application of farm yard manure along with biofertilizers increased the proportion of water-stable macroaggregate (> 0.25 mm) fractions as compared with application of inorganic fertilizer alone. Macroaggregates ( 0.25 mm)   had higher aggregate stability and OC as compared to microaggregates ( 0.25 mm). For a crop production viewpoint, macroaggregates are more beneficial, the more their content is, better is soil structure and soil tilth. The results revealed that the accumulation of OC differed among soil aggregates, buildup increases with decreasing aggregate size. The conjoined use of biofertilizers, organic manure and inorganic fertilizers not only accentuates the accumulation of OC, but also boost up the aggregate stability, MWD, GMD, silt + clay contents. We found that with increasing depth, OC, aggregate stability also increases. OC has a positive correlation with aggregation. Cultivation without organic amendments led to a higher proportion of microaggregates, which may not be very beneficial to soil tilth. The accurate assessment of aggregate stability and aggregate associated organic carbon in soils are very important for sustainable agriculture overarches environment protection. We should quest for increasing macro-aggregates in agricultural soils.

REFERENCES:
1. Abdalla, M., Hastings, A., Chadwick, D. R., Jones, D. L., Evans, C. D., Jones, M. B., Rees, R. M., & Smith, P. (2018). Critical review of the impacts of grazing intensity on soil organic carbon storage and other soil quality indicators in extensively managed grasslands. Agriculture, Ecosystems and Environment, 253, 62–81. https://doi.org/10.1016/j.agee.2017.10.023
2. Abrar, M. M., Xu, M., Shah, S. A. A., Aslam, M. W., Aziz, T., Mustafa, A., Ashraf, M. N., Zhou, B., & Ma, X. (2020). Variations in the profile distribution and protection mechanisms of organic carbon under long-term fertilization in a Chinese Mollisol. Science of the Total Environment, 723, 138181. https://doi.org/10.1016/j.scitotenv.2020.138181
3. Ahmad, M., & Tripathi, S. K. (2022). Effect of Integrated use of Vermicompost, FYM and Chemical Fertilizers on Soil Properties and Productivity of Wheat (Triticum aestivum L.) in Alluvial Soil. The Journal of Phytopharmacology, 11(2), 101-106. https://doi.org/10.31254/phyto.2022.11209
4. Ammar, E. E. (2022). Environmental impact of biodegradation. In Handbook of Biodegradable Materials (pp. 1–40). https://doi.org/10.1007/978-3-030-83783-9_27-1
5. Benbi, D. K., & Senapati, N. (2010). Soil aggregation and carbon and nitrogen stabilization in relation to residue and manure application in rice–wheat systems in northwest India. Nutrient Cycling in Agroecosystems, 87(3), 233–247. https://doi.org/10.1007/s10705-009-9331-2
6. Brady, N. C., & Weil, P. R. (2002). The nature and properties of soils (13th ed.). Pearson Education (Singapore) Pvt. Ltd.
7. Bronick, C. J., & Lal, R. (2005). Soil structure and management: A review. Geoderma, 124(1-2), 3–22. https://doi.org/10.1016/j.geoderma.2004.03.005
8. Cao, H.-B., Xie, J.-Y., Hong, J., Wang, X., Hu, W., & Hong, J.-P. (2021). Organic matter fractions within macroaggregates in response to long-term fertilization in calcareous soil after reclamation. Journal of Integrative Agriculture, 20(6), 1636–1648. https://doi.org/10.1016/S2095-3119(20)63354-8
9. Chang, X., Pei, Z., Wang, X., Wang, H., Mu, J., Ma, Y., Zhang, M., Zhang, K., & Du, L. (2025). Divergent responses of plant lignin and microbial necromass to the contribution of soil organic carbon under organic and chemical fertilization. Frontiers in Microbiology, 16, Article 1586791. https://doi.org/10.3389/fmicb.2025.1586791
10. Chaudhary, S., Dheri, G. S., & Brar, B. S. (2017). Long-term effects of NPK fertilizers and organic manures on carbon stabilization and management index under rice-wheat cropping system. Soil and Tillage Research, 166, 59–66. https://doi.org/10.1016/j.still.2016.10.005
11. Dai, H., Chen, Y., Liu, K., Li, Z., Qian, X., Zang, H., & Sui, P. (2019). Water-stable aggregates and carbon accumulation in barren sandy soil depend on organic amendment method: A three-year field study. Journal of Cleaner Production, 212, 393–400. https://doi.org/10.1016/j.jclepro.2018.12.013
12. Devine, S., Markewitz, D., Hendrix, P., & Coleman, D. (2014). Soil aggregates and associated organic matter under conventional tillage, no-tillage, and forest succession after three decades. PLoS ONE, 9(1), e84988. https://doi.org/10.1371/journal.pone.0084988
13. Gao, W. D., Whalley, W. R., Tian, Z. C., Liu, J., & Ren, T. S. (2016). A simple model to predict soil penetrometer resistance as a function of density, drying and depth in the field. Soil & Tillage Research, 155, 190-198. https://doi.org/10.1016/j.still.2015.08.004
14. Guo, Z. C., Zhang, Z. B., Zhou, H., Rahman, M. T., Wang, D. Z., Guo, X. S., Li, L. J., & Peng, X. H. (2018). Long-term animal manure application promoted biological binding agents but not soil aggregation in a Vertisol. Soil and Tillage Research, 180, 232–237. https://doi.org/10.1016/j.still.2018.03.007
15. Halder, M., Liu, S., Zhang, Z. B., Guo, Z. C., & Peng, X. H. (2022). Effects of organic matter characteristics on soil aggregate turnover using rare earth oxides as tracers in a red clay soil. Geoderma, 421, 115908. https://doi.org/10.1016/j.geoderma.2022.115908
16. Hasanah, U., Widjajanto, D., Amelia, R., Rahman, A., & Adrianton. (2025). Effect of soil aggregate size and organic matter on tomato early growth, yield and root and soil physicochemical properties. International Journal of Design & Nature and Ecodynamics, 20(2), 217–225. https://doi.org/10.18280/ijdne.200201
17. He, Y., Xu, C., Gu, F., Wang, Y., & Chen, J. (2018). Soil aggregate stability improves greatly in response to soil water dynamics under natural rains in long-term organic fertilization. Soil and Tillage Research, 184, 281–290. https://doi.org/10.1016/j.still.2018.08.008
18. Iqbal, A., Ali, I., Yuan, P., Khan, R., Liang, H., Wei, S., & Jiang, L. (2022). Combined application of manure and chemical fertilizers alters soil environmental variables and improves soil fungal community composition and rice grain yield. Frontiers in Microbiology. https://doi.org/10.3389/fmicb.2022.856355
19. Kabir, M., Habiba, U. E., Khan, W., Shah, A., Rahim, S., De los Rios-Escalante, P. R., Farooqi, Z. U. R., Ali, L., & Shafiq, M. (2023). Climate change due to increasing concentration of carbon dioxide and its impacts on environment in 21st century; A mini review. Journal of King Saud University - Science, 35(5), Article 102693. https://doi.org/10.1016/j.jksus.2023.102693
20. Kalaiselvi, B., Kumari, S., Sathya, S., Dharumarajan, S., Kumar, K. S. A., & Hegde, R. (2023). Crop management practices for carbon sequestration. In S. K. Meena, A. D. O. Ferreira, V. S. Meena, A. Rakshit, R. P. Shrestha, C. S. Rao, & K. H. M. Siddique (Eds.), Agricultural soil sustainability and carbon management (pp. 27–68). Academic Press. https://doi.org/10.1016/b978-0-323-95911-7.00008-6
21. Kansotia, B. C., Sharma, Y., & Meena, R. S. (2015). Effect of vermicompost and inorganic fertilizers on soil properties and yield of Indian mustard (Brassica juncea L.). Journal of Oilseed Brassica, 6, 198–201. https://www.cabidigitallibrary.org/doi/10.1079/cabicompendium.79876001500
22. Kemper, W. D., & Rosenau, R. C. (1986). Aggregate stability and size distribution. In A. Klute (Ed.), Methods of soil analysis. Part 1. Physical and mineralogical methods (2nd ed., Agronomy Monograph No. 9, pp. 425–441). American Society of Agronomy and Soil Science Society of America. https://www.wiley.com/en-us/Methods+of+Soil+Analysis%2C+Part+1%3A+Physical+and+Mineralogical+Methods%2C+2nd+Edition-p-9780891180883
23. Kemper, W. D., & Rosenau, R. C. (1986). Aggregate stability and size distribution. In A. Klute (Ed.), Methods of soil analysis: Part 1. Physical and mineralogical methods (pp. 425–442). https://www.cabi.org/cabdirect/abstract/19881917519
24. Li, H., Han, X., Wang, F., Qiao, Y., & Xing, B. (2007). Impact of soil management on organic carbon content and aggregate stability. Communications in Soil Science and Plant Analysis, 38(13-14), 1673–1690. https://doi.org/10.1080/00103620701435456
25. Li, J., Wu, H. J., Wu, X. P., Cai, D. X., Yao, Y. Q., Lu, J. J., ... & Liu, Z. P. (2015). Impact of long-term conservation tillage on soil aggregate formation and aggregate organic carbon contents. Journal of Plant Nutrition and Fertilizers, 21(2), 378–386. 
26. Ma, W., Tang, S., Dengzeng, Z., Zhang, D., Zhang, T., & Ma, X. (2022). Root exudates contribute to belowground ecosystem hotspots: A review. Frontiers in Microbiology, 13, Article 937940. https://doi.org/10.3389/fmicb.2022.937940
27. Mohamed, H. I., El-Beltagi, H. E. D. S., & Abd-Elsalam, K. A. (Eds.). (2021). Plant growth-promoting microbes for sustainable biotic and abiotic stress management. Springer International Publishing. https://doi.org/10.1007/978-3-030-66587-6
28. Mustafa, A., Minggang, X., Ali Shah, S. A., Abrar, M. M., Nan, S., Baoren, W., Zejiang, C., Saeed, Q., Naveed, M., Mehmood, K., & Núñez-Delgado, A. (2020). Soil aggregation and soil aggregate stability regulate organic carbon and nitrogen storage in a red soil of southern China. Journal of Environmental Management, 270, Article 110894. https://doi.org/10.1016/j.jenvman.2020.110894
29. Paradelo, R., Virto, I., & Chenu, C. (2015). Net effect of liming on soil organic carbon stocks: A review. Agriculture, Ecosystems & Environment, 202, 98–107. https://doi.org/10.1016/j.agee.2015.01.005
30. Ren, L., Yang, H., Li, J., Li, X., Han, Y., Zou, H., & Zhang, Y. (2024). Soil aggregates and organic carbon affected by bio-fertilizer in greenhouse soil. Communications in Soil Science and Plant Analysis, 56(5), 784–799. https://doi.org/10.1080/00103624.2024.2304987
31. Řezáčová, V., Czakó, A., Stehlík, M., Mayerová, M., Šimon, T., Smatanová, M., & Madaras, M. (2021). Organic fertilization improves soil aggregation through increases in abundance of eubacteria and products of arbuscular mycorrhizal fungi. Scientific Reports, 11, Article 12548. https://doi.org/10.1038/s41598-021-91653-x
32. Six, J., Paustian, K., Elliott, E. T., & Combrink, C. (2000). Soil structure and organic matter: I. Distribution of aggregate-size classes and aggregate-associated carbon. Soil Science Society of America Journal, 64(2), 681–689. https://doi.org/10.2136/sssaj2000.642681x
33. Ammar, E. E. (2022). Environmental impact of biodegradation. In Handbook of Biodegradable Materials (pp. 1–40). Springer International Publishing. https://doi.org/10.1007/978-3-030-83783-9_27-1
34. Song, K., Zheng, X., Lv, W., Qin, Q., Sun, L., Zhang, H., & Xue, Y. (2019). Effects of tillage and straw return on water-stable aggregates, carbon stabilization and crop yield in an estuarine alluvial soil. Scientific Reports, 9, Article 4586. https://doi.org/10.1038/s41598-019-40908-9
35. van Bavel, C. H. M. (1950). Mean Weight‐Diameter of Soil Aggregates as a Statistical Index of Aggregation. Soil Science Society of America Journal, 14, 20–23. https://doi.org/10.2136/sssaj1950.036159950014000C0005x
36. Wang, L., Qi, S., Gao, W., Luo, Y., Hou, Y., Liang, Y., Zheng, H., Zhang, S., Li, R., Wang, M., Zheng, J., & Gao, Z. (2023). Eight-year tillage in black soil, effects on soil aggregates, and carbon and nitrogen stock. Scientific Reports, 13, Article 8332 https://doi.org/10.1038/s41598-023-35512-x
37. Wei, X., Qiu, L., Shao, M., Zhang, X., & Gale, W. J. (2016). Long-term fertilization increases the temperature sensitivity of OC mineralization in soil aggregates of a highland agroecosystem. Geoderma, 272, 1–9. https://doi.org/10.1016/j.geoderma.2016.02.027
38. Weidhuner, A., Hanauer, A., Krausz, R., Crittenden, S. J., Gage, K., & Sadeghpour, A. (2021). Tillage impacts on soil aggregation and aggregate-associated carbon and nitrogen after 49 years. Soil and Tillage Research. https://doi.org/10.1016/j.stil.2021.104878
39. Yang, X. M., Zhang, X. P., Fang, H. J., Zhu, P., Ren, J., & Wang, L. C. (2003). Long-term effects of fertilization on soil organic carbon changes in continuous corn of northeast China: RothC model simulations. Environmental Management, 32(4), 459–465. https://doi.org/10.1007/s00267-003-0082-6
40. Yilmaz, E., & Sönmez, M. (2017). The role of organic/bio–fertilizer amendment on aggregate stability and organic carbon content in different aggregate scales. Soil and Tillage Research, 168, 118–124. https://doi.org/10.1016/j.still.2017.01.003
41. Zheng, H., Wang, X., Luo, X., Wang, Z., & Xing, B. (2018). Biochar-induced negative carbon mineralization priming effects in a coastal wetland soil: Roles of soil aggregation and microbial modulation. Science of the Total Environment. https://doi.org/10.1016/j.scitotenv.2017.08.166
42. Zhou, M., Liu, C., Wang, J., Meng, Q., Yuan, Y., Ma, X., Liu, X., Zhu, Y., Ding, G., & Zhang, J. (2020). Soil aggregates stability and storage of soil organic carbon respond to cropping systems on Black Soils of Northeast China. Scientific Reports, 10(1), 265. https://doi.org/10.1038/s41598-019-57193-1












Fig. 1: Relationship between aggregate stability and organic carbon. 
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Fig 2 : Relationship between mean weight diameter (MWD) and organic carbon (OC). 
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Fig. 4: Relationship between water-stable macroaggregate (WSMacA) and organic carbon (OC).
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Fig. 5: Relationship between water-stable microaggregate (WSMicA) and organic carbon (OC). 
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Fig 3 : Relationship between geometric mean diameter (GMD) and organic carbon (OC). 
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