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Effect of organic manures on soil aggregate stability and aggregate-associated organic carbon under long-term experiments in subtropical India


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. The experiment was laid out in a randomized complete block design with four treatment combinations 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. The lowest and highest aggregate stability was in the T1 and T4 in both surface and subsurface soil depths respectively. 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. At 0–15 cm depth, biofertilizer and FYM raised GMD in the order T4 > T3 by 56.33% and 35.21% over control and by 38.75% and 20% over T2, respectively. Regardless of the treatments and depths studied, aggregate related organic carbon is highest in the 0.1-0.05 mm sieve size and lowest in the 5 to 2 mm sieve size. 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 macro-aggregates by consolidating micro-aggregates into macroaggregates. 
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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). 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: 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) (Krause et al., 2020; Bronick and Lal 2005).  
[bookmark: bbib27]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 sequestration 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. 
Biofertilizers are substitutes for mineral fertilizers, such as those that contain microorganisms that fix sulphur and/or nitrogen (Mohamed et al., 2021). They elevate aggregate organic carbon levels via enhanced organic matter decomposition and humus formation, promoting carbon sequestration, nutrient retention, fertility, and sustainable productivity (Ammar et al., 2022). Research indicates that biofertilizers have different effects on soil aggregates. The physical (aggregate stability) and chemical (aggregate organic carbon) characteristics of soil are greatly enhanced by biofertilizers, and their benefits are amplified when mixed with organic materials such as vermicompost, FYM, or others. Soil fertility is therefore improved more successfully by such combinations (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 Experiment site
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 pH and bulk density
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 2) under the treatments compared. On an average, irrespective of soil depth, the pH was highest under control (T1); while lowest value was associated with the NPK (T2) treatment.  This is because bicarbonate ions produced by the hydrolysis of urea fertilizer can react with hydrogen ions (H+) in soil to temporarily raise pH before nitrification (Theresa et al., 2020). While pH medium in FYM and biofertilizers treated plots. 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 (Bhanwaria et al., 2022). 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) under different treatments. Balanced application of T2 decreased the bulk density in both soil depths as compared to control. Manure offers binding agents (polysaccharides, humic compounds) that encourage the development of macroaggregates, resulting in stable pore spaces for water and air that lower bulk density and compaction. NPK enhances these structural benefits by promoting root development and microbial activity (Ali et al., 2025). 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). 

	Treatment

	Depth (cm)
	pH
	BD (mg m-3)

	
T1

	0-15
	7.58
	1.33

	
	15-30
	7.63
	1.37

	
T2

	0-15
	7.45
	1.31

	
	15-30
	7.47
	1.34

	
T3

	0-15
	7.48
	1.29

	
	15-30
	7.52
	1.31

	
T4

	0-15
	7.50
	1.27

	
	15-30
	7.58
	1.29



[bookmark: _GoBack]Table 2: Effect of organic manures on soil Ph and bulk density (BD)











[bookmark: _Hlk215780619]3.2 Aggregation Indices
3.2.1 Aggregate stability and Structural coefficient
[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 3) 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 sub surface soil (15-30 cm) lowest and highest aggregate stability was in control (T1) (38.2%) and FYM with biofertilizers treated plot (T4) (82.3%) (Table 4).  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 soil aggregation by releasing organic substances such as polysaccharides and mucilage, which act as binding agents that hold soil particles together and enhance aggregate development and stability. Furthermore, by promoting microbial activity, these exudates produce microbial compounds that enhance aggregate stability (Dor et al., 2023). 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 (0.80) and lowest in T1 (0.37) in surface layer (0-15 cm) (Table 3). The structural coefficient typically rises with soil depth beyond 15 cm, possibly as a result of increased compaction in deeper layers and decreased organic matter influence (Bulgakov et al., 2023).
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 3) and varied from 0.66 to 1.01 mm at 15-30 cm depth (Table 4). 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 (Niu et al., 2022).
        The data depicted in Table 3 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. 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 (1.23 mm) 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 3) 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). 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 (Wang J. et al., 2023). In both surface and subsurface soils, long-term fertilization increased water-stable aggregates (WSAs), particularly when combined with organic and biofertilizers. This improvement results from increased microbial biomass that produces extracellular polysaccharides as binding agents, which bind small aggregates into larger ones (2–5 mm) through the breakdown of fresh organic matter. These macroaggregates more accurately reflect changes in soil physical quality because they are more responsive to organic management. WSA content increased with depth and was lowest in the surface layer regardless of treatments. This was occurred due to mainly soil tillage (Rezacova et al., 2021). In this experiment, conventional tillage disturbs the structure of the soil, decreasing the stability and production of macroaggregates and increasing the susceptibility of surface soil to erosion and nutrient loss. Regular tillage weakens macro-aggregates and makes them more prone to deterioration. Interestingly, rice cultivated in puddled circumstances increases the quantities of microaggregates while further destroying macroaggregates (Song et al., 2019).
Regression analysis (R2 = 0.9239) confirmed that while water-stable microaggregates decreased (Fig. 5), water-stable macroaggregates increased with organic carbon (OC) content across treatments (Fig. 4). In contrast to the stable humified material found in microaggregates, macroaggregates are more ephemeral because of quickly degradable organic binding agents like fungal hyphae and roots. Because they contain younger, less aromatic, more aliphatic, and polar organic matter than microaggregates, larger aggregates are more vulnerable to environmental disturbances like wet-dry cycles and cultivation disruption (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 3). 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 4). 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.

[bookmark: _Hlk215050832] Table 3: Effect of organic manure and biofertilizer on aggregation indices and organic carbon at 0-15 cm depth.
	Properties
	T1
	T2
	T3
	T4

	AS (%)
	37.9
	76.7
	78
	80.8

	SC
	0.37
	0.76
	0.78
	0.80

	MWD (mm)
	0.63
	0.78
	0.91
	0.94

	GMD (mm)
	0.71
	0.8
	0.96
	1.11

	WSMacA (%)
	36.08
	54.66
	64.21
	70.09

	WSMicA (%)
	63.92
	45.34
	35.79
	29.91

	OC (g kg-1)
	3.5
	4.2
	5.1
	5.8









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
Table 4: Effect of organic manure and biofertilizer on aggregation indices and organic carbon at 15-30 cm depth. 
	Properties
	T1
	T2
	T3
	T4

	AS (%)
	38.2
	77.1
	79.2
	82.3

	SC
	0.38
	0.77
	0.79
	0.82

	MWD (mm)
	0.66
	0.81
	0.97
	1.01

	GMD (mm)
	0.76
	0.87
	1.05
	1.23

	WSMacA (%)
	38.6
	55.9
	66.3
	72.7

	WSMicA (%)
	61.4
	43.9
	35.1
	28.6

	OC (g kg-1)
	3.9
	4.56
	5.6
	6.1



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















3.4 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 5). Similarly, in subsurface the highest aggregate associated organic carbon at T4 and lowest at T1 irrespective of the sieve size (Table 6). 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 (Zhao et al., 2023). 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 5: 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






Table 6: Aggregate associated organic carbon (g kg-1) under different sieve size at 15-30 cm depth.
	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







4 CONCLUSIONS
             Aggregation in a subtropical rice-mustard-sesame system was greatly influenced by the long-term use of fertilizers, either by themselves or in conjunction with farm yard waste or biofertilizers. 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 contents. We found that with increasing depth, OC, aggregate stability also increases. OC has a positive correlation with 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. 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 macroaggregates in agricultural soils.
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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 macro-aggregate (WSMacA) and organic carbon (OC).
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Fig. 5: Relationship between water-stable micro-aggregate (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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