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Biochar-Trichocompost Integration Enhances Soil Organic Carbon, CEC, and Stability in Char lands soil restoration

Abstract 
This study evaluated the effects of rice husk biochar and trichocompost on soil properties through a two-year field experiment (2022–2024) conducted at two charland sites in Munshiganj, Bangladesh. Two cropping systems—Potato–Groundnut–T. aman and Potato–Mungbean–T. aman—were tested in a randomized complete block design with ten treatments combining biochar (2–3 t ha⁻¹), trichocompost (1 t ha⁻¹), and chemical fertilizers at 100% or 75% of the recommended dose. Soil organic carbon (SOC), cation exchange capacity (CEC), microbial biomass carbon (MBC), pH, and aggregate stability were assessed.
Integrated nutrient management significantly improved soil health in both systems. Macroaggregate stability increased to 64% and 63% in groundnut and mungbean systems, respectively, while microaggregate fractions declined. SOC increased to 0.90% and 0.99%, with SOC stock reaching 18.67 and 19.83 Mg ha⁻¹ and carbon sequestration of 841 and 1032 kg ha⁻¹ in mungbean and groundnut pattern, respectively. Microbial biomass carbon maximized at 385 ppm (groundnut) and at 459 ppm (mungbean) pH improved to 5.36 and 5.95, whereas CEC maximized at 14.59 and 15.74 meq 100 g⁻¹, respectively. 
Overall, both the two cropping pattern performed well, the mungbean pattern consistently performed better than the groundnut rotation for SOC, pH, CEC, and microbial populations, thereby confirming the more important contribution to maintaining soil health.
These findings demonstrate that integrating biochar and trichocompost with reduced fertilizer inputs improves soil health and carbon sequestration in charland agroecosystems.
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1. Introduction
Global agriculture is currently confronted with the dual challenge of sustaining crop productivity while restoring degraded soils under increasing climate variability (Wang, 2025). Soil degradation, driven by intensive cultivation, excessive reliance on chemical fertilizers, and declining organic matter inputs, has emerged as a critical constraint to long-term agricultural sustainability (Hossain et al., 2025).This issue is particularly acute in climate-vulnerable regions, where fragile ecosystems are more susceptible to environmental stressors such as flooding, drought, and nutrient depletion. In this context, improving soil health is no longer optional but a fundamental requirement for ensuring food security, environmental resilience, and sustainable intensification of agricultural systems (Kopittke et al., 2019).
Bangladesh represents one of the most climate-sensitive agricultural regions in the world, where soil degradation intersects with high population pressure and limited land resources (Huq et al., 2015). Among its diverse agro-ecological landscapes, charlands—ephemeral riverine islands formed through sediment deposition in major river systems—are among the most fragile and resource-constrained environments. These lands, covering approximately 0.83 million hectares, are characterized by sandy to silty loam textures, low organic matter content, weak soil structure, and poor nutrient retention capacity(IRRI, 2022). Frequent flooding, erosion, and sediment redistribution further exacerbate soil instability, leading to reduced productivity and increased vulnerability of farming communities.
Despite these constraints, charlands support millions of livelihoods and contribute significantly to national food production (Habib et al., 2025). However, conventional agricultural practices in these regions are heavily dependent on chemical fertilizers, often applied in imbalanced proportions. While such inputs may provide short-term yield benefits, their prolonged and excessive use accelerates soil degradation by depleting micronutrients, disrupting soil microbial communities, and reducing soil organic carbon (SOC) (Khambalkar et al., 2025). Declining SOC is particularly concerning, as it directly affects soil structure, water-holding capacity, nutrient cycling, and overall ecosystem functioning (Gufwan et al.,2025). Consequently, the restoration of soil health in charlands requires a paradigm shift from input-intensive systems toward integrated and sustainable soil management strategies.
In recent years, organic amendments have gained considerable attention as effective tools for restoring degraded soils and enhancing ecosystem resilience. Among these, biochar has emerged as a promising soil amendment due to its unique physicochemical properties and long-term stability. Biochar is a carbon-rich material produced through the pyrolysis of biomass under limited oxygen conditions, typically at temperatures ranging from 400 to 700°C (Irfan et al., 2019; Saffari et al., 2021). Unlike conventional organic matter, which decomposes rapidly in soil, biochar is highly recalcitrant and can persist for decades to centuries, thereby acting as a stable carbon sink (Schmidt, 2012). Its porous structure, large surface area, and high cation exchange capacity (CEC) enable it to improve soil physical properties, enhance nutrient retention, and reduce leaching losses.
The role of biochar in improving soil quality has been widely documented across diverse agroecosystems. It contributes to the formation and stabilization of soil aggregates, enhances water retention, and creates favorable habitats for soil microorganisms (Lima et al., 2018; Tanure et al., 2019; Razzaghi et al., 2020). By increasing SOC and improving soil structure, biochar facilitates the development of macroaggregates, which are critical for maintaining soil stability and protecting organic carbon from mineralization(Singh and Singh, 2020; Singh Yadav et al., 2023; Akhil et al., 2021). Furthermore, biochar has been shown to increase soil pH in acidic soils, thereby improving nutrient availability and reducing toxicity associated with aluminum and other elements. These properties make biochar particularly suitable for degraded and low-fertility soils such as those found in charland ecosystems (Yadav and Khare, 2020; Das et al., 2021; Rombel et al., 2021)
In addition to its physical and chemical benefits, biochar plays a significant role in mitigating climate change through carbon sequestration and reduction of greenhouse gas emissions (Rahman,2023). Its stable carbon structure allows for long-term storage of carbon in soils, while its influence on microbial processes can reduce emissions of nitrous oxide (N₂O) and methane (CH₄)(Shyam et al., 2025). Thus, biochar-based soil management strategies align closely with climate-smart agriculture principles by enhancing productivity while reducing environmental impacts.
While biochar provides long-term improvements in soil properties, its immediate effects on nutrient availability are often limited due to its low nutrient content and slow interaction with soil biota (Daniel Tang, 2025). In contrast, compost-based amendments offer rapid nutrient release and stimulate microbial activity but are prone to rapid decomposition and nutrient losses (El-Naggar et al., 2019). Trichocompost, a bio-enhanced compost inoculated with beneficial fungi such as Trichoderma harzianum, represents an advanced form of organic amendment that combines nutrient enrichment with biological activity (Hang et al., 2025). Trichoderma species are known for their ability to promote plant growth, enhance nutrient uptake, and suppress soil-borne pathogens through mechanisms such as enzyme production, competition, and induced systemic resistance (Nahar et al., 2013).
The application of trichocompost has been shown to improve soil fertility by increasing organic matter content, stimulating microbial biomass, and enhancing nutrient cycling (Walled et al., 2024). It provides readily available nutrients and promotes the proliferation of beneficial microorganisms, thereby improving soil biological health (Bahman et al., 2022). Additionally, trichocompost plays a role in improving soil structure through the production of extracellular polysaccharides that aid in aggregate formation (Rodinò et al., 2025). However, due to its relatively labile nature, the benefits of trichocompost may be short-lived unless complemented by more stable organic inputs.
Given the contrasting yet complementary characteristics of biochar and trichocompost, their combined application offers a promising strategy for sustainable soil management. Biochar provides a stable carbon framework that enhances long-term soil structure and nutrient retention, while trichocompost supplies labile organic matter and active microbial populations that drive immediate biological processes (Kabir et al., 2023; Yao et al 2023). The interaction between these two amendments can create synergistic effects, leading to improved soil aggregation, enhanced microbial activity, and greater carbon stabilization. Biochar can adsorb nutrients released from trichocompost, reducing losses and improving nutrient use efficiency, while trichocompost can accelerate the colonization of biochar surfaces by microorganisms, enhancing its functionality.
The integration of organic amendments with reduced chemical fertilizer inputs represents a key component of sustainable intensification (Xing et al., 2025). By partially substituting chemical fertilizers with biochar and trichocompost, it is possible to maintain crop productivity while minimizing environmental impacts and reducing input costs. Such integrated nutrient management approaches are particularly relevant in resource-limited and environmentally sensitive regions like charlands, where both economic and ecological considerations are critical (Ondrasek & Al-Tawaha 2023).
Cropping systems also play a vital role in determining soil health outcomes. Legume-based cropping systems, such as those involving groundnut and mungbean, contribute to soil fertility through biological nitrogen fixation and the addition of organic residues (Akchaya et al., 2025). Root exudates and residue inputs from legumes can enhance microbial activity, increase SOC, and improve soil structure (Zhang et al.,2025). However, the extent of these benefits depends on the interaction between cropping systems and soil management practices. Understanding how different cropping patterns respond to integrated organic amendments is essential for designing effective soil restoration strategies.
Despite the growing body of literature on biochar and compost applications, there remains a significant knowledge gap regarding their combined effects under field conditions in charland soils. Most existing studies have focused on either biochar or compost individually, often under controlled environments, with limited attention to their long-term interactions, particularly in dynamic floodplain ecosystems. Furthermore, the influence of integrated amendments on key soil health indicators such as aggregate stability, microbial biomass carbon (MBC), and carbon sequestration across different cropping systems is not well understood in the context of Bangladesh’s charlands.
Addressing these gaps is crucial for developing location-specific, climate-resilient agricultural practices. A comprehensive evaluation of biochar–trichocompost integration under real field conditions can provide valuable insights into their effectiveness in improving soil physico-chemical and biological properties. Such knowledge is essential for informing policy decisions, guiding farmer practices, and promoting sustainable land management in vulnerable regions.
Therefore, the present study was designed to assess the impact of integrated application of rice husk biochar and trichocompost, in combination with varying levels of chemical fertilizers, on soil health in charland ecosystems. The study was conducted under two distinct cropping patterns—Potato–Groundnut–T. aman and Potato–Mungbean–T. aman—to evaluate the interaction between organic amendments and cropping systems. Key soil health indicators, including soil organic carbon (SOC), cation exchange capacity (CEC), microbial biomass carbon (MBC), soil pH, and aggregate stability, were systematically analyzed to capture changes in physical, chemical, and biological properties.
The central hypothesis of this study is that the integrated application of biochar and trichocompost, particularly when combined with reduced chemical fertilizer inputs, will significantly enhance soil health by improving carbon sequestration, microbial activity, and aggregate stability. Furthermore, it is hypothesized that legume-based cropping systems will amplify these effects through enhanced biological inputs and nutrient cycling.
By providing empirical evidence on the synergistic effects of biochar and trichocompost in charland soils, this study aims to contribute to the development of sustainable soil management strategies that balance productivity, environmental sustainability, and climate resilience. The findings are expected to have broader implications for similar degraded and climate-vulnerable agroecosystems worldwide.
2. Materials and Methods
2.1 Experimental sites and Soil Characteristics
A two-year field study (November 2022-March 2024 harvest seasons) was conducted in two charland sites of Munshiganj district, Bangladesh, are located within the agro-ecological zone (AEZ-8) known as the Young Brahmaputra and Jamuna Floodplain (SRDI, 2018). The regional climate is subtropical monsoon with a pronounced wet season in May-October. The ambient temperature during the Kharif-2 season was often above 40°C, while it was often below 15°C during the Rabi season. The region also received more than 200 mm of rainfall during the Kharif-2 season. Char lands are seasonally dynamic river-formed land masses subject to periodic flooding, sediment deposition and erosion. Soils of both the experimental sites are Brahmaputra alluvium sandy soil series with land type of medium high to medium low land. Topsoil of the experimental site is silty loam in texture with scarcity of organic matter and low water-holding capacity that constrain crop productivity. 
2.2 Experimental Design and Cropping Patterns
A Randomized Complete Block Design (RCBD) was arranged with three replications under ten treatments at each site. Individual plots measured 4 m × 2.5 m (10 m²) with buffer alleys between plots and blocks. Two promising cropping patterns were evaluated such as Potato–Groundnut–T. aman in site-1 and Potato–Mungbean–T. aman in site-2.
The ten experimental treatments were as follows:
T1: Control
T2: 100% RFD of CF
T3: 100% RFD of CF + BC 2 t ha-1
T4: 100% RFD of CF + BC 3t ha-1
T5: 75% RFD of CF + BC 2 t ha-1
T6: 75% RFD of CF + BC 3 t ha-1
T7: 75% RFD of CF + BC 2 t ha-1 + TC 1 t ha-1
T8: 75% RFD of CF + BC 3 t ha-1 + TC 1 t ha-1
T9: 100% RFD of CF + BC 2 t ha-1 + TC t 1 t ha-1
T10: 100% RFD of CF + BC 3 t ha-1 +TC 1 t ha-1
* RFD: Recommended  Fertilizer Dose (BARC, 2018), CF: chemical fertilizer, BC: Biochar, TC: Trichocompost*

2.3 Collection and characterization of organic amendments
Biochar, prepared from rice husk was collected from Gazipur Agricultural University (GAU), Gazipur and Trichocompost was collected from Mohonpur, Rajshahi. Chemical properties of biochar and trichocompost are showed in Table 1.
Table 1 Chemical properties of organic amendments
	Organic amendments
	SOC   (%)
	TN (%)
	pH
	Available P   (%)
	Exchangeable K (%)
	Available S (%)

	TC
	10.57
	0.43
	6.7
	0.3012
	0.32
	0.26

	RHB
	37.5
	0.81
	7.5
	0.1149
	0.09
	0.115


TC- Trichocompost, RHB- Rice husk Biochar
2.4 Collection and Laboratory Analyses of Soil
Prior to treatment establishment, composite soil samples were collected by depth (0-5 cm, 5-10 cm, and 10-15 cm) and characterized for physical and chemical properties (Table 2). The size fractions of the soil aggregates were separated by the wet sieving technique, described by De Leenheer & De Boodt (1967). Soil pH (Page et al., 1982), organic carbon (Walkley & Black, 1934), Carbon sequestration and SOC stock was computed by the standard formula (Gold Standard, 2021; Decode 6, 2023). The fumigation extraction method of Vance et al. (1987), Wang et al. (2020), Begum et al. (2021) and Jahangir et al. (2021) was used to calculate the Microbial biomass carbon (MBC).

Table 2 Initial physico-chemical properties of experimental sites (pre-treatment)
	Soil properties
	(Potato-Groundnut-T. Aman) Site-1
	(Potato-Munghbean-T. Aman) Site-2

	Texture
	Silt loam
	Silt loam

	BD (g cm-3)
	1.47
	1.42

	PD (g cm-3)
	2.39
	2.34

	Porosity (%)
	38.61
	39.03

	pH (1:2.5 soil:water)
	4.9
	5.5

	SOC (%)
	0.81
	0.88

	SOM (%)
	1.39
	1.51

	TN (%)
	0.06
	0.07

	Available P (µg g-1)
	9.21
	9.45

	Available S (µg g-1)
	16.1
	18.11

	Exchangeable K (meq. 100g-1 soil)
	0.12
	0.13

	Exchangeable Ca (meq. 100g-1 soil)
	4.58
	4.76

	Exchangeable Mg (meq.100g-1 soil)
	0.68
	0.69

	CEC (meq. 100 g-1 soil)
	11.54
	12.08


BD= Bulk density, PD=Particle density, SOC = Soil organic carbon, SOM= Soil organic matter, TN = Total nitrogen, P= Phosphorus, S= Sulphur, K= Potassium, Ca=Calcium, Mg= Magnesium, CEC = Cation exchange capacity

2.5 Statistical Analysis
Data were subjected to analysis of variance (ANOVA) following the RCBD model. Treatment means were separated using the Least Significant Difference (LSD) test at p ≤ 0.05 (Gomez & Gomez, 1984). Analyses were performed in R Studio (version 2024).
3. Results and Discussion
3.1 Overall treatment effects on soil health indicators
Across both cropping systems, integrated nutrient management treatments combining biochar (BC), trichocompost (TC), and chemical fertilizers (CF) produced substantial improvements in soil physical, chemical, and biological properties compared to sole chemical fertilization and control treatments. Among all treatments, T8 (75% RFD + BC 3 t ha⁻¹ + TC 1 t ha⁻¹) and T10 (100% RFD + BC 3 t ha⁻¹ + TC 1 t ha⁻¹) consistently outperformed others across nearly all soil health indicators.
As summarized across Tables 3–6, these treatments enhanced aggregate stability, SOC, microbial biomass, pH, and CEC simultaneously, indicating a holistic improvement in soil health rather than isolated effects. The superiority of these treatments reflects the complementary roles of biochar and trichocompost.
Notably, T8 achieved comparable or superior improvements relative to T10 despite a 25% reduction in chemical fertilizer input, demonstrating that reduced fertilizer regimes can maintain soil functionality when supported by organic amendments. This pattern is consistently visible across all measured indicators (Tables 3–6).
Between the two cropping systems, the Potato–Mungbean–T. aman sequence generally exhibited higher SOC, MBC, pH, and CEC values (Tables 4–6), whereas the Potato–Groundnut–T. aman system showed slightly stronger improvements in aggregate stability (Table 3; Figure1). These differences suggest that cropping system interactions influence the response of soil properties to integrated nutrient management.
3.2 Aggregate stability dynamics and soil structural improvement
Aggregate stability responded strongly to the combined application of biochar and trichocompost. Macroaggregate stability (MaAS) increased significantly across all integrated treatments, while microaggregate stability (MiAS) decreased, indicating a structural shift toward larger and more stable aggregates.
As presented in Table 3, MaAS increased from initial values of 43.24% and 40.88% to maximum values of 64.67% (T8) in the groundnut system and 63.04% (T9) in the mungbean system. In contrast, MiAS decreased from 56.76% and 59.12% to as low as 35.33% and 36.94%, respectively. This inverse relationship clearly demonstrates the transformation of microaggregates into macroaggregates.
Table 3. Macro and micro aggregate stability changes by biochar under the two cropping patterns over two years

	Treatment
	Potato–Groundnut–T. aman cropping pattern (site-1)
	Potato–Mungbean–T. aman cropping pattern (site-2)

	
	MaAS (%)
	MiAS (%)
	MaAS (%)
	MiAS (%)

	Initial
	43.24g
	56.76a
	40.88g
	59.12a

	T1
	48.88f
	51.12b
	50.75f
	49.25b

	T2
	60.89e
	39.11c
	52.68e
	47.32c

	T3
	62.36c
	37.64e
	55.70d
	44.30d

	T4
	61.22d
	38.78d
	56.88d
	43.12d

	T5
	62.87c
	37.13e
	56.11d
	43.89d

	T6
	62.52c
	37.48e
	56.76d
	43.24d

	T7
	62.12c
	37.88e
	60.84c
	39.16e

	T8
	64.67a
	35.33g
	62.75ab
	37.25fg

	T9
	63.22b
	36.78f
	63.04a
	36.94g

	T10
	64.34a
	35.66g
	61.33bc
	38.67ef

	Cv
	0.71
	1.09
	1.48
	1.90

	LSD
	0.73
	0.73
	1.42
	1.42

	T value
	2.09
	2.09
	2.09
	2.09




This trend is further illustrated in Figure 1, where a consistent upward shift in macroaggregate stability is observed across biochar-amended treatments, confirming the structural improvement of soil.

Figure 1. Effect of biochar on aggregate stability across two cropping pattern 
The results of the present study are consistent with the cited references: Lehmann and Joseph (2015) have shown that biochar improves soil aggregation by the binding of the particles made the soil; Agegnehu et al. (2017) have demonstrated that biochar mixed with compost brings about reduction of the bulk density and an increase in porosity, thus, stabilizing aggregates; and Jeffery et al. (2011) have underscored the role of biochar in raising the soil organic carbon, which is highly associated with macro aggregate formation. Lal (2018) also pointed out that aggregate stability is perhaps the most important sign of soil health and sustainability in the long term. The research outcomes, in general, are the evidence of the major role which integrated fertilizer management (BC+TC+CF) plays in stabilizing soil aggregates in char ecosystems. Under T8 and T10, the starch legume–T. aman rotation was ranked as the best performing treatment, thus enhancing soil health sustainability much better than the mungbean sequence.
Mechanistically, biochar acts as a physical nucleus for aggregation, while trichocompost stimulates microbial activity that produces binding agents such as extracellular polysaccharides. These biological and physicochemical interactions enhance aggregate formation and stability. Increased SOC under integrated treatments further strengthens aggregate cohesion by acting as a cementing agent.
The slightly higher MaAS observed in the groundnut-based system (Table 3; Figure 1.) suggests that residue characteristics and root biomass of groundnut may favor aggregate formation more effectively than mungbean.
3.3 Soil organic carbon accumulation and carbon sequestration
Integrated nutrient management significantly enhanced SOC content, SOC stock, and carbon sequestration across both cropping systems.
As shown in Table 4, SOC increased from 0.81% to 0.90% in the groundnut system and from 0.88% to 0.99% in the mungbean system under integrated treatments. Correspondingly, SOC stock increased to 18.67 Mg ha⁻¹ and 19.83 Mg ha⁻¹, respectively. Carbon sequestration rates reached 841.13 kg ha⁻¹ in the groundnut system and 1032 kg ha⁻¹ in the mungbean system under T10.
Table 4. Changes of soil organic carbon (SOC), SOCstock and carbon sequestration at 15cm depth   over two years under the two cropping patterns
 
	Treatment
	Potato–Groundnut–T. aman cropping pattern
	Potato–Mungbean–T. aman cropping pattern

	
	SOC (%)
	SOC stock  (Mg ha-1)
	Sequestration of SOC       (kg ha-1)
	SOC (%)
	SOC stock  (Mg ha-1)
	Sequestration of SOC        (kg ha-1)

	Initial
	0.81h
	17.83f
	-
	0.88e
	18.80f
	-

	T1
	0.81i
	17.94e
	115.08g
	0.89g 
	18.84f 
	37.37j 

	T2
	0.82h
	18.04cd
	217.86f
	0.92f
	19.15e 
	350.70i 

	T3
	0.83g
	18.15c
	319.65e
	0.95e 
	19.53d 
	730.11h 

	T4
	0.84f
	18.08cd
	249.51f
	0.96d 
	19.58c 
	785.18g 

	T5
	0.85e
	18.13c
	303.22e
	0.96d 
	19.60c 
	802.07f 

	T6
	0.87d
	18.29b
	460.25d
	0.97c 
	19.72b 
	917.75e 

	T7
	0.88c
	18.30b
	469.59d
	0.98b 
	19.74b 
	943.82c 

	T8
	0.90a
	18.48ab
	656.96b
	0.99a 
	19.81a 
	1009.86b 

	T9
	0.89b
	18.41ab
	579.05c
	0.98b 
	19.73b 
	928.01d 

	T10
	0.90a
	18.67a
	841.13a
	0.98b 
	19.83a 
	1032.00a

	Cv
	0.62
	1.02
	4.32
	1.01
	0.99
	4.06

	LSD
	0.01
	4.09
	4.09
	0.02
	1.42
	1.42

	T value
	2.10
	2.10
	2.10
	2.10
	2.10
	2.10



These trends are visually supported by Figure 2, which clearly shows higher carbon sequestration under integrated treatments, particularly T8 and T10, compared to control and sole fertilizer treatments. Treatment using a combination of biochar and compost (T8 and T10) always showed better results compared to the application of chemical fertilizer alone, proving the synergistic effect between organic amendments and their contribution to carbon stabilization. Mungbean rotation showed a slightly higher level of SOC stock and sequestration compared to groundnut rotation. These data agree with the studies of Jeffery et al. (2011) and Agegnehu et al. (2017) who reported that biochar additions increase SOC and carbon sequestration by providing stable carbon pools, while compost inputs enhance the labile organic matter and microbial processes. Lal (2018) pointed out that SOC storage is at the heart of soil health and climate resilience, and the current findings are a testament to this as integrated nutrient management in char lands can lead to increased productivity and carbon storage at the same time.
The observed increases can be attributed to the combined effects of stable carbon input from biochar and labile carbon from trichocompost. Biochar contributes to long-term carbon storage due to its recalcitrant nature, while trichocompost enhances microbial activity and promotes the formation of microbial-derived organic matter.

Figure 2. Effect of biochar on C sequestration across two cropping pattern
Additionally, improved aggregate stability (Table 3) plays a key role in protecting SOC within macroaggregates, thereby reducing decomposition rates and enhancing carbon retention. The slightly higher SOC and sequestration observed in the mungbean system (Table 4; Figure 2) likely reflect greater rhizodeposition and biological nitrogen fixation associated with this crop.
3.4 Microbial biomass carbon and aggregate-associated carbon
Microbial biomass carbon (MBC) showed significant increases under integrated treatments, indicating enhanced soil biological activity.
According to Table 5, MBC increased from 299.25 to 385.14 ppm in the groundnut system and from 310.30 to 459.47 ppm in the mungbean system, with peak values observed under T8. This trend is also depicted in Figure 3, which highlights the strong positive response of microbial biomass to combined biochar and trichocompost application.
Table 5. Effect of biochar on microbial biomass carbon (MBC), macro and micro aggregate carbon (%) changes over two years under the two cropping patterns 
	Treatment
	Potato–Groundnut–T. aman cropping pattern (site-1)
	Potato–Mungbean–T. aman cropping pattern (site-2)

	
	MBC 
(ppm)
	MaAC (%) 
	MiAC (%)
	MBC 
(ppm)
	MaAC (%) 
	MiAC (%)

	Initial
	299.25h
	0.94e
	0.47e
	310.30i
	0.91h
	0.51i

	T1
	314.80g
	0.95d
	0.48d
	332.13h
	0.93e
	0.52g

	T2
	334.83f
	0.98c
	0.51cd
	342.83g
	0.97d
	0.53f

	T3
	348.36e
	1.02bc
	0.52c
	390.69f
	0.98cd
	0.55e

	T4
	352.24e
	1.03bc
	0.54bc
	400.90e
	0.99c
	0.55e

	T5
	360.36d
	1.05b
	0.54bc
	404.36e
	0.99c
	0.56d

	T6
	364.81cd
	1.06b
	0.54bc
	410.48d
	1.05bc
	0.56d

	T7
	369.22c
	1.08ab
	0.55b
	426.22c
	1.07b
	0.57c

	T8
	385.14a
	1.10a
	0.58a
	459.47a
	1.10a
	0.59a

	T9
	376.92b
	0.09ab
	0.57ab
	426.26c
	1.09ab
	0.58b

	T10
	377.31b
	1.10a
	0.58a
	445.98b
	1.09ab
	0.58b

	Cv
	0.84
	0.60
	1.76
	0.65
	0.51
	1.44

	LSD
	3.14
	0.003
	0.006
	4.20
	0.003
	1.63

	T value
	2.10
	2.10
	2.10
	2.10
	2.10
	2.10



Figure 3. Effect of biochar on microbial biomass carbon changes across two cropping pattern 
The increase in MBC can be explained by the synergistic interaction between biochar and trichocompost. Trichocompost supplies readily available nutrients and carbon substrates, while biochar provides a protective habitat for microbial colonization. This combination enhances microbial proliferation and activity.
Aggregate-associated carbon further supports this interpretation. As shown in Table 5, macroaggregate-associated carbon (MaAC) increased to 1.10%, indicating enhanced carbon stabilization within larger aggregates. Microaggregate-associated carbon (MiAC) also increased, reflecting ongoing carbon incorporation into finer fractions.
The higher MBC and aggregate-associated carbon observed in the mungbean system (Table 5; Figure 3) suggest that legume-based systems enhance microbial processes through root exudates and nitrogen fixation, thereby accelerating carbon cycling and stabilization. Particularly, the treatments T8, T9, and T10 were always found to have the greatest MBC values which clearly indicated the combined effect of BC and TC in activating microbial activity (Jatuwong et al., 2023 and Lal, 2018). The mungbean sequence was better than the groundnut one, though, it can be inferred that the contribution of legumes to microbial biomass via root exudates and biological nitrogen fixation in both sequences (Azevedo et al., 2024; Lehmann and Joseph, 2015).
3.5 Soil pH and cation exchange capacity (CEC) dynamics
Soil chemical properties, particularly pH and CEC, improved significantly under integrated nutrient management.
As presented in Table 6, soil pH increased from initial acidic conditions (4.9 and 5.5) to near-neutral levels (up to 5.36 and 5.95) under T8 and T10 treatments. This increase is primarily attributed to the liming effect of biochar, which neutralizes soil acidity and improves nutrient availability.
Table 6. Changes in soil pH and Cation exchange capacity (CEC)  over two years under the two cropping patterns 
	Treatment
	Potato–Groundnut–T. aman 
cropping pattern
	Potato–Mungbean–T. aman 
cropping pattern

	
	Soil pH
(1:2.5 soil:water)
	CEC 
(meq. 100g-1 soil)
	Soil pH 
(1:2.5 soil:water)
	CEC
 (meq. 100g-1 soil)

	Initial
	4.9f
	11.54
	5.55f
	12.08i

	T1
	4.91f
	11.67f
	5.56f
	12.07i

	T2
	4.99e
	12.36f
	5.59ef
	12.83h

	T3
	5.15d
	13.41e
	5.61e
	13.69g

	T4
	5.21c
	13.36e
	5.62e
	13.90f

	T5
	5.27b
	13.89d
	5.68d
	14.03e

	T6
	5.28b
	14.08cd
	5.69d
	14.48d

	T7
	5.29b
	14.18c
	5.75c
	15.22c

	T8
	5.36a
	14.59a
	5.95a
	15.74a

	T9
	5.35a
	14.37b
	5.92b
	15.26c

	T10
	5.35a
	14.56a
	5.93b
	15.65b

	Cv
	0.34
	0.45
	0.13
	0.45

	LSD
	4.91e
	11.67f
	0.01
	0.11

	T value
	2.10
	2.10
	2.10
	2.10



Similarly, CEC increased from 11.54 and 12.08 meq 100 g⁻¹ to 14.59 and 15.74 meq 100 g⁻¹ under integrated treatments (Table 4). The increase in CEC reflects the contribution of biochar’s high surface area and functional groups, along with the addition of organic matter from trichocompost.
The consistent improvement in both pH and CEC across treatments (Table 6) indicates enhanced nutrient retention capacity and reduced leaching losses. The slightly higher values observed in the mungbean system further confirm the role of biological inputs in improving soil chemical properties.
The application of biochar (BC) improved the soil pH, and cation exchange capacity (CEC) because of its porous nature, large surface area, and alkaline properties (Premlatha et al., 2023a ; Omara et al., 2023). The addition of trichocompost, besides that, it promoted the microbial activity that the organic matter decomposition, which in turn elevated the nutrient cycling and soil buffering capacity. Both Legume-based rotation was responsible for increased SOM and CEC via biological nitrogen fixation and rhizodeposition, which in turn microbial biomass and soil aggregation were supported (Premlatha et al., 2023). This is in line with the view of Ahmad et al. (2023) that legume-based systems, if coupled with biochar and biofertilizers, are a great way to enhance soil carbon-nitrogen pools as well as microbial dynamics.
3.6 Implications for sustainable soil management in charlands
The integrated application of biochar and trichocompost demonstrated clear benefits for soil health across all measured parameters. The consistent improvements observed across Tables 3–6 and Figures 1–3 highlight the robustness of this approach in enhancing soil structure, carbon dynamics, microbial activity, and nutrient retention.
The superior performance of T8 across multiple indicators suggests that reducing chemical fertilizer inputs by 25% does not compromise soil health when supplemented with organic amendments. This has significant implications for sustainable agriculture, particularly in resource-constrained charland regions.
Furthermore, the differences observed between cropping systems (Tables 3–6; Figures 1–3) emphasize the importance of integrating crop selection with soil management strategies. Legume-based systems, especially mungbean, enhance biological activity with higher pH and carbon inputs, thereby amplifying the benefits of organic amendments.
Overall, the findings demonstrate that integrated nutrient management combining biochar, trichocompost, and reduced chemical fertilizers is an effective strategy for restoring degraded soils, improving climate resilience, and promoting sustainable intensification in charland ecosystems.
4. Conclusion
This study demonstrates that integrated nutrient management combining biochar, trichocompost, and chemical fertilizers significantly improves soil health, carbon dynamics, and overall soil functionality in charland agroecosystems. Across both cropping systems, treatments incorporating organic amendments consistently enhanced aggregate stability, soil organic carbon (SOC), microbial biomass carbon (MBC), soil pH, and cation exchange capacity (CEC), indicating simultaneous improvements in physical, chemical, and biological soil properties.
Among the tested treatments, T8 (75% recommended fertilizer dose combined with biochar at 3 t ha⁻¹ and trichocompost at 1 t ha⁻¹) emerged as the most efficient and sustainable option. Despite a 25% reduction in chemical fertilizer input, this treatment achieved comparable or superior performance relative to full fertilizer application (T10) across all key indicators. This finding highlights the potential of partial substitution of mineral fertilizers with organic amendments to enhance nutrient use efficiency while reducing environmental dependency on synthetic inputs.
The combined application of biochar and trichocompost created a synergistic system in which biochar contributed to long-term carbon sequestration, structural stability, and improved cation retention, while trichocompost stimulated microbial activity and nutrient cycling. These interactions led to increased macroaggregate formation, enhanced protection of organic carbon within soil aggregates, and improved microbial biomass, collectively strengthening soil resilience and functionality.
Cropping system differences further influenced treatment responses. The Potato–Mungbean–T. aman system showed greater improvements in SOC, MBC, and chemical properties, likely due to enhanced rhizodeposition and biological nitrogen fixation due to higher pH, whereas the Potato–Groundnut–T. aman system exhibited relatively stronger aggregate stability. These results underscore the importance of integrating crop selection with soil management strategies to maximize system-level benefits.
Overall, the findings provide strong evidence that integrated application of biochar and trichocompost under reduced fertilizer regimes can serve as an effective strategy for restoring degraded soils in charland environments. This approach not only enhances soil health and carbon sequestration but also supports sustainable agricultural intensification and climate resilience. Future research should focus on long-term field validation, economic analysis, and optimization of amendment combinations across diverse agroecological conditions to facilitate large-scale adoption.
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Changes on aggregate stability across two cropping patterns

Potato–Groundnut–T. aman cropping pattern MaAS (%)	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	43.24	48.88	60.89	62.358888888888899	61.22	62.868888888888897	62.518888888888902	62.118888888888897	64.67	63.227777777777803	64.340136487081594	Potato–Mungbean–T. aman cropping pattern MaAS (%)	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	40.883333333333297	52.68	55.7	50.745555555555597	56.88	56.108888888888899	56.762222222222199	60.838888888888903	62.746666666666698	63.064444444444398	61.330136487081603	Potato–Groundnut–T. aman cropping pattern MiAS (%)	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	56.76	51.12	39.11	37.641111111111101	38.78	37.131111111111103	37.481111111111098	37.881111111111103	35.33	36.772222222222197	35.659863512918399	Potato–Mungbean–T. aman cropping pattern MiAS (%)	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	59.116666666666703	47.32	44.3	49.254444444444403	43.12	43.891111111111101	43.237777777777801	39.161111111111097	37.253333333333302	36.935555555555602	38.669863512918397	Treatment


Aggregate stability %








Effect on C sequestration across two cropping pattern

Potato–Groundnut–T. aman cropping pattern	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	115.07589658771199	217.862281374227	319.65461843119402	249.51070214900599	303.22031027406001	460.24730672191799	469.58524181798799	656.92417172247303	579.04932525458003	841.12803317083603	Potato–Mungbean–T. aman cropping pattern	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	37.3698361705586	350.70313059582497	730.10980032210398	785.18239480902002	802.07203120427596	917.75277639978401	943.82117854293995	1009.85877257446	928.01035661896901	1032.0009974612401	Treatment


Sequestration of SOC (kg ha-1)







Microbial biomass carbon changes across two cropping patterns

Potato–Groundnut–T. aman cropping pattern	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	299.25	314.79666666666702	334.82666666666699	348.36	352.23666666666702	360.363333333333	364.81333333333299	369.21666666666698	385.14	376.92333333333301	377.31333333333299	Potato–Mungbean–T. aman cropping pattern	Initial	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	310.3	332.13	342.82666666666699	390.69333333333299	400.90333333333302	404.363333333333	410.48	426.21666666666698	459.47333333333302	426.256666666667	445.98	Potato–Groundnut–T. aman cropping pattern	Potato–Mungbean–T. aman cropping pattern MBC (ppm)	Treatment


MBC(ppm)









